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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 (CNTs) is one 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 usefulness of the CNTs has
been enormously extended by their use as CNT networks through which the CNTs
are self-intersected 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 separation in recent years. The interest in
studying this class of materials derives from their characteristic high surface-to-
volume ratio. In many of the applications such as actuators, their mechanical
properties are a prerequisite. For example, as actuators, these materials need to
withstand coarsening and sintering. The mechanical strength of nanoporous materials
has been studied through different experimental techniques such as nanoindentation,
beam bending and micro column compression tests.

Due to their random complex structures, randomly structured nanomaterials are
challenging to be modelled and tested numerically. In the proposed thesis, stochastic
methods have been developed to build up numerical models of nanomaterials that are
structured randomly organized nanoscale features such as CNT networked and
nanoporous materials. By using the stochastic methods, sample models for CNT
networks and nanoporous materials have been generated and tested numerically to
show the validity of the stochastic methods and the models 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 nanoporous materials are examples of random networked
nanomaterials. CNT networks consist of randomly oriented and cross-linked carbon
nanotubes. Nanoporous materials, in a similar way, are built up by randomly oriented
ligaments which are interconnected at junctions. Therefore, 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 models have been developed for random
natured nanomaterials such as CNT network materials and nanoporous materials. For
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this purpose, regarding CNT networked materials, a quasi-random self-intersected
CNT network generation algorithm that enables the control of behavior decisive
parameters, such as CNT length scale, density of junctions and relative angular
position, has been presented and several sample networks with different parameters
mentioned above have been generated. 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) simulations have been
carried out to obtain bonded networks. As a result, parameter-controlled covalently
bonded CNT network models were able to be employed within numerical
simulations to investigate mechanical, thermal and electrical properties of CNT
networks and their co-operating systems (i.e., nanocomposites) for the future studies.

Within stochastic method that has been developed for the CNT network modeling, in
order to save computational time, the CNTSs are represented by 3-D line segments
passing through the central points of the CNTSs cylindrical geometry.

The atomistic modeling of the nanoporous structures within the proposed thesis study
has been based on an earlier work used to model microcellular carbon foams. The
models have been constructed by initially creating randomly generated spheres that
overlap with each other. After generating enough spheres to cover the desired model
space, the final atomistic model for the nanoporous structure has then been obtained
by deleting from a pristine block the atoms lying within the spheres. In order to
control certain aspects of the topography of the nanoporous structure such as porosity
and ligament size, the following parameters were designed to be adjustable in the
random sphere generation algorithm: (1) range of the size of spheres to be generated,
(2) range of overlapping ratios see below (3) 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 and the sum of their radii. The non-overlapping ratio is defined
as the ratio of the distance between the centers of two non-overlapping spheres and
the sum of their radii.

The general idea behind creating the porous topology is deleting the atoms that fall
inside certain regions within a pristine solid block. These regions are defined by first
interconnecting a ‘“target sphere” with randomly chosen number of “neighbor
spheres”. The neighbor spheres then become the target sphere and each of these
spheres is interconnected with its neighbor spheres. In this way, a network of
interconnected spheres is generated. Atoms that fall inside the regions defined by
these spheres are deleted and what are left behind are the atoms that form ligaments
of the open celled nanoporous 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 controlling the “non-overlapping ratio”, which is defined
as the ratio between the distance of two non-intersected spheres and sum of the radii
of these two spheres. Another important parameter that influences the overall
porosity of the structure is the “overlapping ratio” between a target sphere and one of
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, developed for nanoporous and CNT network materials have been
employed in molecular dynamics simulations to test the mechanical behavior of
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numerical specimens under tensile loading. In a classical MD simulation, the
Newton’s equations of motion are solved to obtain the temporal 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 atomistic system at any future time can be
predicted from its current state in a deterministic way. The MD method is based on
the assumption that atoms behave like classical particles whose trajectories are
governed by Newton’s equations of motion. With more accurate interatomic
potentials that are obtained by first-principles quantum mechanical (QM)
calculations, engineering properties of nanomaterials obtained through MD
simulations become more faithful and practical. The widely-used MD code
LAMMPS (Large-scale Atomistic/Molecular Massively Parallel Simulator)
developed by the DOE Sandia National Laboratories has been employed to perform
MD simulations on the numerical specimens. The well-tested adaptive
intermolecular reactive empirical bond order (AI-REBO) interatomic potential has
been employed to model the interaction among carbon atoms in CNT networks while
Embedded Atom Method (EAM) potentials have been utilized for the MD
simulations of nanoporous materials.

At the first stage of the proposed study, algortihms of stochastic models for various
nanostructures (i.e., CNT networks and nanoporous materials) have been developed,
which enabled us to generate random natured nanostructures while having control on
the behavior decisive geometric parameters of the corresponding morphology. Then,
the algorithms have been implemented in Matlab environment to generate random
atomistic models of proposed CNT networks and nanoporous materials. Sample
atomistic models have been presented to demonstrate the applicability of developed
algorithms in further computational studies.

At the second stage, generated atomistic models of CNT networks and nanoporous
materials with different morphologic parameters have been employed in MD
simulations to investigate their mechanical behavior subjected tensile loading. In this
regard, atomistic nanoporous specimens with different porosities and different
ligament shapes/sizes have been tested numerically under mechanical loading (i.e.,
tensile loading). By this way, effects of porosity, which is one of the controlled
parameter, on the mechanical behavior of nanoporous materials have been studied
quantitatively. As a result of MD simulations, it has been shown that basic
mechanical properties such as the Young’s modulus, yield and ultimate strength
values of nanoporous materials increases as the porosity decreases. In addition to
that, it has been also demonstrated that softening rate values after the peak stress on
the stress-strain curves for the specimens with higher porosities have been shown to
be slower than the specimens with lower porosities. Detailed evaluation of these
findings considering the deformation mechanisms underlying these differences has
been also provided. Along the same line, random CNT networks generated by the
stochastic method have been used as atomistic models in the MD simulations to
determine the effect of network parameters such as cross link density on the
mechanical behavior under tensile and shear loadings. It has been shown that as the
number of cross links per CNT increases, mechanical properties including elastic
modulus, yield and tensile strength values. The results obtained from numerical tests
perfomed by the MD simulations have been compared with the experimental results
or if-exists numerical results in the literature. Furthermore, 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 AG YAPILI NANO MALZEMELERIN MEKANIiGi

OZET

Hizla gelisen nanoteknoloji alaninda nano 6lgekteki morfolojik 6zellikleri ile nano
malzemeler pek ¢ok aragtirmacinin ilgi odaginda olma 6zelligi kazanmistir. Nano
malzemelerin bir ¢esidi olan karbon nanotiipler 1s1l, elektrik ve yapisal 6zellikleri
itibariyle pek ¢ok potansiyel uygulama alani bulunan sira dis1 nano malzemelere
verilebilecek en popiiler 6rneklerden biri olarak gosterilebilir. Iijima tarafindan 1991
yilindaki kesfedilmesinden sonra karbon nanotiipler {izerinde binlerce akademik
calisma yapilmis ve olaganiistii yliksek dayanimi, sira disi elektriksel ve 1sil
ozelliklerinin bir arada olmasindan 6tiirii cok fonksiyonlu kullanilabilme kapasitesi
iizerinde durulmustur. Ozellikle son yillarda karbon nanotiiplerin birbirleriyle 2 veya
3 boyutta kesismelerinden ibaret olan karbon nanotiip ag malzemelerin ortaya
c¢ikmasiyla karbon nanotiiplerin makro Ol¢ekteki uygulama alanlar1 daha da
genisletilmistir.

Nano gozenekli malzemeler de nano Olgekte sahip olduklari yapisal ozellikler
sebebiyle nano malzemelerin ilgi toplayan bir baska cesidi olarak gosterilebilir. Nano
gozenekli malzemeler sensor, eyleyici, yalitici, enerji emici, elektrot ve hatta
sogurucu (adsorption) ve ayirict (separation) olarak kullanilma potansiyeli tasiyan
malzemeler olarak son yillarda 6n plana ¢ikmistir. Bu malzemeler {izerinde
yogunlagan ilginin temelinde nano gdzeneklerinden kaynaklanan yiiksek
ylizey/hacim oran1 yatmaktadir. Bu nedenle bu malzemeler {izerinde yapilacak
caligmalarda nano gozenek yapisinin dogru olarak modellenmesi ¢ok Onemlidir.
Bununla beraber, eyleyici olarak kullanilmas1 gibi pek ¢ok uygulamada bu
malzemelerin mekanik 0Ozellikleri biiyiik rol oynamaktadir. Nano gozenekli
malzemelerin mekanik dayanimlari nano ¢entikleme, kiris egilmesi, mikro kolon
basma testleri gibi farkli deneysel yontemlerle incelenmistir.

Rastgele dagilimli yapidaki nano malzemeleri sahip olduklari karmasik rastgele
yapilar1 dolayistyla hem modellenmesi hem de numerik olarak test edilmesi oldukca
zor malzemelerdir. Bu doktora tezinde, rastgele yapisal birimlerden olusan nano
malzemelerden karbon nanotiip ag yapili ve nano gozenekli malzemelerin rastgele
yapilarinin  sayisal modellenmesi i¢in  gerekli yontemlerin  gelistirilmesi
amaglanmaktadir. Ayrica, bu yontemler kullanilarak tiretilen sayisal test numuneleri
kullanilarak rastgele modellerin gegerliliginin gdsterilmesi adina molekiiler dinamik
(MD) metodu kullanilarak sayisal benzetimler uygulanmistir. Bununla beraber,
mekanik davraniglarinin incelenmesi maksadiyla her iki malzeme tipi i¢in farkh
Ozelliklerde dretilen test numunelerinin MD yontemiyle g¢ekme yiikii altindaki
davranig1 incelenmistir.

Karbon nanotiip ag malzemeler, rastgele oryantasyona sahip karbon nanotiplerin
birbirleriyle kesismelerinden olusan malzemelerdir. Benzer sekilde, nano gozenekli
malzemeler de rastgele konumlanmis kirislerin kesistigi nano kiris ag1 seklinde
yapilanmistir. Dolayisiyla hem karbon nanotiip ag§ malzemeler hem de nano
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gozenekli  malzemeler  rastgele yapili nano  malzemeler  sinifinda
degerlendirilebilirler. Rastgele dagilimli yapisal birimlerden olusan karmagik
geometrili bu malzemelerin sayisal olarak modellenebilmeleri i¢in yapilardaki
rastgeleligin elde edilebilmesi adina 6zel algoritmalarin gelistirilmesine ihtiyag
duyulmaktadir.

Bu tez kapsaminda, yukarida bahsedilen ihtiya¢ dogrultusunda rastgele tabiatli nano
malzemelerden olan karbon nanotiip ag yapili ve nano gbézenekli malzemelere ait
rastgele sayisal modellerin olusturulmasini saglayan yontemler gelistirilmistir. Bu
kapsamda, karbon nanotiip ag yapili malzemeler i¢in bazi1 parametrelerin kontrol
altinda tutulabildigi karbon nanotiiplerin birbiriyle rastgele olarak kesistigi bir ag
yapisinin olusturulabildigi bir algoritma gelistirilmistir. Bu algoritmada karbon
nanotiip uzunlugu, karbon nanotiip kesisim yogunlugu ve goreli agisal konum gibi
davranisi etkileyebilecek topolojik parametreler kontrol altina alinmistir. Farkli
parametreler kullanilarak elde edilen ag modelleri tez kapsaminda sunulmaktadir.
Olusturulan karbon nanotiip ag yapili modeller kullanilarak bir sonraki adimda
molekiiler dinamik simiilasyonlar1 vasitasiyla kesisim bolgelerinde lokal olarak
uygulanan 1sitma islemi neticesinde karbon nanotiipler arasinda kovalent baglar
olusturulmus ve bir nevi lokal 1si1l kaynagi yapilmistir. Sonug¢ olarak kovalent
baglarla birbirine bagl karbon nanotiiplerden olugsmus rastgele tabiatli ag malzemesi
elde edilmistir. Bu sayisal modeller s6z konusu malzemenin mekanik, 1s1l ve elektrik
gibi Ozelliklerinin incelenmesi adina gelecekteki calismalarda kullanilabilecek
niteliktedirler.

Karbon nanotiip ag yapili malzemelerin rastgele sayisal modelinin olusturulmasinda
hesaplama zamanin diisiirmek amaciyla karbon nanotiipler 3 boyutlu dogru parcalar
olarak modellenmistir. S6z konusu dogru pargalart silindirik hacimli karbon
nanotiiplerin  merkez  noktalarin1  birlestiren  eksenden  gegecek  sekilde
olusturulmustur.

Diger yandan, nano gozenekli malzemelerin modellenmesi i¢in gelistirilen yontemde
ise daha Once mikro gozenekli karbon kdopiiklerin modellenmesinde kullanilan
yaklasimdan yola ¢ikilmistir. Bu kapsamda ilk adimda birbiriyle belirli oranlarda
rastgele dogrultularda kesisen kiiresel hacimler toplulugu olusturulmustur.
Olusturulan kiiresel hacimler toplulugunun biiyiikliigli elde edilmek istenen nano
yapinn Ol¢iilerinden daha biiylik olmasi gerektiginin alt1 ¢izilmelidir. Yeteri kadar
blyik, birbiriyle kesisen kiiresel hacimler toplulugu elde edildikten sonra elde
edilmek istenen atomik kafes parametresine sahip malzeme blogundan kiiresel
hacimler icerisinde kalan atomlarin silinmesi suretiyle nano gozenekli yapi elde
edilmis olur. Bosluk oran1 ve kiris boyutlar1 gibi malzeme davranisini etkileyebilecek
parametreleri kontrol edebilmek adma rastgele kesisimli kiiresel hacimler
toplulugunun olusturulmasi i¢in gelistirilen algoritmada baz1 degiskenler kisit altina
alarak kontrol edilmistir. Kisit altindaki bu degiskenler soyle siralanmistir: (1)
kiirelerin cap degisim araligi, (2) kiirelerin kesisme oranmi araligi, (3) aym kiire
tizerinde kesismeyen kiireler arasindaki minimum mesafe orani, ve (4) ayni kiire ile
kesisme halindeki minimum kiire sayisi. Bu degiskenlerden kesisim oraninin
hesaplanmasinda kesisen iki kiirenin merkezleri arasindaki mesafe ile yarigaplarinin
toplam1 arasindaki oran kullanilir. Benzer sekilde (3) no.lu degisken olan kesisim
yapmayan kiireler arasindaki minimum mesafe orani kiireler arasindaki mesafe ile
kiire yarigaplarinin toplami arasinda yapilir.
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Nano gozenekli yapilarin sayisal modellenmesindeki genel yaklasim belirli bir kafes
sistemi parametresine gore olusturulmus kati bir hacimsel blok malzemeden, belirli
kiiresel hacimler igerisinde kalan atomlarin silinmesi seklindedir. Bu kiiresel
hacimler, “hedef” kiireler {izerinde birbirleriyle kesismeden, sadece hedef kdre ile
kesisen “komsu” kiirelerin yerlestirilmesi ile olusturulmaktadir. Herhangi bir hedef
klre tizerine yerlestirilebilecek maksimum sayida komsu kiire olusturulduktan sonra
yeni bir hedef kiire secilerek yeni segilen hedef kiirenin komsu kiirelerle donatilmasi
saglanmaktadir. Eski komsu kiire niteligindeki kiirelerin hedef kiire niteligine
kavusarak zincirleme etkiyle birbiriyle kesisen kiiresel hacimler toplulugu
olusturulmus olmaktadir. Nihayetinde bu kiiresel hacimler igerisinde kalan atomlarin
blok atom toplulugundan ¢ikartilmasiyla geride nano gozenekli yapinin kirigleri ve
bu kiriglerin kesistikleri alanlar olan eklem bolgeleri ortaya ¢ikmaktadir. Kiirelerin
olusturulurken kontrol altinda tutulan kisitlardan bir tanesi aymi hedef kiire
tizerindeki komsu kiirelerin birbiriyle kesismemesi hususudur. Bunu saglamak i¢in
aynt hedef kiire iizerindeki komsu kiireler arasindaki mesafe kontrol altinda
tutulmaktadir. Kontrol altindaki bir diger Oonemli parametre de bosluk oranini
dogrudan etkileyen, hedef kiire ile komsu kiireler arasindaki kesisim oranidir.

Rastgele yapili nano yapilarin sayisal modelleri olusturulduktan sonra klasik
molekiiler dinamik simiilasyonlarinda kullanilarak numerik modellerin mekanik
davraniginin incelenmesi yapilmistir. Klasik molekiiler dinamik simiilasyonlarinda
Newton’un hareket denklemlerinin ¢6ziilmesi suretiyle atomlarin zaman ve lokasyon
uzay yoriingeleri elde edilir. Bu esnada atomlar arasindaki etkilesimler kuantum
mekanigi hesaplamalar1 veya tamamen ampirik yontemler ile olusturulmus atomlar
arasi potansiyeller vasitasiyla tanimlanmistir. Bu sekilde belirli bir andaki atomlarin
hizlar1 ve konumlar1 kullanilarak bir sonraki zaman adimlarindaki atom koordinat ve
hizlarinin elde edilmesiyle deterministik bir sistem c¢ozulmektedir. Molekiler
dinamik metodunda yapilan varsayim atomlarin, zaman ve mekan yoriingelerinin
Newton’in hareket denklemleri ile belirlenen klasik pargaciklar gibi davranmasidir.
Birincil prensipli (first principle) kuantum mekanigi hesaplamalarina dayanarak elde
edilen atomlar arast potansiyellerin  kullanildigt  molekiller  dinamigi
simiilasyonlariyla sonucu elde edilen nano malzemelerin 6zelliklerinin giivenilirligi
daha iist seviyededir. Bu ¢alismada molekiiler dinamik simiilasyonlarinda LAMMPS
(Large-scale Atomistic/Molecular Massively Parallel Simulator) ad1 verilen ve USA
DOE Sandia Ulusal Labaratuvar’larinda gelistirilmis acik kodlu ve akademik
cevreler tarafindan iyi bilinen bir kod kullanilmistir. Karbon nanotiip ag yapilarin
simiilasyonlarinda AIREBO (Adaptive Intermolecular Reactive Empirical Bond
Order) atomlar arasi potansiyel olarak kullanilirken nano gdézenekli malzemelerin
analizlerinde ise gomuli atom metoduna (Embedded Atom Method, EAM) dayali
potansiyeller kullanilmistir.

Bu doktora ¢aligmasinin ilk agamasinda karbon nanotiip ag yapili malzemelerin ve
nano gozenekli metal malzemelerin rastgele yapili sayisal modellerinin olusturulmasi
icin algoritmalar gelistirildi. Bu algoritmalar vasitasiyla rastgele tabiath adi gegen
malzemelerin davraniglarini etkileyebilecek geometrik parametreler de kontrol
altinda tutulmaktadir. Daha sonra bu algoritmalar Matlab programlama dilinde
kodlara doniistiiriilerek karbon nanotiip ag yapili ve nano gézenekli malzemelerin
sayisal modelleri tiretilmistir.

Calismanin ikinci asamasinda ise birinci asamada gelistirilen algoritmalar ile farklh
morfolojik karakterde dretilen numerik test numuneleri molekiler dinamik
simiilasyonlarinda kullanilarak mekanik davraniglari incelenmistir. Bu kapsamda,
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farkl1 bosluk oranina sahip nano gozenekli test numuneleri kullanilarak MD
yontemiyle ¢ekme yiiklemesi altinda test edilerek gerilme-birim sekil degistirme
egrileri elde edilmistir. Bosluk orani azaldik¢a makro gdzenekli yapilarda oldugu
gibi nano gozenekli yapilarin Young modiilii, akma ve ¢ekme mukavemetlerinin
artt1g1 gézlenmistir. Bununla beraber, maksimum gerilmenin elde edilmesinden sonra
gbzlenen yumusama (softening) hizinin bosluk orani arttikga azaldigi ve belli bir
bosluk oraninda ise hizli bir azalmanin oldugu goriilmiistiir. Yumusama hizindaki bu
ani degisikligin nedenleri lizerinde durularak nano gézenekli malzemelerin ¢ekme
yiiklemesi altindaki deformasyon mekanizmalar1 incelenmistir. Benzer sekilde farkli
kesisim yogunluklarina sahip karbon nanotiip ag yapili numuneler de numerik
mekanik ¢cekme ve kayma testlerine tabii tutulmustur. Tek bir nanotiip tizerindeki
kesisim yogunlugunun farkli oldugu sayisal numunelerin ¢ekme ve kayma
benzetimleri sonucunda gerilme-birim sekil degistirme egrileri elde edilerek kesisim
yogunlugu arttikga mekanik oOzelliklerde goriilen degisiklikler gosterilmistir. Elde
edilen sonuglar literatiirdeki deneysel veya mevcutsa sayisal sonuglarla kiyaslanarak
degerlendirilmistir. Ayrica, ¢ekme ve kayma yiiklemeleri altinda karbon nanotiip ag
yapilarin gosterdigi deformasyon mekanizmalar, MD benzetimleri sonucunda
ayrintili olarak incelenerek arkasindaki sebepler iizerinde ¢ikarimlar yapilmistir.
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1. INTRODUCTION

Nanoscience and nanotechnology deal with ultra-small 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 nanoscience which is the
understanding of what the nanostructured item behaves.

According to many scientists, the lecture entitled as “There’s plenty of room at the
bottom” given by Nobel Prize awarded physicist Richard Feynman is one of the
milestones that stimulates the ideas behind the development of nanotechnology [1].
Due to unconventional nature of nano-scale world, disciplines that are differentiated
on the continuum scale such as mechanics, materials science and physics are required
to be synthesized on the same core to interpret mysteries of nano-scale world. At this
point, nanoscience is the product of this multi-disciplinary approach to understand
nano-featured processes and characteristics [2-4]. Exciting and highly 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 highly-developed computational capabilities

that can be utilized to realize numerical experiments.

One billionth 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 a human hair is roughly 80,000-100,000 nanometers wide.
As more examples, growth rate of human fingernails is at the order of 1nm per
second and a DNA molecule is about 1-2 nm wide. In this regard, Figure 1.1 shows
the relation between macro scale objects and nanoscale world on a scaled axis to
show the transition from macro to nano. Materials at nano scale represent
distinguishing chemical, mechanical, electrical and magnetic behaviors. Even though
nanoscience appears as a new research area, nanomaterials have been 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 macro-materials to atom [3].

In many fields of nanotechnology, science of nanomaterials constitutes a basic
building block for the further improvements and innovations. More specifically,
mechanics of nanostructured materials is a 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 nano-size crystals are controlled or

governed by the mechanics at the nanoscale.

1.1 Nanomaterials

Applications of nanotechnology benefit from the extraordinary properties of
nanomaterials which include at least one property-determining dimension smaller
than 100 nanometer. In the meantime, nanomaterials, or in other 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 the high interest
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 size-dependent intriguing properties, nanomaterials have
great potential to create impacts in many fields, e.g., aerospace, medicine,

electronics, etc.



While some of nanomaterials occur naturally (e.g., volcanic ash and soot from forest
fires), many of nanomaterials can be classified into engineered nanomaterials that are
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, stain-resistant clothing, tires, electronics,
sunscreens and many other stuff that are being used in daily life [5]. Beside 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 observed at nanomaterials 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 of the 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 surface-to-volume ratio.

The other reason that can be used in the explanation of scale-dependent behavior is
the quantum effect. At the atomic level, quantum effects play much more significant
role in the extraordinary optical, electrical, mechanical and magnetic behaviors of
nanomaterials. Traditionally, basic properties of materials such as the Young’s
modulus are measured by using macroscale or recently microscale test specimens,
which results in no information up-scaled from nano scale. However, properties
determined at macroscale do not predict the behavior of devices that are fabricated

by continuously advancing nanomanufacturing techniques [6].
1.1.1 Applications of nanomaterials

Day by day, appearance of nanomaterials in commercial arena is increasing.
Moreover, the range of available products comprises very large and different fields.
Today, we can find nanomaterials in products of cosmetics, self-cleaning windows,
wrinkle-free or stain-resistant textiles and in many other applications [5].

Nanocomposites and nanocoatings which 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 UV-barrier coatings are used to prevent sunlight
damages on the beverages [3]. Tennis balls with much longer service life can be
achieved by using butyl-rubber/nano-clay composites [3]. As another example,
nanoscale titanium dioxide is employed in cosmetics, sun-protective creams and self-
cleaning windows. Along the same line, nanoscale silica is finding applications as a

filler material in cosmetics and dental operations [4].
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Figure 1.2 : Nanomaterials with different morphologies: (a) Au nanoparticle [2], (b)
Buckminsterfullerene [1], (c) FePt nanosphere [2], (d) Titanium
nanoflower [4], (e) Silver nanocubes [3], and (f) SnO, nanoflower [6].

Some more examples can be given explaining the high interest concentrated on
nanomaterials due to their unusual mechanical, electrical, optical and magnetic
properties [5]. For example, popularity of nanophase ceramics is mainly because of
their higher ductility at extreme temperatures comparing to coarse-grained ceramics.
Metallic nano powders are being used for the production of porous coatings as well
as gas tight materials [7]. They are also good candidates for metal-metal bonding
owing to their high valued cold welding properties in addition to their
ductility.Remarkably high surface-to-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 devices [4].

Scientific interest on nanomaterials has begun in the 19™ century 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 devices that enable us to observe the nanoscale
world [6]. In 1857, Michael Faraday’s report on the colloidal gold particles can be
shown as one of the first studies on nanomaterials [7]. On the other hand,
investigations on the nanostructured catalysts have been in progress 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 in the beginnings of 1940’s [8]. Extending the examples of
applications of nanomaterials, nanostructured amorphous silica particles have also
been used in many daily life products such as non-diary coffee creamer to
automobile tires and catalyst supports [3]. In the 1960s and 1970s, magnetic
recording tapes were developed to be produced by using metallic nanopowders.
Grangvist and Buhrman published a new technique which is popular now, called the
inert-gas evaporation technique to produce nanocrystals in 1976 [4]. Lately, the
mystery of beautiful tone of Maya blue paint and its resistance to acidic environment
has been explained by its hybrid nanostructure consisting of amorphous silicate
substrate with inclusions of metal (i.e., Mg) nanoparticles [5].

By non-stop progress being achieved in nanotechnology, the number of
nanostructured functional materials which permit altering of mechanical, electrical,
magnetic, optical and electronic functions. Nanophased or cluster-assembled bulk
materials are good examples of this kind of progress. Initially, discrete nano
clusters/particles are manufactured at the first step and then these small
particles/clusters are embedded into liquid or solid matrix materials [6]. As an
example, nanophased silicon that is completely different from conventional silicon in
physical and electrical properties 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 colloids [9].



1.1.2 Classification 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 according to the
number of nano dimensions that form the nanostructure. In this regard,
nanostructures such as nanofilms and nanowires are classified into 1-dimensional
nanomaterials. Nano strands, tubes or fibres, on the other hand, are examples of
nanostructures in two dimensions. In the same manner, nanoparticles, quantum dots
and fullerenes are nano-structured in all three dimensions [10]. Figure 1.3 presents
some visual examples for the classification based on the dimensions. Considering all,
nanomaterials can be in different shapes such as spherical, tubular or irregular shapes

ak¥

Graphene Nanowire, Nanotube Nanoparticle

in the form of singular, fused or agglomerated.

1D film, 2D

Figure 1.3 : Classification of nanomaterials [11].

Classifications on the nanomaterials can be also done on the basis of phase
composition of nanomaterials. Single phase materials consist of only one ingredient
such as crystalline or amorphous particles [9]. However, multi-phase 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 certain properties or opportunity of emerging new functionalities, e.g., higher

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

Approaches on the manufacturing of nanomaterials are divided into two major

branches which are bottom-up and top-down methods.

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

molecules are collected, combined or shaped by chemical and catalytic reactions to



form desired nanostructural units [12]. By employing AFM (Atomic Force
Microscope) and using liquid phase techniques based on inverse micelles, bottom-up
approach is being utilized by several nano scale manufacturing techniques such as
chemical vapor deposition (CVD), laser pyrolysis and molecular self-assembly [10].
In this approach, atomic scale structural units, i.e., atoms, molecules or clusters,

arrange themselves into more complex structural units similar to the growth of a

crystal.

TOP-DOWN BOTTOM-UP

MNPs

Bulk metal Powder Clusters

Figure 1.4 : Scheme of Top-Down and Bottom-up approaches to the synthesis of
metal nanoparticles (MNP) [11].

Top down approach, on the other hand, constructs the nano-structured topology
starting from the macro-level materials instead of molecular level. Therefore, in this
kind of approach, traditional fabrication operations for manufacturing include
cutting, carving and molding [13]. By this approach, exceptional machinery and
electronic devices have been able to be fabricated. However, due to limitations on the
size of cutting, carving and molding capabilities, the size of these devices cannot be
downsized beyond a certain limit. Nano-lithography, laser ablation, physical vapor
deposition, electrochemical method (electroplating), milling and hydrothermal

technique are the examples of techniques that are based on top-down approach [14].

Nanomaterials that are sized in the order of that top-down production methods
cannot deal with can be processed by bottom-up methods. Top down manufacturing
of metal nanoparticles (MNPs) is an example for this situation. Because top-down
methods can not yield uniform particles of very small sizes, bottom-up methods can
provide uniform particles (Figure 1.4). Furthermore, some of the top-down
techniques such as lithography 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 surface-to volume ratios of

nanomaterials are very high, surface defects on the nanomaterials can cause



considerable change in the surface properties [11]. Despite this disadvantage, top-
down engineering methods constitute an important place together with the bottom-up

chemistry in the development of nanoscience 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 single nanostructural 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 precision exactly without

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 nano scale 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 behavior of 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 complexities due to their
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 has been 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 also be 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., cylinders, balls, 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. High surface 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 of increasing
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 can be approximately
simplified to doable geometries such as sylindrical hole in order 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; and macroporous

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.
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Figure 1.6 : Three different types of nanoporous silica materials. (a) A microporous
material: zeolite, (b) A mesoporous material, (¢) 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 empty space 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].

Zeolite-like materials, activated carbon fibers (ACF),

Microporous . :
P templated carbon from zeolites, metal organic frameworks

materials (MOFs)
Mesoporous Mesoporous oxides (silica, alumina, zirconia), MCM-41,
materials CMK-1, polymeric materials
Macroporous -
. Porous glass, nanoporous silicon
materials
Hybrid porous Activated carbon (AC, silica gel, pillared clay, nanoporous
materials oxide-bridged carbon nanosheet composites)

Pores within a porous material can be open or closed state. Open pores are an
interconnected network of the pores, but in case of a closed 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 porous systems with closed
pores. On the other hand, closed pore systems are preferable in sonic and thermal

insulation or lightweighted structural applications.
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1.2.1 Properties of nanoporous materials

Due to their novel structural properties and large interconnected internal 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 importance 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 an important 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. For different 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 properties 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. Similarly, selectivity property which is especially required
in case of a target of separating a desired material from a multi-component mixture,
depends highly on the pore size, shape and pore size distribution in addition to the
type of absorbates. The other required property 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 are very 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.
1.2.2 Major opportunities in applications of nanoporous materials

The main advantage of nanoporous materials is their cellular structure at the nano
scale. Due to their porous nanostructure, they have a ultra-large surface area in
addition to controllable cell size and morphology. As mentioned previously, because
of their ultra-fine 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, bio-implants, 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 applications make use of membrane type nanoporous materials
whereas bio-implants, sensors and photonic crytals are corresponding to the bulk

nature of nanoporous materials.

The most exciting point of membrane-type nanoporous materials is due to their
capacity of 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 controlled. 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 nanoporous 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 surface area results 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 essential element of life, because of the fact that its organic compounds
take parts in every living tissue. One of the reasons for its diversity in compounds is
the reality that carbon atoms have the ability to combine with other carbon atoms as
well as with other elements. Figure 1.7 shows the different structural forms of carbon
in nature. Carbon nanotubes (CNTs) which are shown as the allotropes of carbon
element are one of the fascinating examples of carbon based nanomaterials and can
be considered of as the 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) diamond, (b) graphite,
(c) Lonsdaleite (hexagonal diamoond), (d) Buckminster-Fullerene (C60),
(e) C540, (f) C70, (g) amorphous carbon, (h) Nanotube [8].

The CNTSs can have a length-to-diamater ratio greater than 106 making them an ultra
high aspect ratio material. Their diameter varies between 1 to 100 nm with a length
of up to several micrometers or even milimeters. The CNTs can be classified into
two major groups as single-walled carbon nanotubes (SWNT) and multi-walled
carbon nanotubes (MWNT). The SWNTSs consist of only one layer of graphene sheet

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

Although discovery of the SWNTSs are undisputedly clear, discovery of the MWNTSs
is controversial. Regarding the SWNT, two papers [15,16] which were published
independently in the same year (1993) introduced the SWNTs into the scientific
research area. In case of the MWNTSs, the first report giving the TEM images of

nanodiameter carbon fibres was published by Radushkevich and Lukyanovich in
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1952 in the Journal of Physics and Chemistry of Russia in Russian. Because of cold
war, this report was not known by many scientists in the world. Therefore, many
people consider lijima’s paper [17] published in 1991 as the first introduction of the

MWNTs into the research community.

Bulk sythesis of the SWNTSs is relatively more difficult than the MWNTS due to
proper control requirement on the growth and atmospheric condition. Beside that
catalyst is required for the synthesis of the SWNTs while not needed for MWNTSs.
Moreover, purity of the MWNTS are higher than SWNTS.

The CNTSs are regarded as the one of the promising materials for the 21* century due
to their exceptional physical properties. Owing to these novel properties, the CNTs

have many potential applications in nanotechnology.
1.3.1 Geometry of CNTSs

It is previously mentioned that the CNTs can be considered as the graphene sheets
rolled up in the form of cylinder. Morphologies of the CNTs depend on the direction
of the axis around which the graphene layer is rolled up (see Figure 1.8(a)). Two
integers (n,m) called as chiral indices and are defined to indicate rolling direction, or
in other words the chiral vector (Cy). The chirality vector is extended from one
carbon atom to another carbon atom which is crystallographically equivalent on
graphene lattice. The chirality vector is defined as the linear combination of basis

vectors a; and a, , 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 equal 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 :|C*%:b\/n2+nm+m2 (1.1)

where b is the lattice constant of the graphene honeycomb lattice which is equal to
2.49 A. The translation vector shown in Figure 1.8(b) defines the periodicity of the
lattice along the CNT cylinder axis.
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Figure 1.8 : (a) Different rolling directions on a graphene sheet causing different
chiralities, (b) General geometric parameters for CNTs [18].

In a perfect CNT structure, all covalent bonds excluding the tip bonds are on the
hexagonal lattice system. However, during the synthesis process, defects are formed
and pentagonal, heptagonal bonds and other imperfections occur, which lowers the
quality of the CNTs.

1.3.2 Manufacturing of CNTs

Several techniques have been used for the synthesis of carbon nanotubes including
arc discharge, laser ablation, high-pressure carbon monoxide disproportionation
(Hipco) and chemical vapor deposition (CVD). Procesess for the generation of the
CNTs in many of these methods are realized in a vacuum or with process gases. On
the other hand, the CVD synthesis of the CNTs can be in vacuum or at atmospheric
pressure. As the techniques used in catalytic or continous growth processes are

advancing, commercialization of CNT products becomes feasible.

The quality of the CNTs generated by catalytic techniques is not as good as the ones
synthesized by the arc-evaporation method in which a catalyst is not utilized.
However, despite this disadvantage catalytically manufactured CNTs have received
great attention following Iljima’s paper in 1991 [17] due to several reasons. The
most important reason behind this popularity is the capacity of catalytic methods to
produce scaled-up CNTSs, in other words susceptibility of massive production.
Therefore, bulk synthesis of the CNTs by employing catalytic methods is possible,
which in turn creates popularity on them. Secondly, controlled growth of the CNTs
on the target substrates can be managed by catalytic methods, which is highly
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applicable especially in display technology. In this regard, the CVD is the dominant
technique for the high-volume CNT production.

1.3.3 Applications of carbon nanotubes

Ranges of diamaters for the SWNTs and MWNTSs are usually 0.8 to 2nm and 5 to
20nm, respectively. However, sometimes diameters of the MWNTs can exceed
100nm. On the other hand, the maximum length scale of the CNTs starts from the
values less than 100 nm and reach up to several centimeters which is the macroscale

range [19].

The tensile strength value measured for an individual MWNT is 100 GPa which is 10
times higher than any industrial fiber. Depending on the chirality, the SWNTSs can be
metallic or semiconducting while the MWNTSs are usually metallic and can carry
currents up to 10° (A/cm?). Beside this, thermal conductivity of a SWNT based on
the wall area is around 3500 (Wm™K™) which is higher than the thermal conductivity
of diamond [15].

Even though scientific research on the CNTs exploided in 1990s following the first
industrial synthesis of CNTSs, substantial growth in the commercial area has observed
in the last decade. Following the year 2006, the capacity of CNT production has
increased 10 times and growth of research study numbers on CNT related subjects

continue [16].

Today, most of the CNTs which are bulk produced is employed in composite
materials and thin films, and topology of these CNTSs is randomly organized rather
than being in a specific order. However, 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 emission [20-22].

It should be noted that CNT macrostructures such as yarns and sheets possess
considerably lower mechanical, thermal and electrical properties than those of
individual CNTs. Usage of the MWNTSs are more favorable than the usage of the
SWNTs where diameter and band gap of the CNTs are not so important, because of
higher prices of SWNT production. The reason behind this higher cost is that
synthesis of SWNT by the CVD needs to be controlled by tighter process parameters
and high cost of research and development of process. Thus, the SWNTSs that have
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controlled the chirality can be favorably employed in the emerging applications if the

prices can be cut down.

First usage of the MWNTSs was in plastics as a electrically conductive filler due to
their ability of forming a light percolated network with a 0.01 weight percentage. By
using disordered MWNTs in polymers to form CNT-polymer composites,
conductivity of overall composites can be increased to 10000 (S m™) at a weight
percentage of 10. These electrically conductive light plastic composites are used in
automotive industry to sustain electrostatic- assisted painting of mirror housings and
also in the fuel lines and filters to ensure dissipation of electrostatic charge. These
CNT polymer composites are also utilized in electromagnetic interference (EMI)

shielding packages and wafer carriers in microelectronics industry [21].

Material design Example application

2
@
=
(=
L
-
Q
=
o=
[
z
o
i2
o
3
S Coax cable
©
[ =
©
1]
o
b
@ %Y
> AL
= g ol
= AL

~ < |

Sheet Yarn EM shield

Figure 1.9 : CNT composites and macrostructures (a) Micrograph showing the cross
section of a carbon fiber laminate with the CNTs dispersed in the epoxy
resin and its application. (b) CNT sheets and yarns used as lightweight
data cables and electromagnetic (EM) shielding material [23].

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 MWNTS into epoxy resin
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improve the stiffness and fracture toughness by 6 and 23%, respectively [24]. In 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 stick-slip 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 sporting goods 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 regard, Figure 1.9(a) shows a cross section of a composite
fiber laminate that consists of dispersed CNTs in the epoxy resin and a sample
application is given as maritime security boats of which boat hull is made by

lightweighted CNT fiber reinforced composites [25].

For high technology applications where lightweight solutions together with
multifunctional capabilities such as combined mechanical and electrical functionality
are required, a serious competition is expected to be observed between the CNT
yarns and laminated sheets produced by the direct CVD and 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 were selected as CNT network and nanoporous materials and to employ those
atomistic models in molecular dynamics simulations for investigating the mechanical
behavior of selected nanomaterials. Both CNT networks and nanoporous materials
have complex geometries formed by random networks of carbon nanotubes and
ligaments, respectively. Thus, generating their 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 materials and nanoporous materials. The 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 perspective, it is aimed to develop
tools or methods that can 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 studies in literature regarding mechanics of these materials. Therefore, the other
main purpose of this study is to examine mechanical behavior of CNT networks and
nanoporous materials by using the atomistic models generated by the techniques
which are developed in the first 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 materials. It is important to have
essential information about the dependence of mechanical performance on the
topological features, in order to manufacture outstanding novel materials. Therefore,
in the scope of this dissertation, numerical experiments are conducted by molecular
dynamics simulations to provide the relationship between topological parameters and

mechanical properties.
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2. OVERVIEW OF MOLECULAR DYNAMICS SIMULATIONS

As mentioned before in the previous chapters, molecular dynamics (MD) simulations
have been utilized to investigate 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 important tools, 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 boundary
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 validate 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 equations, 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, intermolecular forces within a selected
material could be justified in a diatomic molecule or in a perfect and infinite lattice
crystal system. Even under the simplified conditions, further approximations were
usually demanded to perform calculations. However, many of physical issues 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 50s introduced a new player, numerical
experiments, in the scientific research area in addition to experiments and theoretical

studies.
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Figure 2.1 : Examples of nanostructures that can be simulated by MD (a)
Nanowires, (b) Carbon nanotubes, (c) Bio-molecules [26].

In numerical 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 computer language. By numerical experiments, much more
complicated phenomena can be injected into the numerical system, which guide

towards investigations of more realistic systems.Numerical simulations conceptually

22



stand at a position between experiment and theory. 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 real physical 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 by two-body potentials which
have uncomplicated analytical forms, e.g., Morse or Lennard-Jones potentials. At
present, however, many body potentials, which are obtained numerically by using
forces anticipated by first-principle methods, are the examples of much more precise

potentials.

Moleculare dynamics (MD) method is 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 motions. It is a very effective
technique to investigate atomic scale and macroscale properties of nanomaterials

such as naowires, carbon nanotubes or bio-molecules as shown in Figure 2.1.

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

and velocities.

Molecular dynamics method utilizes the law of classical Newtonian mechanics,

named as Newton’s 2" Law, for the derivation of equations of motion:

F =ma (2.1)

Equation (2.1) is defined for each atom i that exists in an atomic system consisted of
N atoms. In this equation, m; is the atomic mass, a, =d’r,/dt® is the acceleration
and F is the force acting on the i atom resulting from the interaction with other

atoms around it. Thus, unlike Monte Carlo method, which basically depends on
random sampling of solutions to get 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 6N-dimensional phase space consisting of 3N
positions and 3N momenta. Because molecular dynamics is a statistical mechanics
method, similar to Monte Carlo method, 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 selected. It is shown as by dirac function, 5(H (F)— E). In this representation

H and I' represents the Hamiltonian and phase space variables (positions and
momenta), respectively. So, phase variables are selected so that the Hamiltonian 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 (T)/k,T), is used as the probability density function.

In statistical physics, based on a selected statistical ensemble (e.g., canonical or
microcanonical) for a specific quantity, there exists an infinite number of
configurations distributed according to the corresponded ensemble. The physical
quantities are identified 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
quantities can be measured by MD simulations 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 obtained by the MD simulation will be
completely cover all configurations and the averaging operations will yield
thermodynamic properties at that limit time. However, in practice, simulation times
are always limited to a finite 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 by the MD simulations.

In addition to molecular dynamics simulations, there are other traditional atomistic

simulation techniques such as quantum-mechanical methods in which Schrédinger
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equation is numerically solved. Quantum mechanical methods are computationally
very expensive; therefore, 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 investigate atomistic structures.

2.2 History and Future of MD Simulations

Alder and Wainwright wrote the first academic paper in 1957 acknowledging
molecular dynamics simulation [27]. By employing a hard sphere system through
which interactions between the particles 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 500-atoms system utilizing continuous force
potentials with a finite difference time integration scheme to investigate the defect
generation by the impact of radiation damage [28]. In another well-known study by
Rahman in 1964, by using Lennard-Jones potential several properties of liquid Ar

were explored with a system consisting of 864 atoms [29].

By using MD simulations, defect formation and their effects on the mechanical
behavior in crystalline materials has been a popular subject for a long time [14]. In
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 of biomolecules such as proteins, nucleic acids (DNA, RNA) and
membranes, which are large macromolecules, can also be examined by molecular
dynamics simulations [30]. Because functional properties of biomolecules are highly
dependent on dynamical changes, the MD simulations are quite helpful to extract
dynamical response of biomolecules. The MD simulations are also actively
employed in pharmaceutical industry to effectively design of drugs.

In the last decade, by the development of Car-Parrinello 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 studied by the

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

and time-scale range that can be covered.

As the computational power increases day by day, more complex and so more
computational intensive problems can be solved numerically. Because the computers
are much cheaper than the laboratories, which provide the equivalent 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 chain [27] and (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 such as the MD simulations. By using
numerical specimens with different molecular structures, an optimum molecular
structure that satisfies required material properties can be obtained. Following these
numerical design iterations, proposed material can be synthesized in the laboratory

and further refinements can be done in the laboratory environment.

The approach and procedure summarized above have already been applied in the
design of new pharmaceuticals and are very close to being routinely employed in the
processing of polymer materials. Day by day this approach is increasingly being
realized in all material-related industries such as lubrication, catalysis, electronics
and chemical engineering. From this point of view, molecular dynamics simulation

method holds very important step to be taken towards novel materials or nano
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electromechanical device design (see Figure 2.2). While its usage currently is limited
to academic field excluding a few areas such as pharmaceutical and polymer design,
in the next 20 years the MD simulation technique is estimated to take the place of

today’s computational tools , e.g., CFD or FEM in industry.

2.3 Limitations on MD

Although molecular dynamics method is a very useful and effective tool that helps
researchers to dive into the atomistic world, there are some limitations that need to be

addressed.

The first constraint on the MD technique comes from the usage of classical Newton’s
Laws instead of much more reliable Schrodinger’s equation that can capture the
quantum effects. It should be noted that the systems at the atomistic level are
governed by quantum laws rather than classical macroscale laws. Classical

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

wavelength (A) [28] that was defined as

2
A= /|\2/|7;hT (2.2)
B

where M, T, 7 and Kkgare atomic mass, temperature, Planck’s constant and

Boltzmann’s constant, respectively. The classical approach used in the MD can be
confirmed if A/a is much less than 1, where a is the mean nearest neighbor
separation. For the liquids of light elements (e.g., Li and Ar) which are at the triple
point that three phases (gas, liquid, solid) coexist at the same time, the ratio of A/a
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 cannot be neglected. In these domains,

molecular dynamics simulations should be used with caution.

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

corresponding atoms, which drive the motion of the atoms in the system, calculation
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of forces on the atoms as accurate as is very important to capture the 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 capacity of the potentials
to capture the same response of the material under the boundary conditions that are
employed in the simulation.

Set the initial conditions: r, (¢, ),v, (¢, ),...
v

r = Update neighbor list
: I
: Get forces F (1)
I v
: Solve equations of motion over & (1)
I v
: Perform p, T control (ensembles)
! v
: t—>1t+0t
: :
: Calculate the desired physical quantities
I v
R 1=t ? - —» End Simulation

Figure 2.3 : MD simulations workflow.

Molecular dynamics simulations 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 many-body system. Figure 2.3 presents the major calculations that are
performed in the MD calculations. According to this, three basic steps form the main
framework of molecular dynamics. In the first step, initial positions and velocities for
each atom in the system are assigned. 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 is the key player to determine the degree of
realism of the simulation. Due 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 atoms within the neighborhood are

used to determine interatomic forces.

In the second step, the Newton’s 2" law, F. =ma, , 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 mechanics, macro scale properties of a system is the average of the
corresponding quantity over all possible quantum states, which is called the
ensemble average. An ensemble can be considered as the fictive set of distinct
qguantum states, all of which have the same macroscopic properties such as
temperature and pressure. In other words, for a defined system there exist different
quantum states (i.e, phase space of atomic system) satisfying the same macroscopic
properties. An ensemble is the collection of all quantum states that have same
macroscopic property. According to the Ergodic hypothesis which declares that the
ensemble averages of system properties are equal to time averages. Therefore, by
taking the time average of measurements obtained by 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 numerically. The classical

equations of motion can be written as
q=G(p.r), p=F(p.r) (2.3)

where H is the Hamiltonian, G(p,q)=2H/dp and F(p,q)=-0H/aq. In classical

dynamics, the Hamiltonian has the general form
p2
H=>» —+U(r 2.4
Z Zmi ( [ ) ( )

where 1, and p, are the coordinates of the i atom and its momentum, respectively.

The first term of the Hamiltonian function, p?/2m, represents the kinetic energy
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while the second term, U (r;) is the potential energy resulting from the interatomic

interactions.

Because of the reason that the Newton’s 2™ law does not depend on time, the
Hamiltonian function is also time 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 of the Hamiltonian function given in Eqgn. (2.4) is given as

Eqn. (2.5) considering that Hamiltonian is not explicitly defined by time, oH/ot =0.

LR ALY ST (25)
dt 57 op, — Or,

The total time derivative of Eqn. (2.4) for an isolated system is given in Eqn. (2.6).

dH 1 . ou .
— Z 5.0 +y —F =0 2.6
d m%5 PPy — or (2.6)

When the Eqns. (2.5) and (2.6) are compared, following relations can be realized:

H_B_;
op, ‘
pl m (2.7)
H_ou
or  orf
Substitution of Eqns. (2.7) into Egn. (2.5) results in the following relation:
oH | - oH
+—['T=0 > —=-j 2.8
Z(ﬁ 8ﬁj . o =P (2.8)

Thus, Hamiltonian equations of motion which are first order differential equation

with 6 degree of freedom can be written as follows:

=i

o
H_

(2.9)

or Pi

There exist many 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, firstly the force is calculated in time-half a

30



time step forward at the current positions. Then, the momenta in time half a time step
forward is obtained. Following this, by using the momenta in time-half a time step
forward coordinates in time by a full time step is calculated. After that, forces are
recalculated by using the new positions and the momenta are advanced to full time

step. The summarized algorithm can be shown as follows:

p(t+At/2)=p(t)+%F[p(t+At/2),r(t)]

r(t+At):r(t)+%{G[p(t+At/2),r(t)]+G|:p(t+At/2),r(t+At)]} (2.10)

p(t+At)= p(t+At/2)—%aa—L:(t+At)

By using Eqgns. (2.10) again and again, trajectory of atoms including atomic
coordinates and momenta can be extracted from the initial conditions and potential
function defined 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 simulations [30]. The most
general form of an interatomic potential is given as follows:

U (rl,rz,...,rN):Zi:Wl(ri)+ SW,(rr)+ Y W(n,r.n )+ (2.11)

i j>i i, j>ik>]

In Egn. 2.11, W, defines a one-body potential which represents the external force
fields such as gravitational field or external boundary conditions such as a wall

function defined for particles in the simulation box.

The other term in Eqgn. 2.11, W, describes a two-body potential which formulates the
dependence of interatomic potential on the distances (ri;) between pairs of atoms (r;

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

On the right hand side of Eqgn. (2.11), three-body potential (W3) 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 functions can be totally in an emprical form or based on

numerical quantum mechanical approximations. Meanwhile, semi-emprical
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interatomic potential functions are also derived by parametrization of experimental
data and ab initio data. Force field calculations are 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 parameters, (b) 3-body potential parameters.

As mentioned before, 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 play. The relationship of electrons and nuclei is not same
by nature for different materials, which vyields wide variety of behaviors. For
instance, in some materials atomic bonding type is covalent while for some other
materials it is ionic. However, in 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 nuclei. As another extreme example in noble gases,
electrons are tightly stitched to atoms representing a close-shell structure [31,32].
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 diamond which is a covalent semi-

conductor, while at temperatures higher than melting temperature (~1670°K)
silicon material turns into metallic [33]. Similarly, at constant temperature increasing
pressure upon diamond material will cause a phase transition and results in a metallic

material.

In general, two different approaches can be classified for the adoption of interactions
between atoms and molecules. In the first approach, a potential function that depends

on the interatomic positions (i.e., 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 approach, dynamics of electrons and behavior of electrons are not
directly included in the potential functions. However, in 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 second approach is the baseline of ab initio

molecular dynamics simulations.

Classical molecular dynamics is based on the first approach; thus, the forces on the
atoms are derived from the gradients of the potential function with respect to
displacements:

) _[au Kl ,auj 2.12)
ox oy; 0,

Fi=—5—riU(ri):

As mentioned before, in MD simulation techniques it is very important to employ
appropriate interatomic potential that will provide proper interaction forces between
the atoms in the system. In this regard, force models are the most computationally
intensive parts of a molecular dynamics simulation code, taking up to 95% of the

total simulation time [36].
2.5.1 Pairwise interactions

As the simplest case, the interatomic potential can be represented as the sum of

pairwise interactions:

U =iiu(nj) (2.13)

=1 jo1

where r; =1, —r;,r; =|r;| and the summation condition j >1avoids the summation
of double interactions.

2.5.2 Lennard-Jones potential

Lennard-Jones potential whose formulation is given below is one of the most well-
known potential utilized for Van der Waals system and initially offered to be used

for Argon (see Figure 2.5).
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u, (r;)=4e (?] —(?J (2.14)

Lennard-Jones potential is the function of two parameters such as ¢ is the scaling
parameter that adjusts the magnitude of the energy (so can be called as energy-scale
parameter) and o is a length-scale parameter which affects the change of potential
as the atomic distances change [37]. These parameters 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 : Lennard-Jones potential [33].

Lennard-Jones potential is especially suitable for closed-shell materials such as Neon
and Argon liquids where the electrons are confined to each atomic nucleus; therefore,
for open-shell systems where strongly localized bonds are observed; it is not fully

satisfactory [38].
2.5.3 Embedded atom method

Embedded atom method (EAM) is a semi-emprical model for the description of
interatomic interactions and deals with each atom in the simulation box as being
embedded in a host lattice environment which is comprised of all other atoms [39].
In this method, the total energy of a pure metal system consisting of N atoms is given

by the following relation:

N
Bt = z 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, =§z¢(ﬁj)+F(Pi) (2.16)
j

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

is a function of atomic displacements and the second term F (p;)that is also named

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

depends on local electron density p which is calculated as the summation of

pairwise interaction terms p(r; ):
pi=2r(%) (2.17)

Because of the reason that the actual forms of ¢(r;), p(r,

ij) and F are not known

exactly, their parameterized forms are used [37]. The coefficients of the
parameterized functions are obtained by fitting to already known properties such as

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

Adaptive Intermolecular Reactive Emprical Bond-Order (AIREBO) Potential
developed by Stuart et al. [40] potential is an empirical potential that is used to
model interactions between Carbon and Hydrogen. This potential is an extended
version of the Brenner’s Reactive Emprical Bond-Order (REBO) potential [41] and
non-bonding atomic interactions are included. The basic formula for the AIREBO

potential is given by
E=EF°+EY +E* (2.18)

As it can be inferred from Eqgn. (2.18), the AIREBO is compound of Reactive

Emprical Bond Order (E™*°), Lennard-Jones Potential (E“) and torsional

potential (E"").

The Reactive Emprical Bond Order E®®° part of the AIREBO is a short range
potential and represents the covalent bond interactions.
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E0 =V (1 ) +byVi (1) (2.19)

In Eqn. (2.19), Vin and VijA represent the repulsive and attractive pairwise potentials
and b is the bond-order term. Several chemical concerns such as the existence of

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

Lennard-Jones potential term (i.e., E“) employed in the AIREBO potential is
expanded in Eqn. (2.20). It consists of conventional Lennard-Jones potential term

V"~ as well as sine (S) and cosine (C) switch functions.

Ej’ =S (tr (rii )) S (tb (bu ))Cuviju (rij )+ [1_ S (tr (rii ))} CVy” (rij ) (2.20)

12 6
where Vi, (1, ) = 4z, [ﬁ_] _(f_j ]
1 ij

Torsional potential term E™" given by Eqn. (2.21) depends on dihedral angle that is
produced by four neighboring atoms and includes cosine switches varying from 0 to
1.

= :%ZZ > 20wy (1 e () i (R )<V (@)

i e ka1 )k

Vtors (a)) =g @Coslo [Qj_i
405 2) 10

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

simulations of nanoporous metals and carbon nanotube networks, respectively.

(2.21)

2.6 Overview of LAMMPS

The LAMMPS (Large-scale Atomic/Molecular Massivle Parallel Simulator)
developed by a cooperative research consortium consisting of two US Department of
Energy (DOE) labs and three companies, is an open source classical molecular
dynamics code specially tuned for multi-core computer clusters [26]. By using the
LAMMPS, several nanoscale systems such as atomic, polymeric, biological,
metallic, granular and coarse-grained systems can be modeled with a large library of

force field potentials.
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Systems with only a small number of particles to millions or even billions of
particles can be modeled by the LAMMPS and the models can be run on any parallel

machine on which C++ compiler works.

While the earlier versions of the LAMMPS was written in F77 and F90, latest
versions of the 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 large interatomic potential library including potentials for soft
materials (i.e., biomolecules, polymers), solid-state materials (e.g., metals, semi-
conductors) and coarse grained or mesoscopic systems. Other than atomistic systems,
in a general manner as a particle simulator, the LAMMPS can also be employed to
simulate any systems that consist of discrete particles, and interactions between

particles are described by potentials.

In a common point of view, the LAMMPS realize the numerical integration of
Newton’s equations of motion for a set of atoms, molecules or macroscopic particles
which are in interaction with each other by short or long range forces under several
boundary conditions. In order to maintain a computationally efficient solution
scheme, the 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 parallel runs, spatial-decomposition method is utilized to divide the
simulation domain into smaller domains that are individually assigned to individual

processors.
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3. ATOMISTIC MODELLING AND MECHANICS OF NANOPOROUS
MATERIALS

3.1 Introduction

Nanoporous materials are one of the classes of nanostructured materials, which
already exist 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 partially to their nanoporous morphology. As a bulk nanoporous
material, zeolites have been used as catalysts in industry for many years. In the
recent years, artificial nanoporous (np) materials are also manufactured with precise
control on the morphological parameters including pore size, distribution, porosity
and chemical properties [42]. Due to their extraordinary physical and chemical
properties such as ultra high surface-to-volume ratio, exceptional electrocatalytic
ability, strain reversibility and high yield strength, nanoporous materials are highly
attractive candidates for medical application devices, i.e., bioartificial organs,
implantable drug delivery systems, also for lighweighted structural applications,

energy absoption devices and heat sinks [43].

In general, for nanostructured materials the target is to scale down the bulk materials
into nanometer scale. However, for nanoporous materials the major interest is the
scaling down the pore volume, i.e., empty space within the bulk material instead of
bulk material that encapsulates the pore volume. Most of the important practical
features of nanoporous materials arise from their structural network of pores, which
enable them prominent candidates in applications such as adsorbing,
accommodating, sieving and separating molecules. For this reason, nanoporous
materials are different than other nanostructured materials due to that the functional
properties of nanoporous materials are significantly affected by the characteristics of
nanopores or nano cells such as pore size, shape and intensity in addition to the

surface and bulk properties of constituent materials.
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In most of their application fields, mechanical stability and integrity of nanoporous
materials play an important role to sustain their functionality. Therefore,
understanding of mechanical deformation mechanisms of nanoporous materials is
essential to accommodate them safely within the planned service life in practical
applications. Due to high expense of labarotory experiments for a series of tests to be
conducted to get simple mechanical properties, computational studies are more
favorable in terms of their flexibility to change parameters of numerical experiments
and their simpler test setups comparing to laboratory experiments. However, in order
to employ computational methods for the numerical experiments of nanostructural
materials, there is a need in numerical specimens or in other words atomistic models

those represent the morphological characteristics or nanostructural material.

N
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Figure 3.1 : Sample nanoporous material morphologies: (a) Nanoporous Gold [42]
(b) Nanoporous Platin [43].

The most important concern for the numerical simulations of nanoporous materials is
their complex morphology that consists of randomly intersecting ligaments with non-
uniform cross sections. Figure 3.1 shows a few examples of complicated nanoporous
structures. Their structure can be considered as a network of ligaments with varying
cross sections intersected with each other forming 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 present chapter demonstrates the computational method 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, the philosophy behind the atomistic modeling of nanoporous structures is
presented by explaining the basic steps of the algorithm. It has been successfully
shown that the morphology of nanoporous structures consisting of intersecting
ligaments can 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 number intersections per one sphere and amount of intersection of two
spheres. It is also illustrated that the generated foam models resemble conventional
cellular structural units such as the ligaments with a non-uniform 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 algorithm. After
providing detailed explanations regarding the atomistic modeling process, results of
molecular dynamics simulations performed on the atomistic nanoporous models with
different porosity values are presented. According to those molecular dynamics
simulations, it is found that softening of an open cell nanoporous structure 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 becomes slightly
slower with increasing the 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% porosity, the softening is much slower, and stress
delocalization occurs during softening. It is argued that at relatively high porosity,
the softening is governed by both the ligament size and joint 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 over the past decade. They have
caught researchers’ attention primarily for chemical characteristics such as catalysis,
adsorption, filtration and sensing [42—48], but recently investigations have begun on
their mechanical properties. The very low relative density of np 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
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material properties, including stiffness, strength [43] and ductility [44]. The
decreases in stiffness and strength are expected because of scaling laws [45] and, in
fact, the decreases are less than predicted due to the surface effects [45-47] and size
effects [48]; so at present the need is greatest to understand and improve the loss of
ductility in np materials. Several theories exist to explain macroscopic brittleness,
including the possibility of a narrow ligament size distribution [49] resulting in
failure of a large percentage of ligaments at once. In the same vein, a statistical
average of ligament size overestimates the ability of the entire ligament network to
carry the stress [50] since the weakest link of the minimum ligament size initiates the
failure throughout the structure as the stress concentrations intensify. In this study,
we present encouraging results of simulations to show that softening of nanoporous
materials decreases at large porosities by the diffusion of stress among the entire

structure, rather than concentration of stress at failure nucleation sites.

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 on np-Au material due to its unique

properties and ease of manufacturing.

As an experimental study, Hodge et al. [45] performed nano-indentation tests to
investigate the correlation between the yield strength, relative density and ligament
sizes of open-cell nanoporous foams. Utilizing np-Au samples with different relative
densities and ligament sizes, they constructed a Hall-Petch-type relation between the
yield strength and ligament size by modifying the Gibson and Ashby’s yield strength

equation derived for open-cell macrocellular foams [42].

Recently published two papers [46, 47] focused on the mechanical properties of
nanoporous gold (Au) materials by using atomistic MD simulations. In both studies,
open-cell 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 al. [47] investigated both tensile and compressive
response of nanoporous numerical test samples and reported a significant
tension/compression asymmetry in the yield strength, which was explained by the
initial compressive state of the system emerging from surface stresses that favors the
compression. Importantly, they also observe densification of the foam with the
amount of ~15% under tensile deformation of 30%. This densification is interpreted

42



as the result of decrease in pore diameter that realizes by plastic deformation of

ligaments.

Sun et al. [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 direction in the ligaments and at the ligament
junctions together with the Lomer-Cottrell locks at the junctions. Modifying Gibson
and Ashby’s scaling law of the Young’s modulus derived to link the bulk Young’s
modulus and foam Young’s modulus, Sun et al. presented a relationship between the

effective Young’s modulus and relative mass density of nanoporous materials.
3.2.1 Theoretical and semi-emprical models for macroporous foams

Cellular solids, or commonly foams, can be defined as the assembly of three
dimensional randomly distributed cells which are constructed by interconnected
struts and/or plates. Struts enclosing the cells are beam-like structural members and
intersect with the other struts to form the main frame of a cell. Intersections of struts
form the vertices 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
plate-like 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 basically depend on the base material that establishes the foam structure, the
relative density, mean cell diameter and the type of the foam (i.e., closed cell or open
cell) [42]. In this dissertation, main focus is on the open cell cellular materials due to
that most of nanoporous metals have interconnected open cell architectures. The
book “Cellular Solids” by Gibson and Ashby [42] provides a solid background on the

experimental and theoretical studies on macroporous (mp) solids.

In literature, there are numerous 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 set up cellular networks are selected to be in different
shapes such as cubic [46], tetrakaidecahedral [49], tetrahedral [50] or bubbles [51].
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In most of these micromechanical models, initial elastic constants (i.e., the Young’s
modulus E’, shear modulus G~ and Poisson’s ratio v') have been aimed to be
captured by the unit cell models considering the ligaments of the cells as structural
beams and employing the descriptions of elastic constants in the classical strength of
materials. One of these unit cell models to account for the mechanical properties is
the widely employed cubic unit cell model developed by Gibson and Ashby [42]. In
this cubic unit cell model, the scaling equations that maintain a relationship between

the Young’s modulus, yield strength and relative density of the foam are provided as

follows:
E* %\ 2
—=cl(p—j (3.1)
Es Ps
* %
O
"-C, (”—j (32)
Oys Ps

where p” and p represent the density of the foam and density of the bulk solid
material of which the foam is made, respectively. In the same manner, E* and a;

are the Young’s modulus and yield strength of the foam respectively, while E; and

o, are the Young’s modulus and yield strength of the solid material, respectively.

As it can be noticed from Eqgns. (3.1) and (3.2), the key parameter that governs the

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

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

cutback of the mechanical properties such as the stiffness, strength and ductility [52-
53]. The coefficients C, and C, in Egns. (3.1) and (3.2) are established to be equal

to 1 and 0.3 [46], respectively, by adjusting the equations to the experimental data. It
should be noted here that Egns. (3.1) and (3.2) 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 walls [48, 52]. As the relative
density increases, the modified material distribution around the cell walls results in
different mechanical properties [48]. The yield strength equation, Eqgn. (3.2), that is
applicable for high porosities was modified by Gibson and Ashby to include
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corrections for the description of mechanical behavior of foams at higher relative

ﬁzcz P 14 P (3.3)
O-ys ps pS

In general, macroporous metallic foams demonstrate three distinguishable

density values as follows:

deformation stages under compressive loading. The first regime is controlled by the
bending deformation mode of cell walls and forms a linear elastic region in parallel

to conventional stress-strain curves. By its classical definition, the Young’s modulus

of the foam E” 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 without any void. Therefore, the slope of the stress-strain curve at this
regime is equal to the Young’s modulus of the solid material of the foam; in other
words, during compression loading of a cellular solid, the characteristic is dominated

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

Practical usage of cellular materials in some cases results in a requirement of
mechanical stability of the material as in the cases 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,
there is an abundant number of experimental studies focusing on 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, respectively [39, 53-56]. Within the comparisons between
nanoporous gold (Au) and bulk Au, it is shown that nanoporous Au may be stronger
than its bulk counterpart of which the yield strength depends on the load history and
ranges between 10MPa to 200 MPa [56-61]. 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 phenomena 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 materials under
both compressive and tensile loading. However, the scaling Eqgns. (3.1) and (3.2)
developed for the prediction of the Young’s modulus and yield strength of macro
porous materials are not applicable to nanoporous materials, which directed

researchers to investigate new scaling equations to describe nanoporous materials.

As mentioned previously, Eqgns. (3.1) and (3.2) that were developed by Gibson and
Ashby were derived by directly comparison of experimentally measured Young’s
modulus or yield strength values at different relative density values. These equations

can be used for 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 solids. Generally, for bulk materials the hardness values
(H) obtained from indentation test are related to the yield strength values as H ~ 3o

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

yield strength for cellular solids with the low relative density (,o*/,oS >0.3) IS

assumed to be H ~ o relations [63]. Under a compressive loading, a cellular solid
does not expand in the directions transverse to the loading direction; therefore,
effective Poisson’s ratio is assumed to be approximately zero. Indentation tests are
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 as H ~ o relations.

One of the first experimental studies on nanoporous materials performed by Rong Li
and K. Sieradzki [53] was focused on the ductile to brittle transition in nanoporous
Au. They showed that as the ligaments get 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 ductile-to-brittle transition [64]. In their study, Li and Sieradzki employed
nanoporous Au that was specified as “highly porous” gold and concluded that their
study would be a sample system for the determination of physical properties in the

future works.

Following those studies mentioned above, by using different methods, mechanical
properties of nanoporous materials have been studied. The majority of the studies
performed on the nanoporous Au employed the nanoindentation techniques to
determine the mechanical properties, i.e., the yield strength and Young’s modulus. In
this regard, in the next sub-sections, the first review is given on the elastic modulus
of nanoporous materials under compressive loading. After that, experimental studies
which had utilized nanoindentation tests to study the yield strength properties is
discussed. In the meantime, the results obtained through other techniques than
nanoindentation is presented. Finally, the literature review was performed
considering the studies that were focused on the tensile properties of nanoporous

materials.
3.2.3 Studies on the Young’s modulus of nanoporous materials

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 decrease in the Young’s modulus is not an anticipated behavior [52].
In this regard, Volkert et al. [65] carried out a series of uniaxial compression tests on
nanoporous Au columns by using test specimens with different diameters to
investigate the effect of sample size on the elastic modulus. They determined the
Young’s modulus as 7 GPa by using the unloading portion of the true stress-strain
curve of the samples under small plastic strain [66]. Beside this, elastic modulus of
nanoporous Au was determined by Biener et al. [67] to be in the same order of
magnitude by employing nanoindentation tests with depth sensing. The Young’s
modulus of nanoporous Au obtained by several experimental techniques can be
compared with the analytical predictions that could be provided by Eqns. (3.1) and
(3.2). For this purpose, the Young’s modulus of single crystal Au which is in the
range of 57-85 GPa [56] and porosity value of 36 % or relative density of 0.64 were
used as input values into Egns. (3.1) and (3.2). As a result, scaling equations yielded

elastic modulus values of 7-11 GPa which match well with the experimental results
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obtained from [67] and [68]. Moreover, in the outcome of experimental studies, no

dependency of measured Young’s modulus on the specimen sizes was noticed.

However, in contrast to the results obtained from the studies [66] and [56] that were
mentioned above, in the study performed by Hodge et al. [45], they found out
inconsistency between their experimental Young’s modulus measurements, that were
measured for foams with relative density in the ranges of 0.25 to 0.41, and analytical
results calculated by the scaling equation in which the relative density exponent is
equal to 2, i.e., n=2. On this issue, they provided an explanation saying that primary
reason behind 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 with relative density ranges of 0.25-0.41, ligament and pore sizes are
comparable to each other, which results in considerable contribution of ligaments
into the overall deformation mechanism [68].

Another conflicting result was obtained by Mathur and Erlebacher [60] on the issue
of size effects on the elasticity modulus. In their study, their results indicated that the
Young’s modulus of the nanoporous structure is influenced from the microstructural
length scale changes. They reported that when they decreased the ligament size from
12nm to 3nm, four times less than the initial values, they observed four times
increase in the Young’s modulus of nanoporous Au. They used a buckling based
method for the mechanical testing of stress free nanoporous Au films through which
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 obtained from nanoindentation measurements [69-71] and
values calculated by Gibson and Ashby scaling equation, Eqgn. (3.1) resulted in good
agreement for the ligament sizes larger than 12nm of nanoporous 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 related with 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 number of 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 nanoporous materials is not affected
considerably by size effects [72]. 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 Au, and bulk Au material do 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 studies, there are also
studies investigating the effects of residual contents within the nanoporous structure.
For example, in one of these studies [74], effects of residual Ag content on the
Young’s modulus of nanoporous Au materials were investigated. They noted that
during the de-alloying process of Au-Ag alloy, in order to generate ligaments smaller
than 30nm, 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 material also increases, which in
turn causes the Young’s modulus to increase. This change in the Young’s modulus
due to the density increase can also be deduced from the Gibson and Ashby’s scaling
equation, Egn. (3.1), which indicates that an increase of relative density will also
provoke the raise of the Young’s modulus of any kind of foam. In the guideline of
the results obtained in this study, stiffening effect of ligaments smaller than 12nm
that was observed in Mathur and Erlebacher’s work [60] can also be explained by the

existence of residual content in small sized ligaments.
3.2.4 Studies on the yield strength of nanoporous materials

Previously it was mentioned about that indentation had been proven to be an
acceptable method to measure the yield strength of macro porous 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 which the area 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 [75]. In the study presented by Andrews et al., several indentation tests
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were conducted on macro porous aluminum (Al) foams to show the indentation size
effects [76] 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 et al. [76] also
reported that the vyield strength values extracted from both compression and
indentation tests for low density macro porous foams are comparable with each
other. In the same manner, for the verification of nanoindentation tests, Chen et al.
[77] provided validation 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
solutions of mechanical response of thin nanoporous polymer films and showed that
the values were in good agreement [77].

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 studies, namely Biener et al. [71], nanoporous Au specimens with 0.42
relative density and ligament length of 100nm were utilized in hardness
measurements and hardness values obtained as a result of experiments were 10 times
higher than the hardness values estimated by the scaling equation developed by
Gibson and Ashby. They also demonstrated by the SEM (Scanning Electron
Micrograph) images which are shown in Figure 3.1 that the type of governing
deformation mechanism in a nanoindentation test realized on nanoporous Au is
ductile or in other words plastic densification. Likewise, Volkert et al. [66] used
ligaments of nanoporous ligaments with 15 nm length and established that the yield
strength of those ligaments are close to the strength values of bulk gold 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. (3.2) with the relative density of 0.36. As a result, the yield 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 without the effect
of dislocations [78].
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Figure 3.2 : SEM micrographs of 8000-mN indentations on a fractured surface of np
gold: (a) conospherical tip with a tip radius of 0.1 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 areas are virtually
undisturbed [5].

High yield strength results 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 behavior 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 mechanical characteristics of materials at nano
length scale were demonstrated via both experimental studies and numerical
simulations (e.g., molecular dynamics). For instance, Hodge et al. [68] investigated
the dependency of the yield strength of nanoporous Au foams on the microstructural
length scale by performing nanoindentation tests on the samples with relative density
values ranging from 0.2 to 0.42. Figure 3.2 shows their comparison made between
their experimental results with the values calculated via scaling equation given by
Gibson and Ashby. It can be inferred from the figure, that as the ligament size
decreases, the vyield strength of np-Au having the same relative density also
decreases. This result is in contradiction with the results provided by other studies on
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. As the size of ligaments gets closer to 1.0um, the results obtained from
nanoindentation experiments converge to the values calculated by the scaling

equation.
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Figure 3.3 : Experimental values for foam yield stress for samples of np Au with
relative density ranging from 20% to 42%, normalized by the yield
stress of fully dense Au. The solid line presents the Gibson and Ashby
prediction for a gold foam [79].

Effect of ligament sizes on the yield strength of nanoporous materials was also
studied by Hakamada et al. [58] 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 vyield stress and

ligament sizes as follows:
o, =Kd" (3.4)

where d, K and m represent the ligament size, a constant and the power of size
dependency, respectively. The value of m in Eqgn. (3.4) is determined as -0.20 from
the plot obtained by experimental results. This value obtained for m shows
similarities with the values in analogous equations developed for the face centered
cubic (fcc) metallic nanowires [79] in literature, which can be deduced that the
deformation mechanisms in both cases are also comparable with each other. Upon
this deduction, in their study, Hakamada et al. [58] mentioned that several
microstructural alterations due to size effects observed in fcc metallic nanowires such

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

On the other hand, still there is not a certain agreement about the length scale
dependent governing mechanisms that drive the deformation modes of nanoporous
Au together with nanowires and columns of Au. Despite the lack of such a consensus
on this issue, most of the studies in literature followed the path of comparing the
results belong to the mechanical behavior of ligaments in np-Au with the results of
columns and nanowires of Au. In the studies [80] and [81], experimental results
provided by indentation tests on nanoporous Au and nanomechanical measurements
conducted on submicron Au columns and nanowires were evaluated. Dependency of
the yield strength to the length scale as discovered in nanoporous Au was also
observed for the micropillars or nanowires of Au. As a matter of fact, the yield
strength values of microcolumns and nanowires which have very small crystal
structures yielded very high values. Moreover, in another study reported by Geer and
Nix [82] the length scale dependency of the yield strength established in np-Au was
proved to exist 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 Lilleodden [67] micropillars of Au which
were made from large grained Au sheets using a focused Ga* beam were subjected to

nanoindentation tests to measure the yield strength. Based on the experimental

results, an exponential law, d™"describing the relation between the yield strength
and the diameter of columns, d employed in the experiments similar to Eqn. (3.4)
was derived. The exponential term of this relation, n was found to be 0.61. Because
these results are in good agreement with the relationship between the yield strength
and ligament diameter which was also observed by Eqn. (3.4) for np-Au, 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
material is attributed to the existence of free surfaces which confines the number of
dislocation nucleations. Biener et al. [72] in their study noted that because the
ligaments of nanoporous-Au are related to the Au microcolumns, as the size of the

ligaments decreases within nanoporous-Au, 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. In this 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 tests performed on micro columns of Au. Several factors such as
modified internal stress fields, changes on the active dislocation size and number of
dislocation sources are shown as the reasons of increasing of dislocation activation
stress [83]. Many of the studies which demonstrated that the yield strength of
ligaments in np-Au approaches the theoretical shear strength are also satisfied with
this explanation provided for micro columns of Au; therefore, Biener et al. [67]
referred nanoporous Au as the three- dimensional network of defect free ultra high

strength Au nanowires.

All the studies given so far mentioned about similarities between deformation
mechanisms of nanoporous Au and Au nanowires or microcolumns. However, in the
study presented by Dou and Derby [70] showed that the deformation mechanisms of
these two nanostructure groups may differ from each other. In this regard, in order to
focus on micro-mechanisms of deformation in nanoporous Au ligaments, they
investigated the deformed structure following an indentation by using the TEM.
According to their results, they reported that there was no considerable distinction
between the results obtained by the use of np-Au ligaments and 3D macroscopic
samples due to that the deformation mechanisms of both np-Au ligaments and bulk
np-Au consisted of comparable ligament sizes are similar. According to the studies
performed by Gibson and Ashby, it had been suggested that due to localized plastic
deformation at the intersection of ligaments, namely junctions, plastic collapsing of
macro porous foams occured by bending of ligament. With this conclusion reported
by Gibson and Ashby, localized plastic deformation through ligament bending also
observed by surface steps noticed in the TEM images presented in the study of Dou
et al. [84]. Moreover, around the junctions where the ligaments are met, Shockley
partial dislocations and micro twins were observed to exist. However, in the
deformed structure of np-Au ligaments, no perfect dislocations were found, which is
compatible with strengthening models based on strain gradient hardening [84]. Strain
gradient hardening models are 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 material. The TEM
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images provided by Dou 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 np-Au ligaments is the primary bending mode

observed in nanoporous structures.
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Figure 3.4 : The load-displacement curve recorded during in-situ TEM
nanoindentation of a 150 nm np-Au film. It appears that the load drops
(marked by arrows) corresponding to collective collapse of a layer of
pores [67].
One of the experimental techniques that is exhibited in the last years and named as
in-situ nanoindentation method was utilized by Sun et al. [46] to study on the
deformation mechanisms of nanoporous Au thin films. In their study, they used np-
Au thin films 150 nm in thickness consisting of ligaments with diameters in the
range of 10 to 20 nm [46]. As noted, they investigated the microstructural
characteristics of deformation by employing the TEM during the operation of
nanoindentation. 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 np-Au was noticed to occur readily by compressing of the ligaments

just under the indenter 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 forward, head of the compressed region moved in front of the indenter

resulting in collapsing of neighboring ligaments.

Two local maximum points which are separated approximately by a distance of size
of a pore on the displacement versus load curve as shown in Figure 3.3 indicate the
compression and then collapsing of a layer of cells in which the ligaments enclosing
the cells buckle, at the same time yielding a sudden decrease in the load value
applied by the indenter. In addition to that, by the help of the TEM images tracing of
dislocations showed that dislocations spanned the ligament width. It was also noticed
that the transportation of dislocations throughout the ligaments and at junction
regions where the ligaments are intersected, dislocations are entangled with other

dislocations coming from other ligaments.

Although there are huge amounts of studies focusing 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 nanoporous materials. The
main reason for this is the difficulty of evaluating the complicated strain history
generated by nanoindentation technique. In the most of the experimental research,
nanoindentation method is employed due to its simplicity compared with other
mechanical testing methods. However, as a result of nanoindentation test, complex
strain history avoids interpretation of strain hardening characteristics of the material.
Figure 3.4 shows the true stress-strain curve of np Au ligaments obtained through
uniaxial compression tests, which were demonstrated by Volkert et al. [67]. As it can
be inferred from Figure 3.4, 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 each strain hardening

region is followed by a plastic flow region.

By using thin nanowires of np-Au through nanoindentation tests, strain hardening
characteristics of np-Au were also studied in Ref. [85]. In this study, strain hardening
property observed even at small strain values was attributed to the contacts between

the ligaments of high relative density foams.

Nano pillar micro-compression testing technique is another experimental method that

is less complicated than nanoindentation test for the measurement of nanoporous-Au.
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In their study Biener et al. [61] performed uniaxial compression tests of np-Au
columns by using the procedure provided by Uchic et al. [86]. Micro columns of Au
specimens employed in that study were manufactured by focused ion beam technique
with approximate length-to-diameter ratio of two. Strain hardening behavior of the
micro columns was not captured from the true stress-strain curve in which a constant
flow stress was observed following approximately 2.5% strain (see Figure 3.5). On
the other 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 yield strength values of np-Au.
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Figure 3.5 : True stress-strain curves from 1, 4 and 8 um diameter nanoporous Au
columns [66].

Even though there are many studies having reported the remarkably high yield
strength of nanoporous Au that were presented in the previous paragraphs, there are
also some other studies which demonstrated considerably different values of yield
strengths. For example in Ref. [87], the obtained value of yield strength for np-Au is
approximately one order less than the values reported in the studies where
nanoindentation experiments were performed on the samples. In that study, np-Au
samples were generated by a different method that was introduced by Jin et al. [88].
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In general, dealloying manufacturing method yields np-Au samples which show
unexpected mechanical failures due to their volumetric shrinkage tendency such as
stress corrosion cracking and brittle fracture [89]. Crack formation during
manufacturing of nanoporous Au was able to be avoided and thus crack free samples
were able to be manufactured by Jin et al. [88]. 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 way that 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 observation 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 equated the yield strength value to hardness

value (H ~ o) for only low density foams [89].

The other reason underlying the noticeable distinct results may be due to the
manufacturing method which causes different morphology formation. Their micro
structure formed by a long-range coherent crystal lattice system where each grain
consists of billions of nano ligaments that have the same 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 foams [91]. The other studies is worth
being mentioned in this section considered that macroscopic strength of nanoporous
materials could be driven by the joint relation of relative density and size dependency
of ligaments; however, 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.
3.2.5 Studies on the Tensile Behavior of Nanoporous Materials

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

behavior. Brittle tensile characteristics of Au-Ag alloys under corrosive conditions
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had been demonstrated in the earlier studies [92] focusing on the stress corrosion
crack formation on Au-Ag alloys. The results presented in these studies were
consistent with the film-induced cleavage model according to which crack generation
is encouraged by the formation of thin layer of np-Au during the dealloying process
and propagation of the crack is through the new formed dealloyed layer towards not
corroded bulk material [93]. As mentioned before, although bulk Au material
exhibits ductile fracture characteristics in tensile loading, it has been demonstrated
that macroscopic tensile failure mode of np-Au materials is remarkably brittle [94].
Due to this brittleness of np-Au materials, handling of np-Au test specimens were
reported to be so difficult. In addition to those, Li and Sieradzki [63] presented that
considerably larger test specimens comparing with their ligament/pore size yield
more brittle fracture behavior. Because of these properties of nanoporous materials,

their tensile mechanical testings are very challenging to perform.

Dealloying process of nanoporous metals causes high ratios of volume shrinkage as
well as tensile built stresses embedded into the structure [95]. As the content of Ag in
the Ag-Au alloy that is employed in the dealloying process increases, the degree of
brittleness of the structure also increases. For instance, samples generated from
AgsoAuyo alloys by dealloying are quickly fail to keep their structure without
destruction due to inherent tensile stresses from dealloying process, while the
samples generated from AgzAusz alloys survive their integrity. The study [96]
performed on the nanoporous Au nanowires that were made from Ags,Auig (i.€.,
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. [71] in their detailed study conducted three-point bending tests to
investigate the fracture characteristics of np-Au. It was observed that test specimens
were catastrophically failed in the tensile stress region rather than compressive zone
following a crack propagation phase, 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 nature. On the other hand, ductile failure of
individual ligaments through nanoporous Au was presented by the SEM images of
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the microstructure showing the necking behavior due to plastic deformation. Besides
these, MD studies on Au nanowires [71] demonstrated that 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 al. [64] for a random network
model, macroscopic brittleness is considered to be the result 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 closest ligaments.
The route of the crack propagation is the direction in which the resistivity of the
structure is the lowest. Therefore, Khang et al. [65] defined the total strength of the
network as the largest critical defect resulting in the highest stress concentration. 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 are the root cause
of the crack formation and then propagation due to elevated stress concentrations. In
this content, they noted that the mechanical behavior of np-Au could be enhanced by

introducing wider ligament strength distribution.

In another study [97], test specimens were tested within a customized testing setting
and comparable fracture behavior of np-Au could be obtained through a serial
experimental work. In this study, digital image correlation (DIC) method was utilized
to perform strain measurements, which makes it possible strain measurements
without any contact with the capacity of full-field advantage. In addition to those,
this method of which the details are provided in [98] also enables the calculation of
the Poisson’s ratio. Due to macroscopic brittle behavior of nanoporous Au
deformation, test specimens did not show any plastic flow in tensile loading.
Following the initial elastic phase in the tensile deformation, a 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 from the SEM images they provided, they also stated the plasticity of
the individual ligaments causing the ductile failure of the samples. The plastic
deformation of the ligaments was reported to be considerably localized due to that
neighbor ligaments stayed intact while 1 or 2 ligaments that are in the crack surface
region are subjected to plastic deformation. This phenomenon was explained in their
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study by the situation that ligaments cannot store the dislocations which move to the
surface and then escape.

3.3 Atomistic Modeling of Nanoporous Materials

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

3.3.1 Random 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
represent the basic morphological properties in consistent with real geometrical
features of nanoporous structures. For this reason, the 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 natured topology that can be considered as a network
consisting of intersected ligaments. Lengths of ligaments throughout the network
distribute inhomogenously while their cross-sectional shapes and areas change
unpredictably along their length. Ligaments and their junctions encapsulates void
volumes which are called cells within the network. However, current preprocessor
capabilities of atomistic simulation codes only allow to model atoms in basic

geometrical design shapes.

As shown in Figure 3.1, especially nanoporous metals that are manufactured by
dealloying process depicts remarkable topological complexities 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 avoids increment in the number
of computational studies. The complexity of structures of nanoporous materials
comes from their inherent cellular structures that consist of irregularly interconnected
ligaments along which the mass is distributed non-uniformly. For the purpose of

modeling nanoporous materials as close as to the real morphology, random nature of
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porous network 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.
3.3.2 Algorithm for generation of nanoporous models

Atomistic modeling of the nanoporous structures in this study is based on an earlier
work used to model microcellular carbon foams [62] as shown in Figure 3.6 where
the cell sizes within the foam structure are in the micron scale. However, in case of
nanoporous materials, the range of cell size decreases below 100nm. The principle
assumption made for the developed method is the spherical cell shape assumption,
which results in spherical void volumes within the porous network.

(a) (b)

Figure 3.6 : Foam models employed for the mechanical response of carbon foams
(@) Computer Aided Drawing (CAD) model, (b) 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 number of other spheres. Before 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 given. One of these is
the ‘target sphere’, which is the identity of the sphere on which a specific number of
other spheres are placed intersecting with it. These spheres that are placed onto the
target spheres are named as ‘neighbor spheres’. See Figure 3.7 (a) for the illustration

of the target and neighbor sphere concepts.

The algorithm explained in this section is coded by using 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 network 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.

d.

]
I Target sphere

| (a) (b)

Figure 3.7 : (a) Representation of a target sphere and its neigbor spheres and (b)
Parameters used for overlapping and non-overlapping 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
distance between neighbor spheres of the same target sphere, respectively.
‘Overlapping ratio’ denoted by ¢, is defined as the ratio of the distance between the
center of the two intersected spheres and the sum of their radii. ‘Non-overlapping
ratio’ denoted by Cp, is defined as the ratio of the distance between the center of the
two non-intersected neighbor spheres and the sum of their radii. While the
overlapping ratio parameter is employed for intersected spheres, non-overlapping
ratio is used for non-intersected neighbor spheres located around the same target
sphere. Figure 3.7(b) presents the parameters that are used to calculate overlapping

and non-overlapping ratios by Eqn 3.5.
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In Egn. 3.5, r, and r; are the radii of spheres which are considered for the
overlapping and non-overlapping ratio calculations, and d; is the distance between

central coordinates of corresponding spheres.

The algorithm used to generate ensemble of randomly intersected spheres starts with
the creation of a sphere randomly located in the design space and issued as the target
sphere to generate neighbor spheres intersected to the target sphere. After completing
the maximum number of neighbor spheres on the target sphere, a new target sphere is
selected amongst the neighbor spheres and creation of the neighbor spheres
progresses to be located on the new target. As the new spheres intersected with
existing spheres are created, ensemble of spheres grows to larger sizes. When 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 spheres (x,y,z) are calculated by using the

central coordinates of the target spheres (X, Y,,Z,) in the spherical coordinate

system as shown in Eqgn. 3.6.

X=X, +rsin@cos¢
y=Y,+rsingsing (3.6)
Z=1,+rcoso

In Egn. 3.6, ¢ and @ are angular components of the spherical coordinates and are
selected randomly from specific ranges. In this regard, ¢ is randomly chosen from 0O

to /2 and @ is randomly chosen from 0 to m. The other parameter r represents the
distance between the target sphere and corresponding neighbor sphere. It is
determined by the overlapping ratio defined as a preliminary for the numerical
model. If the neighbor sphere, which is selected randomly by these stochastic
spherical coordinates, does not satisfy the constraints which are defined by
overlapping and non-overlapping ratios, a new random neighbor sphere is generated

until all the constraints are satisfied.

As mentioned above, central coordinates of neighbor spheres are generated in a
stochastic manner. However, for the purpose of controlling certain properties of the
nanoporous structure such as porosity and ligament size distribution, several design

parameters are maintained to be adjustable in the random sphere generation
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algorithm: One of these design parameters is the range of diameter values of spheres
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 a CAD foam model by spherical ensemble approach.

The other parameter that is controlled 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 parameters, overlapping and non-overlapping 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 increased, the 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 the non-overlapping
ratio is decreased the number of neighbor spheres per one target can be increased.
Because, non-overlapping ratio is a measure of minimum distance between the
neighbor spheres located on the same target; thus, decreasing this distance enables to
place more spheres on the target. For these reasons, while setting these initial
parameters, the inter-relationships 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 sphere. The volume between non-
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 3.8, the foam structure with spherical cell shape is obtained 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

substracted.

Junction

Ligament

Cell Wall
Figure 3.9 : A close view of 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 spheres is constructed by initially
creating randomly generated spheres that overlap with each other. After generating
sufficient number of spheres to cover the desired model space, sphere generation is
ended and the final porous structure is obtained through a volumetric substraction
process as shown in Figure 3.8 by corresponding CAD models. Finally, basic
structural items of a cellular solid obtained through foam generation process are
illustrated in Figure 3.9. According to that, pores, cell walls, ligaments and junctions

are clearly distinguished from in the figure.

Pores on the cell walls are formed due to intersections between the spheres. As the
overlapping ratio increases, pore sizes also increase. Ligaments, on the other hand, is
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formed by the volume retained between the non-intersecting neighbor spheres.
Therefore, non-overlapping ratio value that control 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 3.8, 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 an atomic crystal system instead of a solid volume. In other
words, the atomistic models of nanoporous materials are generated by removing
atoms which are encapsulated by the volume of spherical ensemble. The resulting
structure is a sponge-like cellular system through which the ligaments are randomly
oriented and located. Figure 3.10 demonstrates several examples of nanoporous

systems with different porosity values.

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

In summary, the main idea in the generation of porous atomic structure, after the
central coordinates and radii of spheres in the spherical ensemble are obtained, is the
deletion of group of atoms from a pristine solid block of atoms which are created
within a specific lattice system. The group of atoms that would be removed is
determined by the spherical volumes intersected with each other and located in the
main pristine block. LAMMPS code, which has been used for MD simulations,
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 in the previous section,
several test specimens with different porosities were generated to investigate the
mechanical behavior of nanoporous structures. In this regard, six different
nanoporous models with porosities 0.66, 0.70, 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 process of the nanoporous specimens are given in
Table 3.1 together with the characterization results of the specimens. According to
that, radii of the spheres used in the porous network varies between 2nm and 30nm.
The other important parameter not shown in Table 3.1, non-overlapping ratio, was
kept constant with the value of 1.1 for all specimens. Beside this, the minimum
number of neighbor spheres placed on each target spheres was set to 5 for all

samples.

Section A Section B

Figure 3.11 : Sectioning characterization of nanoporous samples at different sections.

Generated nanoporous samples were subjected 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 and maximum 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. Note that a porosity of 78% represents the upper limit below which
a nanoporous structure can be generated without any pre-existing broken ligaments

in the structure.
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The main objective of this study is to investigate the mechanical response of different
nanoporous 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 morphologies. For this purpose, MD simulations were
employed to simulate the tensile loading on the nanoporous single crystal Al block
by using the LAMMPS code [29]. The interactions between Al atoms were modeled

by the embedded atom method in interatomic potential [39].

Table 3.1 : Parameters employed in the random sphere generation algorithm.

Pore radius ~ Overlapping  Porosity Minimum Maximum

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

20-30 0.78-0.91 72 80.97 121.46
0.74-0.87 75 55.60 83.40
0.70-0.83 77 33.22 49.83
0.65-0.78 78 4.47 6.71

The MD simulations of tensile experiments consist of mainly three steps. In the first
step, atomic coordinates are read and energy minimization is performed. In the
second major step, the system is equilibrated at a finite temperature to impose
thermal vibrations into the system. Lastly, tensile displacements are applied to one
end of the atomic structure while the other end is fixed as shown in Figure 3.12(a).

Within the MD simulation of tensile loading applied to 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 initial nanoporous specimen, the
system was equilibrated at 300°K using the Langevin thermostat for a total of 10 ps

at a time step size of 0.5 fs.
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Uniaxial tensile loading was subsequently applied to the [1 0 O]direction as the

displacement boundary condition on one side of the structure over 5 cubic lattice
units (CLUs) with a strain increment of 0.1% that was held constant for 1 ps at
300°K. The other side of the structure was held fixed while periodic boundary
conditions were employed on the other sides of the structure. To smooth the noise
due to thermal fluctuations, stresses were computed based on atomic forces averaged
over 200 time steps spaced uniformly within each strain increment. Calculated
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 Figure 3.12(a) is calculated for
each loading step. Classical continuum equations for stress and strain (i.e., Figure
3.12(b)) are employed to calculate stress and strain values at each load step to
generate stress-strain curves for the test specimen.
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Figure 3.12 : (a) Boundary conditions applied on the specimens and (b) Classical
continuum stress-strain relationships where P, Aq, Lo are total cross-
sectional force, cross-sectional area and length of the specimen,
respectively. o,eand E are stress, strain and Young’s modulus,
respectively.

Since size effects have large influence on mechanical behavior, dimensions of the
model were selected to be at least ten times the length scale of the largest
microstructural feature [100], which was the sphere diameter in this case. Based on
this criterion, and considering the sphere sizes and the overlapping ratios employed
(see Table 3.1), a block size of 80 x 80 x 80 CLUs was chosen. Convergence was

ensured as the stress-strain curves match well for three different nanoporous
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structures generated randomly with the same parameter values for the largest
overlapping ratios in the algorithm described above.

3.5 Results

As described in the previous section, stress and strain values were calculated by
employing classical continuum equations (see Figure 3.12(b)) at each load step. The
stress-strain curves obtained for the nanoporous specimens with various porosities
under tensile loading are shown in Figure 3.13(a). One of the first observations in
these plots is that the slope of the initial linear portion of stress-strain curve, which is
called as the Young’s modulus, increases as the porosity decreases. Similar behavior
is also observed for the yield and ultimate tensile strength values of test specimens,
which is also consistent with the general mechanical behavior of macroscopic porous
structures [101-103]. Another result that can be interpreted from the stress-strain
curves of nanoporous specimens is that the less-stiff behavior emerges following the
maximum stress point. This softening behavior observed in all the present
simulations after reaching the peak stress is also consistent with previous
experimental results reported on nanoporous -Au [104,105]. In their study Biener et
al. [61], interpreted the softening behavior as “macroscopic brittle but microscopic
ductile behavior,” where the weakest ligament undergoes necking, and its subsequent
rupture overloads the adjacent ligaments, ultimately leading to catastrophic failure of
the nanoporous-Au structure. In order to investigate the softening region of stress-
strain curves, softening rates for each specimen were taken into account
quantitatively. In this regard, softening rates or in other words the postpeak tangent
modulus were determined from the peak stress point of each stress-strain curve in
Figure 3.13(a) and all postpeak tangent modulus values were plotted against the

porosity in Figure 3.13(b).

The most surprising observation from Figure 3.13(b) is that the material softens more
slowly with increasing porosity from 66% to 72%, but softens much more slowly
when porosity reaches to 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 according
to another mechanism. In 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
stress-strain curves. In the following paragraphs, the main causes of this difference in

softening behavior will be questioned.
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Figure 3.13 : (a) Stress-strain curves for nanoporous aluminum with various
porosities; (b) postpeak tangent modulus as measured from the
ultimate stress point of the corresponding stress-strain curve in (a).

At first sight, as a morphological comparison ligament thicknesses can be compared
to understand the discrepancies in post-peak deformation mechanisms between
different porosity regimes. Table 3.1 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 decrease and, by 75%
porosity, the maximum ligament width decreased to below 10nm which is
approximately half of the sample with 66% porosity. In this regard, a decrease of
ligament widths may be a factor in the softening rate decrease. However, effects of
thinner or slender ligaments on the mechanical deformation process in comparison

with wider ligaments should be comprehended.

In order to identify the underlying deformation mechanisms responsible for the
observed behavior, the von Mises stress on each atom was computed based on the
virial theorem for the various structures. The virial theorem introduces the atomic
stress concept which is generally employed in the calculation of stresses in discrete
particle systems. The atomic virial stress consists of two parts. The first part is the
Kinetic part, which depends on the mass and velocity of atomic particles. The second

part, on the other hand, is the potential energy part that is dependent on the
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interatomic forces and atomic positions. Although there is not a consensus about that
the atomic virial stress is equivalent to continuum Cauchy stress, virial stress values

have been employed to present stress states of nanoporous samples at different strain

values only for the purposes of comparison. Calculations of virial stress values were
performed within LAMMPS.

Von Mises Stress Field (GPa)
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Figure 3.14 : Local von Mises stress field during tensile loading of nanoporous -Al
structure with 72% porosity at (a) 1% strain level, (b) 5% strain level,
structure with 78% porosity at (¢) 1% strain level and (d) 5% strain
level.

The local stresses for the structures with 72% and 78% porosities are shown in
Figure 3.14 at strain levels of 1.0% and 5.0%, respectively. In the structure with 72%
porosity at 1.0% strain level (see Figure 3.14(a)), stresses localize in a small region
near the upper right corner as indicated by the red dots. The stresses become greater
and more localized in that region as the strain increases to 5.0% (see Figure 3.14(b)).
During this time, the smaller ligaments were 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 up. In other words, first local failure appears to

occur at relatively thinner ligaments by localization of 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 junctions, the stress flow through 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. Therefore, the stress flow cannot
diffuse into the inner regions away from the load application region.

However, in the structure with 78% porosity, the local stresses distribute in a very
different manner. As shown in Figure 3.14(c) the number of spots with high local
stress, red spots in the figure increases near the upper right corner. As the applied
strain increases further, the number of spots with high local stress continues to
increase away from the upper right corner, while the stresses in these spots also
increase (Figure 3.14(d)). At the strain level of 5.0% where the material has
undergone some softening, some ligaments have already undergone necking and
ruptured at various isolated locations. This behavior can be explained with the
geometric compliance between the ligaments and the junctions in contrast to the case
in lower porosity of 72%. As the porosity increases, the degree of compliance
between ligaments and junctions increases as well. For this reason, the stress flow
through the porous network is more homogenous comparing to the lower porosity
structure. Because junctions and ligaments in 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 Figure 3.14(d) with
more evenly distributed red spot areas. At 5% strain, the spots with high stresses
scatter throughout the structure (see Figure 3.14(d)), while the rupture of ligaments

finally leads to the crack opening in the upper right corner for increased strains.

Because tendency of stress localization is higher for lower porosity nanoporous
structures due to less compliant ligament-junction pairs, the stress values should be
higher than the values in the nanoporous structure with higher porosity. To confirm
this deduction quantitatively, local stress distributions at 5.0% strain, at which the
overall stress is approximately equal for the 72% and 78% nanoporous structures, are
plotted in Figure 3.15 for comparison. The key evidence is that the tail of the stress
distribution of the 72% nanoporous structure is heavier than that of the 78%
structure, and the extreme stress values are almost 2 GPa higher in the 72%

nanoporous structure.
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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 reaches to 75%. The ability
to delocalize stress increases with the compliance of the ligaments and their joints, so
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 the slowing
of the softening concerns the amount of energy released upon the rupture 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 Figure 3.13(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 of these cases, stress localization was observed in their local von Mises
plots. This effect is overshadowed by stress delocalization when the structure
becomes sufficiently compliant when the porosity increases beyond 72%, and the

postpeak tangent modulus becomes greatly reduced (see Figure 3.13(b)).

The findings above were obtained based on np-Al structures generated by varying

the overlapping ratios while fixing the other parameters in the sphere generation
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algorithm (see Appendix). To verify these findings more comprehensively, structures
with different sphere size ranges (20-30, 3040, and 40-50A) but almost identical
porosities (within 0.01% porosity difference) were tested by using the MD

simulations. In addition, all these tests were repeated with tensile loading in the

[1 1 l] 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 of 1-100nm with the porosity generally higher than 40%.
The most significant property of nanoporous materials is their ultra-high surface
area-to-volume ratios, and combined with their lightweight, they are extraordinary

candidates for applications such as catalyzing, sensing, filtration and adsorbing.

Due to their complex morphology, numerical modeling of their atomistic structure is
the most challenging point for the numerical investigation of their properties.
Because of this issue, a number of numerical studies focusing on the behavior of
nanoporous materials was published in literature. In this regard, one of the
contributions of this chapter is the introduction of an algorithm for 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 the junctions. In the algorithm developed for the
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 structure and eventually a porous structure that consists
of randomly intersected ligaments. As a product of overall generation process,
randomly oriented ligaments with non-homogenous mass 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 mechanical behavior of nanoporous materials.
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By employing randomly structured numerical atomistic models with five different
porosity values, tensile loading experiments were conducted via MD simulations to
examine the deformation mechanism of nanoporous materials. As a result of tensile
simulations performed on the specimens with 5 different porosity values, it was
found that the Young’s modulus, yield and ultimate strength increase as the porosity
of the speciemens increases. As a further observation from the stress-strain curves of
the corresponding tensile simulations, after reaching the peak stress point, all the
specimens demonstrate softening behavior with a decreasing rate as the porosity
increases. According to this, it was noticed that after a certain porosity value, which
is 75%, the softening rate decreases significantly comparing with lower porosity
specimens, which in turn indicates a different deformation mechanism at higher
porosities. In order to seek the reason behind this difference, von Mises stress
distributions at different strain states for two specimens with different porosities were
plotted. By the comparison of sress plots, it was shown that the stress distribution
was more even at higher porosity specimen comparing with lower porosity specimen.
It was concluded that at higher porosity values, ligament and junction sizes become
more compliant 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 specimens, the load 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

softening rates.

In summary, by using MD simulations, the softening of nanoporous Al structure
under tensile loading was observed 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 becomes slower. Therefore, ligaments and junctions should be
compatible with each other in a way that the stress flow should be free from
concentrating or localizing at constrained regions. Considering this finding,
mechanical behavior of nanoporous structures can be improved in terms of lower
softening rates. In this regard, the 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 NETWORKS

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 that the CNTs can be used as the building
blocks of new advanced materials utilizing the superior characteristics of CNTSs. In
this way, nanoscale features of the CNTs can be scaled up to even continuum
proportions. In the first stage of this study, 2-D and 3-D CNT network generation
methods were 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 obtained. Then, MD simulations were used to create covalent bonds
between the intersecting CNTs, which allow the investigation of the mechanical,
thermal and electrical properties of random CNT networks. In the second stage of the
study, tensile and shear loading experiments performed on the atomistic models of
CNT networks were conducted by the MD simulations to investigate mechanical

behavior of 3-D 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, electrical and structural applications due to their
unique properties [106]. 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. 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 display, chemical sensing, drug delivery
and nanoelectronics. On the other hand, there are already development studies by

NASA for the usage of the CNTSs at space applications where lightweight materials
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with high strength/stiffness-to-weight ratio are very important to design cost
effective structures. In this regard, composite materials reinforced by the CNTs
represent higher strength-to-weight ratios than any other presently known materials
[107]. Beside that, several companies, Samsung and NEC among others, that are
known as electronic device manufacturers have already employed the CNTs in field
emission displays [4] resulting in remarkable quality increase in their products and
are determined to continue to the investments in this field. Meanwhile, due to their
high compatibility to biological medium and their high strength, the CNTs are also
exceptional candidates for biomedical applications. For example, conventional
composite materials such as fiber-based composites have shown to be inadequate in
the replacement 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 is well known that carbon based materials shows high
resistivity against degradation in chemical environments that exist in the body. In this
regard, CNT based artificial muscle [6] recently developed is one of the steps
towards biomedical applications of the CNTs that offers superiorities over
conventional technologies. Moreover, the CNTs can 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 determination of the Young’s modulus of

CNTs.

Author (s) I\/I((_)rdpual)u 3 D(z\_f_lgg)o n 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. [110] 13 0.5 Thermal vibrations ~ MWNT
Salvetat et al. [111] 0.81 0.41 3 point bending Bundles
Salvetat et al. [111] 1.28 0.59 3 point bending MWNT
Tombler et al. [112] 1.2 - 3 point bending SWNT
Cooper & Young [113] 0.78-2.34 - Raman spectroscopy ~ SWNT
Yuetal. [114] 0.27-0.95 - Tension MWNT
Lourie & Wagner [115] 2.8-3.6 - Raman spectroscopy ~ SWNT
Lourie & Wagner [115] 1.7-24 - Raman spectroscopy  MWNT
Yuetal. [114] 0.32-1.47 - Tension Ropes

In the applications where mechanical characteristics of the CNTs play 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 determination of

mechanical properties such as the Young’s modulus and Poisson’s ratio.

Table 4.1 and 4.2 summarize the literature results for the Young’s modulus of
different types of the CNTs obtained through experiments and atomistic simulations,
respectively. Excluding the studies presented by Yakobson et al. [116], Halicioglu
[117] and Zhou et al. [118], all the studies listed in Table 4.2 considered the wall
thickness of a CNT as 3.4A that is the separation distance between the neighbor
walls of a MWNT. Different results for the Young’s modulus obtained by
experiments as shown in Table 4.1 can be partly attributed to the low resolution at
the length scale in which the measurements were made. On the other hand, the
Young’s modulus calculated through atomistic simulations is approximately 1TPa
and the scatter around this value in different studiest is not considerable. Yakobson et
al. [116] proposed that because modeling of CNT wall buckling phenomena is well
described by the assumption of wall thickness as the m-bond length that is 0.66 A,

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

Table 4.2 : Numerical studies on the determination of the Young’s modulus of the

CNTs.
Author (s) Modulus — Thickness  Poisson’s 510 4ia1/Method
(TPa) A) ratio v
Robertson et al. [119] 1.06 3.4 Brenner & LDF
Yakobson et al. [116] 55 0.66 Brenner
Yakobson et al. [116] 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] 111 3.4 Universal force field
Lu (SWNT) [121] 0.97 34 Universal force field
Hernandez et al. [122] 1.24 3.4 Density funct. theory
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 Hartree-Fock
Zhou et al. [118] 5.1 0.71 Electronic Band Theo.
Belytschko et al. [126] 0.94 3.4 0.29 Modified Morse

Remarkable mechanical properties of the CNTs such as high axial stiffness and
strength as well as significant radial flexibility have been demonstrated by many
theoretical and experimental studies. Due to these execptional properties, the CNTs
are expected to be utilized in many nanotechnological applications including
composite material reinforcement and nanoelectromechanical device (NEMS)

manufacturing.
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Another interesting property of CNTSs, which is commonly confirmed, is that as the
CNTs are subjected to mechanical deformation, their physical and chemical
characteristics change significantly. Consequently, 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 subsections, review of several studies which have been reported in

the recent years focusing on the mechanical behavior of the CNTSs is presented.

4.2.1 Elastic modulus of CNTs

As mentioned before, the CNTs are the most strongest and stiffest material type
amongst other known materials on earth. Studies performed so far on the Young’s
modulus of the CNTs demonstrated values on the order of TPa and showed that the
CNTs can sustain high strains without any failure while having highest tensile

strength.

Figure 4.1 : (a) TEM image of a multiwalled carbon nanotube and (b) Schematic of
a multiwalled carbon nanotube [108].

Treacy et al. [108] in their study conducted first experiments on the elastic modulus
of MWNTSs which are shown in Figure 4.1. In their experiments, eleven different
nanotubes were tested, and as an average value of the measurements, 1.8 TPa was
obtained as the Young’s modulus. The individual values of the Young’s modulus for

different nanotubes ranged from 0.4 to 4.5 TPa. Because of the troubleshots in

82



determining precise values of several parameters such as inner and outer radii of the
tubes and their lengths etc., 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 nanomaterials have extraordinary high stiffness. The
other experimental and theoretical studies concentrated on the Young’s modulus of
the CNTs so far presented another interesting finding which notifies that as the

diameter of the CNTSs increases, the Young’s modulus values tend to decrease.

Following the study reported by Treacy et al. [108], by using the same experimental
technique, Krishnan et al. [110] performed tensile tests on isolated single-walled
nanotubes to determine their Young’s modulus. In their study, an ensemble of 27 test
specimens, which is larger than the one employed in the study by Treacy et al. [108],
was used and the average value of the measurements was reported as 1.25 TPa,

which is very close to the in-plane stiffness of graphene layers.
4.2.2 Tensile strength of CNTs

There exist several difficulties in the strength determination experiments. One of
these is the issue of precise measurement of the stress on nanoscale structures. The
other problem is to obtain high-grade defect-free carbon nanotubes with sufficient
length to be tested. Due to this 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 MWNTSs, which were manufactured by arc-discharged
techniques, was performed by Yu et al. [114]. In their work, they conducted tensile
loading experiments of the CNTs by appending two opposing tips of the CNT
specimen to the atomic force microscope (AFM) tips and then pulling the CNTs from
the tips until the fracture of the specimen was noticed. In 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 failure of the
CNT specimen, which had indicated the severity of the technical difficulties. Despite
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 outermost layer of the nanotubes, which were directly

attached to the AFM tips while the inner walls of the CNTs were not affected by the
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tensile loading and came out of the outer wall after the failure of the outer wall as if a
sword was pulled from its sheath. Therefore, this kind of failure was named as
sword-in-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 was attributed 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 room temperature. 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
2000°K, ultimate tensile strain values of the SWNTs go up to the strain values of
280%, which can be called as superplastic deformation or super-elongation. This
ductile characteristic can also be noticed at double and triple-walled carbon
nanotubes by the strain values of 190%. Hence, even though carbon nanotubes are
brittle at room temperature, at high temperatures they represent super ductile

characteristics.

Figure 4.2 : Visualization of tensile loading of a single-walled carbon nanotube by
TEM (a-d) Tensile deformation of a SWNT at high temperature. Kinks
are showed by arrowheads. (e-g) Tensile loading of a SWNT with initial
length of 75nm (e) at room temperature, (f) length after elongation, (g)
length at the failure which is 84nm [127].

In their study Huang et al. [127], presented a confirmation of such a remarkable
ductile behavior as shown in Figure 4.2 (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 15-fold. In order to increase the temperature of the nanotube during the
tensile loading, the SWNT was heated by a contact bias voltage, so as a result the
temperature was increased to 2300°K. Without any addition of heat, in other words at
room temperature, the tensile deformation failure was given as shown in Figure 4.2
(e-9).

One 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 deformation of nanotube, some kinks are noticed (Figure 4.2 (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 of the kinks was attributed to the existence of structural defects such
as 5-7 paired defects, which is also consistent with the theory provided by Yakobson
etal. [116].

4.2.3 Buckling and bending of carbon nanotubes

Strength of the CNTs under compressive loading is 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. [116] presented a numerical study for the buckling behavior of the
CNTs shown in Figure 4.3, which yielded critical buckling strain as 0.05 under
uniaxial compressive loading. They presented that, under large compressive
deformations, morphology of the CNTs changed into reversible patterns which were
explained by a continuum shell model. The changes in the morphology were
attributed to the sudden energy releases which were noticed in the stress-strain curve

as singularity points.

Bending loading of the CNTs also yields interesting deformation mode shapes. For
example, a pure bending load applied to a CNT results in change in the shape of the
CNT cross section from circular shape to an ellipsoidal shape. As the bending
deformation advances, two typical deformation mode characteristics emerge which

are ‘kinking’ and ‘rippling’ as shown in Figures 4.4 and 4.5, respectively.
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Figure 4.3 : Uniaxial compressive loading of a SWNT with 6nm length, 1nm
diameter and armchair chirality of (7,7) [116].

In the study reported by lijima et al. [128], flexural behavior of both single-walled
and multi-walled 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
quantitative manner by employing atomistic simulations performed with realistic
many-body 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 strained regions. And this property was attributed to the ultra-high 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 kinking formation of a MWNT with 8nm diameter
and (b) Atomic configuration of a SWNT with a single kink formation
simulated under bending loads [116].
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Arias and Arroyo [129], in their study, described the nonlinear elastic behavior of
multi-walled CNTs in bending deformation as well as torsional deformation and
built-up a power-law relationship to describe distinct deformation regimes including

the complicated rippling mechanics.

Figure 4.5 : Bending of multi-walled CNTs exhibiting rippling modes of
deformation [129].

4.2.4 Studies on CNT Network Materials

In the recent years, the usefulness of the CNTs has been enormously extended by
their use as CNT networks through which the CNTSs are self-intersected in two or
three-dimensional space [130]. Because of their strong electrical conductivity with
high light transmittance, CNT networks are attractive alternatives to silicon based
macroelectronic devices [131]. Initial studies on 2-D CNT networks deposited onto
flexible and polymeric substrates have focused on their electronic and sensor
properties [132-133]. Several CNT network based thin films have been proposed to
obtain lightweight, unbreakable displays and other flexible electronic devices [134].
Bottom-up controlled production of such networks can also enable them to be used in
applications such as sensors, filters, composites and electromechanical actuators
[135]. However, CNT networks also display the charming mechanical abilities of
individual CNTs to macro-mechanical applications such as nanocomposites, similar

to CNTs that are used as reinforcing units in nanocomposites, CNT networks can

87



also be employed in nanocomposites for both reinforcement and damage detection
purposes [136]. In this study, a self-controlled algorithm for generating a 2- or 3-D
CNT network consisting of randomly oriented and intersected CNTs is introduced,
and a heat welding method is applied to sample networks to obtain covalently

bonded networks by MD simulations.

Figure 4.6 : Images of CNT aerogels: (a) Macroscopic pieces of 7.5 mg mL-1 CNT
aerogels, (b) Three polyvinyl alcohol (PVA) reinforced aerogel pillars
supporting 100g, (c) SEM image of open porous structure of aerogel
and (d) TEM image of CNT aerogel [137].

Furthermore, a recently developed CNT aerogel [137] (see Figure 4.6) material that
is nanostructured by self-intersecting CNTs forming a random network at the
continuum scale is one of the important examples displaying an ultra-high stiffness-
to-weight ratio material with conductive properties. Instead of having a
reinforcement role in nanocomposites, this material enables the CNT network to

constitute a bulk material on its own.

Aerogel materials are generally manufactured by applying critical-point-drying
(CPD) or freeze-drying methods on the wet-gel precursors to get rid of liquid content
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without destroying the interconnected network structure. Aerogel materials have a
cellular structure with very high porosity and ultra-low density. Due to their
microstructural characteristics such as being composed of a flimsy network of
ensemble nanoparticles, they have very high strength-to-weight and surface-area-to-
volume ratios. So far most of the aerogels are manufactured from silica [137] or
pyrolized organic polymers [137]. Silica aerogels are especially attractive due to
their potential applications as ultralight structures, radiation detectors and thermal
insulators. Polymer aerogels have potential usage areas such as battery electrodes
and supercapacitors [138]. In their study, Bryning et al. presented a new class of
aerogels, named as CNT aerogels that consist of percolating networks of CNTs
[137]. They demonstrated that an ensemble of CNTs with small diameters including
single and a few walled CNTs can be used as a precursor to obtain CNT aerogels
which are electrically conductive. Individually CNTs are highly stiff [123] and
effectively electrically conducting nanostructures. Therefore, an ensemble of CNTs
forms an attractive precursor for the generation of aerogels. As shown in Figure
4.6(b), 3 pieces of polyvinyl alcohol (PVA) reinforced CNT 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 between the CNTs as well as junction properties
and impurities throughout the network. It has been shown that electrical conductance
and mechanical strength of the junctions may be enhanced by manipulating the
junction area, i.e., by increasing the crossing area [139]. In this manner, the
algorithm proposed in this study will provide complete control on the junction
properties and all the other geometrical features (e.g., CNT length, diameter and
CNT intersection angle), which will enable the exploration of CNT networks

theoretically or numerically by using much more realistic models.

Generally, CNT networks can be formed randomly by depositing the CNTs locally
on the catalyzed substrates by CVD or depositing from CNT embedded polymeric
suspensions remotely by using spin coating, spray coating, or vacuum filtration
techniques [125-127]. 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 accumulated [128]. 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 time-consuming steps such
as purification and dispersion of CNTSs.

Most studies investigating the properties of 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
microelectrodes is studied experimentally to predict their uses in electrical
applications [140]. Similarly, Wang et al [130] 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 CNTs [141].
Thostenson and Chou studied the damage and strain-sensing capabilities of CNT
networks utilized in glass fiber-epoxy composites and have shown through tensile
testing that conductive percolating CNT networks can detect the initiation and
progression of damage [142]. Several other studies [143-145] exist in literature on
the electrical, thermal or mechanical properties of CNT networks carrying out
experimental investigations, which, as 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
nanocomposites [146-149]. Due to the lack of a 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 studies [147] that employ numerical network
models mostly use ordered networks which do not include the geometrical
irregularities and other possible imperfections, such as bond re-arrangements, at
junctions. Furthermore, in these models, only one type of junctions are modeled. A
recently published study [150] investigates the mechanical behavior of short single-
walled CNT ( SWNT) aggregates composed of randomly dispersed non-intersected

CNTSs by molecular mechanics.

In the first stage of this section, a quasi-random self-intersected 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 mentioned above

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 network, the MD simulations are carried out to obtain bonded networks. As a
result, parameter-controlled covalently bonded CNT network models can be further
used within the MD simulations to investigate mechanical, thermal and electrical

properties of CNT networks and their co-operating systems (i.e., nanocomposites).

In the second stage, numerical atomistic models, which were generated by the
method introduced in the first stage, have been employed in the MD simulations to
look into the mechanical characteristics of CNT networks under tensile loading. In
order to examine the effect of cross-link density per CNT on the mechanical
response, different CNT network models with different cross-link densities have

been prepared and used in the tensile loading simulations.

4.3 Atomistic Modelling of Heat Welded CNT Networks

Carbon nanotube network 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 CNTSs in these materials are randomly
organized. Therefore, a stochastic algorithm is required to generate representative
numerical models. In this chapter, general principles and main steps of such a
stochastic algorithm developed within the scope of this study is given. In order to
show the applicability of the proposed method, several examples of numerical
atomistic models have been demonstrated. Moreover, numerical atomistic models
have also been characterized statistically to validate that controlled design
parameters are reflected into the models correctly.

4.3.1 General Concepts

The process of generating random networks can be introduced as a process of
configuring the network items (in this case, randomly intersected CNTSs) randomly in
the design space. The placing of network items is carried out under constraints in a
random 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 foams [62].
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Before explaining the process of the algorithm, some important concepts that will
often be used in the explanation should be defined. First of those, the design space is
the volume where the CNT items are placed randomly. In 2-D network applications,
it is defined as a plane with a thickness that encapsulates the CNT units normal to the
plane. The other definition, library, is just a conceptual library comprised of all the
different types of items (CNTSs) that are placed into the design space. Regarding this
definition, the CNT units used in the random network can differ in length and
chirality (diameter). As a result, distinct CNT items can be reserved in the library and
chosen randomly before the placement. Another concept, target, 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 of cross-linked CNTs which are welded on the target element.
Finally, the CNT items selected from the library can be placed into the design space
only if they satisfy certain design constraints imposed on the welded network
generation. Without satisfying the constraints, the CNT item remains as a candidate

for the network and it is called a candidate CNT.
4.3.2 General 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
constraints until a suitable candidate is found. There are two loops in this procedure.
The first loop is for continuation of the generation of the CNT items while the second
loop is the sub-loop for generation and validation of candidate CNTs. When one of
the CNT candidates satisfies all the design constraints in the sub-loop, the generation
process continues with the selection of a CNT from the library in the main loop. The

main procedure can be summarized in 5 steps.

1) Taking from the library: A candidate CNT 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 CNTs from the library, they

are randomly rotated and translated in the design space.

92



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, the candidate 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. Using these files

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

4.3.2.1 Line segment representation of CNTs

To save computational time, CNTs are represented by 3-D line segments passing
through the central points of the CNTs’ cylindrical geometry as shown in Figure 4.7.

(b)

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

Each line segment is represented by the coordinates of end points, which are the
central points of the circles at the CNTs’ 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 instead of atomic coordinates.
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The random points on the line segments are generated via parametric line equations
as shown in Eqn.(4.1) where {Xo, Yo, Zo} and {Xi, y1, 21} are the tip coordinates and t
is the parameter varying in range [0,1] that describes the line segment between the tip

coordinates.
X=Xo+t(X1-Xo)
Yy=Yo+t(yi-Yo) (4.1)

z=120+t(21-20)

e | arget CNT

s Cross-linked CNTs

Figure 4.8 : Segmentations of line segments by dividing the segment domain by the
number of cross-links which is four in this example.

The line segment parameter t is also used for the further segmentation of line
segments to position the candidate CNTs on the target CNT more evenly as
represented in Figure 4.8. For instance, a constraint of n cross-links on each target
CNT is maintained by dividing the interval of t by n. Thus, the k™ cross-link is
positioned on the target in the interval of [(k-1)/n, k/n].

4.3.2.2 Target based approach

After putting the first CNT into the design space, it is assigned 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 target assignment should be
cross-linked with the target until the number of cross-links reaches the maximum

value, which is predefined as a parameter. After the placement of all cross-linked
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CNTs for a specific target is completed, a new target is assigned and new cross-links
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 library, (b) Target CNT in the design space
waiting for intersecting CNT coming from library and (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 systematic
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 (Eqgn. 4.1) as shown in Figure 4.9. Similarly, another guide point (B) is
determined on the target line randomly. After determining points A and B,
translation is done in the direction of the B-A vector. In Figure 4.9, only the 2-D
representation is shown. For a 2-D network, since the CNTSs are rotated in the same
plane, i.e., xy-plane, translation in the direction of B-A vector results in overlapping
of atoms in the intersection region. In order to avoid overlapping, an additional
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translation (in z-direction) is required to keep the CNTs away from each other in a
controlled way. For a 3-D 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 new cross-link in the sub-
loop is decreased and so the time consumed is highly decreased.

4.3.2.3 Checking constraints

There are certain constraints for generated candidate CNTs. If the candidate CNT
satisfies these constraints, it is accepted as the cross-linked 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 cross-linked CNT. It should not be closer than a specified distance
to the target, and to the other CNTSs created before, in order to maintain a stable
welded spot between the target and the cross-linked CNTs. Controllability of the
alignment of CNTs during the manufacturing phase by changing the electrical field
applied to CNTs [151] 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 junction type between two
intersecting CNTs, is randomly selected in a predefined range. Line segment
representation of the CNTSs, 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 reported in [152-
156]. Thus, controlling the type of junctions throughout the network is vital to
capture the main characteristics of the network.

2) A specific distance range between the intersection points can also be
predefined and set as a constraint. This distance between the cross-links on the same
CNT item is an important parameter to determine the flexibility of the CNT segments
between cross-links similar to cross-linked polymer networks [157-161]. For this
constraint, line segment parameter t is used to control the position of cross-linked
CNTs on the target CNT so that cross-linked CNTs can be evenly distributed on the
target as shown in Figure 4.9.
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Along with these constraints, another constraint can be defined such that the number
of the cross-links 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 other constraints, sometimes it may be impossible to
place a cross-linked 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 number of candidate CNTs on the current target, a
new target CNT is selected among the existing CNTs already generated until the
number of CNTSs in the design space exceeds the predetermined value.

All the constraints which will affect the topology of the network can 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. Alternatively, the
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.

4.3.2.4 Making 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. This sub-loop is kept active until
a suitable candidate satisfying the constraints is found, while the main loop is active
until the specified number of CNTSs in the design space is created.

4.3.3 Sample Networks and Welding Procedure

In this section, some examples of 2-D and 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 annealing process. In Figure 4.10, the
network generation process is shown by increasing the number of CNT units in the

design space.
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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 to generate CNT networks in different natures. As can be seen in the
Figures 4.11-14, several types of junctions (X, Y or T) that play important role on the
behavior of CNT networks [162-165] can be observed within the networks randomly.
Intersected CNT units are separated before the welding with a wall-to-wall distance
(about 41&) to avoid van der Waals interaction so that unstable junctions at higher

temperatures can be prevented [100, 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 code [26].
Interaction between the carbon atoms is modeled by using the Adaptive
Intermolecular Reactive Empirical Bond Order (AI-REBO) interatomic potential
[41] due to the fact that it allows breaking and formation of covalent bonds. The
thermal equilibrium of the system is maintained by Nose-Hoover thermostat and
canonical ensemble (NVT) is assigned to the system as thermodynamic
characteristic. In order to encourage junction formation at lower temperatures than
the referenced temperature values (2500 — 3500°K) for heat welding procedure [166],
small ratio of atoms in the spherical volume centered at the intersecting points is
removed to create dangling bonds and the system is relaxed at 300°K to 600°K.
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 literature [167], it is reported that without
introducing any imperfections such as vacancies or interstitials, covalent bonds can

still be generated but in longer computational time.
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(b)

Figure 4.12 : (a) Top view of a welded 2-D network, (b)-(c) Junctions formed after
annealing.
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Initially straight and non inter-bonded CNTs (Figure 4.11) become curved with the

effect of thermal vibrations and stable covalent bonds are formed (Figure 4.12).

Figure 4.13 : (a)Perspective view of a 3-D CNT network, (b-c) Snapshots of
junctions.

Figures 4.13 and 4.14 present some examples of cross-link regions in 3-D CNT
network samples after application of welding on the cross-links. As can be noticed
from the figures, different types of junctions have been formed following the heating
process applied by MD simulations. After heat welding, the atomistic models can be

used for the numerical experiments by MD simulations for any purpose.
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Figure 4.14 : Example of junctions throughout 3-D CNT network.
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The proposed method can also be applicable to continuum scale analysis. Employing
the line segment representation of the CNTSs in 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
shell or beam models [168-170] 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 Figure 4.15(b), CAD cylindrical surface data can be obtained from the
line segments of the CNTs and 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 values which can be found in literature [171].

(b)

Figure 4.15 : (a) Atomistic view of 2-D network, (b) Surface CAD drawing view of
atomistic model and (c) Equivalent FE model of the atomistic model.

4.3.4 Statistical Characterization of Random Networks

In order to verify the effectiveness of the proposed stochastic generation method, we
generate 100 2-D CNT networks and check the morphological parameters controlled

in the method against the relevant statistics collected from the generated networks.
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These parameters include the cross link density, angular orientation of cross-linked
CNTs, and distance between two adjacent cross-links. In the verification process,
100 2-D network samples consisted of 100 CNTs of 20 nm in length are realized and
statistically characterized.

Cross-link density, as explained in Section 4.3, is controlled by the parameter that
specifies the expected number of CNTs cross-linked with a target CNT. For the
generated network samples this parameter is chosen to be four for the 20 nm long
CNTs.
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Figure 4.16 : (a) Distribution of the number of target CNTs which are completely
cross-linked by 4 CNTs for 100 samples, (b) Distribution of acute
angles (in degree) between cross-linked CNTs in a single sample of
network.

In Figure 4.16 (a), for the 100 networks generated, the distribution of the number of
target CNTs that are cross-linked by four other CNTs in each network is presented.
As mentioned before, when geometrical impossibility emerges during the CNT
generation process, the controlled parameter of four cross-links per target CNT is
relaxed in order to continue to the subsequent steps in the network generation.
Therefore, the maximum number of CNTs that have four cross-links will be less than
total number of CNTs (i.e., 100 in this 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 Figure 4.16 (a). Based on these
results, with the proposed stochastic method, it is shown that the cross-link density
defined as a design parameter can be maintained fairly well in the generated
networks.

For the generated CNT networks, another parameter that is being controlled is the
angular orientation of cross-linked CNTs relative to each 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 is relaxed gradually to the
second stage constraint predefined as the range of 45 to 90 degrees. Figure 4.16 (b)
illustrates distribution of the acute angles within a network generated is shown to be
within the range of 50 and 88 degrees quite evenly between cross-linked 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 (e.g., X, Y or T).
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Figure 4.17 : Distribution of distances between cross-links on the same CNT for one
of the sample network.

Additionally, the distance between the adjacent cross-links 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 cross-links on the same CNT within a network sample is
given in Figure 4.17 and shows a pseudo-uniform distribution between 20 to 60nm.
In accordance with this result, all the cross-link distances can be kept within a
specified range.

Figure 4.18 (a) and (b) shows distribution of mean values of cross-link angles and
mean values of cross-link distances, respectively, for 100 2-D network samples.

While the respective mean values are defined to be 70 degrees and 40 nm, those
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obtained from the generated 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) Distribution of mean values of cross-link angularity through 100
samples and (b) Distribution of mean values of cross-link distances
through 100 samples.

The above characterization results have demonstrated the effectiveness of the
proposed random network generation 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, the studies performed to elaborate the mechanical response of CNT
network materials under tensile loading are given. In this regard, numerical
specimens which are generated by the stochastic method followed by heat welding
process are introduced and numerical settings applied for corresponded MD
simulations are provided. Then, the results obtained through MD simulations are

presented.
4.4.1 Numerical Experiments

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

mechanical behavior of CNT networks under tensile loading conditions. The
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numerical specimens were generated by changing the cross-link density parameter in
order to present the effects of cross-link-density on the mechanical behavior of CNT
network materials. For this purpose, four different types of CNT network models
were generated having cross-link densities per CNT as 5, 6, 7 and 8. Figure 4.19
shows the examples of CNT network samples with 5 and 7 cross-link densities in

average.

In all CNT network specimens, CNT units were kept the same having the chirality of
(5,0) (armchair) and length of 20nm. Therefore, the only parameter that is varied in
the generation of the specimens is the cross-link density. The cross-link 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 different cross-link densities, (a) 5 cross-
links and (b) 7 cross-links per CNT.

For the tensile loading experiment, as in the case of investigating nanoporous
materials focused in the previous chapter, MD simulations were employed to
simulate the tensile loading on the CNT network specimens by using the LAMMPS
code [26]. The interactions between Carbon atoms were modeled by the AI-REBO
potential [41].

As also applied to the tensile loading of nanoporous specimens in Chapter 3, the MD
simulations of the tensile experiments are realized in 3 basic steps. In the first step
atomic coordinates are read and energy minimization is performed. In this step,

atomic coordinates being read are obtained through the stochastic process explained
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in the previous section and welding process performed at the junctions. In the
minimization process, equilibrium positions of atoms in the systems are received by
finding the minimum of total potential energy of the system in successive iterations.
In the second major step before the application of tensile loading, for the purpose of
incorporating thermal vibrations into the system, or in other words in order to take
into account temperature effects, the system is equilibrated at room temperature. In
the last part, in order to apply tensile loading, tensile displacements are applied to
one end of the atomic structure while the other end is fixed as shown in Figure
3.12(a) in Chapter 3. Therefore, the same tensile loading scheme with the case of

nanoporous simulations is followed for the CNT network simulations.

According to 3 basic stages mentioned above, within an MD simulation of tensile
loading applied to each CNT network 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. This process can be thought as
removing artificial residual stresses from the system to reach relaxed and more stable
equilibrium state. After performing energy minimization on each initial CNT
network specimen, the system was equilibrated at 300°K using the Langevin
thermostat for a total of 10 ps at a time step size of 0.5 fs. Boundary conditions and
stress-strain calculations were performed in the same way as done for nanoporous
simulations explained in the previous chapter. According to that, uniaxial tensile
loading was subsequently applied in one of the principal directions as displacement
boundary condition on one side of the structure over the 1/10 of the total length with
a strain increment of 0.1% that was held constant for 1 ps at 300°K. The other side of
the structure was held fixed while periodic boundary conditions were employed on
all the other sides of the structure. Due to the fact that the strain rate applied to the
specimens affects the mechanical response apparently [172], the same strain rate that
is 10° (1/s) was applied to all specimens. For the purpose of decreasing the noise on
the atomic forces due 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 for 1ps and
atomic forces were averaged for each atom in the last 0.2ps-period of that
equilibration time. Calculated averaged atomic forces were summed 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 loading/straining step. Classical continuum
equations for stress and strain (Figure 3.11(b)) were employed to calculate stress and

strain values at each load step to generate stress-strain curves for the test specimen.
4.4.2 Results

In tensile loading simulations of CNT network specimens, by dumping out the
atomic coordinates, snapshots of the system could be obtained and thus the progress
of the simulation could be traced. In this regard, several snapshots for the tensile
experiment of CNT network specimen with cross-link 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 exists) can be observed.

Figure 4.20 : Several instances of CNT network specimen with cross-link density of
7 at different time points in tensile loading simulation.

The most significant observation from the snapshots taken from the tensile
simulations is that deformation of the specimens is initiated by rotation or bending of
CNT segments in the network around cross-links trying to be aligned in the loading
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directions. Therefore, in this initial mode of deformation, the dominant mechanism is
the aligning of individual CNT segments along the loading direction by bending
around cross-link locations. This deformation phase can be considered as the
preparation of the network to fully stretching against tensile loading. However, it
should be also noted that some CNTs or CNT segments may already be aligned
along the loading direction or bending rigidity of CNT segment around
corresponding cross-link may be sufficiently high, which result in initiation of
straining of individual CNTs without any initial aligning process. Therefore, the
exact deformation mechanism consists of two different modes of deformation
occurring simultaneously. In the first aligning mode, CNTs or CNT segments mainly
bend around a stiffer region that is a cross-link region consisting of covalently
bonded intersecting zones until aligning along the loading direction. In the other
deformation mode, namely stretching mode, due to inability of bending, CNT
segments get strained in the loading direction.

Because of the random nature of CNT network specimens, CNT segments, which are
the part of CNTs between two cross-link points, in the network are oriented
randomly, in the total picture both aligning and stretching modes take place at the
same time. However, in the initial phase of the deformation, the dominant
mechanism is the aligning mechanism due to that most of the randomly oriented
CNTs are not aligned in a specific direction. In Figure 4.20, snapshots upto 275ps
(including 275ps) demonstrate the deformation of aligning-dominant mode. As the
tensile deformation progresses, dominancy of aligning mechanism decreases and the
structure transforms into a fully stretched mode in which all CNTSs strained in the
loading direction without any local bending deformations of CNT segments. In
Figure 4.20, snapshots taken at 325ps and 425ps present examples of fully-strecthed

deformation mode.

It is considered that local bending deformation mode of CNT segments is drived by
the bending stiffness of the CNTs in addition to the stiffness of cross-link focal
points. As the stiffness of the cross-link focals increases relative to the bending
stiffness of CNT segments, tendency of CNT segment bending around the cross-link
focal also increases. For this reason, local bending deformation modes of CNT
segments is determined by the struggling between bending stiffnesses of CNT
segments and rigidity of cross-link regions which are covalently bonded links
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between intersected CNTs generated by the heat welding process in the atomistic
modeling phase.

Following the aligning mode, CNT segments come to a point of locking in which
they cannot continue to their local bending deformation mode. This situation of CNT
segments in which they are fully locked is the initiation of their fully stretched
deformation mode. In the deformation mode of stretching, local bending deformation
mechanisms are not observed anymore. Instead of local bending deformation, all
CNT segments strain individually in the loading direction and the CNT network
specimen finally fails after successive failures of individual CNT segments in the
vicinity of load application region.
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Figure 4.21 : Stress-strain curves of CNT network specimens under tensile loading
with different cross-link densities.

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

were performed by using classical continuum equations (see Figure 3.12b) at each
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load step. The stress-strain curves obtained for the CNT network specimens with
different cross-link densities under tensile loading are shown in Figure 4.21.

According to the stress-strain curves presented in Figure 4.21, apparently it is noticed
that as the number of cross-links increases the stiffness of the CNT networks also
increases. The stiffest specimen, or in other words, the specimen with the highest
Young’s modulus, is easily determined to be the specimen with cross-link density of

8, while the least stiff specimen has the least number of cross-links per CNT.

As observed from Figure 4.21, the Young’s modulus is not the only mechanical
property improved by increasing the cross-link density. The yield and ultimate
strength values of the specimens also increase with increasing number of cross-link
densities. Because there were no obvious transitions from linearity so the values of
yield points have been approximated conventionally by finding the intersection of the
stress-strain curve with a line parallel to the initial slope of the curve and which
intercepts the abscissa at 0.2%. Moreover, ultimate strain, which is the measure of
maximum elongation, increases as the cross-link density increases. The quantitative
evaluation of the numerical experiments on the CNT network specimens with

different cross-link densities is given in Table 4.3.

Table 4.3 : Summary of quantitative results from tensile loading simulations.

Cross-Link Density Modulus Yield Strength Ultimate
Density (g/cm®) (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 cross-link density increases, CNT segment lengths decrease while the
percolation through the network increases due to increased connectivity between the
CNTs. Because cross-links represent the interconnectivity between the CNTs in the
network, the load distribution is more homogenous at higher cross-link densities
through the network comparing with lower cross-link densities. Due to increased
load-sharing capability, interconnection in the network increase as well, which, in
turn, increases the number of CNT segments bearing the applied load. Eventually,

mechanical properties are improved.

Naturally, as the cross-link density increases, density of the specimens is also

elevated. However, stiffness increase rate by cross-link density increase is higher
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then density increase rate. Therefore, stiffness-to-weight ratio values continue to

increase despite the density increase.

Another interesting observation that can be inferred from the stress-strain curves of
the specimens with different cross-link 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 encapsulated 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 specimen with cross-link density of 8 whereas for lower cross-link

densities the stiffer response range decreases.
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Figure 4.22 : Stress-strain curves of CNT network specimens under tensile loading
with different cross-link densities.

Due to the reason that stiffer zone size changes with variations of cross-link

densities, the initial stiffer response should be related with the cross-links where the
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CNTs are interconnected with each other by covalent bonds. Therefore, this initially-
stiffer behavior can be attributed to the stiffer response of cross-link 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 cross-links to activate and motivate the deformation.

In order to investigate the mechanical behavior of CNT networks further, another
principle loading type, that is shear loading, was applied on the same CNT network
specimens with cross-link densities of 6, 7 and 8. Same MD settings with tensile
simulations have been used for the those shear loading simulations while the only
change is the loading direction.

Figure 4.23 : Several instances of CNT network specimen with cross-link density 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 cross-link density of 6. Examining the shear
deformation of CNT networks through MD simulation snapshots showed that
displacement of atoms in the shearing direction initiated at the top where the shear
loading was applied, while the atoms located sufficiently away from the top were not
affected by shearing. As the shear loading is kept actively applied on the specimen,
bending deformation of individual CNTs resulted in aligning of CNTs along the
shearing direction. When 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 cross-links. In this way, shear load is
transmitted to the all network resulting in collective shear deformation. When the
shear loading effect disffuses into overall structure of the CNT network specimen,
shear deformation continues with collective shearing of the total system. The final
failure of the specimen due to shear loading occurs following the collective shear
deformation of the specimen at the region closest to shear plane. This deformation
behavior can also be observed from the snapshots provided in Figure 4.23.
According to this, at the time point of 125ps, it is clearly noticed that shear loading
effect is partially diffused into the network system, so only a portion of the specimen
is deformed locally in the shear loading direction. As the loading is 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 structure and a collective or global
shear deformation is observed. As a consequence of global shear deformation
process, at the time point of 725ps, the network structure fails by fracture formations

at the upper portion of the specimen close to the loading plane.
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Figure 4.24 : Stress-strain curves of CNT network specimens under shear loading of
the specimens with the cross-link densities of 5 and 6.
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Figure 4.24 presents a typical stress strain curve for the shear loading of the network
specimens with cross-link density values of 5 and 6 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 value is determined
to be approximately 0.8 for the specimen with cross-link density of 6, which is much
higher than the ultimate strain value of 0.36 determined in the tensile simulations
with the same specimen. Moreover, it is noticed that cross-link density increase
improves the shear rigidity of the CNT network materials as shown in Figure 4.25.
Shear yield strength and ultimate strain values of the CNT network materials are also

observed to increase with increasing cross-link densities.
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Figure 4.25 : Linear elastic regime of stress-strain curves of CNT network
specimens under shear loading with different cross-link densities.

Another finding from shear loading simulations is that, similar to tensile simulations,
linear elastic region consists of two linear parts. In this regard, Figure 4.25 presents
the detailed illustration of bilinear forms in the stress-strain curves for the cross-link
densities of 6, 7 and 8 up to the strain value of 0.3. Although the initial linear elastic
region is much more stiffer than the second section, duration of the stiffer behavior is
much less than the other phase.
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Shear modulus values calculated for two stage values are given in Table 4.4.
Quantative description of shear modulus values for two different stages has shown
that shear modulus in the initial elastic phase is approximately 6 times 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 stress-strain 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
aligning along the shear or tensile loading direction. 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 after the initial activation of the deformation.

4.5 Summary and Conclusion

In this chapter, a stochastic algorithm has been developed to model 2-D and 3-D
CNT networks with random geometrical parameters such as CNT orientation and
intersection angles. While some parameters are allowed to be random in nature, some
parameters such as CNT chirality and length scale, cross-link or junctional density,
angular limits for the intersections of two CNTs can be managed independently. In
this way, several CNT network specimens with controlled structural parameters were
able to be generated. CNT intersecting regions through CNT networks with the
proposed method were welded following canonical MD simulations by heating and
stable covalent bond formations could be obtained. The sample CNT network models
generated by the proposed technique have been provided illustrating that generated
samples represent the basic characteristics of CNT networks such as X, Y and T type
of junctions formed between cross-linked CNTSs. Finally, 2-D or 3-D CNT networks
are generated with controllable parameters and can be employed for further
mechanical, electrical or thermal studies. Due to the controllability and efficiency 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 generation method proposed for the atomistic models of CNT networks is 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 method, the 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 optimized by 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 network materials. For this purpose,
several CNT network specimens with different cross-link densities were utilized in
MD simulations by applying tensile loading. Results of MD simulations showed that
mechanical properties of CNT networks including Young’s modulus, yield and
ultimate tensile strength could be improved by increasing the cross-link density.
Total elongation values of the specimens were also demonstrated to increase with
cross-link density. Moreover, by tracking of tensile experiments in MD simulations,
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 initial 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 parameters with tensile
simulations. Similar to the results obtained through tensile loading experiments, it
has been shown that cross-link density increase yields better mechanical performance
in terms of shear modulus, shear yield strength and ultimate shear strain. In the
regard of deformation mechanisims, it has 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 stress-strain curves under

shear loading, which has also been observed 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
nanoporous materials are amazing examples of those novel materials having 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 ligaments and 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 model these materials,
which avoids increased number of computational 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 properties. With this motivation, in the
content of this dissertation, as the first stage of the study, stochastic models are
developed for random natured nanomaterials such as CNT networks and nanoporous
materials which have extraordinary properties including ultra-high stiffness-to-
weight ratios that make them candidates in a broad range of applications.

In the regard of CNT network modeling, a stochastic algorithm is developed to
model 2-D and 3-D CNT networks with random geometrical parameters such as
CNT orientation and intersection angles. While some parameters are let to be random
in nature, some behavior decisive parameters such as CNT chirality and length scale,
cross-link density, angular limits for intersections can be kept under control, which
enable to generate different models organized with different parameters. It should be
noted here that the approach of considering the CNTs as line segments during the
generation process save a lot of computational time for the generation of total
network structure. Following 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 cross-links, classical molecular dynamics simulations are carried
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out to obtain covalently bonded networks. Finally, 2-D or 3-D CNT networks were
generated with controllable parameters and could be employed for further
mechanical, electrical or thermal studies. Due to the controllability and efficiency on
the topological features of CNT networks and simplicity 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 scale analyses in order to overcome the time and length scale limitations
of classical molecular dynamics simulations. By the help of line segment
representation of the CNTSs in the method, the generated network model can be easily
converted to a CAD surface or line segment model, which 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 proposed method for the generation of CNT networks,
can be utilized or at least can be used as a base idea for the generation of similar
network materials which consist of one dimensional structural units that can be
idealized as line segments. For example, in the computational modeling of polymeric
materials that consist of linear polymer chains, the proposed algorithm may be an
ideal inspiration source. Furthermore, following this study, mechanical, thermal or
electrical properties of CNT networks can be optimized 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 ensembles are employed to generate nanoporous
materials. Within the scope of the developed algorithm, by controlling the several
parameters such as maximum and minimum number of spheres intersected to each
sphere and maximum overlapping ratio between two intersected spheres, the 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 size, which is
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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encapsulated by the spherical volumes from a crystalline 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

structure with the spherical shape assumption of pores.

Applicability of both stochastic algorithms developed for CNT networks and
nanoporous materials is shown by demonstrating the specimen samples having the
proposed morphological characteristics such as porosity and cross-links for
nanoporous and CNT network materials, respectively. For example, for CNT
network specimens it is shown that through the network consisting of randomly
intersected CNTSs, several junction types that are already characterized in literature
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 modeling, it is demonstrated that basic
features of a 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 atomistic structures, generated numerical specimens for both materials by
using the developed techniques are used in molecular dynamics simulations to
perform tensile loading experiments. As a result of MD simulations, stress-strain
plots have been obtained and by evaluating stress-strain 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 specimens increases the major mechanical
properties including Young’s modulus, yield and ultimate tensile strength of the
nanoporous materials decreases. Beside this, a notable decrease in softening rate after
a specific porosity value has been discovered and this significant 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 two different
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
distributed 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 ligaments becomes more difficult to spread out, which in turn results in higher
peak stress locations close to load application region. Similarly, stress-strain plots for
CNT network specimens have been obtained through MD simulations and shown
that as the cross-link density increases, Young’s modulus, yield and ultimate tensile
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 the MD 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 local bending deformations of CNT segments
around relatively more rigid regions which are mostly cross-links. 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 direction without 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 from the 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 dissertation 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 lower-level stress
distribution comparing to incompatible ligaments and junctions. Therefore, the
importance of compliance between structural units within the porous network has
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 local deformation
styles. In this regard, as the period of local bending deformation mode of the CNTs is
increased before that the stretching mode turns into dominant mechanism the total
elongation of the structure can be increased, which results in improved mechanical

performance.
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The studies performed in this dissertation can be utilized in the future works for the
further investigations on the structure-material relationship of especially randomly
organized nanostructured materials. In this respect, first of all, the proposed 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 porosity and
cross-link 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
materials 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 parameters (e.g., porosity,
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 3-D 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 networks can also be applicable
to generate 2-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.

Another 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 structure of nanoporous structures can be easily improved to generate
coated version of nanoporous structures and then the atomistic models can be used
for any purpose of numerical experiments in MD simulations. Similarly, nanoporous
models can be filled with another material to explore its effects on the mechanical

properties as well as thermal properties.
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APPENDIX A: Workflows for the generation of randomly intersected sphere and

CNT network
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