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Overview

In the modern construction industry, concrete is one of the main structural
materials. The level of production is constantly increasing, since 6 billion tons of
cement are consumed per year. However, conventional concrete has a number of
disadvantageous features, such as low tensile strength. As a result, concrete materials
suffer from critical shrinkage cracking. The main way of improving the quality of
concrete is by improving the mechanical properties of the cement paste, which can be
achieved by using high-tech equipment, modern production technologies, sound
materials and modifying additives. In the past, the basic methods of improving the
tensile strength of concrete were the addition of chemical agents to reduce porosity
due to the lowering of the water/cement ratio in cement paste and the use of steel
reinforcement. These methods have improved the tensile capacity of the concrete
structure, but they have also increased the cost of construction. Furthermore, in the
marine environment many concrete constructions are deteriorated faster than expected
due to corrosion of steel. As corrosion occurs, there is a corresponding drop in the
cross-sectional area of the steel reinforcement and the corrosion products occupy a
larger volume than steel, and therefore exert substantial tensile forces on the
surrounding concrete. It i1s important to note that even the light and fluid sealing
cement for oil and gas drilling rigs after its hardening have a work strain. This is due to
a variety of loads acting on the cement stone that give the shrinkage cracking of
concrete. At the same time, during the oil and gas drilling rings, exploitation of the
cement stone can be affected also by diverse corrosion environments. It can be the
processes associated with the influence of reservoir waters of varying salinity and the
processes associated with the impact of oil and gas connections. In such manner, the
problem of shrinkage cracking stays important also for the concrete in the oil and gas
wells.

Therefore, it is very important to find new additives for modified concrete.
There is a variety of nano-systems, which can be used as additives. They can
significantly improve the mechanical properties of traditional mineral binders. One of
these additives is the carbon structures with nanometer dimensions, in particular,
carbon nanotubes (CNTs). Actually, researchers are experimentally investigating the
possibility of concrete’s modification by carbon nanotubes. But even so, there are
difficulties to explain the obtained data and information about the processes taking

place in the cement paste during its modification with carbon nanotubes. In any case,
7
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the nature of the influence of carbon nanotubes on the mineral binder remains
insufficiently studied. Computational investigations are used to obtain information
and to describe observations involved in the evaluation of mechanical properties of
CNTs reinforced composites at the nanoscale. In addition, computational
investigations also greatly helps because they provide some initial guidelines to the
experimental works which aid to minimize the scope, cost and time involved in the

experiments.

Nanotechnology

Nanotechnology can be defined as science, engineering, and
technology conducted at the nanolevel on the scale from 1 to 100 nanometers [1].
Thus, nanotechnology engages imaging, measuring, modeling, and manipulating
matter at this minute level. Nanoscience and nanotechnology can be used across all
the other science fields, such as chemistry, biology, physics, materials science, and
engineering.

The first mention of the method that was later called nanotechnology came
from Nobel laureate Richard P. Feynman during his famous talking "There’s Plenty of
Room at the Bottom" in 1959 [2]. From then onwards there have been many
revolutionary developments in many countries in the different domains that have
demonstrated the idea of Feynman being able to manipulate matter at an extremely
small scale.

Two basic approaches are comprised into the term of nanotechnology. These
are the “Top-down” and the “Bottom-up” (Fig. 1). Regarding “Top-down” approach,
the larger structure is reduced in size to the nanoscale preserving its original properties
without control at the atomic level or deconstruction from a larger structure into its
smaller constituent parts. As an example of this approach is the miniaturization in the
electronics field. In the “Bottom-up” approach the materials are constructed from
atoms or molecular components via their putting together [3]. The "Bottom-up"
approach was proposed by Drexler et al. [4] and also called "molecular
nanotechnology" or "molecular manufacturing". At a time when most modern
technologies use the “Top-down” approach, the “Bottom-up” gives a great promise for
revelation in the different fields including the domain of construction materials.
Nowadays, the nanotechnology applications and advances in the construction and

building materials domains are instable [5, 6]. Exploitation of nanotechnology in
8
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concrete on a commercial scale is limited to few results successfully converted into
marketable products. The main progresses have been made in research on mineral
binders [7]. The studies of the structure and mechanical properties of the main hydrate
phases, origins of cement cohesion, cement hydration were provided in order to

understanding of the fundamental processes in cement matrix at the nanoscale.

:a’l Bulk material
—————

'@ Nanosized
elementary

NANO-STRUCTURED
MATERIAL

Assembly from
,xﬁ‘ atomsor
molecules

Fig. 1. Schematic representation of the “Top-down” and “Bottom-up”
approaches in nanotechnology.

Nanotechnology and Concrete

Concrete is a multi-phase nanostructured composite material composed of
properly proportioned mixture of water, cement, fine and coarse aggregates that age
over time. The cement plays a main chemical as well as physical role to establishment
the various properties of the concrete. The properties of concrete exist at the scales
from nano to micro and macro [8, 9]. The key product of hydration process is the
Calcium-Silicate-Hydrate (C-S-H) gel. Its importance is not only connected with the
fact that it occupies 50% of the paste volume among all the reaction products, but also
with the fact that it is the most accountable product for the different properties of the
cement paste. C-S-H gel 1s the nanomaterial that keeps together the components of

concrete.
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In the context of the approach "Bottom-up", concrete at the nanoscale is a
composite of molecular assemblage. This assemblage is accounted for the molecule’s
surfaces and chemical bonds that interact via various chemical reactions,
intermolecular forces and intra-phase diffusion. Molecular structure, as well as bond
length, energy, strength and density are the main properties at this nanoscale. The
processes taking place at the nanoscale ultimately affect the properties and technical
specifications of the material as a whole [7, 8, 10-13].

The nanoscience and nano-engineering (or nano-modification) are the terms
that describe two main areas of nanotechnology in concrete [6]. The principal aim of
nanoscience is the estimation and characterization of nano and micro cement-based
materials structures. It is necessary to better understand the impact of this structure on
the properties and characteristics at the macroscale using advanced technology and
modeling at the atomic or molecular level. The main goal of the nano-engineering is a
study of the ways to manipulate the cement-based structure at the nanoscale for the
development of a new generation of multi-functional binding compositions with high
mechanical, physical, chemical, electrical and other properties. Concrete may be
designed at the nanoscale by implementing nanoscale blocks or objects such as
different nanoparticles by way of controlling the operation of the material and adding
new properties. The other way of development of concrete at nanoscale is the grafting
molecules on cement particles phase, aggregates and nanosized additives. This
provides the functionality of the surface, which can contribute to the improvement of

boundary interactions.

Importance of Computational Material Science

The continuous development of computing power over the last years (Fig. 2)
has enabled computational materials science to predict the microstructure and
properties of concrete by combining physics and chemistry [14, 15]. Modeling at the
atomic level by different methods such as Molecular Dynamics (MD), Monte Carlo
simulation and ab initio has shown new opportunities in cement science and has
opened the door into the processes taking place at the nanoscale that allow
understanding the properties of materials at the macroscale. This allowed to develop
the different strategies to improve concrete performance. In recent years, numerous
studies of the C-S-H structure at the nanolevel [16-19] were provided. Several

investigations about the molecular interaction between C-S-H structure with graphitic
10
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structure [20-21] also start appearing at modern science. If the experimental
observations allow to describe the structure of the C-S-H, computational methods are
investigating its internal behavior and providing details of the structure that cannot be

obtained through experimental techniques.
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Fig. 2. Development of computing power of the most powerful computers.
Adapted from Ref. [14].

However, advances will only be possible if experimental and computational
results support each other. The computer simulation cannot replace the experimental
measurement but it is used with good ability to complement experiments. Processes

that are unapproachable to experiment can be controlled in computer simulation [14].

Addition of Nanosized and Nanostructured Material

Nanomodification of cement composites is a fast-evolving field. Synthesis of
various new structures at the nanoscale enabled their using in different composites as
direct additive into the matrix of the composite as well as provided the creation of the
novel superplasticizers with nanoparticles for modification of the composites. Making
a selection of a method for introducing the different nanoparticles into the composite
matrix two fundamental possible options should be taken into account. In the first

option the nanoparticles are pre-synthesized for the necessary size then introduced

11
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into the composite matrix. In the second option the necessary for modification
nanoparticles are purposefully grown into the hardening system.
Regarding the nanoparticles, it has been observed, that they have a high surface

area to volume ratio (Fig. 3). This fact explains the potential for tremendous chemical

reactivity.

/

\ 1000000

/
100000

PARTICLE SIZE
== 1000000 (nm) 100em
|

Fig. 3. Specific surface and particle size linked to concrete materials.

There are many different types of nanoparticles. The ample quantities of studies
were provided with nano-silica (nano-Si0O,) [21-29] and nano-titanium oxide (nano-
TiO,) [25, 30]. It exist several investigations on the incorporating nano-iron (nano-
Fe,0;) [23], nano-alumina (nano-Al,O;) [31], and nanoclay particles [32, 33]. The
finite number of studies addresses the issue of nanosized cement particles and the
development of nanobinders [5, 34]. Nanoparticles are able to change matrix
microstructure. They can affect -as crystal seeds for cement phases- promoting cement
hydration due to their high reactivity, and that the effect of this increase content of
calcium hydrosilicates of high density and decrease nanoporosity. Introduction of

carbon nanosystems into mineral binding matrix composition is established to result in
12
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its structuring with forming crystalline hydrate new formations of higher density and
strength.

Carbon nanotubes (CNTs) are potential candidates for use as nano-
reinforcements in cement-based materials. CNTs can withstand to a large elastic
strainas as shown in theoretical works [35-38] and experimental measurements [39-42]
concerning the tensile modulus and strength. Moreover, carbon nanotube (CNT) has a
high thermal and electrical conductivity. These reasons explain the aspect of CNT’s

reinforcement for cement based materials.

Research Objectives and Thesis-work Breakdown
Structure

The main purpose of the present thesis-work is to establish at the atomic level,
an opportunity of dense concrete structure modification with CNTs as a
nanodispersed additive and their influence on the modified cement matrix structure.
For this objective, it is necessary to determine the atomic structure of C-S-H/CNT
composite. Knowing the atomic structure, one can manipulate the system of C-S-
H/CNT with the purpose of investigation the different mechanical, physical, energetic
and structural properties of that system. The thesis-work is divided into three main
chapters.

The first chapter contains an introduction into the principal materials used in
the present study. Firstly, the description of a concrete was given. In addition the
hydration process of cement was described. Afterwards, we focused our attention on
the microstructure of hardened cement paste. Mineral analogs and models of C-S-H
gel were delineated. In the last part of Chapter 1 carbon and carbon’s allotropes which
includes the carbon nanotubes will be presented.

The second chapter includes an introduction of molecular modeling. In
particular, we will present the Molecular Dynamics method including its main steps
and details. At the last part of Chapter 2, the determination of energetic, mechanical,
physical and structural properties will be mentioned, as well as the equations used to
determine these properties.

The last chapter contains five sections of the results of our study. In the first
section the main mechanical properties for different types of Single Walled Carbon
Nanotubes (SWCNTSs) will be shown and compared with previous research works.

The next three section are devoted to the influence of different type and quantity of
13
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CNTs inserted into cement matrix. The various energetic, mechanics, physics and
structural properties of concrete modified by CNTs will be detailed. We used two
main model represented C-S-H gel: Tobermorite 11A with Ca/Si ratio = 0.83 and
Tobermorite 11A with Ca/Si ratio = 1. In the last section we discuss the pressure
effect on the mechanical properties of the concrete modified with carbon nanotubes.

Finally, a general conclusion will be given at the end of the manuscript.

14
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1.1. Concrete. Hydration of Cement

Concrete is a composite material prepared by the proportioned mixture of
water, cement, fine and coarse aggregates. To establishment the various properties of
the concrete, it is important to emphasize that the cement plays a major role
chemically as well as physically.

Cement is gray, fine powder, and chemically formed by numerous compounds.
Several components constituents of cement, such as Dicalcium Silicate 2Ca0O-SiO,
(C,S), Tricalcium silicate 3Ca0O-SiO, (C;S), Tricalcium Aluminate 3CaO-AlLO; (C;A),
and Tetracalcium Alumino-ferrite 4CaO-Al, O3 Fe,O; (C,AF) can be distinguished [1].
The main role of these four components is the participation in the process of gaining
strength at different stages during cement hydration. It is possible to describe the
hydration process such as simultaneously ongoing reactions of the anhydrous
components with water, regardless of the fact that the components do not hydrate at
the same time. The compound C;S is in charge of the initial set and the gain strength
of concrete. These processes are fast. Nevertheless, C;A hydrates and hardens the
quickest. This is due to the fact that C;A dispenses appreciable quantity of heat at a
sweep and promotes the early strength to a certain extent. Owing to this it is necessary
to add gypsum to the cement mixture during the producing process of the cement.
Two other components also support liability for strength rise. Because C,S hydrates
and hardens at a slower rate, it takes one week time to strength gain. Nonetheless

C,AF hydrates apace. The sequence of cement hydration is illustrated in Fig. 1.1.

Fig. 1.1: Progression of cement hydration:
Cement particles in water (a); Formation of C-S-H (b); C-S-H growth around the cement
grains (c); Fully grown C-S-H and Calcium hydroxide (d).
Adapted from Ref. [2].
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1.2. Microstructure of Hardened Cement Paste

Hardened cement paste (HCP) microstructure is represented by various types of
solids, and pores with different sizes and shapes. The Calcium-Silicate-Hydrate (C-S-
H) gel is the principal hydration product in hardened cement paste responsible for
most of the engineering properties. The key aspect of C-S-H gel is the possibility to
form a continuous layer that binds together the original cement particles into a
cohesive whole. At the same time it is a strong and stable phase. The other hydration
products compose the discrete strong crystals, but these crystals don’t have the strong
connections with the solids phases and hence cannot bring in the overall strength. The
possibility of C-S-H gel acting such as a binding phase can be explained from the
nano-scale structure. The C-S-H gel represents the evolving porous system with two
morphologies.

The C-S-H gel does not take the form of a monolithic solid phase because it
gains momentum outward from the particles of cement. However, the C-S-H gel has
the internal system of gel pores. These pores are much smaller than the original
capillary pores. The water is contained in the gel pores of the C-S-H. This presence of
the water can be explained by the effect that the liquid water contained in the gel is
physically isolated and is not part of the solid C-S-H phase chemically. Consequently
the water does not react with the cement minerals. The C-S-H gel with the internal
porous, take a good deal of volume, much more than the original C;S and C,S
minerals. In the model, C-S-H gel is enlarged tops out giving the continuous phase.
Thus there 1s a first set strength in the formation of a strong solid material. It is
important to note that after mixing, the total volume of the cement paste changes
weakly, consequently the increasing of the solid phases provide the decreasing of the
capillary pores into the system. In the case when water-cement ratio is low, the
structure becomes discontinuous. This can really reduces the permeability of the
cement paste, i.e. the liquid water and dissolved ions are unable to move easily
through the pores of the system.

From the image taken by SEM in backscattered mode shown in Fig. 1.2, two
obviously different types of C-S-H gels with the distinct morphologies can be seen.
One of these, the C-S-H gel of less dense morphology mainly in the space originally
filled by water and other, and the C-S-H gel of more dense morphology mainly in the
space originally taken place by cement particles. Based on these characteristics, the

two morphologies of C-S-H gels were named “outer” product and “inner” product. In
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addition, it is possible to distinguish another basic hydration product (calcium
hydroxide (CaOH,)), which has a crystalline structure. The other components such as
ettringite and monosulfate take an inconspicuous part, and it is generally represented

as crystalline with various morphology and size.

Unhydrated cement

Outer product

Inner product

Calcium hydroxide

X500 BOpy . .

Fig. 1.2. Microstructure of Hardened Cement Paste.
Adapted from Ref. [3].

To sum up, it may be noted that the various pores represent another component
of the HCP. There are two main classes of the pores. The first class is the pores with
diameters less than 10nm, which are meant to be the part of C-S-H gel. The second
class is the pores with diameters from 10 nm to 10 um. This is the large capillary
pores. The non-consumed water in the hydration reaction stays in the capillary pores
that provide the weakness of concrete. This is due to the fact that there is no strength
forming C-S-H bonds. [4] Additionally, the air voids can be present that can give the
empty spaces where the pastes have not been properly consolidated. The total volume

of pores depends on the water-cement ratio, degree of hydration, curing condition, etc.

1.3. Mineral Analogs and Models of C-S-H Gel

It is possible to identify as a minimum thirty crystalline minerals that have the
similar structure with C-S-H gel [5]. For example, afwillite at normal conditions is a
thermodynamically C-S-H phase in equilibrium with water and portlantide [6]. C-S-H
gel contains tobermorite and jennite structures as shown from the high resolution
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(transmission electron microscopy) TEM observations. The model of the tobermorite
mineral is frequently used to represent the C-S-H gel [7,8].

Tobermorite (Fig. 1.3) is rare, crystalline and natural mineral with the chemical
formula Ca;SisO.4(OH),-4H,0. The first discovery concerning tobermorite mineral

was in 1880 for in Scotland (the Isle of Mull), around the locality of Tobermory [9].

Fig. 1.3. Crystalline mass of tobermorite.
Adapted from Ref. [9].

Tobermorite has several subspecies classified by their different basal spacing as
9.3 A, 11.3 A and 14 A [10], which are usually termed as 9 A, 11 A and 14 A [11] and
called Tobermorite 9A, Tobermorite 11A and Tobermorite 14A respectively. This
interlayer spacing distance (Fig. 1.4) represent the degree of hydration of tobermorite,
which changed by heating. Tobermorite 14A transforms to Tobermorite 11A by
heating from 80 to 100°C, and further heating at 300°C for few hours gives rise to
Tobermorite 9A. The different techniques such as electron diffraction, electron
microscopy, X-ray diffraction and solid-state nuclear magnetic resonance (SSNMR)
are used to study the thermal behavior of tobermorite and their corresponding

synthetic minerals [10, 12-16].
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Fig. 1.4. The interlayer spacing distance corresponding to the degrees of
tobermorite’s hydration.

The model Tobermorite 11A is the most used model to describe the crystalline
C-S-H gel [17-19]. There are two of the most famous models at the atomic level: one
model disclosed by Hamid [20] and another one by Merlino et al. [21]. The main
specification that differentiates Merlino’s model from the one of Hamid’s model is the

different methods of forming silicate chains (Fig. 1.5).

1A

Fig. 1.5. Schematic view of the stable phases of tobermorite with decrease of basal space
for: Hamid’s model (a) and Merlino’s model (b).
Adapted from Ref. [22].
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In Hamid’s model the structure of independent layers consider the silicate
chains of dreieketten type where the periodicity of tetrahedrons during the chain’s
length is three (Fig. 1.5a). Two tetrahedrons adjacent to silica are associated with the
same polyhedron of calcium oxide through their edges. The third tetrahedron is
oriented in the direction opposite to the layer of calcium oxide forming a bond with
the silica in the chain. In the ideal structure of tobermorite, this chain is saturated by
oxygen atom. Therefore when the Ca/Si ratio increases, oxygen atoms are ionized
and replaced by calcium ions. By contrast, the Merlino’s model have the silicate
chains of wollastonite type, i.e. the tetrahedron of silica chemically bonded to each
other in manner face to face (Fig. 1.5b). These Si-O-Si chemical linkages that induce

the formation of cavities are close to those seen in zeolites [23].

1.4. Carbon and Carbon’s Allotropes

Carbon (C) represents a nonmetallic chemical element in Groupe 14 (IVa) of
the periodic Table. This element is widespread in nature. However, the carbon is not
particularly plentiful. It occupies only about 0.025 percent of Earth crust but carbon
forms more compounds than all the other elements taken together [24].

When an element exists in more than one crystalline form, those forms are
called allotropes. Diamond and graphite are the two most current allotropes of carbon,
yet in recent decades other allotropes and forms of carbon have been discovered. This
1s graphene, fullerene, nanotube, etc.

Diamond (Fig 1.6a) i1s a mineral composed of pure carbon, which is formed
deep in the mantle and after that it is brought to the surface through kimberlite pipes,
lamprophyres, eclogites and other rocks that originate from deep within the mantle.
The carbon atoms of diamond are arranged in a variation of the face-centered
cubic crystal structure (Fig. 1.6b). It is the most naturally hard material and the most
popular gemstone. On the Mohs scale of mineral hardness, the diamond achieves the
maximal value of 10. This extreme hardness explains a number of important industrial
applications of diamond. Industrial diamond normally has an irregularly shape, flaws,
poor color and hence low value as gem. It is used principally in the modern metal
working and mining industries as a cutting tool or abrasive material. Another
application of the diamond is using them in the jewelry. If, aside from high hardness
the diamond has the magnificent brilliance and sparkle, all these characteristics make

it unrivalled as gem.
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Fig. 1.6. Mineral of diamond. Adapted from Ref. [9] (a); Diamond atomic structure (b).

Another mineral consisting of carbon is graphite (Fig 1.7a). Usually it is
possible to locate graphite in flakes in metamorphosed rocks riched in carbon.
Sometimes it is also possible to find them in veins and in pegmatites. Graphite has a
layered structure. This structure is represented by six carbon atoms arranged in widely
spaced horizontal sheets, which is called “graphene”. The distance between layers of
graphite equal 0.3354 nm (Fig 1.7b). Graphite is opaque, very soft mineral having the
hardness from 1 to 2 conforming to the requirements of the Mohs scale of mineral
hardness. The colors of graphite vary between dark gray to black. Because of the
fatness of graphite, it leaves a black mark. This explains the name “Graphite”, which

¢

originate from the Greek verb “graphein” that means “write”. Graphite is used in
pencils, lubricants, foundry facing, crucibles, polishes, batteries, brushes for electric

motors and cores of nuclear reactors.

b) carbon atoms

e

J 0.3354 nm

graphene sheets

Fig. 1.7. Mineral of graphite. Adapted from Ref. [9] (a); Graphite atomic structure (b).
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Graphene i1s represented such as a layer of carbon atoms, which forms
hexagonal lattice with the distance between atoms equal 0.148 nm (Fig 1.8). Graphene
1s a parent form of all graphitic structures of carbon. For example, graphite is
constructed of relatively weakly coupled graphene layers (Fig. 1.7b); carbon nanotube
represents the cylinder obtained by the rolling up of the graphene sheet (Fig. 1.11); and
fullerene is formed by a pattern of spherical molecules made from graphene with some

hexagonal rings replaced by pentagonal rings.

Fig. 1.8. Graphene atomic structure.

The history of the graphene’s development is presented in Fig. 1.9. Graphene
has many applications in different fields. Using graphene, for example, it is possible to
make transistors and other electronic devices with advantage of thinning these devices
relative to the devices made of traditional materials. Owing to electrical conducting,
transparence, strength and flexibility of graphene, it can be used in touch screens.
Possessing the very high thermal conductivity graphene could be used to remove heat
from electronic circuits. Also, by virtue of high mechanical strength of graphene it is
possible to use them as a scaffold for studying biological molecules and materials. It is
important to note that graphene is perspective additive in the construction materials
which allow improving various properties.
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HISTORY OF THE GRAPHENE’S DEVELOPEMENT

Single-atom-thick
crystallites from

bulk graphite i EN Y -
Speech of K Noveoselov on Rusnanotech,
Term l

Moscow, 1-3 November, 2010.
agraphene»

Theoretical

prediction K.Novoselov, A.Geim

the 2010 Nobel Prize in Physics
forpioneering research on

Graphitic graphene

films

Fragments of
graphene

Fig. 1.9. History of the graphene’s development.

Fullerene 1s a molecule of carbon having usually the form of a hollow sphere,
ellipsoid, or other shapes. In 1985, the chemists Kroto and Smalley [25] used a laser to
vaporize graphite rods in an atmosphere of helium gas. They have found intense peaks
corresponding to cluster compounds of carbon into the mass spectrum of graphite
vapor. The more stable of them were Cg and C;. As a result of structural analysis it
was noted that the first one had a form resembling to a football ball and the second
had the form resembling to a soccer ball. Later, they were named fullerenes in honor
to American architect Buckminster Fuller, who received a patent in 1954 for the type
construction in the form of polyhedral spheroids for covering large areas. In process of
time, it was obtained the other smaller metastable species, such as Cyg, Cs6, and Cs.

The form of hollow carbon molecules was new and as contrasted to diamond
and graphite, the structure of which is a periodic lattice of atoms, a third form of
crystalline carbon (fullerene) is a molecular. Cy fullerene (Fig 1.10a) or also named
buckminsterfullerene is the molecule Cg, composing of 60 carbon atoms joined
together by single and double bonds to form a hollow sphere with 12 pentagonal and
20 hexagonal faces [25]. Cy, fullerene (Fig 1.10b) is the fullerene molecule consisting
of 70 carbon atoms also joined together by single and double bonds forming
25 hexagons and 12 pentagons faces with a carbon atom at the vertices of each

polygon and a bond along each polygon edge.
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Fig. 1.10. Atomic structure of Cg (a) and C,, (b) fullerenes.

In 1990 Huffman and Wolfgang Kratschmer announced a simple method for
producing macroscopic quantities of fullerenes. For this, they were using an electric
arc between two graphite rods in a helium atmosphere to vaporize carbon [26]. Their
technique was fairly acceptable for any laboratory that has caused multitudinous
studies in this sphere. The fullerene’s discovery opens the door for new chapter of
nanoscience and nanotechnology.

Carbon nanotube (CNT) is also an allotrope of carbon (Fig 1.11). Since their
discovery in 1991 [27], carbon nanotubes (CNTs) possess an exceptional interest from
fundamental and practical point of view [28-32]. CNT are chemically stable,
mechanically very strong and electrically conductive supramolecules with a diameter
smaller than 100 nm, and reaching to the micron-sized length. Because of this, they
open up new opportunities for practical application in electronic and photonic devices

[33-36], in composites materials [37-39] to different field of the industry.

Fig. 1.11. Atomic structure of carbon nanotube.
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Ideal CNT can be presented like a fragment of the monolayer of graphite or, in
other words, graphene rolling up to the cylinder or tube form. Generally, carbon
nanotubes can be classified by the number of tubes, length and chirality. In a number
equal to the number of tube, three types of nanotubes can be identified: Single Walled
Carbon Nanotubes (SWCNTs), Double Walled Carbon Nanotubes (DWCNTs) and
Multi Walled Carbon Nanotubes (MWCNTs). SWNTs have only one single layer of
graphene cylinder (Fig. 1.12a), correspondingly DWNTs have two layer of graphene
cylinder (Fig.1.12b) and MWNTs have many layers of graphene cylinder (Fig. 1.12c).

Fig. 1.12. Structure of the Single Walled Carbon Nanotube (a);
Double Walled Carbon Nanotube (b); Multi Walled Carbon Nanotube (c).

Depending on the rolling up direction of 2-dimensional layer of carbon atoms,
SWCNT has different conformations, which are determined by chiral angle 6 and

chiral vector Cy:

0 = arctan (— zﬁ";) , (D
Cp, =nxa; +mxa, , ()

where m, n are the integers; and a; , a, are the unit vectors.

The rolling up of the graphene sheet (Fig. 1.13a) is performed in such a way
that the two points connected by the chiral vector coincide with each other. The
number of possible chiral vectors determined by a combination of the integers m and
n. These integers determine the chirality of CNT, obtained by folding the graphene

sheet along the appropriate vector. “Zigzag” (m # 0, n = 0) and “Armchair”
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(m = n # 0) are two common types of nanotubes based on the manner the graphene
sheet can be folded to form CNT, as shown in Fig 1.13b.

Armchair
Armchair direction

Fig. 1.13. Structure of the 2-dimensional lattice of graphene sheet and its main geometrical
characteristics (a); Zigzag and armchair nanotube’s forms (b).
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2.1. Molecular Modeling Status in Modern Science

Since the mid-1990s, molecular modeling, as one of the most powerful
approaches and methods of computer analysis, has acquired exceptional importance
in physics, biochemistry and nanotechnology research. Accuracy, efficiency, a direct
comparison with experiment and increasing with each passing year computation
capacity make the methods of molecular modeling an indispensable tool in science
and technology. The key to determine the nature of the majority of macroscopic
natural phenomena lies precisely in the knowledge of the laws of the processes taking
place in the atomic and molecular level. Today, the use of methods of molecular
modeling has reached the point at which it is possible to provide a real view of the
processes and mechanisms that occur in physical, chemical and biological systems.
Moreover, molecular modeling is one of the fastest growing fields in science. It can be
described as the employment of computational techniques to construct molecules and
perform a variety of calculations on these molecules in order to predict their chemical
and physical characteristics. Summing it up, molecular modeling allows to determine
the information about the molecule or a system of molecules, such as chemical
structure, number and type of atoms, bonds, bond lengths, angles and dihedral angles;
properties, i.e. molecular energy, bulk, shear, Young’s, stress moduli, Poisson ratio,
elastic constants et etc; and its activity, i.e. chemical reaction with other molecules
such as bond break, bond formation. All this, can help to understand the experimental

observation or predict experimental results.

2.2. Introduction to Molecular Dynamics

As mentioned above, Molecular Dynamics (MD) is one of the most powerful
computational methods, effectively used for the simulation of physical and biological
systems [1]. It allows computing trajectories of individual atoms and the polymer
chains, investigates the dynamics of the interaction of particles in condensed systems
at the molecular level [2, 3]. MD has a high time-space resolution and provides
information about the processes occurring in atomic and molecular level, and at times
of the order of a few nanoseconds [4, 5]. This method is particularly useful for the
study of physical systems and biochemical macromolecules on a scale where quantum
effects are less significant than the electrostatic interactions [6-8]. The first mention of

the Molecular Dynamics method is given in Ref. [9]. Modern development of
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computer technology allows to model the dynamics of molecular systems consisting of
a large number of particles from tens to thousands up to millions, with a large set of
parameters, and a variety of conditions that simulate the physical experiment. For all
those reasons and advantages of this method, we have used it along this thesis.

Firstly, to perform MD simulation it is necessary to prepare the specimen
containing N particles (atoms). In order to describe the motion of atoms or particles
we solve Newton’s equation of motion for this system. Molecular dynamic methods
normally generate atomic trajectories such as atomic positions, velocities. If the
atomic positions and velocities of the individual atoms are known, then the properties
of system can be determined. To compute the atomic trajectories, the interaction
model should be involved. Giving the special condition such as boundary conditions
and necessary ensemble we equilibrate the system until the properties do not change

with time.

Equations of motion and force field potentials

Molecular Dynamics, in its simplified understanding, is based on the well-
known equation of classical mechanics, i.e. the second equation of Newton's law:

a’r(t)
m;a; = Fi or m; ? =

Fi(r),i=12,..,n (D
which determine the relationship of the three quantities {r;, m;, F;} — spatial position or
the radius vector of the atom, mass and force with time. Spatial position
r ={r,1,, ..,1,} determines the topology of the potential molecular field U(r), upon

which the force can be estimated:

Fi(r) = - 52 @)

Ti

Fig. 2.1 illustrates the topology of the potential field. This chart shows the

mutual alignment or the chemical bonds of a system of four atoms.
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Fig. 2.1. Schematic view of chemical bonding of atoms.

Chemical molecule is marked by the presence of the bond stretching of two
atoms, the angle bending of three atoms and the torsion of four atoms. There is also
the participation of non-bonding interactions of Van der Waals, and if atoms have the
charge there are the Coulomb interactions. Thus, through Molecular Dynamics
method, it is possible to effectively simulate a variety of systems, from the simple
atomic and molecular fragments to the most complex integrated systems. From this
perspective the total potential of the system is determinate by summing up the
potential energy associated with all types of interactions. The total potential energy of

a chemical molecule U is composed as follows:

U= Ubonded + Unonbonded’ (3)

Ubonded — Ubond—stretch + Ubond—angle +U torsion

: (4)

Unonbonded — UVanderWaals + UCoulomb ) (5)

where UPomed represents the potential of bonding interaction. More specifically
ybond-stretch (1, is the potential of the bond stretching of two atoms;
ybend-angle () is the potential of the angle bending of three atoms; U ©™"(U,) is
the potential of the torsion of four atoms. U™°"Ponded introduces potential of bonding
interaction, ~ UYenderWaals jg the potential of Van der Waals interactions;

ycoulomb (7 Y is the Coulomb interactions.
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In the above example of system of four atoms one can summarize in
mathematical form of these potentials. The valence link is described by the spring form

as:

1
Uy =5 ) Ky (= bo)? ©)
b

where r is the distance between two atoms, b, is the equilibrium length of bond, and
K,, is the coefficient of bonding stretch.

The valence angles are given by following potential:
1 2
Up =5 ) Ko (0= 00)7, @
0

where Kj is effective elasticity of the valence angle, 6 is the value of valence angle,
and 6, is the equilibrium value of valence angle.

The potential of torsion interactions (harmonic bonding) is presented by the formula:
1
Uy, = EZ Ky [cos(ng — 6) + 1] (8)
@

where Ky is a constant, ng is the multiplicity factor, and § is the harmonic

contribution in the potential of torsion angle.
There are several pair potentials representing the Van der Waals interaction.

One of the most usual formulas is Lennard-Jones potential:

o 12 o 6
)]

where o is the effective atom’s diameter, € is depth parameter, and 7;; is the distance

between atoms.

Buckingham potential can also characterize the Van der Waals interactions:
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Tij C
Upyck = Aexp (— 7]) — 5 (10)

T3
where A is the amplitude, and p is the effective range.
Another example of potential, which describes the Van der Waals interaction is Born—

Mayer—Huggins potential:

c D
Upyy = Aexp [B(o —1)] ——%—— , (11)
ij Tij

where A, B, C,D,c are constant parameters determined empirically or on the basis of
simulative calculations.

Electrostatic interactions are given by Coulomb potential:

qi9;

U 1=
€ Srij

(12)

L]

where q;q; are partial charges on atoms, and ¢ is dielectric constant of a medium .

Some of the potential interactions of atoms are illustrated in Fig. 2.2.

The calculation of coordinates and velocities of the atoms is performed using
the integration algorithm of equations of motion with preset conditions. Thus, the
numerical solution of equations (1) can be found if the positions and velocities of all
particles in the initial moment are known. For that it is enough to present the Taylor

expansion of the coordinates and velocities and use the equation (1):

r;(t + At) = r;(t) + v; () At + %ai(t)At2 (13)

v;i(t + At) = v;(t) + a;(t)At,

Fi. . . .
where q; = —Is acceleration of particle i.

There are various algorithms for solving the equations (1). The Algorithm of

Verlet is the most widely used and simple algorithm [10]:
1
r;(t + At) = r;(t) + v;(t)At + Eai(t)Atz (14)

vi(t + At) = v(t) + 3 [a; () + ay(t + AD)]At
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Knowing the coordinates, velocities and accelerations of the particle at time ¢,
we determine -first- the coordinates at the time (t + At) (fist equation (14)), after that,
through the equation (2), we calculate the acceleration at (t + At) via the already
obtained coordinates. Finally, using the second part of the equation (14), we calculate

the velocities at (t + At).

BOND STRETCHING

ANGLE
BENHNG

Ud

T . b

O
— \

NTERACTION
\/ @ @

Fig. 2.2. Schematic views and graphs of the various potential interactions of atoms.

After the modeling step, it is possible to handle the next steps of Molecular
Dynamics simulation, i.e.:

1. Specification of the initial positions and velocities of the particles.

2. Calculation of the local minimum on the global potential energy of the

system.
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3. Definition the new positions and velocities using one of the algorithms, as
described above.

4. Repetition of the procedures from step 2 until convergence.

Several other examples of the genetic algorithm used to find the minimum
energy structure for the present material are shown below.

The most computationally expensive step utilized to perform the energy
minimization is a Newton-Raphson Method. The potential energy of a system can be
expressed by a Taylor series at the current geometry and the equation for updating the

geometry such as:

E (Xo1a)
Xnew = Xota — E"(Xol )
old

(15)
where X,.,, 1s the value of the geometry at the next step, and X,,;4 is the value of the
geometry at the current step, E is the potential energy.

It 1s important to note that the correction term depends on the first derivate of
the potential energy surface at the current geometry and also on the second derivate of
the surface potential energy. It is necessary to calculate these derivatives at each step,
what makes the Newton-Raphson Method very expensive. Moreover, it is needed the
fewest steps to achieve the minimum in this method.

In the Newton-Raphson Method much of the time is spent in inverting the
Hessian matrix and by virtue of the fact that the changes in the Hessian matrix are
very small for every step and thus it is waste of time. However, in the Broyden-Flether-
Golgfarb-Shanno (BFGS) Method this problem can be avoided. In BFGS Method the
inversion of Hessian matrix is modified suitably at every time step instead of
recalculating the inversion of Hessian matrix. The BFGS algorithm is rated as one of
the most efficient method used in the optimization studies. This method is very
efficient when it is used for smaller system and less number of variables.

The Steepest Descent Method is quite effective when the initial configuration is
far away from the minimum energy configuration. This method depends on the
approximation, and second derivative is assumed to be constant. The equation to

update the geometry becomes as:

Xnew = Xota — ¥ E'(Xo1a) (16)
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where y is a constant.

This method is faster than the Newton-Raphson one, because the gradients at
each point should be calculated without requiring calculation of the second
derivatives. This is called the Steepest Descent Method because the direction in which
the geometry is first minimized is the direction where the gradient is largest at the
initial point. Once the minimum in the first direction is achieved, a second
minimization starts from that point and moves in the steepest remaining direction.
This process continues for so long until a minimum is achieved in all directions to
within a sufficient tolerance.

The Conjugate Gradient Method is based on the aspect that the first portion of the
search takes place in the direction of the largest gradient, like in the Steepest Descent
method. Nevertheless, Conjugate Gradient Method also uses the previous direction in
the next search to present some fluctuation that often upset the Steepest Descend
Method as it moves toward the minimum. The residuals calculated in the Conjugate
Gradient Method are orthogonal to preceding directional search vectors. This aspect
assures of the fresh and independent directional search vector throughout the iteration
process until such time as the residue becomes zero. This allows the method to move
rapidly to the minimum [11].

After the modeling of the system is prepared, we can proceed to the stage of the
MD simulation. Sometimes, while the integration of the equations of motion allows
exploring the constant-energy surface of a system, it is interesting to keep the
temperature and pressure of the system constant during the molecular simulation, to
mimic experimental conditions. In order to accomplish this there are several

ensembles used in MD simulation.

Ensembles

There are various ensembles used for the MD simulation. Let us describe some
of them thereafter.

The NVE ensemble, also named as a microcanonical ensemble, is an ensemble
where the number of particles (N), the energy (E) and the volume (V) of the system are
constants. The NVE ensemble got by resolving Newton's equation without any
temperature and pressure control with conservation of the energy when this ensemble
1s generated. The simulation where the energy is maintained constant is not preferable

for equilibration. This is due to the fact that without the energy flow facilitated by the
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temperature control methods, the desired temperature cannot be attained. At the same
time, for example, if the goal is a study of the constant-energy surface of the
conformational space or for other reasons where we don’t want the perturbation
introduced by temperature and pressure bath coupling, this ensemble can be useful.

The NVT ensemble, also known as a canonical ensemble, is an ensemble where
the number of particles (N), the volume (V) and the temperature (T) of the system are
constants. The ensemble is obtained by controlling the temperature via direct scaling
during the initialization stage and by temperature-bath coupling during the data
collection phase. The volume is kept constant during the simulation. It can be useful to
exploit this ensemble in the cases when conformational searches of molecules are
carried out in vacuum without periodic boundary conditions. The volume, pressure,
and density are not defined without periodic boundary conditions. Dynamics
constant-pressure cannot be performed. Even if periodic boundary conditions are
presented but the pressure is not a significant factor, the NVT ensemble provides the
advantage of less perturbation of the trajectory, via to the absence of coupling to a
pressure bath.

The NPT ensemble also refers to an isothermal-isobaric ensemble. It is an
ensemble where the number of particles (N), the pressure (V) and the temperature (T)
of the system are constants. It stands to reason that, this ensemble allows control over
both the temperature and pressure. The unit cell vectors are allowed to change and the
pressure is arranged by adjusting the volume. This ensemble is used when the correct
pressure, volume, and densities are important during the simulation. It can be also
performed during equilibration to achieve the needful temperature and pressure before

changing to the NVE or NVT ensemble when data collection starts.

Thermostats and Barostats

In the context of a physical or chemical experiment, the samples are often
exposed to some heat treatment or to external pressure. Therefore, modeling should
also be carried out in conditions as close as possible to the realities of experiment. In
the molecular modeling, this role is played by variety algorithms of implementation of
the barostat or thermostat. Thereafter, we present few of them, which are described in
details in Refs. [12, 13].

For the purpose of relaxation (equilibration) of a system in the conditions of the

predetermined external temperature, the molecular system is placed into contact with
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the thermal reservoir (thermostat). Usually, the interaction with the thermostat is

modeled by addition the force of friction:

Qo = Mau(t)v, (17)

where m, is mass of particle, v, is velocity of particle, and u(t) is a coefficient chosen

in such a way that the force provides the change of the system energy according to:

JoE 1
E_EK_EK“) (18)

where E is the energy of isolated system (if there is no interaction with the reservoir it
1s preserving), tg is time of interaction with the reservoir (the time of relaxation of the
system until the temperature of off-site tankage; under normal conditions it is taken in
the range values [0.5, 2] ps), Ex is the kinetic energy of the system setting the
temperature T, and K is a constant equal to the average kinetic energy corresponding
to the temperature of the reservoir Ty. The values of Ex and K are calculated by

following equations:

Ex = ' Mg (va)z (19)

a=1
3

where N is the number of atoms, and kjp is Boltzmann constant.

From equations of motion we will have the following form (a = 1, 2, ..., n):

0 au
3P = "5t u(t)meau, (21)
a
d
my axa = Pa (22)
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b= (o= Y) (23)

2tg \Eg(t)

where p,, is a kinetic momentum of particle, x,, is the atom’s coordinate.

The calculation of trajectories in Molecular Dynamics, through these
equations, is called “weak coupling to an external bath”. This simulation method of
thermal reservoir is also known as Berendsen thermostat method. Berendsen
algorithm is widely used for MD simulation of molecules with a large number of
degrees of freedom, for systems with small number of atoms it does not work. Nose-
Hoover thermostat is another algorithm, which is also widely used in molecular
dynamic simulations. The Nose-Hoover thermostat keeps the energy of the system,
but does not preserve the total momentum, and the Berendsen termostat keep the total
momentum of the system or the total amount of motion but not the energy.

The comparison of the Nose-Hoover thermostat and Berendsen thermostat
clearly shows the similarities, at the same time, a slight difference related to unequal
role of the coefficient of friction. The coefficient of friction in the Nose-Hoover
thermostat contributes as an additional term; while in the Berendsen thermostat, the
coefficient of friction is a speed factor. This small difference in mathematical notation
generates a deep difference in the physical interpretation showing that the Nose-
Hoover thermostat and Berendsen thermostat differently conserve the energy and total
momentum of the system. However, it should be emphasized that in the case of an
1solated system, the total momentum and angular momentum are maintained. In
addition, the total energy is preserved, and the temperature is obtained by averaging

the temperature values T(t) over some interval of time.

Periodic boundary conditions

The main goal of computer molecular modeling is to bring step by step the
system, consisting usually of a large ensemble of particles to thermodynamic
equilibrium (relaxed) state. The calculation of an equilibrium state of the system is the
essence, and at the same time, a huge difficulty faced by computer methods of
molecular analysis. Computer simulations are usually carried out on a moderately
small number of particles, I0<N<10000 [13]. The following diagram (Fig.2.3) shows a
triangle, which represents a dependence of the number of particles N on the relaxation

time t. From this triangle we can see that with an increase of atom’s number the time
45
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interval decreases, i.e. it is harder to achieve a relaxation time with the increasing of
the number of particles in the system. However, from year to year, the necessity to
cover a growing size of molecular system is increased. It’s self-evident that such
simulations cannot be performed by any computer. This problem of limit of simulation

box can be solved by using periodic boundary conditions.

107
106
10°

104

Fig. 2.3. Triangle of dependence of the number of particles N on the relaxation time t.

Fig. 2.4 demonstrates the principle of periodic boundary conditions. If for the
selected atom 1 the distance to the interacting atom 2 would be more than half of the
length of the MD box, then the atom 2 is eliminated, and instead its periodic image 2*

is taken.

- ®

if X>L/2
L v/ * L 1

I T p EK
ys ys ya

Fig. 2.4. Principle of the simulation of periodic boundary conditions.
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Fig. 2.5. Periodic boundary conditions in MD simulation.
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By analogy with Fig. 2.4 given above, Fig. 2.5 shows the periodicity into the
system. If the selected atom leaves the MD simulation box (left or right), it is again
thrown in the opposite direction inside the cell. Thus, the motion of the atoms is

always carried out in a periodic medium, simulated by multiple repetition of the

The second main problem during the simulation is the calculation of long-range
potentials of electrical nature, in particular, when we work with the systems
containing a vast number of atoms. The correct accounting of electrostatic effect of
number of particles equal to N* = NxN, is the central problem in the MD simulation.
Evaluation of the entire spectrum of NxN-interaction for systems containing a large
set of particles can take years, even for a single structure. Therefore, in some cases, the
Coulomb potentials can be calculated, simplifying the task via introducing “cuttof”
radius (Fig. 2.6).
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Fig. 2.6. Introduction of the “cuttof’”’ radius in MD simulation.

This means that only the potential pair for r<r., is considered, where 1., is the
“cut-off” radius represented as blue circle in the Fig. 2.6. The “cut-off” radius should
be sufficiently large to perform the reliability of the potential calculation. Normally the

“cut-off” radius is taken small or equal to half of the length of the MD cell.

2.3. Determination of Energetic, Mechanical, Physical
and Structural Properties

Having obtained the optimized molecular structure, it is then possible to
calculate a wide range of various properties. This includes the energetic, mechanical,
physical and structural properties. The expressions used for the calculation of the

individual properties and their descriptions are briefly described below.

Energetic Properties

Generally, the interfacial bonding energy is the energy difference (AE) between
the total energy of system and the sum of energies of each individual composite in this

system. In our case:

AE = Etotar — (Ecom.l + Ecom.z) ’ (24)
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where E;,tq; 1S the total energy of the system, E,,,, 1 is the energy of the first composite
into the structure, and E.,,, » is the energy of second composite into the structure.
In order to understand the interaction between the components into the

structure the work of adhesion is calculated according to the following equation:

AE
WA = Z, (25)

where AE is an interfacial energy, and A is interfacial contact area (factor 2 takes into

account the presence of two equivalent interfaces).

Mechanical Properties

Many mechanical properties such as Bulk modulus (B), Shear modulus (G),
Young’s modulus (Y) and Plane Stress modulus (M) as well as Poisson’s ratio (v),
Pugh modulus ration, Zener anisotropy factor (A), and two types of acoustic
velocities: longitudinal (V,) and transversal (V) can be calculated to characterize the
structure.

The Bulk and Shear moduli give the information concerning the hardness of a
material during the various types of deformation. There are three different definitions

proposed by Reuss, Voigt and Hill [14]:
1
Byoigt = g(cn + Ca2 +C33 +2%(Cyq +Cy3 + Czs)) ) (26)
-1
BRreuss = (511 + S5 +S33+ 2% (512 +S13 + 523)) ) (27)

1
Gyoigt = = (Ci1 + Caz + C33 + 3% (Caq + Cs5 + Co6) — C12 —Ci3— Cp3),  (28)

15
4(S11 + Sz2 +S33 — S12 — S13 — S23) + 3(Sas + Sss5 + Sgs)

(29)

Breuss =

where Cj; is a elastic tensor, and S;; is a compliance tensor.

The arithmetic mean value of Reuss and Voight averages give the Hill average for

Bulk and Shear moduli correspondingly:

49
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_ BVoigt + BRreuss

Buin = ———, (30)
GVoigt + GRreuss

Gun = ———, (31)

2

Further, the Young’s modulus and Plane Stress modulus [15] for isotropic case

can be calculated relating the Bulk and Shear moduli such as:

9GB
~ G+3B’ (32)
3B+G
M =46 3B+4G ’ (33)

The values of Bulk, Shear, and Young’s moduli give the important information
about the composite. The Bulk modulus specifies the behavior of the material, its
strain under the hydrostatic stress, the change of volume with constant shape. From
the Shear modulus value, one can obtain the information about the strain under shear
or torsional stress, the change of shape with constant volume. Young’s modulus
reflects the strain under the uniaxial or bending stress, that cause the change as to
volume and shape.

Complementary to Young’s modulus, Poisson's ratio refers to constants
characterizing the elastic properties of the material. Poisson's coefficient is the ratio of
the absolute value of the transverse contraction strain to longitudinal extension strain.
Furthermore, it provides more information about the characteristics of the bonding
forces. The value of Poisson's coefficient for a stable, isotropic, linear, and
elastic material goes between —1.0 and 0.5. For the central force of solids, the lower
limit of Poisson’s ratio value is 0.25 and the upper limit of Poisson’s ratio value 0.5
[16]. In the isotropic case, Bulk and Shear moduli can be related to obtain the

Poisson’s ratio via this equation:

_ 3B-2G
~ 2(3B+G)’

(34)
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The ductility of the structures also plays an important role. The material is
considered to be brittle if its Pugh’s ration B/G > 1.75, and it is considered to be
ductile with the Pugh’s ration B/G < 1.75, following the Pugh’s criterion [17].

For the anisotropic cases, it is important to evaluate the anisotropy of the

system from the anisotropy Zener factor A, according to the following equation:

A = 2Cas (35)

C11—C12’

The Zener anisotropy factor shows the degree of anisotropy in solid materials.
The value A equal to 1 for a fully 1sotropic materials. Otherwise, in the case of smaller
factor A (or greater than 1) Zener factor shows the degree of elastic anisotropy.

The elastic wave velocities will also be investigated here. In the propagation of
oscillations, the particles don’t move with the wave, they fluctuate around their
equilibrium positions. Depending on the direction of oscillations of the particles there
are two types of the elastic wave velocities: longitudinal (V,) and transversal (V) wave
velocities. Both of types can propagate in solids and have a great importance for the
evaluation the seismic data. The elastic wave velocities can be calculated relating

Bulk, Shear moduli and the density (p) of the system:

- &
Vi= 7" (36)
Vp — ’463-;33 ’ (37)
Physical Properties

External mechanical forces acting on certain areas of a piezoelectric crystal, can
cause, not only the mechanical stresses and strains, but also electric polarization, and
hence the appearance of surfaces with electrical charges of opposite signs. When the
direction of mechanical forces is in the opposite direction then the direction of
polarization and the sign of charges become opposites. This phenomenon is called the
direct piezoelectric effect. Piezoelectric effect is reversible. When the electric field

exposed to the piezoelectric, mechanical stresses and strains appear. If the direction of
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the electric field is reversed accordingly, the direction of the stress and strain change as
well. This phenomenon is called the inverse piezoelectric effect. The piezoelectric
constants d; are very important. The first subscript 7 of d, showing the direction of
polarization, appear in the material when the electric field equal to zero or else, in the
direction of the applied field strength. The direction of the applied stress or the
induced strain is respectively shown by the second subscript j of d. The value of d is an

important indicator of material validity for strain-dependent exploitation.

Structural Properties

Radial Distribution Function (RDF) is one of the main quantities used in the
study of the various phases of gases, solids and liquids. The mathematical formulation

of the RDF is expressed as follows:

N N
1
pg(r)=N<ZZS[r—rij]> (38)

i j=i

where N is the number of atoms, p is the atomic density equal to N/ p, r;; is the

radius-vector between two atom’s centers i and j, §(r) is delta function of Dirac, and
<...> means average ensemble.

For the distances less than one atomic diameter we have g(r) = 0. For the long
distances in the liquids, the chosen atom doesn’t affect the other atomic locations, i.e.
g(r) =1

Basing on the above formulation of RDF, the main properties and behavior of
the above RDF are known as follows:

- The RDF measures how atoms arrange themselves around other atoms. The
RDF is proportional to the location of two atoms separated by the distance.

- The RDF plays a central role in molecular modeling. It can be obtained
from experiments to determine the structure of the material (X-ray-structural analysis
and neutron diffraction analysis).

- At the small separation of the atoms (short r), the function tends to zero.
This means the achievement of effective distance at which the atoms cannot approach
to each other.

- On the RDF graph it is possible to have the appearance of strongly

pronounced peaks, which indicates how the atoms are grouped around a given atom.
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- The appearance of peaks on the long distance indicates a high degree of
order.

- Typically, at high temperatures the peaks on the RDF graph are wide that
indicate the thermal motion. At the same time, the peaks at low temperatures are
acicular, especially, for the crystal structure materials, where the atoms are strongly
confined at their positions.

- At very large distances any RDF tends to value equal to 1. It means that at

such distances the RDF describes the average density.

53

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017
CHAPTER 2: THEORETICAL BACKGROUND

References

[1] M.P. Allen, D.J. Tildesley, Computer simulation of liquids, Oxford: Clarendon Press, 1989.

[2] F. H. Stillinger, T. A. Weber, Computer simulation of local order in condensed phases of
silicon, Phys. Rev. B 31 (8) (1985) 5262-5271.

[3] S. Thara, S. Itoh, J. Kitakami, Mechanisms of cluster implantation in silicon: A molecular
dynamics study, Phys. Rev. B 58 (16) (1998) 10736—10744.

[4] H. P. Cheng, Cluster-surface collisions : Characteristics of Xess- and C,Si [111] surface
bombardment, J. Chem. Phys. 111 (16) (1999) 7583-7592.

[5] L. Qi, W. L. Young, S. B. Sinnot, Effect of surface reactivity on the nucleation of
hydrocarbon thin film through molecular-cluster beam deposition, Surf. Sci. 426 (1999) 83—
91.

[6] T. Narumi, R. Susukita, T. Ebisuzaki, G. McNiven, B. Elmegreen, Molecular dynamics
machine: Special-purpose computer for molecular dynamics simulations, Molec. Simul. 21
(1999) 401—415.

[7] Z. Pan, Molecular dynamics simulation of slow gold clusters impacting on gold, Nucl. Instr.
Meth. Phys. Res. B 66 (3) (1992) 325-332.

[8] I Qi, S. B. Sinnott, Effect of cluster size on the reactivity of organic molecular clusters:
Atomic simulations, Nucl. Instr. Meth. Phys. Res. B 140 (1-2) (1998) 39—46.

[9] B. J. Alder, T. E. Wainwright, Molecular dynamics by electronic computers, in: Transport
processes in statistical mechanics, Ed. I. Prigogine, New York: Interscience, 1958.

[10] L. Verlet, Computer “experiments” on classical fluids. I. Thermodynamic properties of
Lennard-Jones molecules, Phys. Rev. 159 (1967) 95—103.

[11] J. M. Standard, Energy Minimization Methods, in: Chemistry 380.37, Illinois State
University, 2015.

[12] J. M. Haile, Molecular dynamics simulation. Elementary Methods., United States: Wiley-
Interscience, 1997

[13] M. P. Allen, D. J. Tildesley, Computer Simulation of Liquids, Oxford: Clarendon press,
1987.

[14] J. F. Nye, Physical properties of crystals, Oxford: Oxford University Press, 1957.

[15] E. Masoero, E. Del Gado, R.J.M Pellenq, S. Yip, F.J. Ulm, Nanoscale mechanics of
colloidal C-S-H gels. Soft Matter, 10 (3) (2014) 491—499.

[16] H. Fu, D. Li, F. Peng, T. Gao, X. Cheng, Ab initio calculations of elastic constants and
thermodynamic properties of NiAl under high pressures, Comput. Mater. Sci. 44 (2) (2008)
774-778.

54

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017
CHAPTER 2: THEORETICAL BACKGROUND

[17] S.F. Pugh, Relations between the elastic moduli and the plastic properties of polycrystalline
pure metals, Lond. Edinb. Dubl. Phil. Mag, 45 (1954) 823-843.

55

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017

CHAPTER 3: RESULTS AND DISCUSSIONS

56

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017
CHAPTER 3: RESULTS AND DISCUSSIONS

Because of the remarkable characteristics of carbon nanotubes (CNTs) such as
mechanical, electrical and thermal properties[1-4], it is possible to used them in
different fields of civil engineering materials. CNT nanotubes are widely used
composite materials that are founded on divers matrices [5-10]. A lot of scientists put
to the test to create stronger material, in more detail, polymer-based materials [11-13]
after the Iijima’s discovery of CNTs in 1991 [14]. Then again, many experimental
studies on the cement composite material modified by CNT have been provided too.
As the authors note in their works [15,16] the addition of nanotubes in the concrete
on the cement binder base can raise the mechanical properties to 15-20 %.

Li et al. [16] analyzed the mechanical properties of the cementitious matrice
modified with the chemically functionalized CNTs and remarked that the utilization
of nanotubes give a 19% gain in compressive strength a 25% gain in flexural strength
in the CNT’s amount of 0.5% by weight of cement. Furthermore Makar et al. also
note in their rapports [17,18] that the CNT in concentration 2% by weight of cement
can strengthen cement matrix composites. In agreement with the results that were
summed up, the CNT can influence to the hydration process in the early stages.
According to Konsta-Gdoutous et al. [19] the addition of CNT in amount of 0.08%
per weight of cement affect increasingly to Young’'s modulus and the flexural
strength of the cement paste matrix. Saez de Ibarra et al. using the AFM nano-
indentation technique [20] given notice the mild augmentation in Young’s modulus
for the concrete specimens including Single Wall Carbon Nanotubes (SWCNTs) and
Multi Wall Carbon Nanotubes (MWCNTs). The mechanical properties of cement
matrix with different amount of MWCNTs were studied by Cwirzen et al. [21].
However, incorporation of carbon nanotubes in a cement matrix was not revealed
significant effect on the flexural strength or the compressive strength. Nevertheless,
not so long ago, other scientists showed that the nanotubes may have a reinforcing
effect on the cement matrix with w/c=0.5. Metaxa et al. show the increase of
flexural strength and Young’s modulus of plain cement paste by 25% [22] and at the
same time Shah et al. by 50% [23]. Musso et al. [24] estimated that addition of
MWCNTs in 0.5% by cement mass significant reduce the compressive strength and
flexural strength.

Summing it up, it appears that different authors have the different results on
the mechanical performance of cement materials. It can be explain by the various

choices of type and quantity of CNTs and the different types of cement. Besides, for
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getting comparable results, it is necessary to produce the huge number of
experiments that can be a prerequisite the taking a good deal of time and may be very
expensive. For those reasons, modeling and simulation are meant to be the great help
for the understanding and analyze the performance the cement concretes with CNTs.

Carbon nanotubes affect the nanoscale processes into C-S-H structure on the
molecular level to keep cementitious matrix together [17, 25]. Nonetheless, the
modern experimental characterization techniques are not favorable to investigate
afore cited molecular-scale effects. However, modeling is certainly the helpful tool to
understand profoundly the molecular-scale energetic and structural properties of the
carbon-cement interaction and open the new door in the cement research. In
addition, the simulation method has already been used to investigate C-S-H structure
[26,27], the origin of the cohesion of cement pastes [28], and the interaction of water
and solutes with cement phases [29] what allow us to use this method to study the
composite cement material with carbon nanotubes.

The object of present work is the study at the nanoscale level the interaction
between one of the main calcium silicate hydrate mineral of concrete Tobermorite
11A and carbon nanotube. We focused particularly on the understanding of the
influence different types of CNT on the mechanical and structural properties of the

new composite material.

3.1. Mechanical Properties of Different Types of the
Single Walled Carbon Nanotube

We started our research by the preparation of five different types of Single
Walled Carbon Nanotubes. There are “Zigzag” carbon nanotubes: CNT (3,0) with d
= 2.351 A, CNT (4,0) with d = 3.135 A, and CNT (5,0) with d = 3.919 A; and
“Armchair” carbon nanotubes: CNT (2,2) with d = 2.715 A, and CNT (3,3) with d =
4.073 A. All these nanotubes have the same length equals ~68 A. Tersoff potential
[30] presented in Table 3.1 was adapted for describing the atomic interaction in CNT

structures. The corresponding atomic structures of CNTs are presented in Fig 3.1.
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Table 3.1: Tersoff potential parameters

Botwobody

Atoml  Atom2 A (eV) B (eV) AGRYH (A R(A) S (A)

C core C core 1393.6 346.74 3.4879 2.2119 1.8 2.1
Borepulsive

Atoml  Atom?2 AGRY  AMRYH N u (A
Ccore C core 0 3 0.72751 2.2119
Boattractive theta

Atoml  Atom2 A (A n u (A c D h

C core C core 1.57E-07 3 0.72751 2.2119 38049 4.3484 -0.57058

CNT(2.2):d=27154
0202020202620 20 2020202620 20202

CNT(4,01:d=31354

CNT(33):d=4.0734

Fig. 3.1. Atomic structures of different CNT types.
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We have performed optimization calculation with constant volume during the

Molecular Dynamic (MD) procedure. Calculated mechanical properties of different

types of carbon nanotube are presented in Table 3.2.

Table 3.2: Mechanical properties of different CNT types.

CNT (3,00 CNT(2,2) CNT(5,0) CNT(4,0) CNT(3,3)
Bulk Modulus (TPa) 0.555 0.433 0.33 0.401 0.135
Shear Modulus (TPa) 0.145 0.282 0.08 0.237 0.294
Young's Modulus (TPa) 0.401 0.695 0.222 0.594 0.51
Stress Modulus (TPa) 0.468 0.734 0.261 0.634 0.519
Poisson's ratio (TPa) 0.379 0.233 0.388 0.253 -0.131

Because nowadays there are a sufficient number of studies of the mechanical

properties of SWCNTs, we give here a comparison between our results and some

previous works (Table 3.3). Favorable agreement can be noticed from the Table 3.3.

Table 3.3: Mechanical quantities of CNT, compared to preceding findings.

Method  Structure I‘\(/‘l’:gjl:s (TPa) ';Z:s‘: lus (TPa) Reference
TEM 0.4-4.15 - [31]
TEM 3 1.25 - [32]
MRS ‘g 2.8-3.6 - [33,34]
LT z 0.32-1.47 - [35]
AFM § =1 - [36]
AFM 5" 1.2 - [37]
FE ZU 0.995-1.033 0.25-0.485 [38]
MD L =0.97 =0.5 [39]
MD = ~1 ~0.398 [40]
MD 0.222-0.695 0.08-0.294 Present study
TEM — Transmission Electron Microscopy
MRS — Micro Raman Spectroscopy
TLT — Tensile Loading Test
FE — Finite Element
AFM — Attomic Force Microscopy
MD — Molecular Dynamics
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3.2. Modification of C-S-H structure from inserted
carbon nanotubes: The case of Tobermorite 114 with
0.83 ratio of Ca/Si

3.2.1. Input preparation

The Tobermorite 11A structure is a monoclinic structure with unit cell
dimensions: a =7.39 A, b =22.779 A, ¢ = 6.69 A and o = 90°, p = 123.49°, y = 90°
(the coordinate axis is rotated in the clockwise direction as noted by Hamid [41]).
The space group of this structure is group P,;. In our case, we used thirty
crystallographic unit cells of the Tobermorite 11A to construct a 5 x 2 x 3 supercell
with total atom number of 3420 and Ca/Si ratio of 0.83.

For this study two types of carbon nanotubes were chosen: “Armchair” and
“Zigzag”. We prepared five CNTs of the length ~17 A with different diameters
CNT (3, 0) with d = 2.351 A; CNT (4, 0) with d = 3.135 A; CNT (5, 0) with d =
3.919 A; CNT (2, 2) with d = 2.715 A; and CNT (3, 3) with d = 4.073 A.

It is important to realize that we are considering here the composite material,
where we have the interaction between the CNT and the surface of the Tobermorite
11A, in such a way the prepared nanotubes were incorporated into the hole of C-S-H
(Fig.3.2). Firstly, the vacuum in the structure of C-S-H was created for implement the
insertion nanotube in the structure of Tobermorite 11A. Secondly, we verified the
charge of the system because it is meant to be neutral. To do this, we made one hole

into the C-S-H in order to preserve the neutral charge.

Fig. 3.2. Schematic view of the CNT’s insertion into the hole of C-S-H.
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The bridging silica tetrahedral (encircled in green in Fig. 4) may be absent in
the Drierketten type of silicate chains observed in tobermorite like C-S-H as noticed
by Plassard et al. [42]. Consequently, we can find the less stable silicon atoms in the
silicon chains. The removal of this less stable silicon and interstitial calcium atoms
(encircled in orange in Fig. 3.3) can let then the keep the neutral charge of system. At
the same time the silica tetrahedron geometry transform to silica trigonal pyramidal

geometry.

o 0
o-@ @0
o o]

Keeping the neutral charge of the system
< 3

Fig. 3.3. Transformation of the silica tetrahedron geometry to the silica trigonal
pyramidal geometry keeping the neutral charge of the system C-S-H.

The polarization effect is an important factor in the calculation because the
system 1s an ionic crystal. For this reason, we used the “core-shell model” approach.
In this approach the ions consider such a complex of two point charge “core” and
“shell”. The “core” represent the positively charge nucleus and the “shell” represent
the polarizable valence electrons. In our model all the anions such as lattice oxygen
(O1), oxygen of hydroxyl (O2), and oxygen of water molecule (O3) partition into
“core” and “shell”. The cations in the structure such as Ca, Si, H were considered
only as cores. The potentials of the long range Coulombic interactions are used on
core and shell. All the potentials of short range interactions such as Buckingham
potential, Morse potential, three body potential are applied only on the shell of the
polarizable anions (O1, O2, O3). The interatomic potential energy presents the
interactions between atoms. For obtaining the potential energy of a system we

summed up all different types of interaction that forgather in this system. In our
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study, we selected the parameters of Buckingham, Morse, three body, and spring
potentials [43] to describe the interactions between the atoms in the structure of
Tobermorite 11A. Tersoff potential was adapted for describing the atomic interaction
in CNT’s structure (Table 3.1). Interaction between atoms of the Tobermorite 11A
and the CNTs were calculated as a result of the potential’s parameters [43-45] by
applying Lorentz-Berthelot mixing rules [44]. All potential parameters are given in

Table 3.4.

Table 3.4: Potential parameters for the system Tobermorite/CNTs

Lille 1, 2017

Buckingham potential

Atom1 Type  Atom2 Type  Afev) Rho (A) C6inevV*A6 Remin (A) Remax (A)
Cal Core 01 Shell 1090.4 0.3437 0 0 12
Cal Core 02 Shell 777.27 0.3437 0 0 12
Si Core 01 Shell 1283.9 0.32052 10.66158 0 12
Si Core 02 Shell 983.5 0.32052 10.66158 0 12
01 Shell o1 Shell 22764 0.149 27.879 0 12
o1 Shell 02 Shell 22764 0.149 13.94 0 12
02 Shell 02 Shell 22764 0.149 6.97 0 12
H1 Core o1 Shell 311.97 0.25 0 0 12
H2 Core 03 Shell 396.27 0.25 0 0 12
Ca2 Core 03 Shell 777.27 0.3437 0 0 12
Ca2 Core 01 Shell 1090.4 0.3437 0 0 12
Ca2 Core 02 Shell 1090.4 0.3437 0 0 12
Cal Core 03 Shell 777.27 0.3437 0 0 12
Si Core 03 Shell 983.556 0.32052 10.66158 0 12
H1 Core 03 Shell 311.97 0.25 0 1.2 12
01 Shell 03 Shell 22764 0.149 13.94 0 12
02 Shell 03 Shell 22764 149 6.97 0 12
01 Shell H2 Core 311.97 0.25 0 0 12
02 Shell H2 Core 311.97 0.25 0 0 12
Morse potential
Atom1 Type  Atom2 Type  d(eV) a (A Rho (A) Ruin (A) Rmax (A)
H1 Core 02 Shell 7.0525 3.1749 0.9428 1 1.4
H2 Core 03 Shell 6.203713 2.22003 0.92376 1 1.4
Three body potential
Atom1 Atom?2 Atom3 B (eVrad?) 8 (°) Rmax (1-2) (A) Rmax (1-2) (A) Rmax (1-2) (A)
Si core 01 Shell 01 Shell 2.0972 109.47 1.8 1.8 3.2
Si core O1Shell 02 Shell 2.0972 109.47 1.8 1.8 3.2
03 Shell  H2 Core H2 Core 4.19978 108.69 1.2 1.2 1.8
Lennard Jones potential
Atom1 Type Atom?2 Type A(eVA?) B (evA®) Remin (A) Remax (A)
03 Shell 03 Shell 39344.98 42.15 0 12
C Core Cal Core 106132.3 47.32 0 12
C Core Ca2 Core 106132.3 47.32 0 12
C Core Si Core 65306.42 48.24 0 12
C Core 03 Shell 142340 69.62 0 12
C Core 02 Shell 142340 69.62 0 12
C Core o1 Shell 7346.2 10.05 0 12
Core-shell spring potential
Atom eV A?
01 74.92
02 74.92
03 209.45
63

lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017
CHAPTER 3: RESULTS AND DISCUSSIONS

3.2.2. Effect of the vacuum

There is only few published papers using the molecular dynamics simulation
to study the atomic interaction between the tobermorite mineral and carbon
nanotube. Sanchez at al. [46] studied the interaction between atoms of graphitic
structures and the surface of the C-S-H. The distances of ~4 A were used to model
this interaction. However, this work covers only graphite planes and not the carbon
nanotubes. Eftekhari et al. [47] have found that the interlayer space between the
CNT and C-S-H is ~2.7 A after system’s equilibration. However, their method to
design the system based on the generation a zero-diameter hole and pushing atoms
backwards that is different from the method used by us. Taking all the aforesaid into
consideration, for the first time is important to choose the best distance between
CNT and C-S-H.

Therefore, we calculated the total interaction energy of system C-S-H/CNT
using the various distances of the vacuum between CNT and C-S-H in order to
determine the effect of the vacuum on the molecular mobility of the C-S-H surface’s
atoms in the C-S-H/CNT. We made a choice of the nanotube with the smallest
diameter to have the possibility to test a lot of vacuum’s distances without going
beyond the box size, since the simulation box size of our system is fixed. Thereafter,
the selected distance can be applied to other types of nanotubes such as reported in
Ref. [47], where for different types of nanotubes were found at the same distance
between C-S-H and CNT after equilibration of the system.

Fig. 3.4 shows the position of CNT into C-S-H. Six different distances (1.194;
2.01 A;2.87 A;3.32 A; 3.97 A and 4.59 A) were tested.

S . . E > a=119A
T TP ULEC I : . S 2.01A
@235 /7 ‘ 2.87 A
T XS ‘ 3.32A
e T s 3.97 A
Cae U e A | 4.59 A

=
v

20,07

Fig. 3.4. Schematic view of the CNT’s insertion into the hole of C-S-H with different
distances of the vacuum between CNT and the surface of the tobermorite.

The total interaction energy (AE) between C-S-H and CNT (d = 2.351 A) was
obtained by calculating the energy of the equilibrated system C-S-H/CNT with
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different distances of the vacuum between CNT and the surface of C-S-H. As we

may see from Fig. 3.5, the system is more stable for a width of the vacuum of 2A.

Total energy of system (eV)

-51500

-52000 —
-52500 —
-53000 —
-53500 —
-54000 —
-54500 —
-55000 —
-55500 —

-56000

T
1.0

T

T
1.5

T

T
2.0

T
2.5

T
3.0

T

T
35

T
4.0

T

T
45

5.0

Distance of the vacuum between CNT and the tobermorite’s surface (A)

Fig. 3.5. Total interaction energy of the system C-S-H/CNT with different distance of
the vacuum between CNT and the surface of the Tobermorite 11A.

Snapshots representative of the computational cell before and after

optimization of the system C-S-H/CNT are shown in Fig. 3.6. Before optimization,

CNT was positioned into C-S-H at a distance of 2 A away from each other (Fig.

3.6a). When the system was optimized we can see that these two structures have

moved closer to each other and the atoms of oxygen were attracted to the structure of

CNT with the formation of new morphology nearby the surface of CNT (Fig. 3.6b).

Distance of the vacuum ~ 24

Approach of oxygen atoms to the surface of tobermorite

Fig. 3.6. Snapshots of the system C-S-H/CNT: before optimization (a)
and after optimization (b).
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3.2.3. Interaction energies

The energy calculating of the equilibrated system C-S-H/CNTs (different
diameters) allows to get the total interaction energy (AE) between C-S-H and CNTs
with different diameters. After the calculations we can note a favorable interaction
between C-S-H and CNTs. This is due to the fact that the values of the total energy
are negatives. The total interaction energy depends on CNT’s diameter: the system is

more stable for a CNT diameter of 2.351 A (Fig. 3.7).

-565200
-55250

-55300 i
-56350 i
-55400 ]
-55450 i
-55500 i

-55550
-55600 —

-55650 M

-55700 i l /

55750 =

Total energy of system C-S-H/CNT (eV)

T — 1 r T r T r T
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
Diameter of CNT (A)

Fig. 3.7. Total interaction energy (AE) between C-S-H and CNTs
with different diameters.

3.2.4. Work of adhesion

In order to understand which type of carbon nanotube has the better adhesion
with the C-S-H, we calculate the work of adhesion. To do this, it is important to
understand the contact area between the structures.

The contact area has a cylinder form, as reflected by Fig. 3.8, for this reason
we can consider A as a surface area of the cylinder. However, in the case of nanotube
we have the contact only along the area of the side, and due to this we have
calculated the contact area as a surface area of the cylinder excluding the areas of the

top and the bottom.
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We display in Fig. 3.9 our results of the adhesion’s work, where we see that

the adhesion energy between the CNT and the Tobermorite 11A strongly depends on

the diameter of CNT. We conclude that the nanotube with the smaller diameter has

the best adhesion with the tobermorite. In our case it corresponds to 2.351 A.

Contactarea A = 2niRh

Fig. 3.8. Schematic view of contact area between CNT and C-S-H.

-10 4

12

Negative energy of interface separation (J/m?)

21
28

T T T
3.0 3.2 34 3.6

Diameter of CNT(A)

T T 1
3.8 4.0 42

Fig. 3.9. Adhesion energy between Tobermorite 11A and carbon nanotubes

with different diameters.
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3.2.5. Mechanical properties

Since this is the first work regarding the interaction between different types of
CNT and Tobermorite 11A, we compare-first- our results for Tobermoritel 1A to
previous ab initio data of Shahsavari et al. [48], the molecular dynamics results of

Zaoui [43] and experimental data of Refs. [49-52], which are in favorable agreement

(Table 3.5).

Table 3.5: Mechanical properties of Tobermorite 11A compared to previous MD,
ab initio and experimental calculations.

Bulk Shear Young's Poisson's
Method Material Modulus  Modulus  Modulus , Reference
(GPa) (Gpa)  (GPa) "
MD (this work) Tobermorite  65.5 30.14 78.39 0.3
11A
MD Tobermorite 58 33 111.52 - [43]
11A
ab initio Tobermorite 58 32.56 82.29 - [48]
11A
Experimental Tobermorite 47 - - - [49]
study 14A
Concrete 27.91 18.45 45.35 0.229 [50]
- - 325 - [51]
- 14.01 33.1 0.182 [52]

The obtained values of the bulk, shear, Young’s and plane stress moduli for
Tobermorite 11A with addition of different CNT’s types are presented in Fig. 3.10.
Results show that the diameter of CNT exerts an influence on the values of K, G, Y
and M. From Fig. 3.9 we can see an increase of the bulk modulus according to the
diameter of CNT. The shaded area shows the value of K for the Tobermoritel 1A
without CNTs, therefore we can conclude which system with CNT gives increase of
the value of K. Bulk modulus reached 79.08 GPa (for C-S-H without CNT, it
corresponds to 65.49 GPa) what gives an increase of 20.751 %. Optimal diameter of
CNT used during this determination of bulk modulus was 2.351 A.

Fig. 3.10 shows that we have several cases of increase of G value. The sample
of Tobermorite 11A without CNT gives a value of G equal t030.14 GPa. Shear
modulus reached 42.29 GPa for C-S-H/CNT with CNT’s diameter of 2.351 A; 31.38
GPa (CNT’s diameter 2.715 A); 71.52 GPa (CNT’s diameter 3.919 A); 114.25 GPa
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(CNT’s diameter 4.073A) that gives 40.312%, 4.114%, 137.293%, 279.064% of

increase of the value of G respectively.

Bulk
Modulus (GPa)

Young's Shear
Modulus (GPa)

Modulus (GPa)

Stress
Modulus (GPa)

80 3 i ek
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g’ l L) l Ll l i l ) l 1
22 24 26 28 3.0 42
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Diameter of CNT (A)

Fig. 3.10. Effect of the CNT’s diameter on the Bulk, Shear, Young’s and Plane

Stress moduli of the system C-S-H/CNT.

For the value of Young’s modulus we have also found several cases of

increase compared with the value of Young’s modulus for Tobermorite 11A without
CNT, which is —78.39 GPa. As Fig. 3.9 shows the value of Y achieved 107.68 GPa
(CNT’s diameter 2.351 A); 81.38 GPa (CNT’s diameter 2.715 A); that gives 37.364%

and 3.815% of increase the value of the Y respectively.

For the plane stress modulus we observe the increase only for two cases, for

Tobermorite 11A and CNT with diameter of 2.351A (35.037 % of increase in
reference to Tobermorite 11A without CNT) and for Tobermorite 11A  with

diameter of 4.073 A (51.093 % of increase in reference to Tobermorite 11A without
CNT).
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There are some experimental data for Young’s modulus of cement paste
modified by different type of carbon nanotubes. Konsta-Gdoutos et al. in their work
[19] show 28.82 % raise of the Young’s for the cement paste modified with 0.08 %
MWCNT by weight of cement at the age of 28 days [19]. Danoglidis et al. [53] also
studied the change of Young’s of cement mortar after 28 days of hydration and
noticed the significant increase of Young’s modulus. The improvement of Young’s
modulus was between 42.55 % and 94.326 % versus on concentration of multi-walled
carbon nanotubes (MWCNT). The behavior of the Young’s modulus of ordinary
portland cement pastes modified with different concentrations of MWCNT was
studied by Zou et al. [54]. They also remarked an increase of the Young’s modulus
value. Konsta-Gdoutos et al. [15] studied the Young’s modulus of cement paste
modified by MWCNT, but in their case the carbon nanotubes were having different
lengths. The latter confirms also the possibility of rise of the Young’s modulus. The
comparison between the values of Young’s modulus from experimental data with the
values of the current study (Table 3.6) can be complicated because of different type of
carbon nanotubes involved in each case, as well as different based material (we use
only one of the component of concrete’s structure, i.e. tobermorite). Besides, there
are different methods of preparation of the system C-S-H/CNT. However, despite
these differences, there is noticeably general trend regarding the increase of the
Young's modulus of concrete samples with carbon nanotubes.

It is important to note that if we have the possibility to increase those
parameters, the door for many industrial applications will be open. As regard to our
work, in all cases we can observe increasing values of K, G, Y and M. The most
important point is that in one case we have an increase of all parameters in the same

time. This is the case of C-S-H /CNT with a CN'T’s diameter of 2.351A.
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Table 3.6: Young’s modulus for the C-S-H/CNT system compared to experimental data.

Reference Method Matrix Type of CNT X;:gj:s (GPa)

Present work MD Tobermorite 11A  SWCNT (3,0) 107.68
SWCNT (2,2) 81.38
SWCNT (4,0) 28.45
SWCNT (5,0) 36.57
SWCNT (3,3) 55.98

[19] Experimental study  Cement paste MWCNT (0.08 wt.%) 21.9

[15] MWCNT (0.08 wt.%) 13

[52] Mortar MWCNT (0.08 wt.%) 25
MWQCNT (0.1 wt.%) 27.5
MWQCNT (0.3 wt.%) 21.3
MWQCNT (0.5 wt.%) 20.1

[53] OPC paste MWCNT (0.038wt.%) 18.28
MWCNT (0.075wt.%) 20.84

In the following step, the components of elasticity tensors for all models were
calculated and presented in Table 3.7. It is clear that when CNT is embedded in the
Tobermorite 11A, the monoclinic structure (binary axis 11 Y) will be changed by a
triclinic structure. In all cases, CNT is inserted in the tobermorite in parallel to X
axis, hence the elasticity components can be strengthened in this direction and can be
weakened in other direction. C;; of tobermorite without CNT (Table 3.7) is 153.99;
while the values of tobermorite modified by CNT have higher values, except in the
case of tobermorite with CNT (2,2), where the value is less than that of the specimen
without CNT. Normally, for the other directions C, and C;;, we can see the
enfeeblement of the values compared to the specimen of tobermorite without CNT,
but there are also the samples which exceed the value of the sample without
nanotubes. This can be explained by the different deformation behaviors of nanotube

within the tobermorite.
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Table 3.7: Elastic constants for Tobermorite 11A and Tobermorite 11A
modified by CNT.

Elastic Tobermorite Tobermorite Tobermorite Tobermorite Tobermorite Tobermorite
constants (Ca/Si=0.83) +CNT (3,0) + CNT (2,2) + CNT (4,0) + CNT (5,0) +CNT (3,3)

Cn 153.99 168.1 90.85 167.78 181.99 224.13
Ci 46.15 10.12 1.2 28.37 -145.83 14.86
Cis 45.13 56.29 -62.69 -39.53 52.45 -191.5
Cus 0 -9.88 70.03 13.98 4.17 214.18
Cis 2.29 -20.1 7.41 -13.25 64.06 -102.13
Cis 0 9.74 -4.17 17.35 214.07 -103.19
Cyx 93.29 -10.67 34.39 45.54 284.08 32.28
Cys 28.85 21.54 5.48 -36.32 -33.92 -219.52
Cy 0 -13.15 41.89 321 27.32 163.42
Cys 0.47 -20.28 -1.96 -10.73 -88.08 -110.17
Cy 0 -5.05 -10.32 18.73 -398 -103.19
Cs3 121.46 107.19 -12.17 228.36 132.07 863.88
Csq 0 -2.78 76.39 -63.23 5.68 -498.59
Css 3.77 -20.11 19.4 -13.61 31.13 287.84
Css 0 14.35 8.58 -41.52 98.97 416.93
Cuq 12.62 -8.13 -0.4 12.78 33.79 387.2
Css 0 -9.16 -4.58 13.04 12.16 -199.94
Cus 0.48 10.98 0.68 2.69 -14 -315.82
Css 39.82 29.03 32.36 42.08 64.09 139.78
Css 0 7.23 -2.73 3.95 166.44 171.71
Ces 32 -6.8 -19.59 -7.69 601.38 236.55

Thereafter, we have evaluated the ductility of the present structures. The
material is considered to be brittle if its Pugh’s ration B/G > 1.75, and the material is
considered to be ductile with the Pugh’s ration B/G < 1.75, following the Pugh’s
criterion. The Pugh’s modulus ratio k=B/G for all specimens is reported in Table
3.8. For Tobermorite 11A without CNT the value of k is greater than the critical
value 1.75 that shows the brittle behavior of material. In comparing other samples of
Tobermorite 11A/CNT with Tobermorite 11A, we see that only specimen with CNT
(4.0) have the value greater than tobermorite (3.361 > 2.173). We may conclude here
that this system can be break without significant deformation. At the same time we
may conclude that, if the tobermorite modified with the nanotube which has the
larger diameter such as 3.919 and 4.073 A, the composite acquires a ductile behavior.

Calculated Poisson’s ratio values (Table 3.8) are between —(0.74 and 0.47.
Typical Poisson's ratio for concrete is ~0.2.Noting, that there are the values bigger
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than 0.2, it may be deduced that the interatomic forces in the system
tobermorite/CNT are preferential the central forces. Our study shows that it is

reliable for the samples with small diameters of CNT (from 2.351A to 3.135A).

Table 3.8: Pugh modulus, Poisson’s ratio and Zener anisotropy factor for
Tobermorite 11A and Tobermorite 11A modified by CNT.

Pugh modulus ratio, Poisson's ratio, Zener anisotropy
k=B/G v factor, A
Tobermorite without CNT 2.173 0.3 0.234
I 2.351 1.87 0.273 -0.103
N
- =~
= S 2.715 2.128 0.47 -0.009
S
~—
3 g 3.135 3.361 0.297 0.183
4 o
O g 3.919 0.068 -0.744 0.206
8
Q 4.073 0.065 -0.755 3.7

To calculate the mechanical quantities and to have easy comparison with
experimental data at the micro level, we considered that our system is isotropic, but
at the nano level CNT can change the system for the anisotropic behavior. Thus, we
have evaluated the anisotropy of the systems from the anisotropy Zener factor A.
The calculated Zener anisotropy factors shown in Table 3.8 are lower than 1 (except
tobermorite with CNT (3,3)), which indicates that these systems are anisotropic
materials.

Thereafter, we study the type of CNTs dependence on the elastic wave
velocities such as longitudinal (V,) and transversal (V) wave velocities. We plot the
obtained acoustic velocities values in Fig. 3.11. Insertion of CNT (3.0) increases
weakly the values of V, and V. However, CNT (2,2) and CNT (4,0) promote the
decrease of both acoustic velocities values; while CNT (5,0) and CNT (3,3) linearly
increase the values, and for tobermorite with CNT (5,0) the two curves became

ample closer.
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Fig. 3.11. Variation of transversal V, and longitudinal V, wave velocities with
diameters of CNT.

3.2.6. Piezoelectric effect

The piezoelectric constants of different systems C-S-H/CNT are shown in
Table 3.9. The most important values are dj;, d;3 and d;s. The value of ds;; induced
polarization in direction 3 per unit stress applied in direction 3; d;; induced
polarization in direction 3 per unit shear stress applied along direction 1; d;s induced
polarization in direction 1 per unit shear stress applied in that direction.

Comparing those values for different systems, we may remark that the system
without nanotube have the value 0. The inserting of carbon nanotube changes the
piezoelectric constants. In addition to the diameter of the nanotubes, the nanotube’s
type plays a significant role. In our case, the absolute values of ds;, d;; and d;s for the
CNTs having biggest diameters were greatly increased; whereas for the CNTs having

the smallest diameters the change of the absolute values 1s not as high.
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Table 3.9: Piezoelectric constants for Tobermorite 11A and Tobermorite 11A

modified by CNT.

f;i‘:ifgnc Tobermorite  Tobermorite Tobermorite Tobermorite Tobermorite  Tobermorite
(C/m) (Ca/Si=0.83) +CNT (3,00 +CNT(2,2) +CNT(4,00 +CNT(5,0) +CNT (3,3)

dyy 0 6.41 0.11 -9.86 28.02 -14.97
dyy 0 4.14 1.85 -8.86 -63.01 -7.36
dys 0 3.17 -0.49 26.29 12.65 17.75
dyig 0.1 2.79 -3.33 -1.53 0.08 -15.36
dys 0 -0.41 0.89 -1.72 24.95 5.58
dys 0.41 -0.12 3.59 -5.39 86.11 14.94
dy; -1.12 9.94 -21.31 11.11 4.66 -12.62
dy, 2.67 1.65 -5.78 3.27 -19.97 -30.72
dys 2.52 8.08 -26.39 -18 1.74 44.29
dys 0 291 16.79 5.94 1.95 -29.9
dys 1.67 -3.39 9.78 -1.2 15.77 20
dy 0 -1.58 1.77 3.95 19.75 27.36
ds; 0 -5.84 -6.06 1.52 -38.97 -9.99
ds, 0 -1.94 0.01 0.56 95.13 -13.89
ds3 0 -5.21 -2.22 -18.6 -14.91 -1.83
da4 -0.11 2.37 1.87 7.34 2.35 2.32
dss 0 0.96 2.42 0.42 -35.48 -0.39
dsg 1.11 -1.05 -0.38 6.2 -134.75 3.11

3.2.7. Conclusion

In this part, the concept of different types of CNTs and their possibility of

incorporating into the Tobermorite 11A structure has been studied. We have shown

the necessary distance of vacuum between the Tobermorite 11A and CNT, which

equals to ~2 A. This distance let change morphology of the structure of C-S-H in

response to the creating the new formation around the nanotube, which gives the

perspective to have new performance of concrete from the incorporation of CNT.

Additionally, some promising results of the mechanical properties of C-S-H

reinforced with this type of CNT have been investigated. Modification of the
Tobermorite 11A by the CNT (3,0) with a diameter of 2.351A increases all the

mechanical parameters such as bulk modulus, shear modulus, plane stress and

modulus Young’s modulus at the same time and also gives the best adhesion

between the structure of C-S-H and CNT’s structure.

75

lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017
CHAPTER 3: RESULTS AND DISCUSSIONS

Besides, it is note that some nanotubes can change the behavior of composite
from brittle to ductile, and more precisely, the CNTs with the bigger diameters such
as 3.319 A and 4.073 A.

Despite the fact that at macro level the cement composite with CNTs may be
considered as an isotropic material, it is in fact anisotropic at nanoscale level. Our
study provided the exact values of the anisotropy for the concrete modified with
carbon nanotubes.

In summary, it can be noted that the nanotubes are an excellent example of
improving the mechanical properties of cement concrete. Present work allows
selecting a specific type of nanotubes, depending on parameter which we want

improving.

3.3. Density effect of Carbon Nanotubes in the
Cementitious Composites. Case of Tobermorite 114 with
Ca/ Si ratio of 0.83

3.3.1. Input preparation

In present work six different models, shown in Figure 3.12, have been applied
to calculate the effect of the CNT’s density into the concrete. We have used the
Tobermorite 11A developed by Hamid [43] to represent the compounding ingredient
of the concrete. Classified under the space group P21, the Tobermorite 11A structure
is a monoclinic structure with unit cell dimensions: a =7.39 A, b = 22.779 A, ¢ =
6.69 A and a = 90°, p = 123.49°, y = 90°. In our case, 105 crystallographic unit cells
of the Tobermorite 11A repeats to construct a 5 x 3 x 7 supercell (a =36.95 A, b =
68.34 A, ¢ = 46.83 A) with a total atom number of 7770.
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Fig. 3.12. Schematic view of the different types of CNT’s inserted into
the Tobermorite 11A.

The same method to create the hole allowing the inserting CNTs into the
tobermorite structure, and the same force field used in the abovementioned

paragraph, were adapted for the present part.

3.3.2. Structural optimization

The checking procedure of the system stability is the task of prime
importance. Thus, having determined the internal energy of the system it is possible
estimate the total energy of the system. The negative value of the total energy can
signify about favorable interaction between the components of the system.

The total energy variation versus the number of CNT in the system
CNTs/tobermorite is shown in Fig. 3.13. Since each model has different number of
atoms, we have also considered the total energy per atom. We may see that we have

the same tendency in both cases. Some way or other, calculations show a favorable
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interaction between Tobermorite 11A and CNTs as indicated by the negative values

of the total energies.
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Fig. 3.13. Total interaction energy and total energy per atom of the system
C-S-H/CNT with different number CNT inserted into the Tobermorite 11A.

Number of CNTs incorporated into the Tobermorite

3.3.3. Calculation of mechanical properties

Having determined the optimized structure for each model of the system

tobermorite/CNT, it is possible to calculate the various physical properties. In our

study we evaluate the mechanical properties such as the bulk modulus (B), shear

modulus (G), Young’s modulus (Y) and the Poisson’s ratio. In order to investigate

the mechanical properties of Tobermorite 11A with different number of CNTs we

undertake different simulations with constant volume optimization.

Figure 3.14 shows the obtained mechanical properties of the system C-H-
S/CNT. Results show that the CNT’s number inserted into the Tobermorite 11A

affect the values of K, G, Y. Shear modulus and Young’s Modulus reached the best
values of 59 GPa and 133.79 GPa respectively when we insert 6 CNTs. The shear,

Young’s and bulk Modulus seem to increase rapidly with quantity of CNTs between

2 and 6, relatively stable between 6 and 9, and decrease slightly from 9.
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Fig. 3.14. Effect of the CN'T’s number on the Bulk, Shear and Young’s modulus

of the system C-H-S/CNT.

The obtained Poisson’s ratio v is presented in Table 3.10. Calculated Poisson’s

ratio values are between -0.13 and 0.3. Typical Poisson's ratio for concrete is 0.2.

These results show that the concentration of nanotubes affects on the behavior of the

composite. For example, when Tobermorite 11A is modified by the nanotubes with a

quantity between 2 to 9, we have the elastic behavior of the composite; when the

quantity of the nanotubes is from 10 to 15 the material becomes more brittle.

Table 3.10: Poisson’s ratio values of the systems tobermorite/CNTs.

Poisson’s ratio

Number of CNTs incorporated into the tobermorite

2 3 6 9 10 15

0.27 0.5 0.13 0.3 -0.13 0.09

From the previous works, we can note that the concentration of nanotubes in

the cement matrix was varying from 0.5 to 2% by weigh of cement [16, 18, 20, 21,

79

lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017
CHAPTER 3: RESULTS AND DISCUSSIONS

55]. Regarding the experimental works, it is important to keep in mind that the
cement is formed by different components. In such a manner, scientists in their
experimental investigations have calculated the percentage of CNT by weight of
cement (summation of all components of cement). It is important to note that in our
simulation work we have only one component, i.e. Tobermorite 11A, to represent
the cement.

At atomic level it is possible to calculate the mass of structures. It is well
known that one atomic mass unit equals to 1/12 x mass of one “C atom. Thus,
atomic mass is the relative atomic mass of an atom with respect to 1/12" of the mass
of carbon™ atom. It is found that, the actual atomic mass of a carbon™* atom is equal

to 1.9926 X 10*°kg. Therefore, atomic mass unit is given as:
1 amu = 1.9926 x 10?°/12 = 1.6605 x 10" kg (1)
The absolute mass of atom can be calculate from the following equation:
Mabsotute= Melative™ MU )

There are five different type of atoms in our system: tobermorite/CNT and
knowing those relative mass from the Periodic Table we may calculate the absolute

mass of each other:

m(Ca)= 40.08*1.661 x 10% kg = 66.57288 x 10?" kg
m(Si)= 28.086*1.661 x 107" kg = 46.650846 x 107" kg
m(H)= 1.00797*1.661 x 10% kg = 1.67423817 x 10% kg
m(0)= 15.9994%1.661 x 10%" kg = 26.5750034 x 10?" kg
m(C)= 12.001115%1.661 x 10% kg = 19.95052015 x 10?" kg

The total number of each atom is presented in Table 3.11 and the results of
mass calculation and percentage of CNT by weight of Tobermorite 11A are

presented in Table 3.12.
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: Number of atoms in the systems tobermorite/CNTSs.

Total atoms number
of CNT/tobermorite
system

Total atoms number
of tobermorite

Number of Ca atoms
Number of Si atoms
Number of H atoms

Number of O atoms

Total atoms number
of CNT (number of C
atoms)

Number of CNTs incorporated into the tobermorite

2 3 6 9 10 15
11886 11796 11702 11568 11441 11370
11790 11652 11414 11136 10961 10650
1030 1014 978 942 927 900
1236 1218 1192 1158 1132 1086
1260 1260 1260 1260 1260 1260
8264 8160 7984 7776 7642 7404
96 144 288 432 480 720

Table 3.12: Absolute atomic mass of the structures and percentage of CNT
by weight of Tobermorite 11A.

Absolute atomic
mass of CNT (kg)

Number of CNTs incorporated into the tobermorite

3

6

9

10

15

Absolute atomic
mass of
tobermorite (kg)

Percentage of
CNT by weight of
tobermorite (%)

347955.9*E-27

1915.2*10-27

0.5504

343287.2*E-27

2872.9*E-27

0.83687

335000.4*E-27

5745.8*E-27

1.7151

325490.1*E-27

8618.6*E-27

2.648

319717.5*E-27

9576.2*E-27

2.995

309449.3*E-27

14364.4*E-27

4.642

To the best of our knowledge, no published report is available on molecular

81

dynamics study of the CNT’s density effect in the C-S-H. Therefore the comparison
of the values of Young’s modulus from experimental data with the values from the
current study (Table 3.13) could be complicated because of the different type of
carbon nanotubes, as well as different based material. As mentioned above, we used
only one of the component of concrete’s structure, i.e. tobermorite. In addition, there

are different methods of preparation the system C-S-H/CNT. However, despite these
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differences we obtain values of Young’s modulus, which compare well for instance

to those extracted from RVE Methods [56].

Table 3.13: Young’s modulus for the C-S-H/CNT system compared to

experimental data.

Reference  Method Matrix Type of CNT Young's Modulus (GPa)
Svrsff”t MD Tobermorite 11A  SWCNT (0.55 wt.%)  12.49
SWCNT (0.84 wt.%)  55.16
SWCNT (171 wt.%)  133.79
SWCNT (2.65 wt.%)  84.88
SWCNT (2.99 wt.%)  86.42
SWCNT (4.64 wt.%)  92.32
[56] :{;;“me”ca' Cement model SWCNT (0.09 wt.%)  20.34
SWCNT (0.22 wt.%)  23.72
SWCNT (0.42 wt.%)  40.73
SWCNT (0.72 wt.%)  63.64
SWCNT (1.2 wt.%) 92.28
[19] Etxup;;'me"ta' Cement paste MWCNT (0.08 wt.%)  21.9
[15] MWCNT (0.08 wt.%) 13
[53] Mortar MWCNT (0.08 wt.%) 25
MWCNT (0.1 wt.%)  27.5
MWCNT (0.3 wt.%)  21.3
MWCNT (0.5 wt.%)  20.1
[54] OPC paste MWCNT (0.038wt.%) 18.28
MWCNT (0.075wt.%)  20.84

3.3.4. Conclusion

Different models representing the concrete modified by CNTs were
constructed to investigate the density effect of carbon nanotubes in the cementitious
composites. Molecular dynamics method based on energy minimization was used to
analyze the stability of the system including the Tobermorite 11A with CNTs. The
present study focused mainly on the evaluation of the mechanical properties of the
composites. Optimal concentration of CNT was fixed. For example, the best Shear
modulus and Young’s Modulus were achieved with the CNT’s concentration 1.7 %

per weight of Tobermorite 11A, and the best Bulk modulus for 2.6 % per weight of
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Tobermorite 11A. In addition, the Poisson’s ratio has also been evaluated. The
values of the Poisson’s ratio were confirmatory factor showing a dependence the
material properties on the concentration of nanotubes introduced into this material,
which showed the best concentration range where material increase its mechanical

properties.

3.4. Modification of C-S-H Structure from Inserted
Carbon Nanotubes: Effect the density of Nanotubes in the
case of Tobermorite 114 with Ca/Si ratio of 1

3.4.1. Input preparation

For this study two types of carbon nanotubes were chosen: “Armchair” and
“Zigzag”. We prepared five CNTs of the length ~17 A with different diameters
CNT (3, 0) with d = 2.351 A; CNT (4, 0) with d = 3.135 A; CNT (5, 0) with d =
3.919 A; CNT (2, 2) with d = 2.715 A; and CNT (3, 3) with d = 4.073 A.

The C-S-H gel structure revealed the poorly crystallized regions having a
resemblance to the structures such as tobermorite and jennite. The most used model
to present the structure of C-S-H gel is Tobermorite 11A. One of the most important
factors in presenting a realistic molecular model of tobermorite is Ca/Si ratio. The
best known Ca/Si ratios for Tobermorite 11A are 0.66; 0.83 and 1 [57]. This
variation depends on the age of cement pastes and the water/cement ratio. In the
present study we used the Hamid’s model of Tobermorite 11A [41] with Ca/Si ratio
of 1, which is presented in Fig. 2. In this model (Fig. 3.15) the silicate chains repeats
at intervals of three tetrahedra forming a Drierketten type of structure where, on the
one side, the silica tetrahedra connected to only one silica tetrahedra Q' and, the

other side, with two other silica tetrahedral Q.
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Non liable Calcium atoms

Fig.3.15. Model of Tobermorite 11A with Ca/Si ratio of 1.

In this part of work, we used 30 and 105 crystallographic units to create a 5 x

2 x 3 and 5 x 3 x 7 supercells respectively for two main sized model of different

study’s purposes. In order to create the system tobermorite/CNT we inserted the

carbon nanotube into the structure of the Tobermorite 11A (Fig. 3.16). The hole in

the structure of tobermorite was created keeping the neutral charge of the system. We

apllied the same conditions and force field like in the previous parts.
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Fig. 3.16. Schematic view of the production line to system tobermorite/CNT.

3.4.2. Inter-structural interaction energy

In the first instance, it is important to know which type of CNT will be the

best to modify Tobermorite 11A with the ratio Ca/Si=1. At the same time it is

necessary to understand the needful distance of vacuum between these examined

structures. According to the previous study in this work, we have used the same

distance between CNT and tobermorite, i.e. 2 A.
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The first task was to find the minimum energy structure for the present
composite rather to find the local minimum on the global potential energy surface
when the initial coordinates are in close proximity. The volume constant
optimization was used during the simulation procedure. As presented in Fig. 3.17 the
total interaction energy (A E) between the surface of Tobermorite 11A and CNT with
different diameters shows the beneficial effect on interaction between tobermorite
and CNTs presented by negative values of total energy. The maximal value in
absolute magnitude (encircled in red on Fig. 3.17) demonstrates the best inner

structural affinity. In our case it is “Armchair” CNT (2, 2) with diameter equal to

2.715 A.
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Fig. 3.17. Total interaction energy between tobermorite and CNT
with different diameters.

3.4.3. Interfacial bonding energy and work of separation

Having information about the interaction between structure of CNT and
structure of the tobermorite we estimated the work of separation between these two
structures. The concept of interfacial bonding energy is used to describe the quantity
of energy required to separate the structures hardly.

Analyzing the results plotted in Fig. 3.18 for given models on all occasions we
can note the attractive forces between the present structures because of the negatives
values of AE.
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Fig. 3.18. The interfacial bonding energy of system tobermorite/CNT.

From the obtained values of AE and contact area A, we have calculated the

work of separation and presented the results in Fig.3.19.

Work of separation between Tobermorlte and CNT (J/m2)

Fig.3.19.
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The effect of CNT’s diameter on the work of separation between the structures

of tobermorite and CNT.
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The obtained results show that the type of carbon nanotube affects the work of
separation between Tobermorite 11A structure and nanotube’s structure. Inference
should be drawn that “Armchair” carbon nanotube with diameter of 2.715 A have

the best adhesion with surface of Tobermorite 11A.

3.4.4. Mechanical properties

The various mechanical properties were estimated to describe the influence of
the different carbon nanotube’s types on the C-S-H gel. To give the information
about the behavior of the composite under various stress conditions, the bulk, shear,

Young’s and plane stress moduli were calculated.
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Fig. 3.20. Effect of CNT’s type on the mechanical properties of
the system C-S-H/CNT.

The obtained results of bulk, shear, Young’s and plane stress moduli for the
C-H-S modified with different types of CNT are introduced in the Fig. 3.20. On the
graphs, the dash-and-dot line demonstrates the values of bulk, shear, Young’s and
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plane stress moduli for Tobermorite 11A without CNT. It may be noted that the
different types of CNT have different effects on the values of corresponding moduli.
Thus, all of the moduli, except the bulk modulus have raised their values with
modification the Tobermorite 11A by CNT (2, 2) with diameter of 2.715 A. At this
rate, the shear modulus reached 34.95 GPa that gives an increase of 17.3 %, Young’s
modulus reached 89.72 GPa that gives an increase of 13.8 % and the plane stress
modulus reached 97.56 GPa that gives an increase of 10.8 % in comparison with the
sample without CNT. However, the increasing of bulk modulus, which equals 9.4 %
was obtained by modification the tobermorite by CNT (4, 0) with diameter of 3.135
A.

Poisson's ratio characterizes the ability of a material to resist of the lateral
deformation. Fig. 3.21a shows that the control simple without CNT has the Poisson's
ratio of 0.32. The samples modified with CNT (3, 0), CNT (4, 0) and CNT (3, 3)
amplify the Poisson's ratio value. In these circumstances we can see the rise of

interaction atomic force.
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Fig. 3.21. Effect of CNT’s type on Poisson’s ratio (a) and Pugh’s ratio (b) of
the system C-S-H/CNT.

Pugh’s ratio, which reflects the ductility of the structure was also calculated.
From Fig. 3.21b we can see that the samples modified with CNT (2, 2) and CNT (5,
0) clearly reduce the weakness of the composite.

All the above listed properties have been calculated and compared with
experimental data in consideration of isotropic behavior of the models. At the nano

level, CNTs inserted into cement matrix give the anisotropic behavior for the
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composite. The following properties such as anisotropic Zener factor and the elastic
wave velocities were calculated based on the anisotropic behavior of the system.

As a first step, the components of elasticity tensors for all present models were
investigated (Table 3.14). The insertion of CNT in the structure of Tobermorite 11A
changes the monoclinic structure of tobermorite to the triclinic structure. The CNT
was inserted to the structure of tobermorite in the direction parallel to X axis,
consequently the elasticity components in this direction can be changes more
significantly than in the other direction. From Table 3.14 we may see that C;; of the
specimen with CNT (4,0) have the value of 183.41 GPa; while the value of
tobermorite without CNT 1is 177.95 GPa. This suggests that in this direction the
structure was strengthened. However, the modification by other types of CNT didn’t
give this effect. Regarding the components C,;, and Cs; we can note the weakening of

these components in most cases of specimen with nanotubes.

Table 3.14: Components of elasticity tensors of Tobermorite 11A and model

tobermorite/CNT.

Elastic Tobermorite Tobermorite Tobermorite Tobermorite Tobermorite Tobermorite
constants (Ca/Si=1) +CNT (3,0) +CNT (2,2) +CNT (4,0) +CNT (5,0) +CNT (3,3)

Cut 177.95 153.46 165.81 183.41 156.17 147.54
Ci 53.87 55.44 42.7 51.57 19.99 41.89
Ci3 57.83 70.92 47.31 74.96 22.59 51.99
Cu 0 0.25 -1.54 -4.99 -12.32 -1.55
Cis -5.2 19.88 -3.02 -2.28 21.25 6.87
Cis 0 22.15 -2.08 12.58 -0.55 6.30
Cx 121.06 131.40 97.94 86.71 56.59 88.03
Cas 36.37 78.02 29.25 62.28 18.86 53.45
Cos 0 -7.48 4.63 -7.43 -11.96 -2.39
Cys -1.91 50.08 -0.52 4.35 9.08 19.31
Ca 0 50.19 0.59 8.62 11.31 39.06
Cs3 149.35 137.58 141.8 168 106.23 147.79
Css 0 -18.27 -0.69 -7.81 -14.10 6.97
Css -7 31.00 -4.97 -7.47 -20.55 -1.8
Cs 0 55.25 0.74 19.23 13.26 13.7
Cu4 22.03 3.57 21.4 4.63 9.66 0.07
Cus 0 -2.61 -1.8 1.15 -7.58 5.33
Cue -0.08 -9.06 -0.39 -1.89 -5.92 -2.7
Css 42.57 46.97 34.51 38.99 48.03 27.76
Cse 0 33.66 -0.38 -3.53 -0.45 1.6
Ces 36.71 62.85 33.33 -10.35 12.72 19.98
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After that, we were able to examine the anisotropy of the structures.
Anisotropy means that the distance between the atoms and the bonding strength of
atoms are different into the crystal structure. The symmetry of the crystal is lower
when the anisotropy of the structure is greater. The obtained results of Zener
anisotropy factors are shown in Table 3.15. In all cases the values are lower than 1,

what clearly indicates the anisotropy of these systems.

Table 3.15: Zener anisotropy factor and elastic wave velocities of Tobermorite 11A
and models tobermorite/CNT

Zener anisotropy Longitudinal wave Transversal wave
factor A velocity Vs, Km/s velocity Vp, Km/s
Tobermorite without CNT 0.355 3.098 6.055

’E 2.351 0.073 2.494 5.162
% % 2.715 0.073 3.377 6.143
T 5 3.135 0.07 2.63 5.974
8: E 3.919 0.142 2.601 4.574
3 4.073 0.001 1.922 3.99

We presented the obtained acoustic velocities values in Fig. 3.15. Insertion of
CNT (2.2) increases greatly the values of V, and V,. However, with increase of the

CNT’s the values of both elastic waves spiral down.

3.4.5. Piezoelectric effect

The piezoelectric constants of Tobermorite 11A and models
tobermorite/CNT are shown in Table 3.16. From the analysis of the results one can
remark that the system without nanotube have the value of 0 for ds;, d;; and d;s. The
incorporation of carbon nanotube into the tobermorite’s structure changes the
piezoelectric constants. The diameter of the nanotubes plays a prominent role. In our
case, the speciments of Tobermorite 11A modified by “Zigzag” CNT types have the

most higher absolute values of d;;, d;; and ds.
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Table 3.16: Piezoelectric constants of Tobermorite 11A and models of tobermorite/CNT.

:‘:;z;zl:;tric }'g:/esr}morite Tobermorite  Tobermorite Tobermorite Tobermorite Tobermorite
(C/mz) =0.83) + CNT (3,0) +CNT (2,2) + CNT (4,0) + CNT (5,0) +CNT (3,3)
dyg 0 -3.58 -1.06 -2.84 -4.29 1.3
di, 0 -12.3 -0.38 -3.09 -9.81 -5.33
dis 0 -16.76 2.19 -5.41 -13.84 -0.15
dis -0.21 -1.49 -0.16 -0.27 -1.81 -0.45
dis 0 -15.41 -1.18 -0.19 2.56 -1.28
dyg 0.01 -13.72 -1.14 2.5 1.35 8.74
dy 3.37 0.93 -0.14 9.79 5.58 6.09
dy, 0.25 -0.84 -0.96 4.04 0.79 6.05
dy3 -1.36 8.07 1.1 13.68 6.55 8.33
das 0 0.69 0.36 -2.33 -2.14 -1.47
dys -1.55 4.93 -0.53 1.08 5.95 0.34
dye 0 1.91 -0.59 6.82 3.88 -1.64
da; 0 7.06 1.74 0.46 -2.63 1.15
ds; 0 18.04 -0.03 0.84 -2.67 3.42
ds3 0 20.51 1.45 2.59 -3.37 -0.83
da4 -0.38 -0.92 -0.53 -0.48 -2.12 0.88
dss 0 15.31 0.31 -0.46 0.75 -1.99
dse 0.73 18.34 -0.3 -2.98 -1.17 -0.15

3.4.6. Study of the Tobermorite 114 modification by “Armchair”

carbon nanotube (2,2)

The results mentioned above give the reason to investigate mechanical

properties of Tobermorite 11A structure modified by carbon nanotube (2,2) with

diameter 2.715 A.

Previously it has been shown that the distance between the structure of carbon

nanotube and the tobermorite’s surface is suppositional. In present work we have
tested various distances of the vacuum between CNT and Tobermorite 11A in order
to the have the best mechanical properties of the composite. From there, we
constructed various models of tobermorite modified by CNT with different vacuum’s
distance between these two structures. It was possible to create other different
distances of vacuum a far cry from 2 keeping the neutral charge of the system. The

distances 1.16 A; 2.48 A; 2.69 A; 3.44 A; 3.79 and 4.4 A were tested. The influence
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of the spacing of vacuum between tobemorite and CNT to the total energy of system
is plotted in Fig. 3.22. As seen from the figure, with the increase of the vacuum’s
distance between CNT and tobermorite the interaction between these structures
decreases significantly. If the distance is too small, the interaction between structures

is quite weak. The results confirmed once more that the best distance of vacuum is 2
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Fig. 3.22. Effect of vacuum’s distance between CNT and Tobermorite 11A surface on
the total energy of the system tobermorite/CNT.

After that, the main mechanical properties such as bulk, shear and Young’s
moduli were investigated. Fig. 3.23 shows that the linear fit of all moduli decreases
with increasing of CNT’s diameters. By such manners the highest value of bulk
modulus was found under 1.165 A distance of vacuum. In the meantime the highest

values of shear and Young’s Moduli were found under the 2 A of vacuum.
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Fig. 3.23. Effect of distance of vacuum between the surfaces CNT and Tobermorite 11A
on the mechanical properties of the system C-S-H/CNT.

3.4.7. The density effect of CNTs

The preceding results were obtained for Tobermorite 11A modified with one
carbon nanotube. However, in the real conditions it is necessary to know the
quantity of CNTs inserted into cement matrix. We present thereafter the
investigation of the density effect of carbon nanotubes. Six diverse models displayed
in the Fig. 3.12 were prepared. In all the models we used the carbon nanotube (2,2)
with diameter 2.175 A.

Firstly, we checked the stability of the composites by calculating the total
energy for each model. Also we calculated the total energy per atom forasmuch the
models have the different number of atoms. In Fig. 3.24 one can see the negative
values of the total energy, what means the favorable interaction of CNT’s atoms and

tobermorite’s atoms.

93

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anna Lushnikova, Lille 1, 2017
CHAPTER 3: RESULTS AND DISCUSSIONS

— 17 -
< 175000
3 - o 84 .
] ~
E -180000 i-.lu. v
Q_, 3 RLTH o
% 185000 ] E —
e 3 ] .
E T 7.6 -
8 190000 el :
|_ 2 4 ] ] 0 12 14 1%
E i Number of CNTs & P d into the Tob rits
@ /.
3 -195000 - .
Y
(o]
> -200000 - u
o
7] b /
C
G 205000 .
! "
S
-21 0000 L l L l T l T [ T l L) 'l Ll 'l Ll l
0 2 4 6 8 10 12 14 16

Number of CNTs incorporated into the structure of Tobermorite

Fig. 3.24. Effect of the number of CNT incorporated into the structure of tobermorite on
the total energy.

The concentration of CNTs by weight of cement was calculated at the atomic
level using the atomic mass. Table 3.17 summarizes the weight percent concentration

of CNTs corresponding to the number of CNT incorporated into tobermorite.

Table 3.17: Weight percent of CNT concentration corresponding to the number of CNT
incorporated into the Tobermorite 11A.

Number of CNTs incorporated into the Tobermorite 11A

Weight

percent 0.62 0.93 1.92 2.97 331 5.2
concentration

of CNTs (%)

In the following, the mechanical properties were estimated. Fig. 3.25 shows
the obtained mechanical properties of the Tobermorite 11A modified by different
concentrations of CNTs. Results show that the CNT’s quantity inserted into the
Tobermorite 11A affects the values of bulk, shear and Young’s moduli. Bulk, shear
and Young’s moduli attain the best values of 62.71 GPa, 49.28 GPa and 117.16 GPa
respectively during the CN'T’s modification of 5,2 % by weight of tobermorite.
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Fig. 3.25. Effect of the CNT’s concentration on the mechanical properties of system
tobermorite/CNT.

To the best of our knowledge, there is no published work available on
molecular dynamics study of density effect of CNTs into the structure of Tobermorite
11A. On the assumption of this fact, we compared our results with the experimental
works. It is important to notice that cement composite is formed by different
components. For the foregoing reasons, in the experimental investigations the
percentage of CNT by weight of cement was calculated taking into account the
summation of all components of cement. In addition, it is critical to underline here
that different type of carbon nanotubes influence the final results. Despite these facts
we demonstrated the favorable agreement between the experimental values of

Young’s modulus and those obtained in the present study (Table 3.18).
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Table 3.18: Young’s Modulus of the system tobermorite/CNT compared to previous

experimental data.

Reference Method Matrix Type of CNT X;::Z:s (GPa)
Present work MD Tobermorite 11A SWCNT (0.6 wt.%) 41

SWCNT (0.9 wt.%) 21.29

SWCNT (1.9wt.%) 69.17

SWCNT (2.9 wt.%) 58

SWCNT (3.3 wt.%) 79.01
SWCNT (5.2 wt.%) 92.32
[20] RVE numerical study Cement model SWCNT (0.09 wt.%) 20.34
SWCNT (0.22 wt.%) 23.72
SWCNT (0.42 wt.%) 40.73
SWCNT (0.72 wt.%) 63.64
SWCNT (1.2 wt.%) 92.28
[18] Experimental study Cement paste MWCNT (0.08 wt.%) 21.9
[35] MWCNT (0.08 wt.%) 13
[16] Mortar MWCNT (0.08 wt.%) 25
MWCNT (0.1 wt.%) 27.5
MWCNT (0.3 wt.%) 21.3
MWCNT (0.5 wt.%) 20.1
[55] OPC paste MWCNT (0.038wt.%)  18.28
MWCNT (0.075wt.%)  20.84

3.4.8. Conclusion

The present part of our study describes the possibility of the simulation of
cement modified by different types of CNTs. In the first part, the system Tobermorite
11A with different types of carbon nanotubes was studied to fix the best type of CN'T
for modification of cement matrix. The total energy of all models shows the
attractive force between atoms of tobermorite’s structure and CNT’s structure. The
calculated work of separation demonstrated that the best adhesion is attained with
“Armchair” CNT type with diameter 2.275A. Modification of the Tobermorite 11A
by the same CNT (2,2) with a diameter of 2.275A increases the mechanical
quantities such as shear modulus, plane stress and Young’s modulus at the same
time. The “Zigzag” CNT with a diameter of 3.135 A gives the increasing of bulk
modulus.

Besides, our study provides the information about brittle/ductile behaviors of

the composite, modified by CNTs and gives clear explanation about the anisotropy

of these systems.
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Different models representing the concrete modified by CNTs were
constructed to study the density effect of carbon nanotubes in the cementitious
composites. Optimal concentration of CNT was fixed. The best concentration
allowing increase bulk, shear and Young’s moduli was 5.2 % of weight of

tobermorite.

3.5. Pressure effect on the mechanical properties of the

concrete modified with carbon nanotubes. Case of
Tobermorite 114 with Ca/Si ratio of 0.83 and
Tobermorite 114 with Ca/Si ratio of 1.

3.5.1. Input preparation

Based on our previous studies which show the most relevant carbon
nanotube’s type for every Ca/Si ratio basing on the estimation of the atoms
interaction between CNT’s structure and tobermorite’s structure, we chose two type
of single-walled CNT: “Armchair” CNT (2,2) with diameter 2.715 A and “Zigzag”
CNT (3,0) with diameter 2.351 A. The length of these nanotubes is approximately
equal of 17A. Four systems are studied: Tobermorite 11A with ratio Ca/Si=1
modified by one CNT type “Armchair”; Tobermorite 11A with ratio Ca/Si=1
modified by 15 CNT type “Armchair”; Tobermorite 11A with ratio Ca/Si=0.83
modified by one CNT type “Zigzag” and Tobermorite 11A with ratio Ca/Si=0.83
modified by 6 CNT type “Zigzag”. The same parameters used in the previous parts

of study were used to prepare the input file.

3.5.2. Pressure effect

We study here, in details, the mechanical properties of Tobermorite 11A
(Ca/Si=1) modified with CNT (2,2). As mentioned above, CNT can be deformed
due to the application of external force perpendicularly to the Z-axis direction.
However, we apply -first- the uniaxial pressure in all directions as shown in Fig.
3.26d. The obtained values for the bulk, shear, Young’s and stress moduli are
presented in Fig. 3.26a-c. When the uniaxial pressure is applied along X-axis one can
note that for shear, Young’s and stress moduli there are stable values with a
fluctuation at 900 MPa. For the bulk modulus variation, there is a peak at 950 MPa.
Obtained results for tobermorite/CNT system can be compared with the previous
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studies [31, 56] of CNT, where one can note that the striking stiffness in the axial
direction of CNT and the pressure resistance of the new composite is maintained.
Fig. 3.26b shows that for mechanical properties, under unixial pressure applied along
Y-axis, there is constant values of bulk, shear, Young’s and stress moduli with some

fluctuation at 350 MPa, 750 MPa, for each modulus.
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Fig. 3. 26. Effect of the uniaxial pressure applied along X-axis (a), Y-axis (b),
Z-axis (c) on the mechanical properties of the system C-S-H/CNT;
and schematic view of the tobermorite/CNT under the pressure (d).

Regarding the uniaxial pressure applied along Z-axis show a kind of structural
phase transition in the pressure range of 700 MPa and 800 MPa. This could be
explained by the elasticity of the circular cross section of CNT during the application

a pressure perpendicularly to the axial nanotube’s direction [59].
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The radial distribution function (RDF) was calculated for the main points of
peak. Fig. 3.27a-c shows the RDF of tobermorite/CNT atoms at 0 MPa, 720 MPa
and 770 MPa. In the absence of external uniaxial pressure (Fig. 3.27a), numerous
peaks for the pair of C-C atoms are observed, which indicates a strong grouping of
atoms with each other. Several peaks of different pairs of tobermorite’s atoms and
tobermorite/CNT’s atoms are also discernible, what confirm the crystalline structure
of the material. By increasing the pressure up to 720 MPa (Fig. 3.27b), there is
disappearance of a small peak, which is viewed at a distance of 2.2 A at zero
pressure. One can assume that this is due to the nanotube deformation under
pressure; whereas ni significant change is noticed for concrete structure. However,
with increasing pressure to 770 MPa (Fig. 3.27c), the peaks show an effective
distance at which the atoms cannot move closer to each other. The obtained results
are the first regarding the effect of the pressure on the mechanical properties of the
tobermorite/CNT system. We have the possibility to compare the radial distribution
function of pair C-C with previous theoretical studies. For our structures there are
three main peaks at the distances 1.5 A, 2.5 A, and 2.8 A that agree well with
previous published studies (Fig. 3.27d) obtained from classical molecular dynamics
method [60,61].
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Fig. 3.27: Radial distribution function of the atoms for tobermorite/CNT without
applied pressure (a), under uniaxial pressure of 720 MPa (b), under uniaxial pressure of

770 MPa (c); the radial distribution function for the pair C-C from the Ref. [60,61].

To investigate the other models we have been limited by the application of

uniaxial pressure along Z-direction. Studying the Tobermorite 11A (Ca/Si =0.83)

modified by the most relevant type of CNT for tobermorite with this ratio, i.e.

“Zigzag” CNT with diameter of 2.351 A we may observe for all moduli (Fig. 3.28a-

d) only the fluctuations in the area of obtained values. Consequently, the aspect of

the CNT’s type is of great importance. In case of C-S-H modified by “Zigzag” CNT,

there is no phase transition, and the structure is not sensitive to the external pressure.
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Fig. 3.28. Effect of the uniaxial pressure applied along Z-axis on the Bulk Modulus (a),
Shear Modulus (b), Young’s Modulus (c), Stress Modulus (d) of the system C-S-H/CNT;

and schematic view of the specimen tobermorite/ CNT under the pressure (e).

Moreover, the structures modified by a number of CNT were investigated as

well. An important point is that in the case of the modification of Tobermorite 11A
structure (Ca/Si =1) by only one “Armchair” CNT, we had a phase transition
between the pressure values of 700MPa and 800MPa. However in the case of the
modification the Tobermorite 11A structure (Ca/Si =1) by “Armchair” CNT with a
quantity of 5.2% by weight of tobermorite, 1.e. the case of 15 nanotubes (Fig. 3.29¢),

we noticed the fluctuations for all mechanical properties (Fig. 3.29a-d). For
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Tobermorite 11A  structure (Ca/Si =0.83) mixed t “Zigzag” CNT with 1.7% by
weight of tobermorite, i.e. 6 nanotubes (Fig. 3.30e), the fluctuation tendency for
bulk, shear, Young’s and stress moduli (Fig. 3.30a-d) is maintained during the

application of different values of external pressure such as in the case of one

nanotube.
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Fig. 3.29. Effect of the uniaxial pressure applied along Z-axis on the Bulk Modulus (a),
Shear Modulus (b), Young’s Modulus (c), Stress Modulus (d) of the system C-S-H/CNTs;
and schematic view of the specimen tobermorite/CNT under the pressure (e).
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Fig. 3.30. Effect of the uniaxial pressure applied along Z-axis on the Bulk Modulus (a),
Shear Modulus (b), Young’s Modulus (c), Stress Modulus (d) of the system C-S-H/CNTs;
and schematic view of the specimen tobermorite/ CNT under the pressure (e).

3.5.3. Conclusion

The present investigation aimed to predict the mechanical properties under
uniaxial external pressure for the structures of Tobermorite 11A modified by carbon
nanotubes. We may conclude that CNT incorporated into the structure of the cement
composite can keep the behavior of CNT as it is under external pressure. This means
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that CNT acquires the elastic behavior under an external force applied
perpendicularly to the nanotube’s axis direction. In addition, the type and number of
CNT incorporated into the structure of concrete play the main role.

In conclusion, we notice that Tobermorite 11A (Ca/Si = 1) modified by one
“Armchair” CNT with diameter of 2.717 A show a phase transition under a pressure
in the range of 700 MPa and 800 MPa. However this effect disappears when the
number of CNT increases. For Tobermorite 11A (Ca/Si = 0.83) modified by one
“Zigzag” CNT with diameter of 2.351 A we have stable values of bulk, shear,
Young’s and stress moduli with some fluctuations in the case of one CNT as well as

for the case with a number of CNT.
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GENERAL CONCLUSIONS

In this thesis, the possibility of the concrete’s modification by carbon
nanotubes (CNTs) has been studied. We have performed five sub-studies with the
objective to realize the complex investigation and to give extensive analysis of new
composite material based on cement binder and containing CNTs. The Molecular
Dynamics (MD) method was chosen to accomplish our investigation. A Model of
Tobermorite 11A was taken to represent the calcium silicate hydrate (C-S-H) gel, the
principal hydration product in hardened cement paste.

The first part of our study was devoted to the investigation of the different
types of Single Walled Carbon Nanotubes (SWCNTs). Obtained mechanical
properties for the “Zigzag” and “Armchair” types of SWCNTs with different
diameters were found in favorable agreement with previous available works.

Having examined the different types of CNTs we passed to the investigation
of the influence of CNTs incorporated in the concrete. To do this, we have created a
hole into the structure of tobermorite. It is important to note, that the bridging
tetrahedral silica may be missing in the Drierketten type of silicate chains observed in
tobermorite like C-S-H. This model allows us to find the less stable silicon atoms in
silicon chains and to remove them with interstitial calcium, in order to keep the
neutral charge in all system.

Then in the second part we investigated the incorporation of different types of
SWCNTs into the matrix of Tobermorite 11A with Ca/Si ratio of 0.83. The
necessary distance between CNT and tobermorite was fixed at ~2A. Under this
distance the creation of the new formation nearby the surface of CNTs was observed.
The best type of CNTs the allowing increase of all mechanical parameters such as
Bulk, Shear, Young’s and Plane Stress moduli was also fixed. It is “Zigzag” type
CNT (3,0) with a diameter of 2.351 A. This type of CNT has the best adhesion with
tobermorite’s structure. Furthermore, it was noticed, that the CNTs with the bigger
diameters such 3.319 A and 4.073 A can change the behavior of new composite from
brittle towards ductile. In addition, the values of the anisotropy were evaluated for
the cement composite with carbon nanotubes. The obtained components of elasticity
tensors affirmed the effect of the attribution of the elastic behavior depending up the
direction of the CNT’s insertion. It was also identified that, the modification of
concrete by CNTs can change of the elastic wave velocities that have a great role of
interpretation of the seismic data. The low value of both waves was found in the case

of concrete’s modification by “Zigzag” type CNT (4,0) with a diameter of 3.135 A.
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The inserting of CNTs also changes the piezoelectric constants. It can be noted here
that the type and diameter of carbon nanotube (CNT) play an important role.

The part of our study investigated the density effect of “Zigzag” type CNT
(3,0) with a diameter of 2.351 A on the Tobermorite 11A properties. We found that
optimal concentration of SWCNTs equals to 1.7 % per weight of tobermorite gives
an increase of shear and Young’s moduli; and 2.6 % per weight of tobermorite with
an increase of bulk modulus. In addition, the Poisson’s ratio has also been
calculated. It shows the best elastic behavior of composites modified by CNTs lies in
concentration range from 0.5% to 2.6 % per weight of tobermorite.

Fourth part of our study provides insight into the influence of different CNT’s
types into Tobermorite 11A with Ca/Si ratio equals to 1. Our calculations suggested
that there is the possibility to increase the Shear, Young’s and Plane Stress moduli at
the same time when we mofified the tobermorite’s structure with “Armchair” type
CNT (2,2) with a diameter equal of 2.275 A. Furthermore, this type of CNT gives
the best adhesion between the structure of tobermorite and CNT’s structure, which
increase greatly the longitudinal and transversal waves velocities. Regarding the
Pugh'’s ratio we stated that besides of CNT (2,2), the CNT (5,0) can also reduce the
weakness of the composite. At another point Poisson’s ratio value increases
tobermorite modified with CNT (3,0), CNT (4,0) and CNT (3,3). The calculated
components of elasticity tensors show that only one specimen with CNT (4,0) has
the greatest value of elastic constant, than the one without CNT in the direction of
nanotube’s insertion. The calculated Zener factor suggests that all structures exhibits
anisotropic elasticity. The best concentration allowing the increase of bulk, shear
and Young’s moduli was 5.2 % of weight of tobermorite.

Fifth part of our study provided information about the behavior of concrete
modified by CNT under uniaxial pressure. In all cases, except the one of
modification with CNT (2,2) of Tobermorite 11A with Ca/Si ratio equal 1, we have
the stabe values with some flactuation of mechanical properties during the loading
pressure from 0 to 1000 MPa. The phase transition appears when pressure is applied

in the range from 700 MPa to 800 MPa for the case of modification with CNT (2,2).
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Abstract

Concrete plays a very important role in all areas related to civil engineering because of its
availability, durability and speed to accomplish many construction projects. In addition, civil
engineering is a dynamic field that is constantly evolving. Therefore, the production of new
generations of concrete with improved physical, structural and technical properties is very
important, but it is not possible without the use of various types of additives. Carbon
nanotubes are promising materials that possess specific properties allowing their uses for a
wide variety of composite materials, including concrete.

Some experimental studies have revealed that carbon nanotubes can improve the mechanical
properties of concrete with a small amount of additives, providing a less defective structure
of the cement matrix. However, the results are still insufficient and need to be elucidated on
the processes occurring at the nano-scale in the concrete structure modified by carbon
nanotubes. Thus, this thesis has as main objective the study of the improvement of the
mechanical properties of the concrete modified by the carbon nanotubes, using Molecular
dynamics method.

In order to model the atomic structure of the Calcium Silicate Hydrates (C-S-H) gel,
Tobermorite 11A was selected with two different Ca/Si ratios corresponding to 0.83 and 1.
Various types of nanotubes incorporated into the Tobermorite 11A structure were tested to
study mechanical properties of the resulting new composite. In addition, the effect of the
concentration of carbon nanotubes in the cement was also detailed. Finally, we studied the
effect of uniaxial pressure on the concrete structure including carbon nanotubes. The work
concludes that it is possible to improve the mechanical characteristics of concrete by
inserting nano-materials in general, and carbon nanotubes in particular.

Résumé

Le béton joue un role trés important dans tous les domaines liés au génie civil en raison de sa
disponibilité, sa durabilité et sa rapidité pour accomplir de nombreux projets de construction.
En outre, le génie civil est un domaine dynamique qui évolue en permanence. Par
conséquent, la production de nouvelles générations de béton avec des propriétés physiques,
structurales et techniques améliorées est trés importante, mais elle n'est pas possible sans
utiliser divers types d'additifs. Les nanotubes de carbone sont des matériaux prometteurs qui
possedent des propriétés spécifiques permettant leurs utilisations pour une grande variété de
matériaux composites, y compris le béton.

Certaines études expérimentales ont révélé que les nanotubes de carbone peuvent améliorer
les propriétés mécaniques du béton avec une petite quantité d'additifs, en fournissant une
structure moins défectueuse de la matrice de ciment. Cependant, les résultats sont encore
insuffisants et nécessitent d'étre élucidés sur les processus se produisant a I'échelle
nanométrique dans la structure en béton modifiée par les nanotubes de carbone. Ainsi, cette
these, a pour objectif principal 1'é¢tude de I'amélioration des propriétés mécaniques du béton
modifié par les nanotubes de carbone, a l'aide de la méthode de dynamique Moléculaire.

Afin de modéliser la structure atomique du gel de la Silicate de Calcium Hydratée (C-S-H),
nous avons choisi la Tobermorite 11A avec deux rapports différents de Ca/Si correspondants
a 0,83 et 1. Divers types de nanotubes incorporés dans Tobermorite sont testés pour étudier
les propriétés mécaniques du nouveau composite résultant. En outre, l'effet de Ia
concentration de nanotubes de carbone dans le ciment est également détaillé. Enfin, nous
étudions l'effet de la pression uniaxial sur la structure du béton incluant des nanotubes de
carbone. Nos travaux montrent qu'il possible d'améliorer les caractéristiques mécaniques du
béton en insérant des nanomatériaux en général, et des nanotubes de carbone en particulier.
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