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Resumen

El hormigén es ampliamente utilizado en la industria de la construccién debido a su rendimiento deseable, la
accesibilidad de sus ingredientes y su bajo costo. Sin embargo, se caracteriza por ser un material quasi-fragil,
exhibiendo baja resistencia a la traccién y escasa capacidad de deformacion, lo que lo hace mds susceptible a
grietas y reduce su durabilidad. Con el objetivo de abordar este problema, se han incorporado fibras, tanto
micro como macro (polipropileno, nailon, polietileno y barras de acero.), al concreto, creando asi un material
compuesto con mejoras en su rendimiento tanto en tensién como en compresion. A pesar de estas mejoras, las
fibras solo logran retrasar el desarrollo de microfisuras y no evitan su inicio a escala nanométrica. Por lo tanto,
ha surgido un creciente interés en fusionar las propiedades intrinsecas de las nanoestructuras basadas en carbono
(CNS) en la matriz del cemento, dando lugar al desarrollo de cemento nano-modificado (nanocemento). Los
materiales modificados a escala nanométrica han demostrado mejoras significativas en sus propiedades mecdnicas,
eléctricas y térmicas en comparaciéon con sus homoélogos a mayor escala. Sin embargo, una de las principales
dificultades en la sintesis del nanocemento radica en lograr una dispersién homogénea de las CNS en la matriz
hidrdulica del cemento. Los CNS, debido a su hibridacién estable sp?, son quimicamente inertes e incompatibles
con muchos disolventes, lo que dificulta alcanzar una dispersiéon uniforme. En este trabajo, nuestro objetivo es
producir cemento mediante nanoingenieria incorporando directamente CNS en la matriz del cemento a través de
dos enfoques: in situ mediante deposicién quimica de vapor (CVD) o utilizando un molino de bolas. En el primer
experimento, se crea un compuesto de grafeno/cemento cultivando grafeno directamente en la matriz de cemento
mediante CVD. En el segundo experimento, se produce grafeno mediante CVD y luego se muele con cemento
para inducir la funcionalizacién mecdnica. Las propiedades estructurales, morfoldgicas e interacciones superficiales
del nanocemento se analizan mediante diversas técnicas analiticas, que incluyen espectroscopia Raman, difraccion
de rayos X en polvo (XRD), espectroscopia fotoelectrénica de rayos X (XPS), microscopia electrénica de barrido
(SEM), andlisis termogravimétrico (TGA) y pruebas mecanicas realizadas con una maquina de ensayo universal
(UTM). EI objetivo principal de este andlisis es evaluar la eficacia en la preparacién del compuesto de cemento
nano-modificado.

Palabras clave: Cemento nano-modificado, nanocompuesto, grafeno/cemento, CNT/cemento
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Abstract

Concrete is one of the most commonly used materials in the construction industry due to its desirable perfor-
mance, easily accessible ingredients, and low cost. However, it is typically characterized as a quasi-brittle material
with low tensile strength and low strain capacity, making it more susceptible to cracks and poor durability. To
address this challenge, micro and macro fibers (e.g., polypropylene, nylon, polyethylene, and steel bars) have been
incorporated into concrete to create a composite material that exhibits improved performance in both tension and
compression modes. Despite these enhancements, fibers can only delay the development of microcracks and do not
prevent their initiation at the nano scale. Therefore, there is growing interest in merging the intrinsic properties of
carbon-based nanostructures (CNS) into the cement matrix, leading to the development of nano-engineered cement.
Nano-engineered materials have demonstrated significant improvements in their mechanical, electrical, and thermal
properties compared to their counterparts at larger scales. However, one of the main difficulties in the synthesis
of nanocement is the homogeneous dispersion of the CNS into the cement polymeric matrix. CNS, due to their
stable sp? hybridization, are chemically inert and incompatible with many solvents, making it challenging to achieve
a uniform dispersion. In this work, our aim is to produce nano-engineered cement by directly incorporating CNS
into the cement matrix through two approaches: in-situ via chemical vapor deposition (CVD) or ball milling. A
graphene/cement composite is created by growing graphene directly into the cement matrix via CVD. In a second
experiment, graphene is first produced by CVD and then milled with cement to induce mechanical functionalization.
The structural analysis, surface morphology, and surface interactions of the nanocement are characterized using
Raman spectroscopy, X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), and a universal testing machine (UTM) to evaluate the
efficiency in the preparation of a nano-engineered cement composite.

Keywords: Nano-engineered cemment, nanocomposite, graphene/cement, CNT/cement
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Chapter 1

Introduction

We are in the midst of a new industrial revolution driven by the application of quantum physics, which has
facilitated a remarkable advancement in scientific and technological progress at the nanoscale. Materials modified
at the nanoscale exhibit enhanced mechanical, electrical, and thermal properties compared to those at micro and
macro scales'. These properties have enabled the creation of innovative smart materials tailored to meet modern
requirements and challenges.

In the realm of civil engineering, cement concrete stands as a cornerstone due to its affordability and durability2.
The global production of cement surpassed 4 billion tons in 2020, driven primarily by rapid population growth and
infrastructure development in nations like China and India. With increasing global urbanization and infrastructure
projects on the horizon, the demand for cement concrete is expected to escalate.

Despite its significant compressive strength and durability, cement exhibits an intrinsic quasi-brittle nature
characterized by low tensile strength and limited fracture propagation ability. Efforts to address these limitations
have involved the incorporation of admixtures and fibers, particularly macrofibers and microfibers, to reinforce
cementitious materials®. However, while microfibers can mitigate the progression of microcracks, they are ineffective
at preventing their initial development at the nanoscale*.

Another pressing concern within the cement industry is the release of carbon dioxide (CO;) during the manufac-
turing process. In 2019, global cement output reached approximately 4.5 billion tons, contributing to CO, emissions
of nearly 1.45 Gt2. This accounts for about 7% of the world’s total emissions>. Addressing these environmental
challenges involves enhancing the mechanical characteristics of cement, thereby extending the life cycle of structures.
By utilizing high-performing cement, it becomes possible to significantly reduce the amount of cement required in
concrete structures, thereby decreasing CO, emissions associated with its production®®.

Recent advancements in nanotechnology and nanomaterials offer promising opportunities to develop nano-
enhanced materials that can improve the energy efficiency and environmental sustainability of structural materials
like concrete*. Extensive research in this field has focused on manipulating the composition of cement at the nanoscale
using various nanoreinforcing agents. Carbon nanostructure (CNS), including Carbon nanotube (CNT) and graphene,
have garnered significant attention due to their remarkable physical and chemical properties’. Incorporating CNS



at very low concentrations holds great potential for substantially enhancing the performance of cement-based
materials, improving mechanical strength, chemical resistance, and transport capabilities>. These advancements
hold substantial potential for extending the lifespan of construction projects and reducing the quantity of required
concrete material.

Nevertheless, despite the significant potential of CNS in cement modification, poor dispersion quality prevents

its widespread application?

. Successful applications necessitate the individual dispersed or formation of small
bundles of CNS®°. However, the smooth surface and lack of active groups on CNS make them chemically inert and
incompatible with many solvents '°. Moreover, the presence of Van der Waals (VdW) attraction forces, attributed
to their large surface area and high aspect ratio, tends to keep CNS in close proximity, leading to the formation of
agglomerates or entanglements'!.

Numerous investigations have been conducted to disperse CNS using both physical (dispersion) and chemical
(covalent and non-covalent functionalization) methods ®'°. However, these methods often involve tedious, multi-step
processes typically achievable only at the laboratory scale. Additionally, these methods can inherently damage the
structure and mechanical properties of carbon nanotubes to a certain extent, impacting their overall utility '°.

In this work, we aim to produce a Nano-engineered cement by directly incorporating CNS into the cement matrix
by two approaches: in-situ via Chemical vapor deposition (CVD) and ball milling. Firstly, a graphene-cement
composite is developed by CVD using two carbon precursors: i) pure glucose, and ii) glucose mixed with iron
chloride (g/FeCl3) at a concentration of 0.5 wt% of the cement ratio, at temperatures of 800 and 1000 °C. In a
second experiment, graphene is initially synthesized by CVD using g/FeCI3 as the carbon precursor and further
milled with cement to induce mechanical functionalization. The structural analysis, surface morphology, and surface
interactions of the nano-engineered cement are characterized using Raman spectroscopy, XRD, XPS, and SEM
to evaluate the efficiency in preparing a Nano-engineered cement composite. Additionally, mortar specimens are

prepared to assess the mechanical strength of the nano-engineered cement.



Chapter 2

Theoretical Background

2.1 Nanotechnology

Dr. Richard Phillips Feynman, an American physicist and Nobel Laureate, is credited with pioneering nanotechnol-
ogy. In his paper titled "There’s Lots of Room at the Bottom," delivered on December 29, 1959, Feynman introduced
the concept of directly manipulating individual atoms, proposing it as a more potent method for synthetic chemistry
compared to the techniques available at that time '2.

Nanotechnology, an emerging field of study, focuses on the analysis of materials smaller than 100 nm, known as
nano-materials '3. Nanoscience, on the other hand, delves into understanding the properties and behaviors of these
materials 4.

Materials at the nanoscale exhibit unique characteristics compared to their larger-scale counterparts. For example,
if a 1 cm gold cube is fragmented into nanoscale pieces, the resulting fragments will possess a significantly larger
surface area than an equivalent amount of material at a larger scale. At this level, the nanoscale effect, often
termed the "size effect,” becomes apparent. The material’s chemical reactivity is enhanced, influencing its electrical,
magnetic, morphological, structural, thermal, optical, and mechanical properties. The melting point of bulk gold,
previously at 1063 °C, may decrease to 500 °C. Furthermore, the once consistent color of the material now varies
based on the size of each piece, with pieces of different sizes displaying colors ranging from blue to red on the
spectrum 3. At this scale, classical (Newtonian) mechanics are no longer sufficient to describe these properties, and
quantum mechanics is employed to explain various observed phenomena. !>!3

In recent years, advancements in nanostructure science and technology have been notable, carrying significant
commercial implications and promising even greater impacts in the future '“.

The field of nanotechnology, which involves the fabrication of nanomaterials, can be categorized into two main

approaches: top-down and bottom-up:
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Top-Down

Top-Down, from top (great) to down (small), mechanisms focuses on the miniaturization of structures to the
nanoscale. This approach has been the most widely utilized aspect of nanotechnology, with particular prominence

in the field of electronics. 2.

Bottom-Up

Bottom-Up, from bottom (small) to top (large), start with nanometric structures, such as atoms or molecules.Through
self-assembly or assembly processes, mechanisms or devices larger than the initial ones are created. Various
production methods, including sol-gel, CVD, and laser pyrolysis, are employed in this category. For instance, some
of these methods are employed in the manufacturing of CNT 13,

Thus, by considering the impact of size on material properties, it becomes evident that an entirely new world
exists at the nanoscale. Widely known materials exhibit completely different behaviors when they are totally at the
nanoscale. These novel properties observed at the nanoscale offer a wide range of new applications, new materials,
and new technologies explored by the fields of nanoscience and nanotechnology 2.

2.2 Carbon allotropes

Carbon stands as one of the fundamental building blocks of life on Earth owing to its ability to form stable chemical
bonds with other carbon atoms and many other elements. Carbon, the sixth element in Mendeleev’s Periodic Table,
has four valence electrons, which leads to a variety of bonds with different hybridization of the valence orbitals .
Carbon exhibits three distinct hybridization states: sp, sp?, and sp?, each associated with a unique archetype, giving

15,16

rise to a diverse forms of carbon allotropes '°, as shown in Fig. 2.1. Specifically, sp hybridization results in a

linear (1D) carbyne structure, sp? hybridization leads to planar (2D) graphene and graphite, and sp*® hybridization
produces spatial (3D) diamond and alkanes '°.

Graphite (pencil) and diamond have long been the familiar forms of carbon found in nature. Over the past
few decades, new synthetic carbon allotropes like CNT, fullerenes, and graphene have been discovered '°. Among
these, CNT and graphene stand out for their exceptional physical and chemical properties, making them prominent

materials in the field of nanotechnology !”.

2.3 Graphene

Graphene is a 2D single-atom-thick sheet tightly packed with carbon atoms, spaced 1.42 A apart with a bonding
angle of 120°, forming a pattern resembling a honeycomb '3, as illustrated in Fig. 2.2a. The valence electrons of the
carbon atoms in the lattice occupy three in-plane sp? hybrid orbitals, which are responsible for the covalent bonding,
with the p. orbital extending out of the basal plane (Fig. 2.2b), responsible for the electronic properties '*?°. This
structural arrangement gives graphene excellent thermal conductivity (3000 W m~'K~'), mechanical stiffness (1060
GPa), optical transparency (490%), charge carrier mobility (2000-20,000 cm? V~'s7!), and specific surface area
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Graphite Graphene

Figure 2.1: Various forms of carbon nanomaterials. (The image above is adapted form, Ref'®)

(2,630 cm? g'), plus fascinating phenomena such as the quantum Hall effect, spin resolved quantum interference,
ballistic electron transport, and bipolar super-current, to name a few 2!, These electronic properties were confirmed
following the successful separation of monolayer graphene using scotch tape by Novoselov and Geim?}. Conse-
quently, graphene has become one of the most extensively studied materials in physics and chemistry, with ongoing

exploration for new applications?!.

2.3.1 Graphene electronic structures

The two dimensional structure of graphene gives rise to a unique band structure that can be derived theoretically. To
determine the lattice vectors, graphene is broken into two sub-lattices, A and B (as illustrated in Fig. 2.2c), where

a; and a; can be expressed as?!.

a = 3(3, V3), a, = ‘—21(3,—«/5) @.1

where a =1.42 A is the length of covalent bonds between carbon atoms in the A and B sites.
The reciprocal lattice vectors b and b, (Fig. 2.2d) can then be computed as:

2TV, by= 213 2.2)
3610 3(10

The reciprocal lattice geometry of graphene is described by its symmetrical points within the Brillouin zone,

b, =

known as the Dirac points, labeled as K and K’. These points possess specific K-space vectors:

K=2(1.V3/3). K = 2Z(1,-3/3) (2.3)

3a 3a
The atomic structure results in a zero bandgap, where the conduction and valence bands converge at the cone-
shaped vertices, as shown in Fig. 2.2e. Each vertex meets at the K-point of the Brillouin zone to form the Fermi
level*. The linear shape of the dispersion curve near the Dirac point is fundamentally distinct from the parabolic
shape observed in typical semiconductors?!. These unique properties of single-layer graphene make it suitable for
various applications, including flexible displays, solar cells, and transparent electrodes, thanks to its outstanding

crystallinity, high chemical stability, and impermeability 4.
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b)

p orbital

Figure 2.2: a) Graphene structure (adapted from Ref.?>). b) sp? orbitals oriented in the x and y planes with a trigonal
planar shape, with the remaining p, orbital perpendicular to the plane. ¢) 2D hexagonal lattice of graphene in real
space, with vectors a; and a,. d) The first Brillouin zone with high symmetry points T, K, and M, and the reciprocal
lattice with lattice vectors b; and b,. e) Representative electronic band structure of graphene, with the conduction
and valence bands converging at cone-shaped vertices. These vertices meet at the K-point of the Brillouin zone,

forming the Fermi level. Figures c, d, and e are adapted from Ref. .

2.3.2 Graphene mechanical properties

The mechanical properties of graphene is due to the stability of the sp> bonds that constitute the hexagonal lattice

27 Despite consisting of only one atomic layer, graphene’s sp? carbon

and resist various in-plane deformations
atoms are held together by covalent o-bonds, known for their exceptional strength, providing graphene remarkable
stretchability and flexibility 4.

The mechanical properties of free-standing monolayer graphene were first measured by Lee et al.?8,

who
acclaimed graphene as "the strongest material ever measured". In their study, they fabricated suspended graphene
structures by punching holes in a SiO, wafer and analyzed them using atomic force microscope (AFM). The
theoretical breaking strength of graphene is approximately 40 N/m, with an elastic stiffness of around 1.0 TPa?*.
Graphene’s superior mechanical properties make it an ideal candidate for integration into various composite
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materials to strengthen and enhance their performance. When integrated into materials like cement with a hydraulic
matrix, graphene not only increases their mechanical strength but also enhances their durability and resistance to
environmental factors such as moisture and chemical corrosion. This potential improvement in composite materials
can revolutionize the construction industry by producing more durable and sustainable building materials®.

2.3.3 Graphene synthesis

Since the pioneering extraction of graphene in 200423, diverse methods have been established for graphene synthesis
through two approaches: top-down and bottom-up. The most common top-down methods include mechanical and
chemical exfoliation, while CVD stands out as a key approach for bottom-up synthesis. Chemical exfoliation and
CVD methods show the greatest promise for bulk production of graphene at the scale necessary for composites
applications 7?2, Among the two methods, the CVD is considered to be optimal to synthesize large-scale monolayer
graphene with respectable quality, rendering it particularly suitable for display applications>*. The two methods are

described in brief below.

Mechanical exfoliation

The mechanical exfoliation of graphene stands as the simplest method, initially introduced by Nobel laureates Geim
and Novoselov?. In this method, a piece of graphite undergoes repeated tape exfoliation (Fig. 2.3a). Since
graphite is composed of stacked graphene layers held together by VAW interactions, exfoliation can rupture the
weak interaction and extract a single layer of graphite, i.e., graphene !”. Although mechanical exfoliation can yield
high-quality monolayer graphene, its scalability is limited, making it mostly suitable for lab-scale experiments and

prototyping due to challenges in scaling up?*?7.

Chemical vapor deposition

CVD stands out as one of the most effective methods to synthesize large-scale monolayer graphene with high structural
quality.'7?*. The method consist of exposing a metal to different hydrocarbon precursors at high temperatures, as
illustrated in Fig. 2.3b)?’. These metal substrates should possess lattice structure that matches with the honey comb
lattice of graphene, such as Ni(111) and Cu(111)?""?’, Graphene grows on the surface of a metal substrate through
the decomposition of a carbon precursor, such as CH4, which reacts with the surface at specific temperatures or
pressures. Both Cu and Ni can yield high-quality single and few-layer graphene of identical quality, but the specific
growth methods differ, as shown in Fig. 2.3c and d.

On the copper substrate, the carbon precursor decomposes on the surface, generating carbon atoms that migrate
to active sites initiating the nucleation of graphene crystals aligned with the lattice spacing of the substrate. Similarly,
on the Ni substrate, the carbon precursor undergoes decomposition. However, in this case, the free carbon atoms
dissolve in the heated nickel substrate. As the substrate cools, the carbon ascends to the surface, forming a graphene
sheet that matches the lattice spacing of the substrate. Empirical evidence has demonstrated that graphene grown
through CVD exhibits exceptionally high quality, with properties closely approaching those predicted by theoretical
models?!.
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Figure 2.3: Most common synthesis methods of graphene. a) mechanical exfoliation using scotch tape. b)
Representative schema of a CVD system, ¢ and d) shows the schematic illustration of graphene synthesis mechanism
on Cu and Ni foil, respectively.

2.4 Carbon nanotubes

CNT, intorduced by Iijima in 1991%°, consist of hexagonally rolled layers of graphene with diameters ranging from
a few nanometers to a few micrometers in length, featuring a half-fullerene structure at each end’. Depending
on the number of rolled graphene sheets, CNTs can be classified into Single-walled carbon nanotubes (SWCNT)
orMulti-walled carbon nanotubes (MWCNT), as depicted in Fig. 2.4a and b. In MWCNTs, layers are held apart
by the attractive VAW force3!. The covalent bonding between sp>-hybridized carbon atoms provides CNTs with
exceptionally high modulus (= 7 Pa) and tensile strength (100-150 GPa), as well as other remarkable mechanical
properties. Moreover, the CNT network exhibits significant electrical and thermal conductivities, thereby promoting
their versatile applications as structural health monitoring sensors and as reinforcement in lightweight structural

composites, leading to enhanced electrical conductivity and electromagnetic shielding '3

. The multifunctionality of
CNTs, coupled with their exceptional elastic modulus, low weight, and high aspect ratio, are the primary motivating
factors for incorporating it as the reinforcement or filler for modern composite materials®>. In fact, NASA is
developing materials taking advantage of the high mechanical strength and modulus of CNTs for applications in
space missions. It is believed that CNTs’ reinforced composites may lead to production of materials with the greatest

specific resistance (0,4 /p) ever manufactured by humans 30,
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2.4.1 CNT electronic Structure
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Figure 2.4: a) Conceptual diagram of single-walled carbon nanotube (SWCNT). b) Multi-walled carbon nanotube
(MWCNT). c) Schematic of a two-dimensional graphene sheet illustrating lattice and the chiral vectors. d) The
vectors representing cases of armchair, zigzag and chiral. (Adapted form, Ref*?)

In the preceding topic, we observed that the Fermi surface of an ideal graphene sheet consists of six corner
K-points. However, when a graphene sheet is rolled up to create tubes, only a specific set of k-states from the
planar graphene sheet is permitted due to the periodic boundary conditions imposed in the circumferential direction.
The permissible k-vectors of tubes are contingent on the diameter and chirality of the tubes. Predictions indicate
that CNTs can exhibit metallic or semiconducting properties depending on their diameter and the chirality of the
arrangement of graphitic rings in the walls3*.

The general principles to described the atomic structure in terms of helicity or chirality defined by the chiral
vector, Cp,, and chiral angle, 0, are as follows.

The chiral vector should be described in terms of chiral indexes (n, m) and the unit vectors a; and a, (see Fig.
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2.4a) by the equation’’;

C, = na; + ma, (24)

where (1, m) are integers representing the number of steps along the carbon bonds of the zigzag hexagonal lattice.

The module of the unit vectors a; and a, has value of

la;| = |az| = a = 0.246 nm (2.5)

The C — C bond length (ac—¢) can be related to a unit vector by

a
dc_c = % =0.142 nm (2.6)

The 6 determines the degree of “twisting” of the tube and is defined as the angle between the vectors C;, and a;
, which varies in the range 0° < |6| < 30°. In terms of integers (n,m), 8 can be described by the following set of
equations;

sing= 3 2.7

2Vn? + m? +nm

2
cosf = ——1 M 2.8)

2Vn2 + m? + nm

(2.9)

Depending upon the rolling direction in the plane of a graphene sheet, CNTs are classified into three unique

geometries, as illustrated in Fig. 2.4d:
* For zigzag CNT (6 = 0°), n = integer, m = 0; for example, (n, m) = (9, 0).
* For armchair CNTs (6 = 30°), n = m = integer; for example, (n, m) = (5,5).
* For chiral CNTs (0° < |6] < 30°), n, m = integer, n#m; for example, (n, m) = (10,5).

A nanotube is metallic (conductive) either when n = m or when n — m or m — n are multiples of 3, or m and n
take values that satisfy the relation |m — n| = 3i (where i is an integer) as (3, 0), (7, 1), (8, 5), etc. Therefore, all
armchair nanotubes are metallic because n — m = 0. For all other cases, [m — n|S 3i, nanotubes are semiconductors
with a band gap energy of around 0.5 eV 3°.

Also, as the inter atomic spacing between the carbon atoms is known, the diameter of a nanotube (d) can be
calculated as the ratio between the circumference of the tube L and 7

L  Vi2+nmm+mla
Pis

- pramrma (2.10)
T

d =
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or in terms of n, m, and b

d=

2 2
ﬁ _ \V3(n? + nm + m?)b @.11)
Vs Vs

for large diameter CNT (m < 1), the electrical nature depends upon the chiral vector3?.

2.4.2 CNT mechanical properties

CNTs, formed by rolling graphene with exceptionally strong chemical bonds, are expected to possess high mechanical
properties. In theory, pristine CNTs have well-defined atomic positions and a stable chemical structure, determined
by the rolling direction of the graphene sheet. However, in practice, imperfections such as chemical impurities,
atomic vacancies, and Stone—Wales defects are commonly present in the hexagonal structure of CNTs, significantly
impacting their elastic and inelastic response *2.

Table 2.1 compares the mechanical properties of nanotubes to other materials. Notably, the density of CNTs
is approximately five times lower, while the Young’s modulus is roughly five times greater than that of steel.
This combination of extremely high strength coupled with low density makes nanotubes one of the most attractive
materials for applications requiring low weight and high strength, such as airplanes, space shuttles, wind turbines,
boats, etcP.

Material p(g/cm®) E(GPa) 0, (GPa) €(%)
SWCNTs 1.33 1054 150 12
MWCNTs 2.6 1200 150 12
Carbon fiber M60JB 1.93 588 3.82 0.7
Glass fiber type "S" 2.48 86 4.58 54
Kevlar 49 1.44 112 3.00 2.4
Aluminum 2219-T87 2.83 73 0.46 10
Steel 17 - 7 PH RH950 7.65 204 1.38 6
EpoXy 1.25 3.5 0.005 4

p: Density; E: Young’s Modulus; e: Elongation at Break; 0,,; Maximum Resistance.

Table 2.1: Mechanical Properties of Materials. Adapted form, Ref..

2.4.3 CNT synthesis

Numerous synthesis methods have been developed for the production of CNTs. Among these methods, the three
most successfully employed are arc discharge, laser ablation, and CVD processes. Notably, CVD stands out as the
most cost-effective, scalable, and widely used method 36,

The growth process of CNT via CVD method involves decomposition of carbon source at high temperatures in

the presence of catalysts. Commonly, iron, nickel, or cobalt is chosen as catalysts*. The frequently utilized carbon
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Figure 2.5: Representative schema of CNT synthesis via CVD. a) Classical CVD setup showing the carbon source,
inert gas, and furnace. b) Illustration of a strong interaction mechanism involving catalyst nanoparticles firmly
attached to the substrate, serving as sites for CNT growth. c) Representation of a less stable interaction mechanism

where the catalyst separates from the substrate during carbon atom deposition.3>.

sources include ethylene, acetylene, methane, carbon monoxide, and ethanol3®. The CVD process can be described
as follows: firstly, the hydrocarbon source decomposes to form carbon atoms due to the presence of heat or plasma.
These carbon atoms are then adsorbed on the surface of the catalyst.3”.

Fig. 2.5a, illustrates a schematic of a classic reactor used for synthesizing CNTs via CVD. It consists of a
hydrocarbon source gas, carrier gas, a furnace, and an outlet tube. A substrate with a previously deposited precursor
is heated to the appropriate temperature (typically between 500°C and 1200°C), and a mixture of carrier gas and a
carbon source is introduced. Metallic particles act as structure director agents, inducing the formation of graphite
walls and the tubular-like arrangement. There are two well-known routes on CNTs growth CNT?>,

In the first route, Fig. 2.5b, carbon atoms diffuse from the metallic particle surface attached to the substrate. In
this process, the carbon atoms organize into rings that substitute the atoms previously formed, displacing the ring
from the particle surface®. Consequently, the top of the nanotube consists of the earliest attached carbon atoms,
while the last atoms incorporated into the nanotube are on metallic catalyst nanoparticles attached to the substrate.

In the second route, when there is a weak interaction between the substrate and catalyst, the tip-growth model is
preferential, involving the formation of initial graphene rings on nanoparticle catalysts attached to the substrate (Fig.
2.5c). Subsequently, the nanoparticle catalyst is detached from the surface as new carbon atoms are incorporated
into the nanotube. Consequently, the last incorporated atoms are at the top of the nanotube, distant from the substrate
where the nanotube formation initiated.

The CVD process offers the capability to synthesize both SWCNTs and MWCNTs. The control over the type of
CNT produced is achieved through the selection of catalyst types, substrate types, hydrocarbon types, reaction time,

and reaction temperature >3
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2.5 Portland cement

Portland cement is a complex product made by heating a mixture of limestone and clay to a temperature of

approximately 1450 °C38. Very precise proportions of these two basic materials have to be mixed with some

additions to produce a raw meal with a precise chemical composition®’. Beyond 1450 °C, partial fusion occurs,

involving the transformation of the oxides of calcium, silicon, aluminum and iron in the clinker, as illustrated in Fig

2.6. The clinker is then mixed with a few per cent of calcium sulfate, which prevents immediate hardening upon

contact with water, and is finely ground to produce the cement. The minerals formed are responsible for cement’s
hydraulic properties 3. In this work, the term ’clinker’ is used instead of the expression ’Portland cement clinker’.
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Figure 2.6: Phase diagram illustrating the transformation of raw meal into clinker. Adapted form, Ref.*’.

2.5.1 Mineral composition of Portland cement

The chemical composition of the raw feed is modified to facilitate the formation of four minerals, depicted in Table

2.2, which subsequently react with water to to create bonds.
The clinker typically comprises approximately 67% CaO, 22% SiO,, 5% Al,O3, 3% Fe;O03, and 3% other
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Minerals Formula Minerals Symbols Pseudo-chemical Phase
Tricalcium silicate S§i0,.3Ca0O SiO, S C3S Alite
Dicalcium silicate S§i0,.2Ca0 CaO C C,S Belite

Tricalcium aluminate Al 03.3Ca0O AL O3 A C3A Aluminate
Tetracalcium ferroaluminate 4Ca0O.Al,O03.Fe; 03 Fe, 05 F C4AF Ferrite

Table 2.2: To simplify the writing of the four minerals, the symbols proposed by ceramic science is used.

components. It normally consists of four major phases known as alite, belite, aluminate, and ferrite (see Table 2.2).
Alite and belite constitute the silicate phase, while aluminate and ferrite make up the aluminous phase*°. Additionally,
several other phases, such as alkali sulfates and calcium oxide, are typically present in minor amounts .

The hardening process results from reactions between these major phases and water. Here we provide a brief
description and purpose of each major phase 3®:

* Alite is the most important constituent of all clinkers, comprising 50-70% of its composition. C3S is modified
in its composition and crystalline structure by ionic substitutions. It reacts relatively quickly with water, and

is the most important of the constituent phases for strength development, especially within the first 28 days.

* Belite constitutes 15-30% of clinkers and is typically found primarily as the S-polymorph, with some ionic
substitutions. Belite reacts more slowly with water, contributing less to early strength but significantly
enhancing it in later stages. After one year, pure alite and pure belite exhibit similar strengths under comparable
conditions.

* Aluminate constitutes 5-10% of clinkers, which can undergo significant alterations in both composition and
occasionally structure due to ionic substitutions. When exposed to water, aluminate reacts rapidly and may
cause excessively fast setting unless a setting-controlling agent, typically gypsum, is introduced.

* Ferrite makes up 5-15% of clinkers and is substantially modified in composition by variations in the Al/Fe
ratio and ionic substitutions. Its rate of reaction with water appears to be somewhat variable, possibly due to
differences in composition or other characteristics. Generally, ferrite exhibits high initial reactivity but lower
or very low reactivity at later stages.

2.5.2 The hydration of Portland cement

In cement chemistry, hydration refers to the reaction of non-hydrated cement or one of its constituents with water,
involving both chemical and physico-mechanical changes in the system, particularly associated with setting and
hardening*!. The term "setting" refers to the abrupt loss of plasticity in the initial paste, transforming it into a
solid material with minimal measurable strength. In contrast, "hardening’ denotes the progression of hardness and
strength that occurs subsequent to the setting of the paste. The mechanism that occurs in hydration process begins
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with the most soluble compounds that pass into an ionic aqueous phase and then precipitate to form the crystalline
hydrated compounds*?.

As Portland cement is a system with multiple components, its hydration is a intricate process comprising a series
of individual chemical reactions that occur simultaneously and consecutively. The initiation of this process occurs
spontaneously when the binder comes into contact with water and is accompanied by the release of heat*!.

The water/cement ratio (w/c), representing the relative proportion of water to cement in the mixture, plays a
crucial role in shaping the rheology of the resulting suspension, influencing the progress of hydration, and determining
the characteristics of the hydrated material. In the range of water-cement ratios from approximately 0.3 to 0.6, the
suspension exhibits a paste-like consistency, referred to as "fresh cement paste." This paste undergoes the processes
of setting and hardening as hydration progresses, ultimately evolving into "hardened cement paste"*!.

The advancement of hydration and its kinetics can be affected by various factors, particularly*!:

* by the phase composition of the cement and the presence of foreign ions within the crystalline lattices of the

individual clinker phases;
* by the fineness of the cement, in particular by its particle size distribution and specific surface;
* by the water-cement ratio used;
* by the curing temperature;

* by the presence of chemical admixtures, i.e. chemical substances added in small amounts to modify the
hydration rate and properties of the cement paste;

* by the presence of additives, i.e. materials interground with cement in larger amounts, such as granulated blast
furnace slag or pulverised fly ash.

When C3S and C,S react with water, they undergo a transformation into calcium silicate hydrate and hydrated
lime (Ca(OH),). The specific chemical composition and structure of the calcium silicate hydrate vary considerably,
thus it is commonly denoted by the general formula Calcium silicate hydrates (C-S-H). In hydrated cement paste,
the crystalline form of hydrated lime is referred to as portlandite. Notably, the hydration of C3S generates a greater
amount of portlandite compared to the hydration of C»S due to the higher lime content in C3S *.

The hydration reaction of C3S and C,S can be represented schematically by the following equation:

(C,S,C38) +water = C — S — H + porlandite.
In the presence of calcium sulphate, the interstitial phase (C3A, C4AF) is transformed into ettringite and
monosulphoaluminate according to the following equation:
(C3A, C4AF) + calciumsulphate + water = ettringite + monosulphoaluminate.

Combining these two equations, the following equation is obtained:
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(C3S,C1S, C3A, C4AF) + calciumsulphate + water = C — S — H + porlandite + sulphoaluminates.

C-S-H is responsible for developing strength, while Portlandite is responsible for maintaining a high pH and
therefore protecting the steel reinforcement in a structure. And the precence of sulfoaluminate can accelerate the

hydration of silicates*!*3,

2.6 Nanocomposites

Conventional composites can be defined as combinations of two materials, with one acting as the reinforcing phase
(in the form of fibers, sheets, or particles) embedded in the other material acting as the matrix phase. Reinforcing
materials typically possess strength and low densities, while the matrix phase is usually composed of a ductile or
tough material. The effective combination of these materials combines the strength of the reinforcement with the
toughness of the matrix, resulting in a combination of desirable properties not found in any single conventional
material. As an example, the ancient Egyptians crafted Adobe brick composites for civil engineering structures by
using a mixture of mud and straw, creating a composite material that exhibited greater strength than either mud or
straw on its own*.

Following a similar principle, modern construction employs steel reinforcement in concrete. Steel, being ductile,
is effective for tension but lacks compressive strength. Conversely, concrete, being brittle, performs well under
compressive loading but lacks reliable tension resistance. Consequently, the incorporation of thin steel bars into
concrete creates a new material with improved behavior in both tension and compression modes**.

Similarly, Nanocomposites are defined as composite or multiphase materials where at least one phase has a
)45

dimension in the nanoscale range (10~m)*. These materials are currently finding applications across a wide range

of sectors, from nanoelectronics to the energy storage industry, owing to their exceptional electronic, mechanical,

and chemical properties“S.

These materials, considered the materials of the 21st century, possess unique design
characteristics and property combinations not typically found in conventional composites*’.

Similar to microcomposites, nanocomposite materials can be categorized into three distinct groups based on their
matrix materials, as delineated in Table 2.3: Ceramic Matrix Nanocomposites (CMNC), Metal Matrix Nanocom-
posites (MMNC), and Polymer Matrix Nanocomposites (PMNC)***7. Among the variety of nanocomposites,
carbon-based nanocomposites have received considerable attention in the past two decades owing to their structure-
dependent electronic properties, low density, and substantial specific surface area.

It is worth mentioning that due to the fact that the main focus in this work will be on the graphene and CNT-
reinforced nanocomposites, the discussions will be orientated to be about such nanocomposites. However, the

concepts are generalizable and readers can use them to understand what happens in other types of nanocomposites.
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Material Examples
Metal Fe - Cr/ALOs3, Ni/Al,O3, Co/Cr, Fe/MgO, Al/CNT, Mg/CNT
Ceramic AL 03/Si02, Si0,/Ni, Al,03/TiO,, ALO3/SiC, AlLO3/CNT

Pol Thermoplastic/thermoset polymer/layered sili-cates, polyester/TiO2,
'olymer
Y polymer/CNT, polymer/layered double hydroxides

Table 2.3: Different types of nanocomposites. Adapted form, Ref.*.

2.6.1 Carbon based nanostructured cement

Materials based on cement, like concrete, are commonly described as quasi-brittle substances due to their inherent
characteristics of low tensile strength and limited strain capacity, which makes it more susceptible to cracks. Typically,
reinforcement of cementitious materials occurs at the millimeter or microscale using macrofibers and microfibers,
respectively. However, while microfibers can delay the formation of microcracks, they do not prevent their initiation.
This, in turn, permits the flow of chemical and water, leading to performance degradation®.

The incorporation of fibers at the nanoscale offers the opportunity to manage cracks at that level, potentially giving
rise to a novel generation of ’crack-free materials’ **+°, Materials modified at the nanoscale exhibit significantly
enhanced mechanical, electrical, and thermal properties in comparison to those at the micro and macro scales. This
enhancement results from the relatively larger surface area at the nano level, which increases chemical activity and
influences strength and electrical characteristics .

Carbon nanostructures, in particular, are considered ideal for fabricating smart cementitious composites due to
their piezoresistive features. This emerging cement, often termed "smart cement,” can translate mechanical strain
into changes in electrical properties, such as resistance and reactance'. Consequently, the self-sensing capability of
concrete is achieved by modifying the conductive network within the material .

The great interest in incorporating CNT and graphene into the cement-based composites are associated with the
following features and contributions Lin and Du®, Singh>':

* CNTs accelerate hydration and decrease nanoporosity in cement paste.

* They act as nucleating agents for C-S-H gel and decrease shrinkage while increasing ductility.

* Addition of CNTs improves thermal conductivity and thermal-storage performance.

* Graphene/CNT infusion reduces cement consumption for identical mechanical properties.

» They enhance resistance to aggressive environments and enable strain/damage sensing in civil infrastructures.

* CNS in cement composites have diverse applications, including static/dynamic wireless charging on road
pavement, prevention of thermal cracking, improvement of fire resistance, de-icing capability, and exceptional

electromagnetic interference shielding for enhanced privacy and minimized health risks, as shown in Fig. 2.7.

*Acting as reinforcement agents in composites, CNS bolster mechanical properties and impede crack formation and propagation owing to
their high tensile strength and stiffness.
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Figure 2.7: Schematic diagram of multifunctionality of graphene reinforced cement composites. Adapted from,
Ref, 6:48.49

Dispersion of Carbon nanostructure

Despite the promising applications of CNSs, their widespread utilization of carbon nanostructured cement remains

limited due to processing difficulties?. The primary challenge associated with the incorporation of carbon nanos-
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tructures in cement matrices is the poor dispersion. CNS, characterized by stable sp® hybridization and a lack of
active groups, exhibit chemical inertness and incompatibility with numerous solvents '

As a result, the dispersion of carbon nanostructures in water is particularly challenging, attributed not only to
VdW forces but also to the hydrophobic characteristics of the materials*. Inadequate dispersion in the cement matrix
can lead to defects and constrain the nano-reinforcement effect in cement composites®.

Two primary approaches for dispersing CNS in water involve physical methods, which utilize dispersants for
non-covalent surface modification employing ultrasounds, and chemical methods, which entail covalent surface
modification 'S

Physical methods commonly employ ultrasonication to disperse carbon nanostructure into base fluids. Ultrasonic
processors convert line voltage into mechanical vibrations, which are then transmitted into the liquid by the probe,
generating microscopic bubbles. This phenomenon, known as cavitation?, induces millions of shock waves. Despite
the modest energy released by each individual bubble, the combined impact leads to the release of exceptionally high
levels of energy, leading to the dispersion of CNS and surfaces within the cavitation field. In a typical procedure,
carbon CNS are mixed in an aqueous solution containing various amounts of surfactant, and the resulting dispersions
are sonicated at room temperature 410

In contrast, the chemical approach employs surface modifications to enhance the surface functionality of carbon
nanostructure. Essentially, the functionalization process involves the covalent attachment of functional groups onto
the scaffold of carbon nanostructure. The treatment consist of strong acidic solution, like concentrated H,S O4 or
HNOs3, which can rupture the end-caps of the tubes and generate defects along the walls of the carbon nanostructure.
Within these defects, oxygenated groups (—COOH, —OH) are linked to the scaffold, forming CO = OH, C — O, and
C — OH?. The functional groups increases the reactivity and solubility and are used as platforms for integrating a
variety of other complex groups.

2.7 Characterization techniques

2.7.1 Raman spectroscopy

Raman spectroscopy, as illustrated in Figure 2.8a, is a light-scattering technique that relies on the interaction of light
with matter. This technique finds widespread application in chemistry and material science for providing a structural
fingerprint that enables the identification of molecules>*. In 1930, handrasekhara Venkata Raman received the
Nobel prize for his discovery that when light passes through a transparent medium, some of the scattering radiation
undergoes changes in its wavelength ™.

The working principle of this technique is based on the interaction of a monochromatic beam of light with a atom
or molecule. This interaction, occurring in a remarkably brief time frame of about 10~'* seconds or less, scatters
a fraction of the radiation energy. During this brief period of time, the molecule is temporarily raised to a higher
energy level called a “virtual state” or ‘“excited state” and subsequently returns to a lower energy state after the
light scatters’*.

The scattered light can be divided into two components, as show in Fig. 2.8b): firstly, the Rayleigh scattering,
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Figure 2.8: a) Optical path schematic of a Raman system (Adapted form, Ref.>3). b) Working principal of Raman

technique>*.

sharing the same frequency (v,) as the incident light, and secondly, the Raman scattering, with a frequency of v, + vg,
where v represents the molecular vibration frequency. The lines v, + vg and v, — vg are named as anti-Stokes and
Stokes lines, respectively. Thus, in Raman spectroscopy, one measures the molecular vibration frequency (vg) as
) 56

a shift from the incident frequency (v,)°°. This alteration in the wavelength of the scattered photons, caused by

changes in the polarizability of the molecules, provides the structural information or fingerprint of the sample>.

2.7.2 Raman spectroscopy of Carbon allotropes

Raman spectroscopy is a fast, nondestructive, and highresolution tool for the characterization of the lattice structure
and the electronic, optical, and phonon properties of carbon allotropes>®. Through the combination of Raman band
position, FWHM and intensity/area in the spectra, their structures can be analysed in terms of orientation, number
of layers/walls, chirality, stacking order, defects and functionalisation®’. Thus, by doing the Raman characterization
of carbon materials, one can get the information about the size, conductivity, chemical doping, and phonon structure
of the materials .

Raman spectroscopy of Graphene

The phonon dispersion of graphene exhibits a total of six modes, three acoustic and three optical branches. Since
graphene has two carbon atoms per unit cell, it possesses a total of six normal modes at the Brillouin zone center
T. Among these modes, two are doubly degenerate. Hence, in the case of graphene, the irreducible representation
obtained is T = Ay, + By, + Eyy + Ea,, where the phonons A, and E,, are infrared active, while By, and E», are
Raman active. This representation indicates the presence of one degenerate in-plane optical mode, Ey,, and one

out-of-plane optical mode, By, 8.
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Figure 2.9: Raman spectroscopy analysis of graphene’s vibrational modes, showcasing the distinct D and G lattice
vibrations within the carbon ring, alongside the prominent 2D band (adapted from, Ref.>’). Inset figure adapted
from, Ref.?®

The Raman spectrum of single layer graphene (Fig. 2.9) exhibits two prominent features. The G band, located at
approximately 1580 cm™', corresponding to high frequency E», symmetry phonon at T Brillouin zone center. The
intensity of this band is sensitive to the number of graphene layers, as well as the effects of strain and doping>’.
Additionally, the G band is a common characteristic found in various graphitic materials, including carbon nanotubes.
The D band, at approximately 1350 cm™!, is associated with disorder or defects and is attributed to the breathing
modes of six carbon ring atoms. Activation of this band requires the presence of defects, and its intensity is correlated
with the density of defects. Additionally, there is a strong band at 2680 cm™!, assigned to two-phonon scattering,
known as the 2D band, which is an overtone of the D band. Since the 2D peak originate from a process where
momentum conservation is satisfied by two phonons with opposite wave vectors, it does not require defects for
activation and is consistently present®. The position, form, and intensity of the 2D band are influenced by the
number of graphene layers. In a graphene monolayer, the 2D band is singular, but as the number of graphene layers
increases, it splits into several overlapping modes due to the reduction in symmetry, eventually resembling that of
graphite, as illustrated in the inset figure of Fig. 2.9. Information about the number of graphene layers can be

obtained from the intensity ratio of the G to 2D bands (I//>p) in the Raman spectrum 37,
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Figure 2.10: Raman spectra of SWCNT and MWCNT, depicting the G, D, and 2D bands. Additionally, SWCNT
exhibits additional vibrations at lower Raman shifts known as radial breathing modes, which offers insights into the

nanotubes diameters. Adapted from, Ref. 57

The Raman spectra of other graphitic materials, such as CNTs, can be analyzed based on the fundamental
knowledge of graphene. However, other effects, such as curvature and stacking order, need to be taken into account 60
Fig. 2.10 depicts the Raman spectra of SWCNT and MWCNT, with its characteristic features: the G, D, and 2D
band. The first noticeable difference between SWCNT and MWCNT is the band below 300 cm™', corresponding
to the radial breathing mode (Radial breathing mode (RBM)) of SWCNT. This peak provides information about
the electronic properties of the nanotubes and it is used for measuring the diameter of the CNTs, according to the
equation:

A
Wrpm = — + B (2.12)
dy

where, A and B are experimentally determined parameters influenced by the environment and CNT type (e.g.,
the B constant describes the interaction in bundles of nanotubes or in the substrate)>’. RBMs are typically absent
in MWCNT spectra due to the weak signal from the outer tube with a larger diameter and signal broadening caused
by inner tube diameters>’. Another distinction lies in the shape of the G and D bands. SWNCT spectra typically
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exhibits two distinctly separated G bands (G + and G*) and a more prominent D band. In the spectrum of MWCNTs

around 3000 cm™!, overtones (D + G), 2G, and 2D are observed in the second-order Raman spectra57.

2.7.3 X-Ray Diffraction (XRD)

a e b)

Atomic-scale crystal planes Destructive

Ejected beam

Figure 2.11: a) Schema of generation of X-ray, b) interaction of X-ray with the planes, and c) constructive and

destructive interference

X-ray diffraction (XRD) is used to study the crystalline structure of materials since the X-ray wavelengths
(between 0.2 and 10 nm) are comparable to the interatomic spacing of crystalline solids. The technique measures
the average spacing between layers or rows of atoms. XRD allows us to determine the orientation of a single crystal
or grain and to measure the size and shape of small crystalline regions. In XRD, a collimated beam of X-rays is
scattered by the periodic lattice of the sample, as a result of the interactions of the photons with the electrons of
the material using an elastic and coherent scattering process (Fig. 2.11a)). Each crystalline material has a discreet
atomic structure, which upon irradiation with X-rays causes a constructive and destructive interference (Fig. 2.11c))
of the scattered X-ray beam, generating a unique diffraction pattern that presents several sharp spots, known as Bragg
diffraction peaks.

The XRD of the crystalline sample reveals the presence of well-defined peaks at specific scattering angles, while
the amorphous sample shows an intensity maximum that extents over several degrees (26). The diffraction of X-rays
by a crystal (Fig. 2.11b)) is described by the Bragg law that relates the wavelength of the X-rays to the interatomic

spacing, and is given by the following equation:

2dsin(6) = nA (2.13)

where d is the perpendicular distance between pairs of adjacent planes, 8 is the angle of incidence or Bragg angle,
A is the wavelength of the beam (1.54 A for a copper tube source), and n denotes an integer number, known as the
order of the reflection and is the path difference, in terms of wavelength, between waves scattered by adjacent planes

of atoms.
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XRD can provide additional information regarding the crystallite size. The average crystallite size can be

calculated by the peak broadening of the diffraction peaks using the Scherrer equation:

_ Ka
L= Bcos(0)

where t is the crystallite size, S is the full width at half of the maximum intensity of the reflection peak, and K is

(2.14)

the Scherrer constant. XRD is in general useful for nanoscale crystallites with diameters below 100-200 nm since
peak broadening is negligible for bigger particles®'.

2.7.4 X-Ray Photoelectron Spectroscopy (XPS)
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Figure 2.12: a) Schema angle-resolved photoemission spectroscopy. Adapted from, Ref.%?. b) and c) Schematic

illustration of the principle behind XPS by energy level diagram. (Adapted form Ref.%)

X-ray photoelectron spectroscopy (XPS) is one of the most preferred tools that provides the chemical composition
of material surfaces within 10 nm, along with elemental information and detection sensitivity of 0.1-1 at.% for all the
elements except H and He®. XPS is a potent nondestructive surface-sensitive technique that allows to investigate
the surface chemistry of nanoparticles, nanostructured materials, surfaces, coatings, and thin films 63,

XPS operates under ultra-high vacuum conditions, exposing the material to X-rays. Photoelectrons are ejected
from different energy levels of the material’s surface atoms if the provided energy is high enough to overcome
the work function of the solid. These photoelectrons are subsequently detected by a hemispherical analyzer that
measures their kinetic energy (Exinetic)- A schematic of this process is shown in Fig. 2.12a. A variation in the binding
energy (Epinding), relative to the Fermi level (Fig. 2.12b and ¢), occurs in an electron at a specific energy level of an
element. This shift, known as a chemical shift, results from changes in the element’s oxidation state or the electronic
charge distribution around its nucleus due to alterations in the chemical bonding or its surrounding environment%*.

The binding energy of electrons can be determined from their kinetic energy using the equation %!64:
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Ebinding = Ephoton — (Ekinetic + @) (2.15)

where E 010, is the X-ray photon energy and @ is the work function of the electron energy analyzer.
The photoemission process can be conceptualized in three steps:

1. Initial state effects: The molecule absorbs the photon, transferring its energy to the molecule’s electrons, which
become excited.

2. Final state effects: The excited electron moves to the molecule’s surface. During this journey, it may or may

not collide with other particles.

3. Extrinsic effects: Excited electrons that do collide with particles lose energy. Subsequently, the excited

electron escapes the molecule’s surface into the vacuum, where it is detected.

The binding energy spectrum, reflects unique patterns for different elements, and variations in binding energy
can be attributed to changes in oxidation state and chemical environment. This enables the identification of elements
and their oxidation states, while quantitative elemental information is derived from peak measurements or integrated

peak areas. 5!

2.7.5 Scanning X-ray induced secondary electron images (SXISE)

Another feature of the PHI Versaprobe II XPS is the scanning X-ray induced secondary electron images (SXISE),
which is generated by scanning a focused sub-10 pm X-ray beam across the sample. In conventional scanning
electron microscopy (Scanning electron microscopy (SEM)), secondary electrons are crucial for revealing sample
morphology and topography. They produce high-resolution images that expose details at the 1-5 nanometer scale.
These secondary electrons originate from the surface layers of the sample, creating images that highlight surface
features. Edges, peaks, and fine structures appear brighter due to the ease of electron escape from these areas®.
Similar to SEM, SXISEs in XPS enable the acquisition of high-resolution images and real-time navigation to areas
of interest for analysis. SXISE images offer 100% confidence in locating small features of interest and in avoiding

areas with contamination and inhomogeneities during analysis .

2.7.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) works by monitoring the mass changes of a sample under specific conditions,
focusing mainly on phenomena related to heat such as absorption, adsorption, desorption, vaporization, sublimation,
decomposition, oxidation, and reduction®’. This method is useful in studying volatile or gaseous substances released
during chemical reactions across various materials, including nanomaterials, polymers, and fibers. Additionally,
TGA facilitates the prediction of thermal stability and enables the examination of reaction kinetics by adjusting factors
like sample weight, volume, physical form, and atmospheric conditions, although it cannot analyze phenomena like

melting and crystallization behaviors.
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Figure 2.13: a) Schematic representation of a thermobalance and b) typical thermogravimetry curve. Adapted from,
Ref ¢’

The instrument employed in thermogravimetry (TG) is referred to as a thermobalance. The fundamental
components of a standard thermobalance are depicted in a simple block diagram in Fig. 2.13a and are outlined
below:

» Balance: microbalance, record the changes

» Furnace: linear heating rate can be achieved

The sample holder: crucible

» Temperature Programmer: recorded in degrees per minute in terms of the Kelvin or Celsius scale
* Recorder: automatic recording unit for the mass and temperature

During TG, a substance is subjected to either uniform heating or maintained at a constant temperature, resulting in
the generation of a continuous plot known as the thermogravimetric curve, shown in Fig. 2.13b. This curve typically
illustrates mass reduction along the y — axis and temperature increase along the x — axis, aiding in the assessment of
sample purity and the understanding of transformation modes within specific temperature ranges®. In a TG curve
depicting single-stage decomposition, two critical temperatures are observed: the initial Ti and the final temperature
Tf. Ti signifies the temperature at which the onset of mass change is observed, while Tf indicates the completion of
the decomposition process.
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Motivation

3.1 Problem Statement

Despite the significant potential of CNS in nanocomposites, the widespread adoption of this technology is limited by
poor dispersion quality?. CNTs and graphene, owing to their stable sp? hybridization, exhibit chemical inertness and
are incompatible with many solvents. Achieving effective inclusion of these materials into cement concrete mixes

requires a thorough optimization of dispersion procedures?

. To overcome this challenge, extensive research has
been conducted on surface modifications to enhance the surface functionality of CNS. Various techniques, including
physical dispersion and chemical methods such as covalent and non-covalent functionalization, have been explored
for achieving optimal dispersion®'!.

In the physical method, high-energy ultrasound and overspeed centrifugation are used to disperse CNS®. How-
ever, this approach may result in fragmentation of CNS, reducing their aspect ratio and damaging their structure.
Furthermore, maintaining stability of the dispersion is challenging because CNS tend to re-aggregate over time due
to VAW forces 0.

The chemical covalent functionalization method involves treating CNTs with strong acids like concentrated
H,S O4 or HNO3, which destroys the end caps of the tubes and introduces surface defects where various active
functional groups (~COOH, —OH) are attached2. In contrast, the non-covalent approach adds surfactants to the
CNT structure through adsorption®. This process involves additional reagents and a multi-step procedure, making
it challenging for large-scale production and practical implementation

Both methods require a preliminary dispersion for their application, which is particularly challenging in the
cement industry, where the product is sold as a powder. Therefore, in this work, we propose an alternative route to
introduce/disperse CNS directly into the cement matrix. Two routes are proposed: one involves the direct growth of

CNS in the cement matrix via CVD, and the second involves integrating CNS through ball milling.

27
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3.2 General and Specific Objectives

3.2.1 General Objectives

The primary aim of this study is to directly introduce/disperse CNS into the cement matrix, with a focus on enhancing
the mechanical properties of the nano-engineered cement, specifically its flexural strength. This will be achieved
through two distinct methods: firstly, by growing CNS directly in the cement matrix via CVD, and secondly, by
dispersing CNS through ball milling.

3.2.2 Specific Objectives

» Synthesis and Characterization of Nanostructured Materials: This objective involves investigating and metic-
ulously characterizing glucose-derived CNS synthesized through evaporation and pyrolysis using CVD tech-
niques. Advanced analytical tools such as Raman spectroscopy XRD will be employed to delve into the
intricate structural and chemical properties of the synthesized materials.

* Integration of CNS into Cement Matrix: The focus here is on incorporating the synthesized CNS into cement
matrices using versatile techniques such as CVD and ball milling. The efficacy of each integration method
in achieving optimal dispersion and functionalization of the nanostructures within the cement matrix will be
evaluated. Characterization techniques including Raman spectroscopy, XRD, and XPS will provide insights
into the effectiveness of these integration methods.

* Evaluation of Nano-engineered Cement Performance: This objective entails a comprehensive evaluation of
nano-engineered cement composites, covering mechanical strength, durability, and permeability. Mechanical
tests, including compression and flexural strength assessments, will be conducted to gauge the structural
integrity and load-bearing capacity of the composites. Additionally, water infiltration evaluations will be per-

formed to assess the resistance against fluid infiltration, ensuring long-term durability in practical applications.



Chapter 4

Methodology

4.1 Materials and Equipment

4.1.1 Materials
* Glucose P.A. C¢H|206.H, O (glucose)
* Cement Guapan (CG)

* Tron Chloride reagent grade 97% (FeCls)

NC3100™ Research grades - Thin MWCNT 95+%C purity (CNT(NC))
* Multi-walled Carbon nanotube produced at Yachay Tech University (CNT(YT))
* Distilled water

e Sand

4.1.2 Equipment
The main equipment’s used for nano-enginered cement synthesis, shown in Fig. 4.1, are:
1. Vibratory sieve shaker (AS 200 BASIC)
2. Mixer mill (MM 500 NANO)
3. Balance (Boeco Germany)
4. CVD (OTF-1200X)

5. Cubic 1x1x1 c¢m? and rectangle 6x1x1 cm® molds

29
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6. Common blender
7. Alumina boats (80 ml and 1.25 ml)

Additionlly, a very common lab equipments such as Beakers, Test tube, micro spatula, hot plate, etc. were used.

08in/20cm

a Cubic 1x1x1 cm?3 and bean 1x1x6 cm3 mold a Blender u Alumina boats

Figure 4.1: Main equipment’s used for the synthesis of nano-engenieerd cement and for specimen preparation

4.2 Synthesis of glucose-derived nanostructure

Before attempting to incorporate a specific type of carbon nanostructure into the cement matrix through the mixture of
cement and glucose, we conducted an initial investigation on the glucose-based product using two distinct approaches.

Firstly, a multi-layer graphene-type carbon nanostructure was synthesized using glucose as a carbon source (Fig.
4.2 path a). For this synthesis, 0.15 g of glucose was placed in a small alumina boat and subjected to calcination
treatment in a tube furnace at 800 °C for 1 h under an argon flow of 30 mLmin~'. Subsequently, the furnace was
cooled down to room temperature under an argon flow, and the resulting material was labed as g(800°C). It is crucial
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Figure 4.2: Synthesis methods of multi-layer graphene. In path a, glucose is subjected to carbonization treatment
in a tube furnace. In path b, glucose is mixed with iron chloride and subjected to vaporization and carbonization
treatment.

to emphasize that this calcination treatment is a common step in all the CVD methods described below and will be
denoted as the calcination treatment (Calcination treatment (CT))*.

Furthermore, a few layers of graphene were synthesized via CVD, adapting the methodology proposed by Zhang
et al.”® as depicted in Fig. 4.2 path b. In a 50 mL beaker, 2 g of glucose and 2 g of FeCl; were dissolved in 5 mL
of distilled water. The solvent of the yellow-colored solution was evaporated at 80 °C on a hot plate for 4 hours,
resulting in a black solid powder (g@ FeCl3). Subsequently, 0.15 g of g@ FeCl; was placed in a small alumina boat
and underwent CT at 800 and 1,000 °C for 1 hour and 30 minutes, respectively, and the resulting material was labeled
as gFe(800°C) and gFe(1000°C). For simplicity, the last was labeled as Multi-layer graphene (MLG) (multi-layer
graphene). Both samples, underwent Raman spectroscopy to assess the quality of graphitization.

4.3 Synthesis of nano-engeniered cement

CVD

The procedure for synthesizing nano-structured cement via CVD and milling is depicted in Fig.4.3. In both methods,
the initial step involved subjecting the cement to a vibratory sieve with a 45 um filter. For the CVD method, 0.5 wt%
glucose was mixed with cement using a blender for 5 minutes. Subsequently, 15 g of the resulting solid mixture was
placed in an alumina boat and introduced into the furnace tube for CT at 800 and 1000 °C, as depicted in Fig.4.3 path
a. The resulting samples were labeled as g/CG — L and g/CG — H. This same procedure was repeated, replacing
glucose with g@ FeCls, and the obtained products were labeled as gFe/CG — L and gFe/CG — H.

*CT: Material introduced into a tube furnace and subjected to calcination at 800 °C for 1 h or 1000 °C for 30 minutes under an argon flow
of 30 mL/min, followed by cooling to room temperature under the same argon flow.
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Figure 4.3: Synthesis methods to produce nano-engineered cement. Path a illustrates the steps taken to produce
nano-engineered cement via CVD, while path b represents the process through ball milling.

Ball milling

In this approach, the nano-structured cement was synthesized by blending cement with 0.5 wt% of CNT's (Fig.4.3
path b) for 5 min. Subsequently, 16 g of the mixture and 40 g of very small stainless steel balls were placed in the
grinding jar and milled for 3 hours, with 5 minu at 25 Hz and 1 min at O Hz intervals to prevent overheating. The
resulting product was labeled as CNT(NC)/CG. The same procedure was replicated, with CNT'(YT) and MLG, and
the obtained products were labeled as CNT(YT)/CG and MLG/CG.

The byproducts mentioned above are summarized in Table 4.1.

4.4 Specimen preparation

Due to the limited quantity of modified cement obtained, the specimens for mechanical tests were fabricated as small
as possible, following the dimensions used by Liebscher et al.”!. The fabrication procedure is illustrated in Fig. 4.4.
To prepare the specimens, 14 g of nano-engineered cement and 56 g of sand were thoroughly mixed in a 250 mL
beaker. Subsequently, 18 mL of deionized water was added and immediately mixed to form a viscous paste. The
paste was then poured into oiled steel molds to cast cubes and beams with dimensions of 10 X 10 x 10 mm? and
10 x 10 x 60 mm?, respectively. The nanocomposites were cured under laboratory conditions at approximately 23°C.
After 14 days, the samples were stored in an oven at 60°C overnight before undergoing mechanical testing.
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Carbon nanostructures

Code Temperature (°C) Time (min)  C source
2(800°C) 800 60 glucose
gFe(800°C) 800 60 g/FeCly
gFe(1000°C)[MLG] 1000 30 g/FeCly
CVD
Temperature (°C) Time (min)  Csource  wt% Cement
g/CG—-L 800 60 glucose 0.5 CG
g/CG-H 1000 30 glucose 0.5 CG
gFe/CG - L 800 60 g/FeCly 0.5 CG
gFe/CG-H 1000 30 g/FeCly 0.5 CG
Ball milling
Frequency (Hz) Time (h)  C structure  wt%
MLG/CG 25 3 MLG 0.5 CG
CNT(NC)/CG 25 3 CNT(CC) 0.5 CG
CNT(YT)/CG 25 3 CNT(XYT) 0.5 CG

Table 4.1: Summary of carbon nanostructure and nano-engineered cement composites produced via CVD and ball

milling methods.

| 200

Figure 4.4: Tllustrates the process followed to prepare the specimens for mechanical tests.

The compressive strength (E) was calculated from the stress (o) vs. strain (€) diagrams using the formula:
E =slope = Z 4.1
€

The flexural strength was measured using three-point bending with a span length (L) of 40 mm and a support
span of L/2 (20 mm), following ASTM Standards C1161. The standard formula for the flexural strength (S) of a
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beam in three-point bending is given by:
3PL

" 2bd
where: P = break force, L = outer (support) span, b = specimen width, and d = specimen thickness.

4.2)

4.5 Characterization

The nano-engineered cement was characterized using the equipment shown in Fig. 4.5. The type of carbon
nanostructure was analyzed using Raman spectroscopy with a HORIBA LabRam spectrometer using 633 nm
excitation wavelength. The phase changes in the cement were examined through X-ray diffraction (XRD) analysis,
which was performed using a RIGAKU MINIFLEX 600 X-ray diffractometer operating at 40 kV and 15 mA with
CuK(«) radiation. The chemical composition was assessed using X-ray photoelectron spectroscopy (XPS) with
a PHI 5000VersaProbe III X-ray photoelectron spectrometer. The SEM feature in XPS was utilized to study the
surface topology. Thermogravimetric analysis was conducted using a TG instruments TGASS instrument in an inert
atmosphere at a heating rate of 10 °C/min until 900°C. Finally, the mechanical properties of the product were
evaluated using a United Testing DFM Series Floor Model Universal Test Machine (UTM) at a preloading rate of
0.5 and a testing to failure rate of 0.2.
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Figure 4.5: Equipment’s used for characterization.






Chapter 5

Results & Discussion

5.1 Glucose based nanostructures

5.1.1 Raman spectroscopy and XRD

Raman spectroscopy (Fig. 5.1a) was employed to trace the evolution of glucose-derived materials. The initial
spectrum showcases the characteristic vibration of glucose, as previously noted by Zhang et al.”>. The subsequent
spectra (glucose/g@ FeCls), corresponding to glucose mixed with iron chloride evaporated at 80 °C, comprise two
broad overlapping bands known as the D and G bands. The D band, at approximately 1350 cm™', is attributed
to ring-breathing vibrations in benzene rings, indicating defects in graphitic lattices. The G band, located at

approximately 1580 c¢m™!, involves the in-plane bond-stretching motion of pairs of C sp? atoms’?

. The spectra
obtained exhibit typical features of carbonized materials, as commonly reported for hydrochar’*7>. Additionally,
the spectra indicate the presence of iron species at a lower Raman shift. Moving to the subsequent two spectra,
g(800°C) and gFe(800°C), which represent pyrolyzed glucose and glucose mixed with iron chloride, both exhibit
three distinct and prominent features indicative of well graphitized CNS: the D, G, and 2D bands located at 1326,
1582, and 2661 cm™!, respectively. Here, the 2D band arises from a two-phonon process involving scattering of
two phonons near the K-point. These phonons are associated with the vibrations of carbon atoms in the graphene
lattice®®. The intensity ratio of G and D bands, denoted as (Ig/Ip), serves as an indicator of the crystalline degree
of CNS, with values of 1 for g(800°C) and 0.86 for gFe(800°C)8. The reduced intensity in gFe(800°C) suggests
a diminished presence of defective sites in the lattice. In the subsequent spectrum, gFe(1000°C), there is a further
reduction in the intensity ratio (0.78) and in the Full width at half maximum (FWHM) of the 2D peak, indicating an
improvement in surface quality and a reduction in layers within CNS®’, respectively.

These findings indicate that at 1000 °C, there is a further thermal decomposition and rearrangement of carbon
atoms. This process, known as graphitization, results in the creation of well-ordered sp?-hybridized carbon structures
typical of graphene, achieved by the removal of heteroatoms and functional groups. Furthermore, iron species can
serve as catalysts in these reactions, facilitating the graphitization process and amplifying the formation of ordered

37
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5.1. GLUCOSE BASED NANOSTRUCTURES
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90

Mlustrates glucose-derived materials: a) Raman spectra of glucose and glucose subjected to various

treatments, b) XRD of glucose and MLG, and c) optical image of the materials.

carbon structures that resemble graphene’®. For simplicity,

vibration of multilayer graphene, as MLG.

we label gFe(1000°C), demonstrating the characteristic

The chemical composition and phase structure of glucose and MLG were examined using X-ray diffractograms
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and Inorganic Crystal Structure Database (ICSD) cards, as depicted in Fig. 5.1b. In the glucose diffractogram, a
characteristic amorphous broad reflection is observed around 26 = 20°. In contrast, the MLG diffractogram exhibits
a distinct reflection (highlighted with a star) at 26.2°, which corresponds to the (002) plane of graphitic carbon’®.
Additionally, the diffractograms reveal peaks (indicated by triangles) at 44.7, 65.0, and 82.3°, corresponding to Fe
(ICSD 00-006-0696) and representing the (110), (200), and (211) crystalline planes, respectively. The sharp and
pronounced profile of these peaks suggests the formation of well-crystallized Fe nanoparticles’°.

The combined results from Raman spectroscopy and XRD suggest that glucose, when mixed with iron chloride
and subjected to pyrolysis at 1000 °C, yields higher-quality CNS materials. Finally, Fig.5.1c illustrates both the
precursor and by product of CNS.

5.2 Nano-engineered cement

5.2.1 Raman
CVD

Following the development of a suitable synthesis process for CNS, the next phase involved integrating them into
the cement matrix using CVD (see Fig. 5.2¢). Fig. 5.2a shows the Raman spectra of cement and nano-engineered
cements. The cement spectra display three peaks at 500-800, 852, and 1079 cm™! which correspond to C3A,
C3S/C,S, and gypsum, respectively, with C3S/C,S being more prominent’”. The next two spectra, g/CG — L and
g/CG — H, indicate pure glucose mixed with cement. Both exhibit three different features of graphitized CNS: the
D, G, and 2D bands located at 1333.7, 1595, and 2651 cm™!, respectively, alongside the cement vibration mode 8.
Similarly, the next two spectra, gFe/CG — L and gFe/CG — H, which show glucose combined with iron chloride and
then mixed with cement, exhibit the three characteristics of graphitized CNS, alongside the cement vibration mode.
The inset image shows the particular places where Raman measurements were taken. Notably, the cement appears
as white dazzling bubbles, whereas the composite provides the impression that white cement bubbles are covered by
a gray material, indicating the presence of CNS. The intensity ratio in Fig. 5.2b decreases from 1.06 for g/CG — L
to 1.03 for g/CG — H, and from 1.03 for gFe/CG — L to 1.00 for gFe/CG — H. This trend suggests a reduction
in defects within the CNS as the temperature increases from 800 to 1000 °C, indicating a higher quality of CNS is
obtained 8.

In summary, Raman spectra analysis reveals the successful incorporation of graphitized carbon nanostructures
into cement matrix using CVD. The distinct D, G, and 2D bands, as well as a decrease in intensity ratio with
increasing temperature, suggest that the carbon nanostructures are of higher quality. These findings demonstrate the
efficacy of the synthesis method and CVD procedure.

Ball Milling

In this stage, the incorporation of CNS into the cement matrix was achieved through the ball milling process (see

Fig. 5.3d). Fig. 5.3a, b and c shows the Raman spectra of cement, CNS, and nano-engineered cements. The
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Figure 5.2: Illustrates the synthesis of nano-engineered cement via CVD. a) Raman spectra of plain cement and
nano-engineered cement, displaying the three characteristic graphitized CNS modes: the D, G, and 2D, alongside
the cement vibration mode, C3S/C»S. b) Intensity ratio of D and G bands, indicating the material quality. c) Optical

image of the mixture being introduced into CVD.

cement spectra, also plotted in the CVD graphs, is included for illustrative purposes. The second spectra, Fig. 5.2a
illustrating MLG, reveal the three distinct characteristics of CNS: the D, G, and 2D bands positioned at 1333.1,
1579.5, and 2666 cm™!, respectively, with an Ig/Ip ratio of 0.53. The following spectrum, MLG/CG, exhibits MLG
characteristics alongside the vibrations of the cement, with an I /Ip ratio of 0.90. The increased intensity implies
the formation of certain defects, suggesting a certain degree of functionalization of GML with cement®. The inset
figure shows MLG, around 3 um, apparently surrounded by cement particles.



CHAPTER 5. RESULTS & DISCUSSION

41

Intensity (a.u.)

Intensity (a.u.)

1331.44876  1579.54064 2666.81979 b) 1321.83746 1592.75618
Ball miIIingl Lo ' Ball miIIingl !
I5/15=0.90 '
=] Ip/lg=1.22
s al
=y
(7]
c |
2 |
}S | Ipfle=153 -
1.5 ' o &) CNT(NC)
’ C,A | | ]
2 f— &' Cement
1 1 1
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Raman shift (cm™) 9 Raman shift (cm™)

1324.24028  1572.33216

Ball miIIingl

Ip/1=0.96

Ball miIIingI

— 5pm :
] ] &
] | L
G GNT(YT)/ CG P (&
c.sic,s D ; -
16 2D’ -
LB\ 15/16=0.90 |
I 1
P 1 CNT(YT)
C,A Lo )
12 - g'  Cement
500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

Figure 5.3: Illustrates the synthesis of nano-engineered cement through Ball milling. a, b, and c¢) show the Raman

spectra of plain cement and nano-engineered cement produced with MLG, CNT(NC), and CNT(YT), respectively.

The composite spectra display the three characteristic graphitized CNS modes: the D, G, and 2D, alongside the

cement vibration mode, C35/C,S . d) Shows an optical image of the mixture after ball milling treatment.

Continuing, in the second spectra, depicted in Fig. 5.3b, the Raman spectra of CNT(NC) exhibit three distinct
characteristics: the D, G, and 2D bands positioned at 1321.8, 1592.7, and 2644 cm™! respectively, with an Ig/Ip
ratio of 1.53. The following spectrum, representing the composite CNT (NC)/CG, exhibits CNT(NC) characteristics
alongside the vibrations of the cement, with an I5/Ip of 1.22. The decrease in intensity ratio may be attributed to

the separation or disentanglement of CNT agglomerates.This hypothesis is supported by the inset figure in Fig. 5.3b
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where an isolated single CNT(NC) of around 4 um* can be observed.

Similarly, in Fig. 5.3c, the CNT(YT) spectra reveal the D, G, and 2D bands located at 1324.2, 1572.3, and 2644
cm™! respectively, with an I/Ip of 0.90. The subsequent spectra, CNT(YT)/CG, display CNT(YT) vibrations
alongside those of the cement, with an I5/Ip of 0.96. The slight increase in intensity suggests a certain degree of
functionalization of CNT(YT) with cement. The inset figure depicts CNT(YT) particles, around 2um, seemingly
embedded in cement particles.

During these processes, ball milling generates shearing forces through high-energy collisions between grinding
balls and particles. As CNS agglomerates undergo intense shearing forces, the VAW forces holding them together
are overcome, leading to their disintegration and dispersion within the cement matrix. Throughout this process,
CNS, subjected to repeated impacts and shear forces, are broken down into smaller sizes, and surface defects are
introduced, facilitating functionalization with cement.

In summary, Raman spectra analysis reveals the successful dispersion and fuctionization of GML and CNT(YT)

into and with cement matrix.

5.2.2 XRD

CVD and Ball milling
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Figure 5.4: XRD patterns of cement and its components extracted from the Inorganic Crystal Structure Database,
labeled as C3S (white star), C»S (black star), C3A (triangle), C4AF (asterisk), and CaS Oy (cross).

*Nanocyl NC7000 multi-walled carbon nanotubes: lenght 0.1-10 um
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Figure 5.5: XRD patterns of plain cement and nano-engineered cement synthesized: a) via CVD, and b) through
ball milling.

The XRD patterns illustrated in Fig. 5.4 depict the crystalline composition of cement and its components
extracted from the ICSD. The crystal phases utilized include C3S (ICSD 64759), C,S (ICSD 81096), C3A (ICSD
100220), C4,AF (ICSD 9197), and CaS O4 (ICSD 16876)7°. These patterns reveal that the dominant crystalline
phases present in cement spectra are alite, belite, aluminate, and ferrite, as evidenced by the diffraction angles of
the most intense peaks, aligning with the primary constituents of clinker. The presence of the alite monoclinic M3
polymorph in the cement is indicated by peaks found at specific diffraction angles of 29.5, 32.2, 32.6, 34.4, 41.3, and
51.7°. Regarding belite, most prominent peaks coincide with the alite phase, except for specific peaks occurring at 26
=41.25 °, indicating the presence of the 8 — C»S polymorph, prized for its hydraulic characteristics®’. Additionally,
the aluminate orthorhombic key diffraction peak is located at 26 = 32.95°, while ferrite’s key diffraction peaks are
situated at 26 = 12.1° and 33.7°%0.

Figure 5.5a depicts the XRD diffractograms of nano-engineered cement synthesized via CVD. The diffractograms
for g/CG — L and g/CG — H exhibit a significant reduction in the alite peak at 29.41°, highlighted with gray bar, as
the temperature increases, a trend that becomes more pronounced for gFe/CG — L and nearly eliminates the peak
for gFe/CG — H. Furthermore, the subsequent peaks at 32.2° and 32.67, highlighted with red bar, corresponding to
both alite and belite, show a reduction in intensity with increasing temperature and the addition of Fe. This trend
extends to the alite peak at 51.7°, highlighted with gray bar. Alongside the intensity reduction, the peaks tend to
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broaden, indicating a loss of crystallinity in the material. The final diffractogram indicates a reduction or destruction
of some alite phases, while certain belite peaks remain relatively unchanged and new belite peaks appear.

These observations suggest a transformation from alite to belite, a phenomenon described by Carlson®' and
represented by the equation:

3Ca0 - Si0Oy — 2Ca0 - Si0, + CaO 5D

According to Schraut et al. 8, tricalcium silicate remains stable above 1250 + 25°C in thermodynamic equilibrium.
Below this temperature, it decomposes into dicalcium silicate and CaO, and the rate of decomposition is temperature-
dependent. Conversely, Tenério et al.®* demonstrated that incorporating 0.8% iron oxide into pure alite can
significantly increase the amount of decomposed C3S by up to 48%. This indicates that the addition of iron oxide to
alite catalyzes the nucleation of CaO and C,S at the surface of the C3S crystals, thereby enhancing decomposition
kinetics.

These findings suggest that the primary crystalline phase of cement, alite, undergoes thermal degradation with
increasing temperature. The presence of iron nanoparticles exacerbates this degradation due to their catalytic activity.
Consequently, when exposed to higher temperatures, the cement structure undergoes alterations and loses its intended
qualities, given the critical role of this phase in strength development®*.

Moving to Fig. 5.5b, the XRD diffractograms of nano-engineered cement synthesized via ball milling are
displayed. Despite a slight reduction in the peaks at 32.2° and 32.6°, corresponding to both alite and belite, observed
in MLG/CG, CNT(NC)/CG, and CNT(YT)/CG, there are no significant alterations in the diffractograms. This
suggests that the ball milling method does not induce substantial changes in the cement composition beyond this

minor reduction in peak intensity, which is consistent with some studies with graphene oxide incorporation®.

523 TGA

To further investigate the thermal transition of alite to belite, thermogravimetric analysis was performed on plain
cement, as depicted in Fig. 5.6. The plain cement sample initially experiences weight losses of 0.7% and 0.5% at
56 and 120 °C, respectively, attributed to gypsum. The subsequent weight loss of 0.5% at 400°C is attributed to
portlandite®. The decomposition temperature of the carbonated phase (derived from CaC0O3) was approximately
625 °C, as determined by the differential weight. Notably, no further weight loss is observed beyond this temperature
range. The recorded weight loss of 5.2% at this temperature corresponds to the decomposition of CaCOj3 into CaO

and CO,%. This observation corroborates and reinforces the findings obtained from X-ray Diffraction analysis.

Samples

Fig. 5.7 illustrates the cement and nano-engineered cement produced via CVD and ball milling. The thermally
treated samples exhibit a color change from gray to cream-like, suggesting the decomposition of carbonate aggregates
into CaO and C0,, leading to a brighter appearance associated with the whitish tint of lime, as described by Hager 3.
Additionally, they appear more compacted. In contrast, the ball milling samples do not display any color change.

Instead, they exhibit a more sponge-like feature, indicative of the presence of CNS.
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Figure 5.6: Thermogravimetric curves of plain cement
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Figure 5.7: Plain cement and nano-engineered cement via CVD and Ball milling
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524 XPS

Fig. 5.8a and b depict the XPS wide energy scans for plain and nano-engineered cement powders produced through
CVD and ball milling, respectively. These spectra offer both qualitative and relative quantitative insights into the
surface regions of the samples. Both figures show dominant elements O, Ca, C, and Si, which are characteristic of
standard cement®, along with minor surface components of Na, Mg, and P. The broad singular O 1s peaks in both
figures indicate that the majority of surface oxygen exists in a similar electronic environment, or that the various
oxygen signals overlap. The peak maxima, falling at 531 eV, are characteristic of silicate and carbonate oxygen®’.
Post-treatment, the C 1s spectra in Fig. 5.8a show noticeable changes, suggesting not only the presence of
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Figure 5.8: XPS patterns of plain and nano-engineered cement synthesized: a) via CVD, and b) through ball
milling.
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carbonates in the cement but also the presence of other carbon bonds such as CNS. In contrast, Fig. 5.8b shows
a noticeable profile change only for MLG/CG. Another discernible change in Fig. 5.8a is the intensity of the Ca
2s peak. An increase in the intensity of the Ca 2s peak may indicate changes in the chemical or oxidation state
of calcium on the cement’s surface due to high-temperature treatment. As discussed in the XRD section, heating
cement to high temperatures can lead to the decomposition of alite into belite and calcium oxide. This transformation
involves a change in the chemical environment of Ca, potentially altering the XPS peaks associated with calcium.

Conversely, the Ca 2s and Ca 2p peaks show no significant change in Fig. 5.8b, suggesting that the intrinsic
properties of the material remain unaltered.

5.2.5 Mechanical test

Compression modulus Flexural strength
Sample Mean (MPa) SD (MPa) %o Mean (MPa) SD (MPa) %
Reference 81.826 5.273 0 3.471 0.0692 0
g/CG-L 103.785 3.264 27 3.252 0.199 -6.2
g/CG-H 71.28 4.114 -12 1.738 0.271 -50
gFe/CG-L 41.14 3.335 -49 1.247 0.002 -64
gFe/CG-H 1.425 0.431 -98 0.040 0 -98
MLG/CG 118.17 4.3607 > 45 7.276 0.267 110
CNT(NC)/CG 79.558 7.783 -3 3.315 0.414 -4
CNT(YT)/C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>