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1. INTRODUCTION

Nanotechnology has changed and will continue to change our vision, expectations and abilities to
control the material world. These developments are going to play a massive role in the field of
construction and construction materials. Carbon nanotubes (CNTs) are considered to be one of the
most beneficial nano-reinforcement materials. The combination of high aspect ratio, small size, low
density, and unique physical and chemical properties make them perfect candidates as

reinforcements in multifunctional and smart cement-based materials.

In the construction sector, attention and exploration in the field of carbon-based materials have
been ongoing for many years. Although carbon fibers have already been applied to cementitious
composites, carbon nanotubes (CNTs), as nanomaterials, have received widespread attention as a
result of their uniqgue multifunctional properties within the context of engineered materials,
regarding both the mechanical and electrical properties of the composites. The main task of the
present work is to evaluate and comprehend the changes in mechanical and electrical properties of
several CNTcement-based composite containing 0,1% by weight of cement of carbon nanotubes, in
which the CNTs are modified with a functionalization process for grafting oxygenated functional
groups on their surfaces. The effects of functionalization time were evaluated in order to improve
the mechanical properties and reduce the cement resistivity. The functionalization process was
conducted with the desire to identify the possible improvements caused by the interaction between
the carbon nanotubes and the cement matrix, especially the effect of the oxygenated groups

attached on the CNTs surface.

This type of composite material can be seen as an optimal sensing material that can be used to

monitor the structures and buildings, preventing serious accidents.



2.1 CARBON AND ITS ALLOTROPES

Carbon is a chemical element with the symbol C and an atomic number of 6. It is a non-metallic
element and has a high affinity to form bonds with low atomic weight atoms; in addition to this,
carbon exhibits the very important property of forming bonds with itself creating various allotropic
forms such as diamond, graphite, fullerene and carbon nanotubes. The carbon atom can show
three types of hybridization: sp3,sp?, and sp; thanks to these types of hybridization, carbon is able
to bind to another 4, 3 and 2 carbon atoms respectively (the bond angle of tetragonal geometry is
109.5°, that of trigonal geometry is 120° and finally the respective angle to planar geometry is
180°). Its stability and willingness to create strong covalent bonds with other atoms make carbon
capable of forming long chains of atoms that turn out to be fundamental for the development of

organic molecules. Carbon is present in nature under two allotropic forms: graphite and diamond.

2.1.1 DIAMOND

Diamond is an allotropic form of carbon in which carbon atoms form an orderly tetrahedral
structure through strong covalent bonds. This type of structure allows an exclusive combination of
mechanical, physical and electrical properties. The most important properties to mention are in
fact the very high hardness, the excellent thermal conductivity and the excellent chemical inertia.
Due to its high hardness, diamond is mainly used as a coating for cutting tools for ceramic
materials. As for the breaking load of the diamond, a load of 60 GPa has been observed, but that
can reach up to a maximum of 200 GPa in case we are in the presence of a perfect crystal lattice.
In addition, the highest breaking load is demonstrated at the crystalline direction [100]. Diamond
is an insulating material, but unlike most insulating materials, diamond is an excellent heat
conductor thanks firstly to the strong covalent bonds that characterize its crystalline structure, and
secondly thanks to the limited phonon scattering within the crystal. It shows thermal conductivity
values of around 2200 W/(m*K). In nature, diamond synthesis takes place under particularly
drastic conditions, i.e. at pressures not less than 5-6 GPa and at temperatures above 1000°C.
However, there is also an industrial method widely used for diamond synthesis, namely chemical

vapour deposition (CVD) [1].



Figure 1. Structure of diamond lattice

2.1.2 GRAPHITE

The graphite structure consists of planar layers of carbon atoms, in which each carbon is bound in
a planar configuration to another 3 carbon atoms by sigma bonds with sp? hybridization to form a
hexagonal structure. The layers, on the other hand, are bound together by Van der Waals forces.
This causes the structure to have very strong intralayer bonds, on the contrary very weak
interlayer bonds [2]. The main advantage due to this type of interaction between carbon atoms is
that it shows itself as a very interesting solid lubricant due to the fact that the planes can slide
between them. The interlayer distance, i.e. the distance separating 2 carbon atoms belonging to 2
layers of adjacent graphene, is about 3.36 A, while the intraplanar bond distance, i.e. the distance

of the covalent bond between two carbon atoms of the same layer is about 1.42 A [3].

2.2 CARBON NANOTUBES

Continuous research in the field of carbon chemistry allowed Japanese scientist Sumio Lijima to
observe the structure of carbon nanotubes for the first time in 1991 [4]. Although the greatest

credit has been given to researcher Lijima, the first appearance in the Journal of Physical



Chemistry of Russia of carbon nanotubes dates to 1952, thanks to the work of a team of Russian
researchers [5]. This was also achieved thanks to the invention of the Transmission Electron
Microscope in 1939, which allowed significant advances in the characterization of carbon filament
morphology. Due to political issues during the Cold War period, however, access to Soviet

scientific publications was very complicated for Western researchers.

The results of continuous research in this field show that carbon nanotubes behave like graphene
sheet cylinders of carbon atoms bound sp?, at the end of which they are closed by two
hemispherical caps (end caps) which, when joined together, form a fullerene [6]. This type of
cylindrical geometry allows nanotubes to exhibit very important mechanical, electrical and
thermal properties. Just think that the tensile strength of an ideal nanotube is 100 times higher
than a steel bar, even though the specific weight of the nanotube is 6 times lower than the latter.

In fact, it can be noted that if you relate the properties.

A general feature of nanotubes, which concerns its symmetry in space, is that the length of the
tube turns out to be much larger than the diameter of the same, therefore, this allows to neglect

the two "end caps" when discussing mechanical properties.

As for electrical conduction, carbon nanotubes show the interesting property that conductivity can
be both metallic and semiconductor, both dependent on the nanotube diameter (d) and its chiral
angle (0). In addition, for carbon nanotubes, metal conductivity can be achieved simply without

the introduction of a doping chemical species or defects in the structure [7].
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Figure 2. Schematic representation of different type of Carbon nanotubes structures

In general, nanotubes can be divided into 2 large families:

1. SWCNT (Single Wall Carbon Nano Tubes)
2. MWCNT (Multi Wall Carbon Nano Tubes)

The first consist of a single sheet of graphite wrapped on itself; the latter, on the other hand,

consist of 2 or more sheets of graphite wrapped on the surface of the other.

2.2.1 SWCNT - SINGLE WALL CARBON NANOTUBES

The two main parameters needed to characterize the geometry of a single wall carbon nanotube
are the tubular diameter (d) and the chiral angle (). The combination of these two parameters
allows to introduce another variable called chiral vector (Ch), which is described by two terms of
the two-base vector of the graphite lattice and forms the nanotube structure (a1 and a;) [8].
Moreover, the length of the chiral vector C, seems to be directly related to the size of the tubular
diameter d. It can be said that a single wall carbon nanotube derives from the cut along the
bisector of a Cep0n the equator and, after that, by putting together the 2 hemispheres obtained by
a cylindric tube that has the same diameter of the Cso fullerene molecule, whose molecular

structure is similar to the structure of a single graphite sheet (graphite layer) [9].



Figure 3. Representation of chiral vector and chiral angle for a SWCNT

2.2.2 MWCNT — MULTI WALL CARBON NANOTUBES

MWCNTs consists of two or more concentric cylindrical shells of graphene sheets with a layer
spacing of 0,3-0,4 nm, coaxially arranged around a central hollow core. They show a high aspect
ratio, low bulk density and an extended specific area, which is of particular interest for adsorption
and reactions taking place on the nanotubes surface [10]. MWCNTs are inherently more complex
than SWCNTSs. There are innumerate configurations from the basic graphene building block. The
simplest arrangement involves a concentric geometry in which successive tubes increase in
diameter. Smaller tubes are contained within in turn into larger ones. MWCNTSs have several walls,

which may vary from 2 to an unlimited upper limit.

The diameter between tube walls within the MWCNT was measured and is approximately 0,34 nm
[11]. The carbon atoms of graphene are positioned either opposite to one another or opposite

carbon atoms from the neighboring graphene.

The herringbone is another common structure of MWCNTSs. Structurally, two graphene sheets are
arranged at an angle with respect to the nanotube axis. The size of this angle is dependent upon
the exact processing conditions employed for the synthesis, such as composition and the catalyst

used.
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Multi-wall CNTs have an aspect ratio much lower than the SWCNTs and the ends can often be
viewed with a TEM (Transmission Electron Microscope). The properties of MWCNTSs are highly

dependent on the perfection and orientations of graphene in the tubes [12].

Figure 4. SEM image showing several walls of size of 5nm for a MWCNT

2.3 CARBON NANOTUBES SYNTHESIS PROCESSES

In recent years, the production of carbon nanotubes in terms of volume produced has increased
considerably, and the number of scientific publications related to CNTs continues to grow year
after year; this continuous growth has led, therefore, to consider different synthesis methods for
carbon nanotubes. The main synthesis methods that cover most of the production of nanotubes

are the arc discharge method, laser ablation, Chemical Vapour Deposition, Electrolysis.

2.3.1 ARC DISCHARGE METHOD

This is the method used by Lijima for the preparation of carbon nanotubes. This method involves
the formation of nanotubes by creating a hot plasma by discharge between 2 graphite electrodes,
which are connected to an electrical source of 100 A and 20 V; The atmosphere most used for this
type of production is the He. Due to the high temperatures that can be reached in the chamber,

which can reach more than 4000°C, there is the sublimation of the graphite anode and the
11



subsequent deposition to the graphite cathode in the form of carbon nanotubes and graphene. In
accordance with the studies carried out by the Norwegian researcher T.W. Esseben and his Indian
colleague P.M. Ajayan, the increase to a critical value of the pressure in the chamber, leads to a
consequent increase in the yield of carbon nanotubes. However, the continuous increase in
pressure and the exceeding of the critical threshold, leads to a drastic decrease in the yield of
nanotubes. However, the increase in the quality of nanotubes depends on the decrease in the
current that reaches the electrodes [13]. In addition, other gases can be used as an alternative to
He such as, N, or CF4 [14], since the use of organic vapors (such as CF4) increases the production

yield of nanotubes.

2.3.2 LASER ABLATION

In this method the carbon source (which is graphite) needs to be doped with a very small amounts
of metallic catalyst, which is then vaporized with the help of a pulsed laser beam in the presence
of an atmosphere made by an inert gas (typically Ar is used), at very high temperatures (above
1200°C) and at a constant pressure of 0,66 atm. The laser beam is a Nd:YAG (Nd:Y3Als01,) laser
which consists of a crystal of yttrium aluminum garnet which is doped by a triply ionized
neodymium (Nd(l11)); in this case the neodymium ion provides the lasing activity in the crystal,
similarly as red chromium ion in a ruby laser. As the Nd:YAG laser beam impregnates the target
material, which in this case is the graphite, it starts vaporizing and condenses on the other end
which is at comparatively lower temperature. The vaporization yield can increase by using a
double pulsed laser, so that the production of the CNT’s can go up to 1g/day. However, the fact
that the requirements for this process are a high-power usage and employability of expensive

lasers, this synthesis way results very costly In terms of money investment [15].
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Figure 5. Scheme of a laser ablation method for the syntesis of carbon nonotubes

2.3.3 CHEMICAL VAPOR DEPOSITION

The chemical Vapor Deposition (CVD) process consists of the decomposition of reactant gases
which form a solid product. Regarding the synthesis of carbon nanotubes [16], this method takes
place due to the decomposition of a mixture of hydrocarbon gases (like methane, ethylene...) or
volatile carbon compounds present in the reaction chamber onto a metallic substrate. The
nanoparticles of the metallic substrate behave as catalysts and nucleation sites in the growth
process of carbon nanotubes at temperatures that range between 500 and 1000°C and under
atmospheric pressure. The selection of the catalyst and the preparation of the substrate decides
the type and the quality of the nanotubes produced. Usually the catalyst nanoparticles used in this
process are Fe, Co or Ni [17] [18]. Porous silicon is considered as an ideal substrate for controlled
growth of the carbon nanotubes. In 2002, two scientists Govindaraj and Rao used organometallic
compounds instead of hydrocarbon gases for the synthesis of CNT [19]. The main advantage of
using organometallic compounds is that there is no requirement of the removal of the catalyst
support after the reaction due to the presence of same phase of carbon source and catalyst
simultaneously. Further modifications were done in this technique. The best one is the
introduction of the Plasma Enhanced Chemical Vapor Deposition (PECVD), which is the most

widely used method for CNT synthesis. This technique was first studied by Ren in 1998 [20]. In this
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process, in fact, a DC plasma is used to guarantee the alignment of the carbon nanotubes. This
technique is basically used for the fabrication of CNT based flat panels displays and solar cells [21].
Anyway, the use of low-cost feedstocks, the reduction of energy consumption and waste
production, have substantially decreased MWNT prices [22]. However, large-scale CVD methods
yield contaminants that can influence CNT properties and often require costly thermal annealing
and a chemical treatment for their removal. So, these steps can introduce defects in CNT sidewalls

and shorten CNT length [23].
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Figure 6. Chemical Vapor Deposition process for the synthesis of MWCNTSs
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2.4 CARBON NANOTUBES APPLICATIONS

2.4.1 NANOCOMPOSITES MATERIALS

MWCNT were first used as electrically conductive fillers in plastic, taking advantage of their high
aspect ratio to form a percolation network as concentrations as low as 0,01 — 0,05 weight percent
(%w). Adding 1 wt% to epoxy resins enhances stiffness and fracture toughness by 6 and 20 %
respectively, without compromising the others mechanical properties. These enhancements
depend on CNT diameter, aspect ratio, alignment, dispersion and interfacial interaction with the
matrix [24]. High-performance fibers of aligned SWCNTs can be made by coagulation-based
spinning of CNT suspensions [25]. This process is attractive for scale-up if the cost of high-quality
SWCNTSs decreases substantially or if spinning can be extended to low-cost MWCNTSs. Thousands
of spinnerets could operate in parallel and CNT orientation can be achieved via liquid crystal
formation, like for the spinning of Kevlar. Besides polymer composites, the addition of a small
amount of CNT’s to metals has provided an increasing in tensile strength and modulus, that may
find applications in aerospace and automotive structures. Commercial AI-MWNT composites have
strengths comparable to stainless steel (0,8-1 GPa) at on third of his density (2,6 g cm™3). The
strength of these composites is also comparable to Al-Li alloys, yet the AI-MWCNT are still
reported as a less expensive alternative. MWCNTSs are also very interesting when used as a flame-
retardant additive to plastics; this effect is mainly attributed to changes in rheology by nanotube
loading. These nanotubes additives are commercially attractive as a replacement for halogenated

flame retardants, which have restricted use due to the environmental regulations [26].
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Figure 7. CNTs applications in composite materials []

2.4.2 COATINGS AND FILMS

Another interesting application for the CNTs is represented by their usage as an additive for
several coatings and film. For example, MWCNTs-containing paints are a possible alternative to
environmentally hazardous biocide-containing paints. Incorporation of Carbon nanotubes in
anticorrosion coatings for metals can enhance very good stiffness and strength while providing an
electrical pathway for cathodic protection [27]. The latest developments regarding CNTs as a
dispersed phase in coatings showed that CNT-based transparent conducting films can be used as
an alternative to Indium Tin Oxide (ITO) [28]. The main concern is that ITO is becoming more
expensive because of the scarcity of Indium and also due to the fact that the demand for displays,
touch-screen devices and photovoltaics is growing exponentially. Besides cost, the flexibility of
CNT transparent conductors seems to be a major advantage over brittle ITO coatings. In fact,
transparent nanotubes conductors can be deposited from solution (ultrasonic spraying) and

patterned by cost-effective non-lithographic methods like screen printing or micro plotting. Recent

16



studies showed that SWCNTSs films have about 90% transparency and a sheet resistivity of 100
ohm per square. Anyway, this surface resistivity is still substantially higher than for equally

transparent Indium Tin Oxide coatings [29].

2.4.3 MICROELECTRONIC DEVICES

High-quality SWCNTSs are very attractive for transistors because of their low electron scattering
and their interesting band gap, which depends on diameter and chiral angle. Despite the
promising performance of individual SWCNTSs devices, control of the nanotube diameter, chirality,
density and placement remains insufficient for microelectronics production [30]. Recent
researches show that devices such as transistors with patterned films of tens of thousands of CNT
arrays increases output current and compensates for defects and chirality differences on
nanotubes and also improves device uniformity and reproducibility [31]. CNT thin-film transistors
(TFTs) result particularly attractive for Organic Light-Emitting Diode (OLED) displays, because they
have shown higher mobility than amorphous silicon (1 cm?V-1s!) and can be deposited by easier
techniques with low temperatures and without a vacuum. Promising commercial development of
CNTs electronics includes low-cost printing of TFTs. The International Technology Roadmap for
Semiconductors suggests that carbon nanotubes could replace Cu in microelectronic interconnects
due to their low scattering, high current-carrying capacity, and an optimal resistance to
electromigration. However, for this type of application, metallic CNTs with low defect density and

low contact resistance are needed [32].

17
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Figure 8. CNTs applications in microelectronic devices

2.4.3 ENERGY STORAGE

MWOCNTs are widely used in lithium ion batteries for notebook computers and mobile phones. In
these batteries, small amounts of MWCNTSs are blended with active materials and a polymer
binder, such as 1 wt% CNT loading in LiCoO; cathodes and graphite anodes [33]. Several recent
studies showed that CNTs provide increased electrical connectivity, which enhances rate capability
and cycle life [34] [35]. In addition, a lot of publications report gravimetric energy storage and
power densities for unpackaged batteries and supercapacitors, where normalization is with
respect to the weight of active electrode materials. In one of the few recent studies for packaged
cells, remarkable performance has been obtained for supercapacitors deploying forest-grown
SWCNTSs that are binder and additive free; despite the good energy density (16 Wh Kg!) and
power density (10 kW kg1), the present cost of SWCNTs is the major downside for their
commercialization in this field [30]. Regarding fuel cells, the use of Carbon Nanotubes as a catalyst
support can potentially reduce Pt usage by 60% compared with carbon black, and doped CNTs may
enable fuel cells that do not require Pt as a catalyst, drastically reducing costs. For organic solar
cells, ongoing efforts are exploiting the properties of Carbon Nanotubes to reduce undesired
carrier recombination and enhance resistance to photooxidation. However, photovoltaic
technologies may incorporate CNT-Si heterojunctions and exploit efficient multiple-exciton

generation at p-n junctions formed within individuals CNTs [36]. Another good application domain
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of carbon nanotube is water purification. Here, tangled CNTs sheets can provide mechanically and
electrochemically robust networks with controlled nanoscale porosity. These have been used to
electrochemically oxidize organic contaminants, bacteria and viruses [37]. Moreover, membranes
using aligned encapsulated CNTs with open ends permit flow through the cave part of nanotubes,
enabling low flow resistance for both gases and liquids. This enhanced permeability may enable
lower energy costs for water desalination by reverse osmosis in comparison to commercial

polycarbonate membranes [38].

2.4.4 BIOTECHNOLOGY

The last application field of interest for CNTs is the biotechnology. Ongoing interest in Carbon
Nanotubes as components of biosensors and medical devices is motivated by the dimensional and
chemical compatibility between nanotubes and biomolecules, such as DNA and proteins. At the
same time, SWCNT biosensors can exhibit large changes in electrical impedance and optical
properties [39] in response to the surrounding environment, which is typically modulated by
adsorption of a target on the nanotube surface. The potential toxicity of CNTs remains a concern,
although it is emerging that their geometry and surface chemistry strongly influence

biocompatibility, and therefore CNT biocompatibility may be engineerable [40].

A final consideration is that organized CNT materials such as forests and yarns are beginning to
bridge the gap between the nanoscale properties of CNTs and the length scales of bulk
engineering materials. However, understanding is needed of why the properties of carbon
nanotubes yarns and sheets, like thermal conductivity and mechanical strength, remain far lower
than the properties of individual CNTs. Vice versa, individual CNTs having desired structure with
lithographic precision over large substrates would be a breakthrough for electronic devices and

scanning probe tips [41].
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3. CEMENT

3.1 PRODUCTION OF PORTLAND CEMENT

Figure 10. Full process of the production of Portland cement from limestone quarry to grinding

Portland cement is a mixture of tricalcium silicate, dicalcium silicate, tricalcium aluminate,
tetracalcium aluminoferrite and gypsum. More than 30 raw materials are known to be used in the
manufacture of Portland cement. When water is added, the cement paste hardens and develops
binding property as consequence of numerous hydration reactions. These materials are chemically
combined through processes of pyrolysis and subjected to subsequent mechanical processing
operations to form the final product. The cement manufacture involves four different stages:
quarrying, raw material preparation, clinkering and cement preparation [42]. Figure 10
schematically represents the production line of the cement step by step, until the storage of the
Portland cement is complete. The process starts with the extraction of the raw material. The

composition of the raw material consists of a mixture of about 80% of limestone, which is mainly
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composed of CaCOs [43], and 20% of clay or shale, silica, alumina and Fe;0s. After the extraction
of the raw materials, they are crushed in a quarry which is usually located in the proximity of the
cement works. This process is always followed by the raw material preparation which includes a
variety of blending and sizing operations to provide a feed with appropriate chemical and physical
properties. There are 2 different types of steps regarding the raw material processing, dry or wet.
In the case of dry process, limestone and clay are crushed separately and then fed together into a
mill. The wet process, instead, consists of the mixing of clay (which is first worked into a paste
inside a wash mill, which is a tank used for the grinding of the clay in presence of water) and later
crushed lime is added in the end in order to perform the raw material processing. Anyway, in both
cases, a laboratory analysis is required to ensure, and eventually adjust, the correct amount of all
elements. Then, the finely ground material passes through another process called “clinkering” in
which it is dried, heated and then cooled down again. This process transforms the raw material
into clinkers, which are grey, glass-hard, spherically shaped nodulus that range from 5 to 25 mm in

diameter [44]. The chemical reactions and physical processes can be viewed as follow [43]:

e Evaporation of not combined-water from raw materials (20 — 100°C);
e Dehydration (100 — 430°C) which consists in the formation of silicon, aluminum and iron;

e (Calcination (800 — 1000°C) in which it takes place the formation of CaO, according with the

following reaction:

CaC03; » Ca0 + CO,

e Exothermic reactions (1100 — 1300°C): formation of secondary silicate phases:

2Ca0 + Si0, - 2Ca0 - Si0,

e Sintering and reactions within the melt (1300 — 1450°C): formation of ternary silicates and

tetracalcium aluminoferrates:

22



2Ca0 - Si0, + Ca0 - 3Ca0 - Sio,
3Ca0 - Al203 + CaO + F8203 - 4Ca0 " Al203 - F9203

e Quenching and crystallization of the carious mineral phases

In order to obtain the final product, the clinker is mixed with gypsium and ground. Grinding is a
high-cost operation which consumes almost 60% of the total electrical energy involved in a typical
cement plant. The electrical energy consumed in the conventional cement making process is in the
order of 110 kWh/ton. Of that, about 30% is used for raw materials preparation, while another
40% is used for the final grinding. Finished cement is pumped pneumatically to storage silos from
which it is drawn for packing in paper bags or for dispatch in bulk containers and tanks [44].

One of the main downsides of the use of the massive use of the concrete, in which Portland
cement is the main glue, in the building industry, is the fact that it has a significant impact on the
environment. The production of each ton of Portland cement requires about 1.6 tons of raw
materials, primarily quartz and limestone, and releases about 0.8 tons of CO; into the atmosphere,
thus being responsible for probably 5-7% of the world's greenhouse gas emissions. One of the key
challenges for the cement industry is to reduce the greenhouse gas emissions, energy
consumption, and natural resources associated with cement production by developing innovative

and sustainable cement-based materials.

3.2 HYDRATION PROCESS OF PORTLAND CEMENT

Hydration consists of a reaction of an anhydrous compound with water, yielding a hydrated
compound. In cement chemistry, hydration refers to the reaction of a non-hydrated cement with
water, having chemical and mechanical changes as consequences [45]. Cement hydration involves
a collection of coupled chemical processes, each of which occurs at a rate that is determined both

by the nature of the process and by the state of the system at that instant. These processes are:

e Dissolution/dissociation: This process involves detachment of molecular units from the
surface of a solid in contact with water [46].
e Diffusion: describes the transport of solution component through the pore volume of

cement past or along the surface of solids on the adsorption layer [47].
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e Growth: involves surface attachment, the incorporation of molecular units into the
structure of a crystalline or amorphous solid within its self-adsorption layer [48].

e Nucleation: initiates the precipitation of solids heterogeneously on solid surfaces or
homogeneously in solution, when the bulk free energy driving force for forming the solid
overweighs the energetic penalty of forming the new solid-liquid interface [49].

e Complexation: these are reactions between ions to form adsorbed molecular complexes on
solid surfaces.

e Adsorption: accumulation of ions or other molecular units at an interface, such as the

surface of a solid particle in a liquid.

These processes may operate in series, in parallel, or in some more complex combination. For
example, even simple crystal growth from solution involves diffusion of solute to the proximity of
an existing solid surface, adsorption of the solute onto the surface, complexation of several solute
species into a molecular unit that can be incorporated into the crystal structure and, finally,
attachment and equilibration of that molecular unit into the structure [50].

The chemical composition of cement clinker is usually expressed as weight percentage of oxides.
The most important oxides in Portland cement clinkers are CaO, SiO,, MgO, Al,O3 and Fe;0s. The
oxides occur in the cement clinker structure in forms of different clinker minerals [51]. For
simplicity, and according to the conventional cement chemistry notation as the Bogue formula,

the oxides previously cited can be denoted as C (Ca0), A (Al20s), F (Fez0s3), S (SiO2) and M (MgO).

Component Si0y AlLO3; FesO; CaO MgO SOs
weight (%) 21.9 6.9 3.9 63.0 25 1.7

Figure 11. Chemical composition of Portland cement clinker

CsS

The main component of the Portland cement is tricalcium silicate (CsS), also called Alite. It controls
in large extent the cement strength and hardening [52]. Historically, the overall process of
hydration was divided into four or five stages, defined by somewhat arbitrary points on a plot of

hydration rate vs time, as shown in Figure 8. The names of the processes taking place during the
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hydration of cement are: (1) Initial reaction, (2) period of slow reaction, (3) acceleration period, (4)
deceleration period [53].

The Initial period (1) is characterized by rapid reactions between C3S and water that begin
immediately upon wetting, characterized by a large exothermic signal in isothermal calorimetry
experiments [54]. The heat released by wetting in cement powder contributes to this early
exothermic signal, but significant heat is also released by dissolution of C3S. The enthalpy of

congruent C3S dissolution is -138 KJ mol™, based on the reaction:

2C5S + 6H,0 > C3S,3H,0 + 3Ca(0H),

Chemical analyses of the solution phases have showed evidence that CsS dissolves congruently
and quite rapidly in the first seconds after wetting.

The slow dissolution of C3S (2) would continue to be rapid up to much higher solution
concentration of calcium and silicates if not for the formation of the passivating hydrate layer.

It presents a monoclinic structure and it constitutes about 50% to 70% of Portland cement by
mass. Alite tends to dominate the early hydration period that comprises setting and early strength
development because it is the component most responsible for formation of the calcium silicate

hydrate gel (C-S-H), that is the principle product of hydration.
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Figure 11. Rate of Alite (C3S) hydration as a function of time given by isothermal calorimetry measurement
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Figure 12. Schematic representation of CsS hydration

C.S

The second protagonist of the reaction of hydration is C,S. The reaction that involves C,S (also

called Belite) is:

2C,S + 4H,0 - C55,3H,0 + 3Ca(0H),

In this case, as before, it is possible to distinguish different stages of reactions. An extended
induction period, with a very low rate of hydration, is followed by a second stage of gradual

increase of the hydration rate, since it slows down again in the third period of the hydration [55].
CA

C3A plays a crucial role in the hydration and durability of Portland cement, even though the
content of this phase is only about 5-10% by mass of the Portland cement. On one hand, the initial

reaction period (called induction period) and the shoulder peak in Portland cement hydration are
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related to the C3A hydration kinetics [56], and thus the hydration of C3A impacts the early age
properties of the cement pastes and concrete such us setting time, workability, etc. On the other
hand, numerous researches report that C3A interacts strongly with supplementary cement
materials and chemical admixtures [57] [58], which further determines the performance of C3A in

concrete.

Some researchers have focused on the hydration of C3A in the absence of gypsum. Platelets of
calcium aluminate hydrates, such as C;AHs, C4AH13, C4AH19 etc., precipitate immediately when C3A
reacts with water alone due to the high hydraulic activity of C3A [59]. The metastable phases
(C2AHg, C4AH13, C4AH1g etc.) then convert to thermodynamically stable phase hydrogarnet (C3AH6)
at later age [60] [61].

Flash set will occur in Portland cement hydration without gypsum, therefore, proper dosage of
gypsum is required to be ground with clinkers in the process of cement production to control the
setting time of cement [62]. For our purposes in discussing kinetic mechanisms, we find it helpful
to consider the hydration of C3A in the presence of gypsum into three periods indicated in the
calorimetry plot of hydration rate versus time shown in Figure 10: (1) initial reaction, (2) period of
slow reaction, called induction period, (3) renewed hydration of C3A. In the initial period, C3A
reacts with gypsum to form ettringite (CsAS3Hs;) releasing a large amount of heat. In the
subsequent induction period, the reaction slows down significantly, during when the heat released
is quite low. The hydration of C3A usually does not enter the third period until the exhaustion of
solid gypsum in the system. The renewed hydration of CsA is featured by a characteristic sharp
peak resulted from the reaction between CsA and ettringite leading to the formation of
monosulphoaluminate (s-AFm). There are two prevailing mechanisms to describe the hydration
kinetics of the third period. One is the dissolution-controlled mechanism proposed by Minard [63]

and the other supported by Quennoz [64] [65] is related to the nucleation and growth of s-AFm.
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Figure 13. Idealized hydration rate of C3A in the presence of gypsum as a function of time

C4AF

Unlike the other three phases (CsS, C2S and C3A), the tetracalcium aluminoferrite phase (C4AF),
also known as Brownmillerite, is the only variable phase with unfixed composition in ordinary
Portland cement. Brownmillerite is also an important component in the calcium alluminate
cements and calcium sulfoaluminate cements. Due to its excellent mechanical and durability

properties, this phase attracts extensive attentions and has been deeply studied.

When Brownmillerite is in contact with water, metastable C-(A,F)-H hydrates (hydroxy-AFm) are
rapidly formed on the surface of the anhydrated grains and eventually converted to a stable
hydrogarnet phase C3(A,F)Hs. Whether Fe could be a substitute for Al in the structure of these
hydration products (C-(A,F)-H, C3(A,F)He) is still debatable, but it is generally recognized that the
Al/Fe ratio of the original C4AF is much less than in the crystalline hydration products [66]. It has
been reported that the detection of an amorphous iron-rich gel or iron hydroxide (FH3) in the

hydrates could explain the high Al/Fe ratio in the crystalline hydration products [67].

In the presence of gypsum, the primary hydrates (C-(A,F)-H) are substituted by ettringite (AFt)
which is deemed to intensely retard the hydration of C4AF. Three prevalent theories have been
proposed on the retardation mechanism of this process. (a) The generation of a dense and

coherent ettringite layer envelops the anhydrous CsAF, and thus hinders further hydration. (b)
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Retardation is due to adsorption of sulfate ions on C4AF. (c) The formation of a C-(A,F)-gel acts as a

nucleation “agent” for ettringite precipitation from solution.

3.3 EFFECT OF CNTS ON CEMENTITIOUS COMPOSITE HYDRATION AND FLOWABILITY

Carbon Nanotubes are chemically inert materials, but it can promote the pozzolanic reaction of
cementitious materials, mainly during the early age hydration. CNT within the cement composite
can act as a nucleation agent and promote the sedimentation and growth of hydration products.
Preferably, calcium silicate hydrate (C-S-H) gel should be observed around the CNTs within the
cement composites. Several studies were carried out to investigate the influence of CNTs on the

hydration of cementitious composites.

Makar investigated the influence of SWCNTSs on the hydration of cement paste [68]. In his study,
cement paste combining OPC (ordinary Portland cement) and cement paste without carbon
nanotubes were sonicated for 2 h, and then an isothermal conduction calorimetry test was
conducted. OPC with CNTs showed a higher heat of hydration initially and after 6 h of hydration
than the sonicated paste without CNTs. The composite sample with nanotubes showed a higher

level of initial surface activity than the sonicated OPC.

The development of the maximum heat flow peak of the composite sample containing CNTs was
accelerated. Besides, the derivative heat flow of the composite paste significantly increased. The
acceleration in the development of the maximum heat flow peak and a higher derivative heat flow
peak indicates the acceleration in the hydration of the composite material. Sonicated OPC with
CNTs produced much more initial heat than sonicated OPC but less coverage of exposed OPC
surface by tricalcium aluminate (C3A) hydration products. The carbon nanotube is a chemically
inert material, and the acceleration in hydration may be attributed to the nucleation effects. SEM
results also indicate the preferential presence of C-S-H around the nanotubes, which supports the
concept of carbon nanotubes as a nucleation agent. The heat flow measured by the isothermal

conduction calorimetry test of the composite samples is shown in Figure 14.
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Figure 14. Heat flow measured by isothermal conduction calorimetry

Other studies showed that the incorporation of CNTs into the cement paste had a positive

influence on the exothermic rate. The acceleration in hydration and a higher produced heat were

identified in the samples containing CNTs compared to the control sample without CNTs. This
evidence was explained by the fact that the addition of nanotubes to the cement particles
provided reaction sites for the hydration reaction mechanism, which resulted in calcium ions
hydrolyzed and absorbed in high concentrations, speeding up the hydration reaction [69].
Moreover, when CNTs are incorporated into the cement paste, the heat flow curves shifted to
shorten hydration times and enlarge the heat flow peak. The shorter hydration time of CNTs
embedding cement paste indicates the acceleration of the hydration reaction mechanism, which

can be attributed to the enhanced dispersion of cement paste by nucleation sites [70].

Flowability, or workability, is one of the important factors in concrete mix design. Several factors
like the fineness of the cement powder, cement content, increased ratio of coarse and fine

aggregates, water/cement ratio and the use of chemical admixtures, usually influence the

7
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flowability of conventional concrete. The incorporation of CNTs into cementitious composites

increases the viscosity and reduces the flowability of the composite [71].

EFFECT OF NANOPARTICLES ON CEMENT COMPOSITES

Nanoparticles exert beneficial influence on the properties and performance of cement through
various mechanisms including densification of microstructure. Nanoparticles of pozzolanic
materials, viz. nano silica, react at very early ages with Ca(OH); resulting in formation of additional
calcium silicate hydrate (C-S-H) through pozzolanic reaction. Carbon nanotubes are another type
of nanoparticles which act as reinforcement for cementitious matrices improving their flexural
strengths, fracture toughness and other engineering properties. Such improvements in cement
performance through use of nanoparticles could result in lower clinker content in concrete
without compromising on strength and other properties. This in turn could be expected to lead to
greater sustainability and conservation of resources. In addition, these nano additions give special

properties to concrete.
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Figure 15. Role of nano-additives in cement hydration process
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Nanosilica in cementitious systems improves various properties such as strength, hydration,
durability, etc. Micro and nano-scaled silica particles have a filler effect by filling up the voids
between the cement grains. Beside physical effect as obtained by addition, nanosilica has a
pozzolanic reactivity which is much higher compared to silica fume. Both the effects are very
important in developing ultra-high-performance concrete. There may be two possible reaction
mechanisms during the hydration of cement in presence of nanosilica. When nanosilica is added
to cement grains, H2SiO; forms and reacts with the available Ca2+ ions which forms an additional
calcium—-silicate—hydrate (C—=S—H) and these C—S—H particles are spread in the water between the
cement particles and serve as seeds for the formation of more compact C— S—H phase. The overall

reaction is the one given below in Figure 16.

Cement + H,O + nano Si0, —» Ca* + H,SiO,% + H,Si0,% + OH

2 From C5S From nanosiliia/

C-S-H C-S-H Ca(OH)9
(additional)

Figure 16. Overall cement hydration reaction with the presence of nanosilica

CONCRETE AND CARBON-BASED MATERIALS

Concrete is the most widely used construction material. As structural materials, cementitious
materials are almost brittle and susceptible to cracking and have no functional properties.
Nanotechnology is introduced into cementitious materials to address these issues. Nano materials,
especially nano carbon materials (NCMs) were found to be able to improve/modify the mechanical
properties, durability and functional properties of cementitious materials due to their excellent
intrinsic properties and composite effects [72].Carbon nanotubes have many advantageous
mechanical and electrical properties such as high strength, high conductivity and, therefore, are
attractive for producing fiber-reinforced concrete. The incorporation of fibers at the nanoscale
allows the control of the matrix cracks at the nanoscale level [73]. Mechanically, CNTs show elastic
behavior, with a Young’s Modulus of approximately 1 TPa and a density of about 1.33 g/cm?.
Single walled CNTs have yield stresses between 20 and 60 GPa, with measured yield strains of up
to 10%. Moreover, carbon nanotubes can bear torsion and bending without breaking. Since CNTs
exhibit great mechanical properties along with extremely high aspect ratios (length-to-diameter
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ratio) ranging from 30 to more than many thousands, they are expected to produce significantly
stronger and tougher cement composites than traditional reinforcing materials (e.g. glass fibers or
carbon fibers). In fact, because of their size (ranging from 1 nm to tens of nm) and aspect ratios,
CNTs can be distributed in a much finer scale than common fibers, giving as a result a more
efficient crack bridging at the very preliminary stage of crack propagation within composites [74].
However, the major challenge associated with the incorporation of CNTs in cement-based
materials is the problem of poor dispersion [75]. Poor dispersion of nanotubes leads to the
formation of many defect sites in the nanocomposite and limits the efficiency of CNTs in the

matrix [76].

Figure 17. Crack-bridging effect in cement CNTs composites [4A]

4. FUNCTIONALIZATION OF CARBON NANOTUBES

The full potential of nanotubes as reinforcements has been severely limited due to poor interfacial
interaction, (Van der Waals) between CNTs and cement matrix. The nature of dispersion problem
for CNTs is rather different from other conventional fillers, such as spherical particles and carbon
fibers, because CNTs are characteristic of small diameter in nanometer scale with high aspect ratio
(>1000) and thus possessing large surface area. In addition, the commercialized CNTs are supplied
in the form of heavily entangled bundles, resulting in inherent difficulties in dispersion.
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These approaches can be simply divided into chemical (covalent) and physical (noncovalent)

functionalization as interactions between active materials and CNTs.

4.1 NON-COVALENT FUNCTIONALIZATION

The non-covalent functionalization is an alternative method for tuning the interfacial properties of
nanotubes. The CNTs are functionalized non-covalently by aromatic compounds, surfactants, and
polymers, employing -t stacking or hydrophobic interactions for the most part. In these
approaches, the non-covalent modifications of CNTs can do much to preserve their desired
properties, while improving their solubilities quite remarkably. It will summarize as followed:
aromatic small molecule absorption, polymer wrapping, surfactants, biopolymers and endohedral
method. Aromatic molecules, such as pyrene, porphyrin, and their derivatives, can and do interact
with the sidewalls of CNTs by means of -1t stacking interactions, thus opening up the way for the

non-covalent functionalization of CNT [77].

4.2 COVALENT FUNCTIONALIZATION

The end caps of nanotubes tend to be composed of highly curved fullerene-like hemispheres,
which are therefore highly reactive, as compared with the side walls. The sidewalls themselves
contain defect sites such as pentagon- heptagon pairs called Stone-Walls defects, sp3-hybrideized

defects, and vacancies in the nanotube lattice [78].

Chemical functionalization is based on the covalent bond of functional groups onto carbon form of
CNTs. It can be performed at the end caps of nanotubes or at their sidewalls which have many
defects. Direct covalent sidewall functionalization is associated with a change of hybridization
from sp? to sp® and a simultaneous loss of p-conjugation system on graphene layer. This process
can be made by reaction with some molecules of a high chemical reactivity. In the first approach,
fluorination of CNTs has become popular for initial investigation of the covalent functionalization

because the CNTs sidewalls are expected to be inert [79].

Another method is chemical functionalization of CNTs. These intrinsic defects are supplemented
by oxidative damage to the nanotube framework by strong acids which leave holes functionalized

with oxygenated functional groups. In particular, treatment of CNTs with strong acid such as
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HNOs3, H2SO4 or a mixture of them , or with strong oxidants such as KMnO4, ozone, reactive
plasma tend to create defect on the lattice structure of the tubes thus generating oxygenated
functional groups such as carboxylic acid, ketone, alcohol and ester groups. These group can

achieve as starting point for grafting several complex chemical groups on the surface of CNTs [80].

Figure 18. Typical defects of a CNT surface after covalent functionalization

35



6. MATERIALS AND METHODS

5103 A]gO] FEQO;: CaO SO‘, MgO NagO Kgo

Chemical analysis (%)
22.4 2.96 2.33 66.6 2.13 095 0.10 0.15

Bogue composition (%) GS GS S CyAR

65.3 18.6 4.35 7.14

Figure 20 - Chemical Composition of Cement 52,5R

In the previous chapters, a preview of materials for the preparation of carbon nanotubes cement
composites was provided. The samples were produced and characterized at the laboratories of the
Department of Applied Science and Technology (DISAT) of Politecnico di Torino, while the
mechanical tests in order to evaluate the compressive and bending strengths of the samples
where performed in the laboratories of the Department of Structural and Geotechincs Engineering

(DISEG).

6.1 CARBON NANOTUBES CHARACTERIZATION

6.1.1 THERMOGRAVITOMETRIC ANALYSIS (TGA)

Thermogravimetric analysis (TGA) is an analytical technique that measure the weight of a small
CNT sample (typically 30-40 mg or less) as a function of time or temperature, hence it gives a
guantitative description of the thermal stability of the material and it gives informations about the
amount of the corresponding residue of the sample. The measurement is normally carried out in
an atmosphere such as Ar/N2/He or in air (O3), to understand the thermal stability of the materials
in an inert atmosphere or to study their thermo-oxidative stability, respectively. TGA experiments
can be carried out as either isothermal or non-isothermal (dynamic) weight-loss measurement.
The isothermal method requires an almost instantaneous heating of the sample to the desired

temperature, followed by maintaining that temperature for a specified time. This method is very
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efficient to evaluate the weight loss of polymeric samples. On the other hand, non-isothermal
methods require a program with a linear increase in sample temperature with respect to time.
TGA instruments usually consists of a high-precision balance with a pan containing the sample and
the pan is placed in a small electrically heated furnace containing a thermocouple that accurately

measures the temperature. [81]
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" s B N 4
Ht Sample
3 Thern ocouple
| Sample Pan
“ o
._m, :
N : L/ Purge Gas In
v
5
\—— Furnace Core

Figure 22. Scheme of a generic Thermogravimetric Analysis instrument [3]

Since the instrument records the weight of the sample with respect to time, therefore the
instrument needs to have a high degree of precision in measurement such as weight (wt),
temperature (T), temperature change (AT) and time (t). Once the experiment is over, the data can
be presented in terms of percent of weight change related to the absolute temperature or time,
which is known as a TGA thermogram. In addition to the TGA thermogram, a derivative weight loss
curve known as Differential Thermogravimetric analysis (DTA) can be used to understand a lot of
very interesting points of the curve. In fact, from this derivative curve can be evaluated the onset
decomposition temperature, the temperature at which the rate of decomposition is at a
maximum, end decomposition temperature as well as the number of steps involved in the thermal
degradation of the sample. Each step of weight loss corresponds to a peak in the DTA that could

be due to one of a series of degradation processes occurring in a specific temperature range.
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However, an establishment of a few fixed experimental parameters such as heating rate, initial

simple mass or the type of atmosphere of the experiment, must be set.
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Figure 23. Example of TGA curve for pristine Carbon Nanotubes [4]

6.1.2 RAMAN SPECTROSCOPY

6.1.2.1 THEORY OF RAMAN SPECTROSCOPY

Raman Spectroscopy is a spectroscopic technique typically used to determine vibrational modes of
molecules, although rotational and other low-frequency modes of systems may also be observed
[82]. The phenomena underlying Raman Spectroscopy can be described with reference to infrared
spectroscopy as showed in Figure 5. The primary event in infrared adsorption is the transition of a
molecule from a ground state (M) to a vibrationally excited state (M") by absorption of an infrared
photon with energy equal to the difference between the energies of the ground and the excited
states. The reverse process, called infrared emission, occurs when a molecule in the excited state
(M) emits a photon during the transition to a ground state (M). In infrared spectroscopy, one

derives information by measuring the frequencies in terms of characteristic vibrational motion of
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the molecule. In complex molecules, some of the frequencies are associated with functional

groups that have the characteristic localized mode of vibrations.
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Figure 24. Comparison of IR and Raman spectroscopy phenomena [5]

In the Stokes process, which is the parallel of absorption, the scattered photons are shifted to
lower frequencies as the molecules abstract energy from the exciting photons (vo— w); in the anti-
Stokes process, which is the parallel of emission, the scattered photons are shifted to higher
frequencies as they pick up the energy released by the molecules in the course of transition to the
ground state. In addition, a substantial number of transitions to the ground state. In addition, a
substantial number of the scattered photons are not shifted in frequency. The process which gives
rise to these photons is known as Rayleigh scattering. This scattering arises from density variations
and optical heterogeneities and is many orders of magnitude more intense than Raman scattering

[83].

A Raman spectrum is obtained by exposure of a sample to a monochromatic source of exciting
photons, and measurement of the light intensity at the frequencies of the scattered light. Because

the intensity of the Raman scattered component is much lower than that of the Rayleigh scattered
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component, filters and diffraction gratings are used to suppress the latter component. A highly

sensitive detector is required to detect weakly scattered Raman photons [84].

In conventional Raman spectroscopy where visible laser radiation is used, the exciting photons are
typically of much higher energies than those of the fundamental vibrations of most chemical
bonds or systems of bonds, usually by a factor ranging from about 6 for O-H and C-H bonds to
about 200 for bonds between very heavy atoms, as for example in I, . The 514.5 and 488 nm lines
from an argon ion laser are often used as exciting frequencies. In contrast, in the case of FT Raman
spectroscopy, excitation with a laser is usually carried out in the near-IR region (1064 nm). The
energies of the exciting photons are higher by factors that are one-half or less of the above-
mentioned values. Another point to consider in near-IR excited Raman is that, for some samples,
absorption of Raman scattered photons due to overtone and combination modes of molecular

vibrations can occur.

6.1.2.2 CONVENTIONAL RAMAN INSTRUMENT

Several stages are involved in the acquisition of a Raman spectrum using a conventional approach.
A sample is mounted in the sample chamber and laser light is focused on it with the help of a lens.
Generally, liquids and solids are sampled in a Pyrex capillary tube. Solids are sampled either as
pellets or are examined directly without any sample preparation. The scattered light is collected
using another lens and is focused at the entrance slit of the monochromator. Monochromator slit
widths are set for the desired spectral resolution. The monochromator effectively rejects Raleigh
scattering and stray light and serves as a dispersing element for the incoming radiation;
sometimes more than one monochromator is used to obtain high resolution and/or better
suppression of the Rayleigh line. The light leaving the exit slit of the monochromator is collected
and focused on the surface of a detector. This optical signal is converted to an electrical signal
within the detector and further manipulated using detector electronics. In a conventional Raman
system using a photomultiplier tube (PMT) detector, the light intensity at various frequencies is
measured by scanning the monochromator. In contrast, when a multichannel detector is used a
spectral range is simultaneously recorded [85].
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A typical conventional Raman system consists of the following basic components: an exaltation
source, usually a visible-light laser, optics for sample illumination and collection of sample-
scattered light, a monochromator and a signal processing system consisting of a detector and a
data processing unit. A diagram showing the various components of a Raman spectrometer is

shown in Figure 6.
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Figure 25. Scheme of a conventional Raman instrument [84]

6.2 CARBON NANOTUBES FUNCTIONALIZATION

For the process of functionalization of CNT surface, a chemical (also called covalent)
functionalization has been used. As previously discussed in the CNTs functionalization chapter, the
covalent functionalization consists of damaging the nanotube framework by using strong acids

which leaves holes in which -COOH groups are bonded by the reaction with the acid.

Those type of oxygenated functional groups will be able to drastically improve the dispersion in
water solution and also, they will promote the surface interaction with the cement matrix in the

concrete composite.
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The acid chosen for the functionalization of the carbon nanotubes was the sulfonitric mixed acid,

which is a mixture of 3 parts of sulfuric acid (H2S0a4), and 1 part of nitric acid (HNOz): 1 HNOs: 3

H2SOa4.

Also, in order to see the possible effects of the time of functionalization of the carbon nanotubes,

and eventually achieve a better interaction between the reinforcement and the cement matrix,

several sonication times were performed. The time interval between every sonication process that

has been chosen was 15 minutes. So, the several preparations of functionalized CNTs are:

e CNTs+1HNOs:
e CNTs+1HNOs:
e CNTs+1HNOs3:

e CNTs+1HNO3

e CNTs+1HNOs3:
e CNTs+1HNOs:

Sample N°

o A W N

3 H2SO4 sonicated for 15 minutes.
3 H,S04 sonicated for 30 minutes.

3 H,SO4 sonicated for 45 minutes.

: 3 H2S04 sonicated for 60 minutes.

3 H,SO4 sonicated for 75 minutes.

3 H,S04 sonicated for 90 minutes.

Time [min] Temperature [°C]
15 30
30 30
45 30
60 30
75 30
90 30

Acid

1 HNOs:
1 HNOs :
1 HNOs:
1 HNOs:
1 HNOs:
1 HNOs :

3 H2S04
3 H2S04
3 H2S04
3 H2S04
3 H2S04
3 H2S04

Dispersant

No
No
No
No
No
No

Figure 26. Table showing the different functionalization times for the 6 CNTs samples in the 1 HNO3 :

3H2504 acidic solution
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Here, the method used for the functionalization of the carbon nanotubes is described.

The first thing that needs to be done is to take the right amount of carbon nanotubes needed to
make at least 4 samples of cement-CNT composites. It has been decided to use 0,5g of pristine
CNTs which were weighed by a scientific weighing scale “Radwag” from “SAVATEC Strumenti”.
After weighing the amount of carbon nanotubes needed for the functionalization, the next step

consists of preparing the acids mixture.

The two acids needed for the mixture were HNO3 (nitric acid given by “Carlo Erba reagents”) and
H2S04 (sulfuric acid given by “SIGMA-ALDRICH”). Both acids were poured into a becker
respectively. In order to make the sulfunitric acid, 1 part of HNO3 and 3 parts of H,SO4 are needed.
To do so, a graduated cylinder needed to be used, in which it has been mixed 15 ml of nitric acid (1
part) and 45 ml of sulfuric acid (3 parts), to reach a total amount of sulfonitric acid of 60 ml. The

acidic mixture was then poured into the becker containing the pristine nanotubes.

Now, the nanotubes immersed in the acidic mixture, were put into an ultrasonic bath (“SONICA-
Ultrasonic Cleaner” by SOLTEC) and sonicated for the time needed for the functionalization
desired to occur. The first solution of nanotubes and acid was unsightly for a time of 15 minutes,
the second for a time of 30 minutes and so on, always increasing the sonication time for each

solution by 15 minutes, up to 90 minutes of sonication in the ultrasonic bath.

Meanwhile, a solution of NaOH (sodium hydroxide given by "SIGMA-ALDRICH") and water has
been prepared, which was used to neutralize the low pH of the acid solution and CNTs after the
expected treatment in the ultrasonic bath. About 30 g of NaOH were inserted into a flask and then
the flask was filled with water up to 200ml. This solution of sodium hydroxide and water was
mixed using a magnetic stirrer ("ARE — Heating Magnetic Stirrer" of the "VELP® SCIENTIFICA") until

the solution was completely homogeneous.

After the sonication process in the ultrasonic bath of the nanotubes immersed in acid, the
contents of the becker were immediately poured inside the flask containing the basic solution of
NaOH and finally the nanotubes were rinsed through the use of deionized water to avoid the
formation of residual salts resulting from the neutralization reaction of the acid solution with the
base. The final cleaning of the nanotubes was carried out many times in order to be sure that
almost all the salt derived from the neutralization of the acidic solution was washed away in order
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to avoid the risk of the salt present on the surface of the nanotubes acting as a negative element

for the mechanical and electrical properties of the CNT-Cement composites

Figure 27. Result of 30 minutes of sonication in the sulfunitric acid solution for CNTs

6.3 CNT-CEMENT COMPOSITES

6.3.1 CNT-CEMENT COMPOSITES PRODUCTION

For the synthesis of the pure cement samples, a class 52,5 produced by Italcementi was used: this
is a particular kind of Portland cement which shows a very high strength. The chemical
composition for this type of cement is showed in Figure 1. This material was chosen because of its

fast curing time, which allows it to reach the same hydration degree of a common Portland
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cement hydrated for 28 days (standard time needed to reach at least 90% of hydration to

guarantee the mechanical properties required).

For the synthesis process, it was assumed that the cement paste volume was equal to the sum of

the cement powder volume (V¢) and water volume (V) used:

Pc  Pw

Where M and p are respectively the mass [Kg] and the density [Kg m3]. Then:

Where x is the water-cement ratio (w/c):

=<
S

The value of the cement powder mass can be evaluate knowing the total volume of the system. In
this case the total volume is the volume of the mold used to produce the cement specimen, which
has a rectangular shape. It is formed by 4 identical molds that have width and thickness both of 2
cm and a length of 8 cm. So, the volume of a single mold is 32 cm? and the total volume of the

mold, which is constituted of 4 identical molds, is 128 cm?3.
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For a more correct way to synthetize cement paste, it is advisable to use an excess of cement
powder of 15%. This is explained by the fact that part of the cement paste inevitably remains

attached to the surface of the walls of the mold. Hence, the final formula becomes:

For the synthesis of cement paste for our samples, the water-cement ratio used was 0,45; that
means that for a total volume of 147,2 cm?3 (value calculated considering the cement excess of
15%) the amount of cement mass to be used is M = 190,53 g and the amount of water mass to be

used is My, = 85,74 g.

Water and cement powder are then put in 2 separated becker and prepared for the mixing. In
order to create the blend between the water and the cement powder, a mechanical stirrer (VELP®
SCIENTIFICA “Stirrer type PW”) is needed. The becker containing the water is then put under the
mechanical stirrer and the cement powder is added to the water by little amounts during the time,
in order to create a homogeneous and smooth cement paste. After the mixing of the two
elements is completed, the cement paste is poured into the mold, and after the excess of slurry is

eliminated from the top of the mold so that the surface of the samples appears smooth.

Finally, the mold was put into an oven at the temperature of 85°C for 24 hours in order to
accelerate the cement hydration process. Using this thermal treatment it can be achieved the
same amount of hydration obtained by leaving the composite in water for 28 days, which is the
traditional and conventional time for reaching almost 90% of hydration of the cement paste, time

sufficient to show the best mechanical properties of the cement.
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Figure 21. Scheme of the environment for the curing of the cement paste

PRODUCTION OF CEMENT PASTE CONTAINING CNT

Regarding the production and preparation of concrete composites containing carbon nanotubes,
the method is very similar compared to the production of the pure cement paste. However, the
amount of carbon nanotubes chose as reinforcement in the cement composite samples was 0,1%
referred to the cement powder mass used. In our study case, the mass of cement powder used for
the pure cement paste was M = 190,53 g so the mass of CNTs needed to be added to the water

and cement is Mcnt = 0,19 g.

Then, CNTs are added to the water and, in order to obtain the right dispersion of the solid phase
(CNTs) in the water, an ultrasonic stirrer was used. This ultrasonic stirrer is composed by a probe
located at the head of the instrument, which is immersed in the becker containing the water-CNTs
solution. The time process of the ultrasonic dispersion of the nanotubes was 15 minutes, while the
amplitude of the vibrations of the probe was set to be 35% with an energy released of 100 W.
After the dispersion of the carbon nanotubes was complete, the becker was filled up with water to
reach the right amount of water needed to obtain a M My, ratio of 0,45, which in this case was My,

= 85,74g.
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6.3.2 GEOMETRICAL DENSITY

In order to measure the porosity within the samples, geometrical density values were calculated
with the following procedure. It can be assumed that cement paste volume V is equal to the sum
of cement powder volume (V¢) and water volume (V). As previously mentioned, the more water
is present in the mixture, the more the cement particles are far from each other. So, when the
paste is hardened and dried, this will result in a higher degree of porosity. Hence, for a given dry

paste volume, there will be more “air gaps”, meaning a lighter sample with lower density.

The density [Kg*m™] calculated was the following:

M
Py

Where M is the total mass of the dried sample and V is the total volume of the same, calculated by
the product of the 3 sizes of the sample: width, length and thickness. Two measures on two

different

6.3.3 RESISTIVITY

In order to evaluate the electrical behavior of the Carbon nanotubes inside the cement
composites, an electrical test for the obtainment of samples resistivity has to be made. The
instrument used for the electrical test generates a constant direct current flow that passes
through the cylinder copper conductors couple, which in the middle of them was placed the
sample. Moreover, the electric potential between the two conductors was measured by touching
them with 2 testing probes linked to the instrument. By measuring those two parameters, the

instrument gives directly the value of the resistance of the sample.

However, the surface of the sample subject to the current flow generated by the instrument is not
equal to the surface of the 2 conductors made in copper. The reason is that the surface of the
conductors is perfect circular with a diameter of 3 cm (the radii of the conductors are 1,5m), while
the surface of the concrete samples in contact with the 2 cylindric conductors is a square which

has a width of 2 cm.
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Figure 28. Area of the cement sample interested by the current flow for the resistivity calculation

The figure [] shows the area shared by the contact between the concrete sample and the copper
conductor cylinder. The area in contact between the two materials shares only the central part
(colored in grey) of the copper cylinder and this is the area in which the direct current flow

through the material.

For the calculation of the interested area, we needed to subtract the 2 circular segments, located
above and below of it, to the total area of the copper cylinder. The value of the diameter of the
conductor cylinder is 3 cm, while the width of the concrete sample is 2 cm. Assuming that the 2

centers are located in the same point, the height of the circular segment is given by:
h=R—-d=15-1=05cm

where R is the circle radius and d is half of the width of the concrete specimen.

Then 6, which is the angle formed by the circular segment, needs to be calculate in order to

evaluate the area of it:

d=R o
= cos<2>

1
0 =2cos™?! (—) = 96,38°
cos R
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After obtaining the value of the angle, the area of the circular segment can be evaluated by the

following equation:

1
A = > R?(6 —sinB) = 0,77 cm?

24, =2-0,77 = 1,54 cm?

Where A is the area of one circular segment.

Then, for the calculation of the interested area, the area of the two circular segments need to be

subtracted from the total area of the copper circle:

A.e = TR? = 7,07 cm?

A= A, —2A., = 5,53 cm?

>

ox
_/

Figure 29. Circular segment




6.4 MECHANICAL TESTS ON CNT-CEMENT COMPOSITES

6.4.1 THREE-POINT FLEXURAL TEST

The main task for this experimental work was to test the CNTs-cement composite samples that
were previously prepared by mixing carbon nanotubes, which were functionalized at several
sonication times in a sulfonitric acid solution, by a flexural testing machine with a load cell having a
maximum capacity of 1kN. In this case the machine used to test the samples consisted in a single-
column Zwick/Roell-line Z050 flexural testing machine, as showed in Figure []. The mechanical
properties of the cement composites were measured through a three-point bending test (the
standard controlling the variables of the test was the ASTM C348) controlled by Crack Mouth
Opening Displacement (CMOD). CMOD is a term used to describe the change in distance, normal
to the crack plane, between the two faces of fatigue-cracked notch in a fracture toughness test
specimen. CMOD is measured on the loading line or on the surface of the specimen as the

difference between the original and the final crack opening.

For the specimens tested in order to evaluate the Max stress at breaking and the toughness, a
span of 65mm between the two supports at the bottom of the machine was set. The test was set
to begin when a force of 10 N was applied on the top surface of the specimen by the top bar of the
machine. On the other hand, the test was stopped when the force applied by the top bar reached

a value of 10% of the maximum value of force measured by the machine.

Figure 30. Geometry of the specimen used in the flexural strength test with the respective size and notch
dimensions
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The software used to evaluate the data coming from the bending test was testXpert Il. The data
reported by the software from the completed tests are: maximum force (Fmax), elongation
measured when the maximum force is applied (dL at Fmax), force measured at break of the

specimen (Fpreak), €elongation in mm measured at break of the specimen (dL at Fpreak).

The software also permits to indicate the thickness and the width of the specimen in order to

calculate the fracture surface.

Also, the test was conducted in a way that every 0,05 mm the value of Force (in N) applied on the
specimen is recorded. This method allows the calculation of the maximum Stress (in MPa)

distribution in the interval of 0,05 mm by this equation:

3RL[ N
G005 = 2bh? [mmz]

Where:

e Fjis the maximum force registered in the interval of 0,05 mm of displacement.
e Listhe span of the specimen (65 mm).
e bisthe width of the specimen in mm.

e histhe thickness of the specimen subtracted by the size of the notch on the surface.

The displacement is measured through an extensometer which is installed above the notch of the
sample and it is attached to two supports glued to the notch surface spaced 20 mm from each

other. This type of configuration is showed in Figure 33.

52



Figure 31. Extensometer configuration for the three-point test
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6.4.2 COMPRESSIVE TEST

The second kind of mechanical test carried out for the CNT-cement composite samples was the
compressive strength evaluation. The compressive test was conducted through two different
ways: the first one using “force control” and the second one using “elongation control”. The load
cell had a maximum capacity of 50 kN, The samples were placed in the middle of two presses, the
upper one is the mobile one, moved by the bar placed on top of it, while the second press is
stationary and it is placed under the composite sample. The test, in fact, evaluates the Max stress
at which the CNT-cement composites samples are broken by the compression applied by the two
presses. In the elongation control method, the compression test was carried out by increasing the
displacement of the 2 presses in a constant way; on the other hand, the force control method
consisted in increasing the force applied by the machine in an instantaneous way until the sample

was broken and then measuring the maximum force reached at that point.

Figure 32. Picture of the compression test environment.

54



7. RESULTS AND DISCUSSION

CARBON NANOTUBES CHARACTERIZATION

THERMOGRAVIMETRIC ANALYSIS
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Figure 33. Graph showing TGA curves of carbon nanotubes functionalized at several sonication times

In order to characterize the thermal behavior of the carbon nanotubes, after chemical
functionalization in the sulfunitric acid solution (1 HNOs : 3 H2S04) at different sonication times,
used for the preparation of the CNT-Cement sample, a ThermoGravimetric Analysis (TGA) was
conducted. From figure 36, which shows the curves obtained from TG analysis in an air
atmosphere with a gas flow of 50 ml/min and a temperature ramp of 10 °C/min, it can be seen
that: in general, non-functionalized carbon nanotubes have an onset temperature of thermal

degradation around 525 °C and a maximum degradation rate at a temperature of 600°C. The
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complete degradation of non-functionalized nanotubes occurs at a temperature of about 630°C.
On the other hand, when talking about the analysis of the functionalized CNTs, unlike the pristine
nanotubes, the onset temperature of the degradation for the least sonicated nanotubes (in this
case the nanotubes sonicated for 15’) is 480 °C, which is way below the temperature at which the
pristine nanotubes begin to degrade. This is followed by the fact that almost all the curves related
to the functionalized CNTs are really close to each other regarding their degradation temperature.
Anyway, it can be seen that increasing the sonication time, the onset temperature of degradation
decreases as a consequence of the presence of oxygenated functional groups attached to the
carbon nanotubes surface. Also, this can be explained by the fact that oxygenated groups are
chemical species that are very reactive and temperature sensitive, so the more those species are
present on the carbon nanotube surface, the more the nanotubes start their degradation at lower

temperatures.

It can also be seen that the percentage of residue present at the end of the degradation for the
functionalized CNTs is generally higher than the one showed by the pristine nanotubes. In fact, the
samples functionalized for 15 and 75 minutes show a residue of about 35%, while the pristine
carbon nanotubes have a residue of less than 20% at the end of the analysis. The explanation lies
in the fact that, regarding the functionalized samples, there is still a good amount of salts derived
by the reaction between the sulfonitric solution and the basic one [86]. These salts have a better
thermal stability than the CNTs even at the maximum temperature of the Thermogravimetric
analysis (1000°C), so, they are still present even if the thermal degradation of the CNTs has already

ended.

In addition, the curves representing functionalized carbon nanotube samples have an initial
decrease, so an early step of additional degradation compared to pristine CNTs. This step can be
attributed to the presence of water molecules present on the surface of nanotubes. In fact, these
molecules are used to being eliminated in a fairly low temperature range of about 100 to 300°C.
This phenomenon is very clear when analyzing the sample sonicated for 75 minutes, which shows

more than 20% loss in weight due to the elimination of water.

56



TGA

120
100 CNT Pristine
----- CNT_30
N
80 CNT 75
-
ey
K=
v 60
2
x
40
20
0
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 34. Difference in decomposition starting temperature for: Pristine carbon nanotubes, carbon
nanotubes sonicated for 30 minutes, carbon nanotubes sonicated for 75 minutes
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Figure 35. Comparison between Raman spectrum for nanotubes functionalized for 60 minutes (left) and nanotubes
functionalized for 15 minutes (right)
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The typical Raman spectrum for the functionalized CNTs (Figure 12) generally shows two different
bands, one located at 1300-1350 cm™, which is called “Defect band” (D) and one located at 1600
cmt, which is called “Graphitic band” (G) [89]. It can also be seen that, comparing two different
spectrum regarding two different sonication times of carbon nanotubes (15 and 60 minutes), the
D band (colored in red) intensity is slightly bigger for the one functionalized for 60 minutes

compared to the one functionalized for 15 minutes.

However, in order to evaluate the effectiveness of the covalent functionalization of the carbon
nanotubes in the HNOs and H;SO4 acidic solution, it must be considered the relative intensity ratio
between D and G bands. This ratio is called IG/ID ratio and gives a fairly good quantitative
information about the amount of -COOH groups present on the surface of CNTs. In fact, the more
intense is the D band compared to the G band, the more oxygenated groups are attached to the

nanotubes surface.
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Figure 36. Graph showing the ID/IG ratio for every functionalized CNT sample
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As mentioned before, Raman spectroscopy results are evaluated with the ID/IG ratio. This ratio is
taken as a measure of the influence of the degree of functionalization of the CNTs. In fact, as
showed in Figure 35, the more time CNTs are immersed in the acidic solution, the bigger is the
ID/IG ratio. This can be explained by the fact that increasing the functionalization time also
increases the number of -COOH groups present on the nanotubes surface. However, this trend is
valid only for times lower or equal to 60 minutes, where the maximum value of the Ip/lg ratio is
located. After that, no further increase or even a decrease in the Ip/lg ratio is observed for higher
defect concentration regarding the 75 and 90 minutes functionalization. This decreasing in Ip/lg
ratio can be related to the fact that for a longer period of functionalization the structure of the

nanotubes seems to be a bit damaged by the reaction with the acidic solution.

FLEXURAL STRENGTH
Sample N° Name Max stress (MPa) Standard Deviation
1 OPC1 1,5 10,2
2 CNT pristine 1,6 +0,1
3 CNT 15 min 1,8 10,1
4 CNT 30 min 2 10,2
5 CNT 45 min 2,1 10,5
6 CNT 60 min 3,9 0,4
7 CNT 75 min 4,5 10,8
8 CNT 90 min 4,7 1,1

Figure 37. Values of max stress at breaking for CNT-cement samples with the relative error
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From the values of max stress at breaking evaluated by the flexural strength test reported in the
table of the Figure 38, first it can be seen that the difference in max stress measured between the
ordinary Portland cement sample (1,52 MPa) and the sample containing pristine carbon
nanotubes (pure CNTs non-funcitonalized) (1,57 MPa) is very small. This result can be explained by
the fact that the dispersion of pristine carbon nanotubes inside a cement matrix does not lead to

an improvement in mechanical properties since the interaction between the reinforcement and

the matrix seems to be weak.

However, increasing the time of acidic functionalization through sonication, the max stress at

breaking point evaluated by the flexural tests also increases and becomes twice or three times the

value of the one measured for the pristine CNTs in the concrete. As it can be seen from the table
in figure 37, the increasing of the functionalization time leads to an increase in the max stress at
breaking point in almost a linear way, which tends to end in a plateau for functionalization times

of 75 minutes and 90 minutes.

Max force (Mpa)

OPC Pristine 15' 30 45 60' 75 90
Functionalization time

Figure 38. Bar chart reporting the values of Max stress for every samples of CNT-cement composite
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From the graph in Figure 39, it can be seen that the flexural strength for the CNT-cement
composite in which were dispersed the nanotubes sonicated for 15 minutes only increases by 15%
compared to the strength of the Ordinary Portland Cement (OPC). However, the sample
containing the 45’ CNTs shows an increase in flexural strength, always in relation with the OPC

sample, of about 40%, while regarding the 60’ CNT sample the value increases even of 160%.

This flexural strength enhancement can also be related to the Ip/Ig ratio already discussed in the
Raman spectroscopy characterization. In fact, for lower degrees of functionalization the trend of
the Max force evaluated in the composites is very similar to the one showed by the Raman
spectroscopy, or else, the enhancement brought by the presence of the right amount of
oxygenated groups on the CNTs surface is showed by the 60 minute functionalization time.
Analyzing, instead, the 75 and 90 minutes functionalization, the flexural strength enhancement is
still visible but with less effectiveness than the one evaluated for the nanotubes sonicated for 60
minutes. Probably, the fact that the 75’ and 90’ samples tend to a maximum plateau value of
flexural strength is caused by a very slight agglomeration of the nanotubes inside the cement
matrix due to the interaction between the functional groups and Ca?* ions present in the cement

paste and causing the formation of higher amount of ettringite.
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Force-Displacement Curve
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Figure 39. Graph showing every flexural test curve for all the CNT-concrete composite samples tested

In the Figure 17 it is shown the graph Force-Displacement of the various samples tested in the
DISEG laboratories of Politecnico di Torino. These curves demonstrate the already discussed
behavior of the CNT-cement composites adding 0,1% of functionalized CNTs for different periods
of time. By increasing the sonication time, the maximum force endured by the samples also
increases; however the integral of the curves also become slightly lower when increasing the
functionalization time leading into a decrease in fractural energy, showing that with the same
amount of CNTs used as a reinforcement for the cement matrix (0,1%) but increasing the fraction
of functional groups to the CNT surface, causing an evident improvement regarding the maximum

loading, but showing a small reduction in the composite fracture energy.
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This mechanical improvement because of the combination of CNT filler, nucleation, bridging effect
and the consequent densification of the cement paste, leading to a reduction of total porosity and
pore continuity. This bridging effect is very much improved when the number of chemical groups
attached to the CNT surface increases by increasing the functionalization time, ensuring a better

interaction between those oxygenated groups and the C-S-H contained in the cement.

COMPRESSIVE STRENGTH
Sample N° Sample name Max stress (Mpa) Standard deviation
1 OPC 48,6 +7,9
2 Pristine 50,8 2,5
3 15’ 48,2 +10,9
4 30’ 49,9 13,3
5 45’ 52,2 4,1
6 60’ 52,5 18,2
7 75’ 54 15,3
8 90’ 56,4 +10,5

Figure 40. Table showing the compression strength for all the composite samples.

The third test carried out in order to evaluate the total mechanical behavior for the CNT-cement
composites is the compressive strength. From the table showed in Figure 39, it can be observed
that the values of maximum stress don’t change that much for the functionalized CNTs samples
compared to the OPC values. Specifically, the maximum compressive strength evaluated for the
ordinary Portland cement is 48,6 MPa, while the value for the pristine CNTs is 50,8 Mpa, showing
an increase of about 5% in compression strength. However, the addition of CNTs functionalized for
15 and 30 minutes doesn’t bring to a considerable change in compressive strength (48,2 and 49,9

MPa respectively). Anyway, the samples showing the best compression strength are once again
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the one with the CNT sonicated for 60, 75 and 90 minutes with a maximum compression strength

respectively of 52,5, 54 and 56,4 Mpa.
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Figure 41. Comparison of compressive strength of all the CNT-cement samples tested by a compression machine

As shown in Figure 41, the values of maximum compression strength of all the samples doesn’t
vary much from the one obtained for the OPC sample. In particular, the best increment in
compression strength is shown by the composite containing the nanotubes sonicated for the most
time (90 min) with an increase compared to the OPC sample of only about 16%. This result, in
relation with the results obtained in the flexural strength test, can be explained by the fact that
the strengthening effect due to the dispersion of functionalized CNTs inside the cement matrix
may be mostly present in the central part of the sample (explaining the fact that the flexural
strength was enhanced when increasing the sonication time of carbon nanotubes in the 1 HNOs : 3
H>S04 solution), while the dispersion was not so optimal in the areas close to the lateral walls of
the composite sample. This difference in dispersion of the 0,1% in volume fraction of the carbon
nanotubes can bring to the conclusion that when evaluating the strength on the entire composite
sample, the values don’t increase in a considerable way in comparison with the evaluation of the
flexural strength which takes place in the area around the notch of the sample, where the

dispersion of the reinforcement seems to be optimized.
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Anyway, from the observation of the values, even if the improvement brought by the 75’ and 90’
functionalized CNTs to the composite is very low, it can be said that, as already said for the results
obtained by the flexural strength evaluation, the better interaction between the CNTs with the
most amount of -COOH groups at the surface and the cement matrix helps improving the
compression strength overcoming the negative effect on the mechanical strength due to the poor

distribution and dispersion of the reinforcing phase (CNTs).

FRACTURE ENERGY

Sample N° Sample name Fracture energy (J) Standard deviation
1 OPC 1,3 10,5
2 Pristine 1,4 0,3
3 15’ 1,6 10,1
4 30’ 1,5 10,2
5 45’ 1,6 10,5
6 60’ 1,7 10,1
7 75’ 2 10,4
8 90’ 2,4 10,7

Figure 42. Table with the values of Toughness evaluated by the flexural test.
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Figure 43. Bar chart showing the difference in Fracture Energy for the CNT-composite samples

The Fracture energy was evaluated by calculating the area under the curve of the respective CNT-
cement composite samples. As shown by the bar chart in Figure 43 and the flexural strength
values reported in Figure 42, it is possible to affirm that the CNTs functionalization time contribute
to enhance the fracture energy of the composites. These results suggest an effective dispersion
and a strong bond between carbon nanotubes and the cement hydration products by increasing
the acidic functionalization time. In fact, the CNTs functionalized for 90 minutes bring an
enhancement in fracture energy of 71% compared to the one measured for the pristine CNTs.
Also, even the CNTs functionalized for 75 minutes shows an increase in fracture energy, always

compared to the one evaluated for the pristine CNTs, of 43%.
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RESISTIVITY

Sample N° Sample name Resistivity (1076 m/S)

1 OPC 3,7
2 Pristine 3,6
3 15’ 3

4 30’ 3,3
5 45’ 1,9
6 60’ 1,1
7 75’ 0,5
8 90’ 0,1

Figure 44. Table with the resistivity comparison between functionalized CNT-cement composites

As showed in the Figure, an increasing in electrical properties brought by the insertion of
functionalized carbon nanotubes inside the cement matrix can be observed. In particular, the
value of resistivity for the OPC (ordinary Portland cement) sample is pretty similar to the one
evaluated for the sample containing pristine (non-functionalized) nanotubes. This result can lead
to the fact that only with the addition of 0,1% of CNTs not sonicated but dispersed into the
cement matrix doesn’t prove to be an improvement regarding the electrical properties.
Meanwhile, increasing the functionalization times, the value of resistivity evaluated for the several
CNTs-cement composites was decreasing. In particular, the decrease in resistivity between the 30’
sonicated CNTs and the 45’ sonicated CNTs was about 73%, showing a heavy enhancement in
electrical properties of CNTs-cement composites even by increasing the functionalization time of
15 minutes. Also, the best result | brought by the composite containing carbon nanotubes
functionalized for 90 minutes, which show an increase in conductivity of 3500% compared to the

composite containing just the pristine CNTSs.
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Figure 45. Effect of functionalization time of CNTs on the resistivity of the composite

From the graph above (Figure 42), showing the electrical properties of the concrete composites
with 0,1% of carbon nanotubes inside the cement matrix, in particular the resistivity of the
specimens tested, it can be seen that the resistivity of the samples decreases while increasing the

time of functionalization of the carbon nanotubes inside the composite.

In particular, it can see that for the OPC and the CNT pristine (not functionalized) composite the
resistivity is capped at a certain value, which is about 3,7 - 106 Q'm for the ordinary Portland
cement sample and 3,6 - 10° O'm ; that is because the value of electrical resistance measured by
the instrument reached the maximum measurable value for this two samples. Instead, the 15’
sonicated CNTs seem to have a lower resistivity (that means better conductivity) than the 30’
sonicated CNTs. However, from the 45’ sonicated carbon nanotubes it can be seen a drastic
decrease in resistivity, following a trend dictated by an increasing of the functionalization time of
the nanotubes inside the composites. In fact, samples containing nanotubes functionalized at

times greater than 75 minutes show very low resistivity values, which go down to 0.09*10”6 m/S.

However, the combination of the enhancement in mechanical properties with the increasing in
electrical conductivity of the functionalized CNT-cement composites depending on the time of
functionalization leads to considering these CNT-cement composites as an optimal and very

efficient sensing devices that can be used in controlling the building deformations.
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GRAPHENE-LIKE COMPOSITES MECHANICAL TESTS

FLEXURAL STRENGTH

The last part of the experimental work performed in the Department of Science and Technology of
the Politecnico di Torino consisted in evaluating the mechanical properties of graphene-like and
cement composite samples in relation with the mechanical properties of the samples already

tested.

The method used for estimating effect of graphene inside the cement matrix was almost equal to
the one used for the CNT-cement composites. The main difference is that no functionalization was
performed for the graphene, because we wanted to see the mechanical properties for a pristine
graphene. Also, the amount of graphene that was added to the cement paste was 0,1%, which is

the same amount used for the CNT-cement composites in the previous work.

The results coming from the CMOD flexural strength tests, showed that the max stress at breaking
measured for the graphene-cement composites is of about way better than those showed by the
CNT pristine immersed in the cement matrix. In fact, the graph below indicates that the strength
of the graphene is comparable with the strength showed by the carbon nanotubes sonicated in

sulfunitric acid solution for 45 minutes.

Sample Name Max Stress [MPa] Standard deviation
1 OPC 1,52 +0,19
2 Soot Pristine 2,79 +0,49
3 CNT Pristine 1,57 0,04
4 CNT 90’ 3,23 +0,26

Figure 46. Comparison of Flexural strength between the graphene-cement composite and CNT-cement
composites
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Max Stress (MPa)

OPC Soot Pristine CNT Pristine CNT 45’

functionalization time (min)

Figure 47. Bar chart showing the flexural strength of the tested samples

FRACTURE ENERGY

Regarding the toughness measured for the same graphene-like-cement composites sample, the
results seem even better. In fact, this time, the values of toughness for a pristine graphene inside
the cement matrix overcome even the values of CNTs sonicated in the sulfonitric acid solution for
90 minutes by increasing the toughness value even of 18%. Moreover, using graphene-like
nanoparticles inside the cement matrix, improve by 100% the fracture energy compared to the

pristine CNTs inside the cement composited.

This result can be translated in the fact that the nanocomposite formed by cement as the matrix
and graphene as the reinforcement phase, in general, shows much better mechanical properties

than the nanocomposite formed by functionalized CNTs as the reinforced phase.
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Sample N°

£y w N -

Sample name

OPC
Soot Pristine
CNT Pristine

CNT 90’

Toughness (J)

1,3
2,8
1,4
2,4

Standard deviation

+0,49
+0,99
+0,33
+0,67

Figure 48. Table showing the toughness measured for the graphene-cement composite and the CNT-cement

composite.

Toughness [J]

Soot Pristine

CNT Pristine

functionalization time (min)

CNT 90°

Figure 49. Bar chart showing the difference in toughness for the tested samples.
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COMPRESSION STRENGTH

The last results that need to be discussed regarding the mechanical properties of the CNT-cement
composites is the compressive strength. As showed by the table in Figure 50 and by the bar chart
in Figure 51, the maximum compression stress evaluated for the pristine CNTs-cement composite
was 55,8 MPa, while the one measured for the graphene-like-cement composite was 50,8 MPa,
showing an increase in compression strength of almost 10%. Moreover, it can also be seen that
the value of compressive strength showed by the graphene-like composite is comparable with the
one measured for the CNTs-cement composite containing CNTs functionalized for 90 minutes. In
fact, the difference between the maximum compression stress for CNTs functionalized 90’ and the

maximum compression stress for the graphene was only about 1%.

Sample N° Sample name Max Stress (Mpa) Standard deviation
1 OPC 48,6 17,9
2 Soot Pristine 55,8 +2,9
3 CNT Pristine 50,8 +2,5
4 CNT 90’ 56,4 +10,5

Figure 5012. Comparison between the maximum compression stresses for graphene like-cement composites
and CNT-cement composites.
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Max Compression stress (MPa)

OPC Soot Pristine CNT Pristine CNT 90°

Functionalization time (min)

Figure 5113. Graph showing the comparison between graphene and CNTs in cement composites regarding

the compression strength.

In general, regarding the mechanical properties of the composites, including 0,1% on cement
volume of graphene-like nanoparticles inside the cement matrix seems to bring a higher

enhancement concerning both the flexural and compression strengths.
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8. CONCLUSIONS

The main goal of this work is was to analyze the influence of the acidic functionalization process
for carbon nanotubes inside a cement-based composite, by examining 6 different CNTs-cement
composite samples in which the nanotubes were functionalized for different times. Specifically,
this work aimed to investigate the enhancement in mechanical and electrical properties of the
CNT-cement composites by increasing the functionalization time by 15 minutes for each CNTs

sample.

At the end of this work that was conducted in the DISAT and DISEG laboratories of the Politecnico
di Torino, it can be asserted that an improvement both on mechanical and electrical properties on
the composites was obtained. The effect of functionalization time on CNTs leads to an
improvement both in the electrical conductivity and the flexural strength of the composites. These
two aspects are probably improved first by the better dispersion of CNTs in the cement matrix,
and second by the fact that increasing the number of oxygenated groups on the nanotubes
surface, the interaction between the reinforcement (CNTs) and the matrix (cement) results
stronger, allowing the creation of a better conductive path inside the cement and also increasing
the composite strength under mechanical stresses. However, regarding the compression strength,
the results didn’t show a marked improvement by increasing the functionalization time of the
CNTs, probably because of the formation of clusters that can decrease the effectiveness of the

bonding between the reinforcement and the matrix.

In conclusion, the improvement of mechanical and electrical properties of the CNT-cement
composites can lead to think that CNTs represent a very good alternative to the other carbon-
based materials used as a reinforcement in the cement matrix. These results open the way to
create a conductive cement with high mechanical properties that can be monitored during the

lifetime of the structure in which is employed.
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