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ABSTRACT

Solgel derived nano-silica suspensiongor inclusion in cement paste

Dulani P. A. Kodippili, Ph.D.
Concordia University, 2020

Nanasilica (NS) is one of the most widely used nanomaterials in the cementryndis
addition of which delivers many advantages in improving the properties of hardened cement. It
has been proven thiiS can increase the strength, reduce the permeability, increase the durability,
and reduce the G@missions by lessening the usage of cement. However, the associated problems
such as the agglomeration of NS and uneven dispersion of NS in the cement pastes limit its
potential benefits.

These problems were addressed in this research by optimizing dtteodnof NS
incorporation. NS was synthesized by the-gall method and was utilized in cement as a
suspension of calcium hydroxide. The hydration of cement with thgeesdierived NS was studied
using various techniques such as isothermal calorimetfferehtial scanning calorimetry,
mercury intrusion porosimetry, scanning electron microscopy;envaporable water content
measurements, and-rdy diffraction with Rietveld refinement as well as mechanical properties.
The optimum amount of NS was deterntdrie be approximately 4% and perhaps as low as 2% if
ultra sonification is utilized. It was shown that the NS synthesized by this method increased the
rate of hydration by 12% in two days in terms of energy. Calcium hydroxide consumption and
refinement ofthe microstructure and pore structure improved until this optimum amount.
Moreover, the mechanical strength was improved up 35% in two days and 50% in seven days. The
limitations of the NS usage can be minimized by this novel approach of NS incorporation.
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Introduction

Concrete is one of the most widely useaterialsThis is especially true in the construction
industry within which concrete has been a material of choice for a number of Hlearannual
worldwide production of concrete is approximately 20 billion §dn2). It is a composite mati
composed of amorphoasd crystallingohase ranging in size from nanometers to micrometers,

Chapigbund watef3]. Cement is one of the main components of the widely used construction
material, concrete. As production of cement is an gneonsuming and expensive process,
supplementary cementitious materiB€CM) have been researched in order to reduce the usage
of cement and to enhance the properties of concrete. However, the concrete produced with
supplementary materials such as fly hak a lower early strength and delayed setting times. This
issue becomes worse during the cold weather sepgof$erefore, nanoparticles which have the
potential of avoiding those drawbacks have attracted attention in dherete industry.
Nanoparticles have also gained much interest in the concrete industry due to many reasons
including the enhancement of performance of hardened concrete, fresh and rheological properties,
and durability. Some nanoparticles can impart ooy these properties but also can give a
photocatalytic nature which results in the ssfaning property and seatbnsolidating features in
concretg5b].

There are many nanoparticld#sat have been researched for incorporation in concrete.
Nano silica, nano CaGOnano FgOs, nano ZrQ, nano TiQ, nano ZnQ, nano AbOs, carbon
nano tubes, nano clays, nano cement particles®f(&lie) and GS (belite). Nanoparticles can
enhance the performance of concrete by means of both physical and chemical mechanisms. The
physical mechanism is that nanoparticles fill up voids making denser concrete. In chemical
manner, nanoparticles can proviéegs for the nucleation of hydration products thus accelerating
cement hydration. This nuclei formation not only occurs on the surface of cement grains but also
within the pores of cement paste due to nanoparfiéles

Although NS has many advantages, there are also several drawbacks which hinder their
wide deployment in concrete. Being in nano size, the nanoparticles have a larger surface area
compared to micro, or other larger scale materials. Thuis,dhdace energy is veryidh. As a
result, they tend to agglomerate themselves to reduce the erdsgy.as the particle size
decreases, the interparticle attraefiorces(specially Van der Waalshcreases compared to the
gravitational force§7]. Therefore, if thattractive forcegxceed the repulsive forces, the particles
will agglomerate When the nanopatrticles are in a dispersion, they have random motions which
are called Brownian motion which cause collisions of particles. As the pariieldestreases, the
distance between the particles in a constant volume refitic&hereforethe probability of the
collisions increases with the particle size reduct[@h This also leads to formation of
agglomerates in the nanoparticle dispersions.

When the agglomeration occurs, the nanoparticles cannot deliver their maximum beneficial
effects on theement paste/ concredee to the reduction of the effective surface aféalarger
agglomeratescan remain in the cement paste without reactingoreover, ahomogeneous
dispersion of NS throughout the cement paste is impossible when agglomerati@sest.pr
Unreacted NS patrticleshich are the result adigglomeration could cause minute areas of low
strength and voids by leaching the particlése optimumNS amount that might be introduced to
cementhas notyet been well identified. Many researchers reported different quantities which



depended on the overall properties of NS asgroduction routeThe bulk production of NS
economically for concrete is another issue which shoulesaved.

Research scoperad objectives

As such, a proper mechanism is required to dispegeesilica particlesn concrete and
to achieve the effect of reactivity of N®/hile some researchers have used high energy mixing in
order to disperse nanoparticlesdamentitiousmatrices[8], it is questionable that the proper
dispersjon is achievable by this method in bulk concrete priodudtherefore, production of NS
in liquid state, application of surfactants, ultrasonication and microwave drying have been
suggested to eliminate agglomerated NS prod@¢tdrom the sebel method, it is possible to
obtain NS in the gelled state which can be ugefansure proper dispersion of NS within concrete
while achievinghe required consistency.

1.1.1The research objectives in thishesis

1. Optimize NS particle production

In order to address thegglomeration andigh-waterdemand issugeof NS, this research
suggests using salel derived NS as a suspension in calcium hydroxide. By this metheods it
hypothesized that calcium hydroxide, which is a strong base, would be able to reduce the
agglomeration of NS while maintaining the same pH12}) of the cement gel. Moreoyesome
processing steps of the gggl method such as drying and stabilizati@n be eliminated by using
solgel derived NSadded directhyas a suspension.

2. Investigate incorporation into cement pastes as a suspension

Another problem of using NS in cement is the difficulty of even dispersion of particles
throughout the cement pastéis occurs when NS is being used in powdered form. To overcome
this problem, using NS as a suspenssmstudied in this research.

3. Investigate hydration and strength

The characteristics of NS depend on its production route. When including NS in concrete,
these characteristics can affect the hydration of cement which consequently affects the properties
of concrete. In this research, the hydration of cement witlgedadierived silicas studied using
different methods. As well, mechanical propertaeexamined.

4. Determine optimum NS additions

Due to the agglomeration of nanoparticles, the quantity of nanoparticles which can be used
in concrete is currently limited. The optimum amount of NS which can be used as a replacement
of cement has not yet been weliderstood. Many researchers could not use NS beyond 4% of
cement while improving the properties of cemidiii 13]. Exceeding these amounts of NS have
caused a reduction in the expected properties of hardened cement paste. In this research, it is
investigated if it is possibl® increasehe NS amount used in cement by using NS produced by
this methodIn this research, NSuspensiong/ere tested up to 8% determine the performance.



Outline

The contentf this thesisareoutlined as below.

Chapter 2

Chapter 2 presents a thoroughritieire reviewonthecurrentresearch on the incorporation
of NS in2cement/concrete. This includéise NS production methodshat are used bwther
researcherfor the association of cement/concrated how the production methogould affect
the properties oNS and ultimately the properties of concretkich includes NSMoreover, he
techniques that the researchers use to characterizZéSthecluded cement pastare reviewd.
Furthermorethe gaps and issues in the present researttsubject are discussed.

Chapter 3

Chapter 3 discussdbe experimental programtilized to achieve the objectives of this
research. The materials, the procedures, the techniques, the theories behind the techniques, the
instruments used in this studye explained in detail in this section.

Chapter 4

This chaptermpresents the results obtained by the experiaiggtogram. The separate
results obtained bgachtechnique and procedure are explaimadividually. Furthermore, the
outcome obtained byeach variable are illustrated here.

Chapter 5

To draw the complete picture, the relationships, and theletions of individual results
are analyzed in ChapterBhe results are analyzed and compavedt h ot her r esear ch
Besides, the possible errors and the efforts to avoid them are dishassed

Chapter 6

This chapter explains the conclusions drawn by the results and the discikwieover
it discusses possible future research aesrafter this project and potential improversehat can
be studied on the incorporation of the-gel synthesizetllS in cement/concrete.



Literature Review

Research regarding manufacturing naiica (NS) for the purpose of improving cement
hydration and hardened properties has been receiving significant attention within the research
community over the past few years. In this chapberconceptand the bckground theories will
be discussed. Also theork related to different types of NS, the methods of NS production, the

Chaplgje? method in NS production, the properties of NS including hardened cement/mortar/concrete,
and the techniques that can be utilite@valuate those properties will be reviewed.

Concrete

Concrete is a material which is comprised of cement, water, sand, and rock, where the sand
and rock are bound by the hardened hydrated cement. Concrete is one of the most common man
made cbipositmaterials andias become very popular in the construction industry due to its ease
of use andchigherreasonable compressive strengtlet, the tensile strength of concrete is very
poor, so that steel bars are used in the concrete structures to reinfande theéhstand tensile
loads. Concrete is also an inert material to many chemicals and can be fabricated into many shapes.
Concrete can be designed in numerous ways by varying the main ingredients and sometimes
adding additional ingredients to achieve elifint compressive strengths and other desired
properties. There are some nominal mixing ratios set by different standardization authorities for
the main ingredients in order to achieve different compressive strengths. However, the resulting
strength can vg depending on the quality of the main ingredients even if the nominal mixing
ratios are used. The additional chemicals, minerals, and surfactants that are used in concrete are
called admixtures. The admixtures are incorporated in concrete to obtaiesiné@et) properties
and the properties of the hardened concrete that cannot be achieved by concrete itself (e.g. longer
flowability, air entrainment, etc.).

2.2.

Cement

Cement is the material that provides the binding ability to the concrete. Cementmelacts a
holds the sand, the rock, the steel, etc. in the matrix of concrete by bihdinghomogeneous
multiscale mixture ofmaterials.The cement can be categorized into two types depending on their
basis of hardeninghydraulic or nonhydraulic. The hardeng of hydraulic cement is called
hydration. The hydration of hydraulic cement requires water which reacts with cement and this
process continues over a long period of time. The main resultant products formed by hydration are
calcium silicate hydrate (CSHjel and calcium hydroxide (CH). The rbgdraulic cement does
not harden in water but hardens by reacting with the carbon dioxide in the air. Portland cement is
the mostly used hydraulic cement.

The Portland cement is made of minerals that contain ménelyoxides of Calcium,
Silicon, Aluminum, and Iron. As such, there are two types of raw materials which are used in
cement manufacturing. The first is lime containing materials which provide calcium oxide and the
other is clay which provides the silicdumina, and iron oxides while providing less lime. The
lime is obtained by extracting limestone, chalk, and marl which have calcium carbonate as the
main constituent. Clay, shale, slags, and other such raw materials also provide the hydrates of
aluminum dlicates, iron hydroxides, sand, and calcium. These raw materials are heated up to
around 140 & 1500C 4n a kiln to break down into the required oxides. However, the correct
mixture of raw materials should be fed to the kiln to achieve the produsd cithker. The clinker
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is formed like lumps or nodule§he clinker is cooled down and then ground to a very fine powder
form (approximately 15Qm) after mixing with gypsum. Gypsum is added to the cement to control
the setting of the cement.

Due to thdarge amount of energy required to heat the raw materials, cement manufacturing
is an energy intensive process. Also, this process releases a large quarésnbbusgases,
especially carbon dioxidéy decomposing limestone (calcium carbona@CQ) to obtain lime
(calcium oxide- CaO). As this process requires a large amount of energy, the requirement of
burning fuels which releases another large quantigreéénhousg@ases is necessary. Therefore,
the usage oBupplementary cementingpaterials §CM9 to reduce thegreenhousegases is
essential.

Materials used in construction industry to replace cement

SCMs are the materials that are being used in the construction industry to replace cement
and whigh contribute to form the hardened @ete structure because of théidraulic or
pozzolanic nature. The pozzolanic nature can be explained as the ability of a siliceous or
aluminous material which are not cementitious to form the cementitious compwourtics
presence of calcium hydroxi@dad moistureThe pozzolanic reaction is as follows;

SiO;+ Ca(OH) Y -SH

The reactions ofSCMsrange frommainly hydraulicandto mainly pozzolanic. Fly ash,
slag, metakaolin, and silica fume are some of the common SCMs used in the construction industry.
They are usually added to concrete as a replacement instead of an a&litanfume, or
microsilica, is a byproduct of silicon metaproduction as has an average particle size of
approximately 0.1 microns (100 nniYlicrosilica has been used in concrete for decades and
produces notable increases in strength and durability at relatively low replacement 1&@8ls) (5
As silicésl‘]‘:ume consis of mainly Si@, the reaction is pozzolanic.

Nanoparticles

Nanoparticles have one or more dimensions betweénl@0 nm in size. Therefore,
nanoparticles have a larger surface which gives higher reactivity to the material and therefore its
behaviour idifferent from the bulk cememtarticles When nanopatrticles are incorporated into
cement pastes, the cement hydration reactions can be alteireglto the mentioned fact$hus,

a thoraygh study of the behavior of nanoparticles is essential to theuctinstiindustry. This
thesis Investigates the production and the incorporation of one such type of promising
nanoparticles in cement paste to suit the construction industry, namelgitieao

Nanotechnology inconcrete

Nanotechnology came into the irget of the scientists after the famous talk by physicist,
Ri chard Feynman, titled ATher e dst. Ip histalk, ye o f r
explained processes and the possibilities of controlling and changing things on a smil#$cale
Also, he explained the possibilities of manipulating atoms and molecules to obtain marvellous
differences in bulk{14]. According to I gbal et al. ANanot
measuring, modelingr manipulation of matter at scales falling in the rangé 0@ nanometers
( n n{)5p The fabrication techniques in nanotechnology can be categorized into two approaches;



which are tog down and bottoni up [15]. In the topi down approach, the bulk materials are
modified to obtain small structures. In contrast to that, atoms and molecules are used as the
building blocks to organize the bulk structures in the boitam approaciil5]. Many chemical
synthesis pragsses are involved in the bottanup approach. In this research, the bottoomp
approach is used to synthesize the rsitica.

As the properties vary over time, concrete is a complex material. The bulk properties of
this complex material can be improviey nano level modifications to its composition. The gel
structure of the cement paste in concrete has nano pores which is a nanostructure itself. Therefore,
extensive research is being carried out to build up the bridge between nanotechnology and
concrete Nanotechnology can be utilized in concrete in the areas of cement hydration, influence
of nanoparticles in concrete and coatififyj. Birgisson et al[17] identified some outcomes such
as high performance concrete, sustainable and safe concrete materials, intelligent concrete, and
novel concrete materials byqmessing cement and cement pastes wherein nanotechnology can be
employed to develop concrete.

Nano-silica (NS)

Plgnosilica (NS) is nanoparticles of the oxide of silicon namely, silica {SiSllica can
be found both in amorphous and crystalline forntee Most abundant form of silica in nature is
quartz as sand. Quartz has a crystalline structure of slllea.volcanic ashes are one of the
naturally occurring silicas in the amorphous form. The amorphous silica has the pozzolanic nature
which can be utited to form cementitious materials.

Similarly, nanesilica has pozzolanic behavior attributed to its amorphous structure. When
it comes to nano scale, the amorphousness dominates over the crystallinity of the particles as there
are a fewer number of moldes in a particle. This in turn increases the reactivity of the
nanoparticles. Thus, the nasitica can be considered as a SCM. To this end, -sgica is
investigated in this research as a replacement for the cement taking that fact into account.

SiO; is one of the most promising among available nano materials which has been
investigated for its performance with cement. Naitica (NS) can improve the properties of both
fresh and hardened concrete in many aspects. In general, research studieshheargibd®ut to
improve properties of concrete such as workability, hydration, and mechanical strength, resistance
to water penetration and durability. Moreover, NS was used to increase the effectiveness of
cemenfitious additive materials in cement sustlyash and silica fum&hese aspects will be
discussed in later sections.

Comparison of Cementitious material with NS and silica fume

The study of Sharma et §1.8] showedthe effects of two diierent sizes of NS on mortar.
Theyinvestigated -15 nm and 100 300 nm sizeNS in their study. The latter had patrticle sizes
similar to silica fume. Their study revealed teatallerNS had higher reactivity during the first
24 hours of hydration by rhie reaction analysis. Furtimeore, according to tlrestudy, the
reactivity was~60% higher.

The work ofHaruehansaponet al[19] also showed that the cement mortar vixth had
highe compressive strength than the cement mortarsilitta fume In their investigation, 12 nm,
20 nm, and 40 nm NS weracdorporated in the mortar to compare the compressive strength of
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mortar with silica fume. Moreover, they found tleesociating 40 nm NS could result in more
compressive strength than associating 12 nm or 20 nm NS. Their work was also supported by
having éenser and compact micrographs obtained by scanning electron microscopy for the cement
pastes with 12 nm, 20 nm, and 40 nm NS, and silica fume.

Production methods of NS

There are many methods available to produce NS. The properties of the NS vary with the
technique that has been used to produce NS. The particle size and the size distribution, the particle
shape, the purity of NS, the hydrophobicity, the crystallinity, etc. are some of the properties that
were irdldenced by the technique used.

Thus, the ultnate resulting properties of nanwdified concrete depend on tfeatures
of the NS being used for the production, which itself depends on the NS production routes and
conditiong3]. In addition, the dispersion method of NS also affectilaéproperties of concrete
[3]. Thus, several methods have been explored in order to produce NS. The main methods of NS
production include the sgel method, vaporization of silica, biological methods, and the
precipitation method. Alteative production routes are: plasma, flame pyrolysis, chemical vapor
deposition, electrodeposition, and mechanical attrii@®)21] However, the sol gel method is
advantageous over the other methods due to the ability of synthesizing monodispersed NS with a
narrowsize distribution under simple conditions such as ambient temperatures and ambient
pressurg22].

NS has been widely used for many applications su@nasldition to cementeranics,
chromatography, catalytic applications, and production of other advanced material and thus has
been widely researched. For example, in Sarikaya g3]] the authors synthesized highly pure
NS by alkaline treatments from pyrophyllite deposits, which msineral that is important within
themineralindustry. The authors obtained the morphological structures and properties of the raw
pyrophyllite, and conducted thé-ray fluorescenceXRF), X-ray diffraction KRD), Fourier
transform infraredpectroscopyvith attenuated total reflectan@€TIR-ATR), Scanning Electron
Microscopy (SEM), and Energy dispersive Xay spectroscopyEDS) tests on the synthesized
SiOp. It was shown that a highly pure form of NS having raizes of less than 5@m coud be
obtained with a purity of 98%.

The effect of cationic surfactants on the particle size of NS which had been produced to
investigate cement hydration was researched by Singh E4§l.The authors usetktraethyl
orthosilicate TEOS as the precursor and dodecyltrimethylammonium bromide (DTAB),
tetradecyltrimethylammonium bromide (TTAB) and cetyltrimethylammonium bromide (CTAB)
as surfactants. Further, they investigated hbe chain length of the surfactants affected the
particle size of NS and found out that the particle size decreases with increasing chain length of
the surfactants. It was possible for them to adjust the particle size of NS in th&e&am range
by usng the cationic surfactants. The XRD spectra of cement paste with 5% NS produced using
the cationic surfactants showed that the intensity of the peaks related to CH in the paste had
reduced when compared with the plain cement and the cement paste wsihca%ume[24]
indicated improved reactions with NS.

NS with a high specific surface area of ~268gwere produced by Concha Real et al.
using rice husk asf25]. Their studies byf'ransmission Electron MicroscopyEM) confirmed



that the silica produced by their method weréhimnanometric scale. Moreover, they were able
to obtain a homogeneously distributed ~99.5% pure NS by this.

The dssolution of olivine is another method to produce NS. Lazaro [@6dinvestigated
this synthesis method and assessed its processing conditions on the properties of the NS product
The particle size of the produced NS was ir260nm range and the particles were agglomerated
resulting a mesoporouslica structure where the pore sizes were287nm according to their
findings. The purity of NS was higher than 95% which is contpeag less than the other methods
mentioned previously. Further they stated that this method was more feasible than the other
techniques because of its lower energy requirement compared with the other method.

The precipitation method is one of the most owon methods of NS synthesis. It involves
producing alkaline silicate and then precipitating silica by adding an acid. Using this method,
Thuadaijand Nuntiygd27] andJal et al[28] produced 50 nm NS using two different raw materials.
Figure2.1 shows a TEM image of the NS synthesizedTiyadaij and Nuntiyd27]. The first
authors used rice husk ash and the latter used silica gel as the raw materials. The work of Nittaya
et al. developed a NS which was uniformly distributedhape and had a specific surface area of
656 nf/g to associate in cement. Their findings showed that the compressive strength of NS
included cement paste were higher than that of without NS. The NS synthesiladebgl was
in spherical shape and hadecific surface area of 56y measured by BET.

2.9. . o o
Figure 2.1: TEM image of NS produced by the precipitation method to associate in cement pa$g¥]

Solgel method

IN1640, Awater gl asso w§830dHe sbsarveckttre odnatiory v an
of alkali silicate by dissolving silicates in alkali and precipitation lafasby acidification[29,30]
During mid 1800s, the s@el terminology and the technique developed aftemibik on silica
sols and silica gels by Ebelman and Grah2®i 31]. The solgel involves a process where
molecules in a sol (colloidal suspension) are linked to form a network which would then become
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a gellike material. The seyel method is used to synthesize metal oxides winadapplications

in a wide range of industries such as coatings, catalstdyio medical. The sol gel method is
attractive in producing nano materials as homogeneous particles and multicomponent compounds
can be producef82].

In 1968, Sbberetal[33]dev el oped t he dbperro cpersosc ecsasl ol etdo fisSyt
by the solgel method30,31]. It is one of the widely used methods to synthesize NS. With the sol
gel process, it is possible to tailor the parameters of NS which itself can affect the properties of
concretg20]. The properties of NS such as the particle size, surface conditions, and porosity can
be engineered using sgél synthesis and these properties are reproducible at the sanjig4fme
When the processing parameters are accurately controlled, spherical NS with the sizeiof 1 nm
100 nm can be synthesized from thegall method20].

Hydration of cement

It is important to understand the mechanisms of cement hydration before studying the
eﬁects%}onanopartieb on hydrationCement chemists use a different notation to simplify the
compounds in cementitious systerhis thesis wiluse this notation from here onwarddement
consists of four main minerals: tricalcium silicate/alite (3Ca0:SiO C3S), dicalcium
silicate/belite (2Ca0.Sigx CzS), Tricalcium aluminate (3CaO.ADs - C3A), and Tetracalcium
aluminoferrite (4CaO.ADz.FeOs i C4AF). Another mineral gypsum is present in cement to
control the hydratiomate of the aluminates. When these mineratsme nto contact with water,
they dissolve and produce ionic species of the compounds. Once they are saturated the ionic
species combine and form new solid phases.

C3S and GS react with water to produce a hydrated calcium silicate structure (CSH). But
the amaints of calcium hydroxide (Ca(OfH CH) formed vary for @S and GS.

2GS + 6 pBHY+ 3CH
2C,S + 4 gSHY+ CE

The rapid reaction of £\ with association of water and the sulphate i5§srom gypsum (CH>)
dissolution is as follows;

CsA+3C¥H2+ 2 6 HiAL V3B

CsA+C¥z2+ 10 H:AGTH:i€

C4AF also producesimilar compounds like above substituting iron for the alumina component.
In the absence of sulphateACforms GAHe or C4/AH19

CeA + 6BAHY C

CsAA + CH +/AH8H Y C

Thechemical processes of these reactions can be categorized as [88ws



a ~ 0N

Dissolution/dissociation detachment of molecular units of solid cement particigbe
presence of water

Diffusion - transportation of dissolved ions into the bulk solution
Growth' saturation of molecular units into the structure of crystatinemorphous solid
Nucleation- initiation of precipitation

Complexation- formation of ion complexes or adsorbed molecular complexes on solid
surfaces by reactions.

Adsorption- accumulation of ions or molecular units

Hydration of cement is aombination of the above chemical processes in series, parallel

or other complex combinations. The rate of cement hydration varies with time, and can be divided
in to five stages name(36],

1.

a ~ w0 N

Rapid initial process

Dormant period (Period of slow reaction)
Acceleration period
Retardation/deceleration period

Long term reactions
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Figure 2.2: Rate of alite hydration as a function of time given bysothermal calorimetry [36]
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The reaction of cement minerals with water is an exothermic process. Therefore, the
hydration of cement can be observed through calorimetry. The first four steggdotted on
Figure2.2, the heat flow vs. age curve from calorimetry. However, the exact points of starting or
ending of each stage cannot be located. The initiabghes mainly attributable to wetting of
cement and some heat generated by dissolutioafis stage is followed by the dormant stage
or the slow reaction stage. The reason for this stage is debatable and many hypotheses were
proposed. However, foration of a metastable layer of calcium silicate hydrate which limits the
diffusion of detaching ions was hypothesized by Gartner.¢8@J. In the acceleration period,
nucleation and growthfathe hydration products occur contributing around 30% of cement
hydration[37]. Duringthe deceleration period, the hydration occurs by a diffusion process which
decelerates as the hydration products become thicker. The hydration will not stop at the end of this
point but will continue further over years. The hydration of cement is affegtdte composition
of cement, cement type, sulphate content, fineness which is proportional to Blaine fineness value
[38], water/cement ratio, curing temperature, the effects of SCMs, and admixtures. This typical
curve is taken to compare the hydration of ceméth other supplementary materials.

The adiabatic calorimeter, isothermal calorimeter, solution calorimeter, conduction
calorimeter and differential calorimeter are some calorimeters used to measure hydration. The
isothermal calorimeter is better thdretadiabatic calorimeter because it can give high resolution
guantitative datd39]. Apart from calorimetry, there ammany other methods to observe the
hydration of cement. They arerdy diffraction(XRD), measurement of neevaporable water as
lost on ignition and by thermogravimetry (TG), measurement of continuous chemical shrinkage
which has a direct proportional tiebto heat of hydration within 4 hoir$50 hours of curing40],

SEM (Scanning Electron Microscopgpservations of the residual quantity of calcium hydroxide,
and nuclear magnetic resonaspectroscopy to assess the degree of hydrgg&in

2.11. _ :
Review of nanotechnology in concrete

As reviewed by Sanchez and Sobolev, there are two avenues in which nanotechnology can
be brought taoncrete researdB]. The first is understanding the nano level structure of cement
based materials, their characteristics, and how this structure affects the properties of the bulk
material. This includes advanced characterization techsigneé molecular level modeling with
regards to the analysisofthecembra s ed mat eri al sé structure. The
structure of the material using nano materials and enhancing the performaooceretewhich
is the focus of this #sis which will be discussed later. Modern characterization techniques have
created a path to understand the nano scale structure of calcium biidette (CSH)which is
the major component of hardened cement. Understanding the features and charmcktise
structure at this level helps scientists and engineers to improve the performance of ¢®hcrete
These techniques include nanoindentation, small angle neutron scattering, ultra smalrangle x
scattering, quasi elastic neutrsnattering, nuclear magnetic resonance spectroscopy (NMR),
nuclear resonance reaction analysis (NRRA), and atomic force microscopy (AFM). Atomic
microscopy (AFM) is a technique used for investigating the surface morphology of cement phases.
AFM has reveked that calcium silicate hydrate structure (CSH) of hardened cement has an ordered
structure and it is formed by agglomerating identical elementary clusters with sizes on the order
of 60 x 30 x 5 nM[3,41,42] Figure2.3is an AFM image which reveals the ordered CSH crystallite
nanostructure of concrete.
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Crystallized C-5-H Atomic resolution
2 x 2 pm? 20 x 20 nm?

Figure 2.3: Nanoscale structure of CSH crystallized onalcite substrate and revealed by AFM (Ca/Si
=0.9)[3]

Nanoparticles in cement/concrete have gained much research interest due to their
remarkable contribution to enhance the properties of conéetéustrated, the calcium silicate
hydrate structure (CSH) of the hardened cement has an ordered structure at the n§2@)].scale
Therefore, this structure can be improved with respect to hydration properties, mechanical
properties, durability, and others by introducing nano matggals

2.11.1Nanoparticles used in cement

Association of nanoparticles in cemdratsed systems dates back to 196Aere
amorphous silicavhich had a high surface area equivalent to prevailing-saica productshad
been utilized to accelerate the hydration ofS{43,44] However, the recent studies on
nanoparticle incorporation in cemerdsed materials after 20@de described if#4]. SiQ, TiO2,
Al>0s, FeOs, and clay are some of the nanoparticles that have been studied in the recent years
[44]. All the types of nanoparticles provide nucleati@eds and densify the material by filling
the larger gapdn addition to themSiO; nanoparticle$l,3,20],someclay nanoparticlef5,46],
and AbOz nanoparticle$47,48]have shown pozzolanic activities to form the cementitious phases
such as CSH and CAHKantra et al[49] investigated different nanoparticles and accelerators by
isothermal calorimgy to examine the behavior of nanopatrticles as accelerators in oilwell cement
hydration. They discovered th&9% nanesilica, 0.45% nanailica and 2% nanalumina
accelerated the hydration of cement pastes in the descending order compared to eecoettol
paste. Furthermoréhey reported that narelumina had shown fewer chemical effects than nano
silica. Reched44] reviewed that Ti@Q SiO,, benbnite, and CaC&have been investigated up to
5% of the binder mass in cement paste, up to BEIpof the binder mass in mortand up to
4% several typesf nanoparticlesn concretdor mechanical propertie3 his review also included
studies that Fdh utilized 10% nanoparticlesf binder masgo investigate compressive strength
Overall, strength improvements with these nanoparticles content were reported while the opposite
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was observedh some cases. Also, tlagticlerevealed that the peak in the strength for most of the
studies was achieved W2 or lower nanoparticles contentsloreover, these effects were
noticeable within 17 days.

Synthesis of NS

Although there are many methods to produce NS, the economy and the repeatability of the
method are crucial for the construction industry. Thegeblmethod has advantages tbe
construction industry over the other methods such as vaporization of silica, biological methods,
the prezipttation method, plasma, flame pyrolysis, chemical vapor deposition, electrodeposition,
and mechanical attrition. The characteristics of suchntqaks which limit their use for
construction industry are tabulated in

Table2.1.

The suitability of the segel method for preparing NS for inclusion in cogte is based on
the ability to control the size and shape, simple processing conditions like ambient temperature
and ambient pressure, and the ability to produce rosmersed particles with a narrow size
distribution.

Bagheri et al]50] have investigated the influence of pyrogenic NS in concrete. Their
studies show that even though it is possible to synthesize very fine NS from this route, the particles
are aggregated and monodispersed in concrete due to their fineness.

Quercia et al[51] characterized several types of amorphous NS used in conczptegd
using different methods. Their studies showed that the specific surface area, the micro pore
volume, and the average size of the primary particles affect the slump flow (workability) and the
final mechanical properties of cement mortar. Furtherpbey discovered that there is no direct
effect fromnanaes i | i c a thes poré didBn@tgr and the pore size distribution on the mortar
properties. These characteristics of NS also vary with production route.

The investigations of Land and Steplj@#] showed usig calorimetry that acceleration of
CsS hydration in cement is controlled by the surface area of NS added into the cement paste. In
this study, they had used NS synthesized by thgedainethod and commercial NS synthesized
by the precipitation (water gda) method. As the patrticle sizes of NS used for this research were
guite comparable in each case, and because their focus was not on the production method of NS,
there was no distinct revelation about the effect of thgsldynthesized NS on cement hgtibn.
However, they reported an early formation of the sulphate type AFm and acceleratias®s of C
hydration due the sajel synthesized NS.

Flores et al[20] examined the performance of cement with thegeblsynthesized NS.
This study did not explain about the drying method which had been used to synthesize NS and the
method of dispersion ™S in cement. For deagglomeration techniques, the use of superplasticizer
and highspeed mixing were used, and they were proven to be effective. They reported that even
a miniscule quantity (such as 0.25%) ofgel derived NS addition had increaseddbmpressive
strength of cement mortar. They also suggested further research on the modification ajé¢he sol
method to overcome the formation of xerogel agglomerates. The suggested methods include: the
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production of NS products in liquid state, applicat of surfactants, ultrasonication, and

microwave drying.

Table 2.1: The features of NS production techniques

Method of NS production

Characteristics

Vaporization

High processing temperatujiel ]

Hydrothermal method

Time consuming as the concentration of reaction spg¢
must be low52]

Homogeneous precipitatig
method

Time consuming as the concentration of reaction spg¢
must be low52]

Chemicalvapour deposition,

Physical vapour depositio
Electrodeposition

Deposition techniques

Difficulty of bulk production due the formation of hal
agglomeratefb2]

Expensive

Precipitation method

Difficulty to control the particle size and the agglomerat
of particleg53]

Plasma

Complexequipment

Flame pyrolysis

Difficulty in large scale production

Need of sophisticateglquipmensuch as reactors

Pyrogenic methods

Difficulty to control agglomeratiofb4]

Mechanical attrition

2.13

Less purity due to contaminati¢®b]

Difficulty to control particle size

The solgel method- steps

In the solgel method, atarting compound, which is called a precursor, is hydrolyzed to
form a colloidal suspension. The next step of the method is condensation and polymerization.
Then, the monomers form particles, and thereafter, the growth of particles occurs. It forms a gel
structure by the agglomeration of the particles. The gel is then dried to remove the solvents and
surface functional groups. The final size and the shape of the synthesized particle depend on the
type of the precursor, type of the solvent, th®Ho Si mdar ratio, type of catalyst, pH of the

solution and temperatufg6].

Unlike traditional ceramic processing routes, thegaslmethod requires lowrocessing
Hence by d digure2.d)isiaeuspensiénff s o |
coll oidal particles in a | [56.Colldidalgparticlasaseolidut i on

temperatures for drying the ¢gé&i6].
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particles whose diameters are in the range iofl00 nm. GelFigure2.4) is a semi rigid mass
formed when the colidal particles are linked to form a network or when the polymer molecules
are crosdinked or interlinked56].

20
nﬂ ncﬁ gelation |

ﬂﬂnﬂ 0|

Q0 50
[*]

Sol Gel

Figure 2.4: A sol and a gel

In the solgel method, a starting compound, which is called a precursor, is hydrolyzed to
form a colloidal suspension. The next step of the method is condensation and polymerization.
Then,the monomers form particles, and thereafter, the growth of particles occurs. It forms a gel
structure by the agglomeration of the particles. The gel is then dried to remove the solvents and
surface functional groups. The final size and the shape of thikeesjzed particle depend on the
type of the precursor, type of the solvent, th®Ho Si molar ratio, type of catalyst, pH of the
solution and temperatu{g6].

2.13.1Precursors

Inorganic salts or metal organic compounds are the precursors for el soéthod but
metal alkoxides and semi metal alkoxides are the most extensively used class of precursors. Metal
alkoxides readily react with water which dslled hydrolysis. The general formula of metal
alkoxide is M(OR3, where M is the metal, R is the alkyl group, and Z is the valence of the metal,
M.

2.13.2Hydrolysis and condensation
Hydrolysis and condensation reactions of sild@sed alkoxides take placethvan acid
or base catalyst which controls the structure and morphology of the resulting gel né&ork
The condensation reaction occurs soon after the hydrolysis reaction takes place that results in many
reaction products within the soluti@®8]. The following equation gives the hydrolysis reaction of
a metal alkoxide.

M(OR),+H0 Y M( OH)+ROR)

Thereafter the condensation reactions take place as follows;
M(OH)(OR)1 + M(OR), Y  ( R®)O-M(OR),1 + ROH
2M(OH)(ORY1Y ( RMYO-M(OR)z1 + H0

The final structure of the gel depends on the relative rates of hydrolysis and condensation
[31]. The relative rate constant of hydrolysis increases when the concentration @OH-tHan
acidic media othe concentration of OHn a basic media increa$&l]. However, under basic
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conditions, the hydrolysis reaction is limited and-Gdhs favour the condensation react[68].

In addition, the nature of the alkoxy group on the silicon atom affects the rate c{@kfaBtlky

groups give sl ow react i o[B8]. The pHd theasslutignemd th8 c h mi c
reactant concentration (i.e2®:Si ratio) affect the size of the sol particles and the dokmg

within the particle$31].

Silicon alkoxide has slower hydrolysis and condensation reactions when compared with
other metal alkoxides like Ti, Zr, B and J0]. Therefore, by controlling the hydrolysis reaction,
various shapes of sgel materials can be produck&d].

2.13.3Gelation

Hench and WegB1] have defined the gelation point or gelation time as the point when a
stress elastically can be supported or alternately when the sol becomes a gel. Even though
measuring this point analytically isfficult, the gelation time has been analyzed by measuring the
viscoelastic response of the gel as a function of shedBidte

The structural evolution during the sgpél transition can be investigatdyy several
techniques which include small angleR&ay scattering (SAXS), small angle neutron scattering
(SANS), light scattering, nuclear magnetic resonance spectroscopy (NMR), Raman, and infrared
spectroscopy3]. In the solstructure, the individual particles show a few interactions, but after
gelation, the structure becomes a continuous network.

As reviewed by Hench and Weg&l], the gelation can be explained by three tieso
namely, classical, percolation, and fractal theory. Even though the gel point of¢je siolicture
can be explained by classical theory, the polymer growth does not match with the realistic
situation. Percolation theory gives a good descriptidhegelling system which is in agreement
with the practical observations. However, it is not possible to obtain much information
analytically. Therefore, computer simulations are required to investigate this theory. The fractal
theory employs fractal caepts to explain the growth of the gl particles. A fractal is a
paradigm in order to describe the morphology of some random shapes and growth pfetesses
A fractal (Sed-igure2.5) has a symmetry that does not change with the level of detail cfidgen
and the density of a fractal decreases with its size. From SAp&iments, the fractal nature of
gelation has been prov§si].
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Figure 2.5: Fractal Growth [15]

2.13.4Aging

The change of the structure and properties of the gel when it is preseitvethe pore
liquid after the gel point is called agifigfl]. As reviewed by Hench and West, polycondensation,
syneresis, coarsenirand phase transformation can occur individually or together during aging.
When the formed gel is the pore liquid, it continues to form more and more bonds and keeps
connecting with the neighbouring silanol groups. This continuous occurrence of thissatiaten
reaction increases the fractal dimensions of the gel. Because the reactions are faster at higher
temperatures, polycondensation can be made faster by hydrothermal treg@djents

The expulsion othe pore liquid as a result of the shrinkage is called syng¢gdgiDuring
the aging process, oxygen continues to bridge silica atoms by the condensation reactions. This
results in shrinkage of the isih gel. Syneresis is slower where the rate of the condensation
reactions is slower. With increasing time, the rate of syneresis falls. Hench and West suggested
that this is due to the increase of the stiffness of the gel network during formation ofritigiregb
bonds[31].

The convex surfaces are more soluble than the concave surfaces. Thus, convex surfaces
tend to dissolve and make connections with other particles while the dissolved material pFecipita
on to the concave surfaces when the gel is in the pore liquid. This process reduces the surface area
of the pore structure by creating necks between particles and filling up the pores. This process is
called Ostwald ripening or coarsening. CoarsenimgEendent on the pH of the solution because
the solubility of silica gel increases with the pH value.

2.13.5Drying

Drying can be explained in three stages (Sgere2.6). During stage 1, the evaporation
rate is almost constant and it is called the constant rate period (8RPJhe evaporation rate
per unt volume of the surface area is independent of time during this §ag§ieand the
evaporation occurs similarly to a free liquid surfgs®]. During this stage, a volume of liquid
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equalling the decrease of volume of the gel is evapof@tdd At the end of this period, the
shrinkage of the gel gbs. A gel can be shrunk to one tenth of its original vol{b6¢
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Figure 2.6: Three stages of drying[56]

After this period, the falling rate period starts. It is divided into two stages afafinsg
rate period (FRP1), which is the second stage of drying, and as the second falling rate period that
is the third stage. Due to the shrinkage during stage 1, the gel becomes highly packed so that it
cannot shrink anymore. As a result of the resisé to shrinkage, the radius of the meniscus of
pore liquid decreases and ultimately becomes zero. Therefore, the gel network holds a great
strength at this point which is called the critical point or leatherhard f&iht At this critical
point stage 2 begins. In the first falling rate period, the evaporation rate falls in an approximately
linear manner with timg6]. The liquid in the partially empty pores flows to the exterior surface
through surface films due to the gradient in capillary stress since the liquid in the pore is continuous

with the liquid in the exterior surface. In the exteriarface, the evaporation occurs from the
surface films.

When the pores are emptied by this evaporation, the flow of liquid to the exterior is not
possible. After this stage 3, which is the second falling rate period, begins (FRPZ2). In this period,
the evapaation takes place within the pores and vapour diffusion occurs to the s[5€ce
Although no volume change occurs during this period, the weighe gel decreases.

2.13.6 Stabilization

Due to the high concentration of silanol groups on the surface of porous material, it is not
chemically and thermally stable at an ambient environment. By removing the surface silanol
groups below a critical level, iaa be chemically stabilized to avoid rehydroxilating while in use.
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The surface area should be reduced in order to stabilize the material at a particular temperature so
that reversible structural changes will not od&iy.

Dehydrationgdilation,and contraction of the silica network with adsorption and desorption
of water are important steps in stabilization. In a silica gel structure, water is present as free water
within the porous structure and as hydrl groups associated with the gel structure. The free water
can beremovedand surface hydroxyls can be condensed starting at about 170 °C. Dehydration
is reversible up to 400 °C. This reversible dehydration occurs due to the removal of surface water
and the formation of single and adjacent surface hydroxyl groups. Afterwards, the dehydration is
irreversible due to the shrinkage and sintering in between pores. Above 400 °C, the adjacent
hydroxyl groups are removed. Chlorine compounds can be used ydrdiehthe gel. These
compounds can react with surface hydroxyl groups completely by forming hydrochloric acid. This
hydrochloric acid can be evaporated in the temperature range 6f80@0°C[31].

Viscous flow starts at above 850 °C. The temperature at which the viscous flow starts
depends on the pore size of the gel. Voids are removed by connecting particles with each other
through the reaction of isolated hydroxyl on the gel surface. The surfacef #ieayeldecreases,
and it depends on the time and the temperature. This elimination of single hydroxyl group takes
place until the gel densification occurs betweeni83000 °C. When there are no further surface
hydroxyl groups, the surface becomesropthobic as a result of the inability to absorb free water.
Thus, although it converts to a stable gel, some single hydroxyl groups can still be trapped inside
the densified gel. Therefore, foaming occurs with increasing temperature. The densification in
atmospheric air causes this problem which can be avoided by using an atmosphere containing a
chlorine compound such as CISi(§)kl CbkSi(CHg)2, CkSi(CHs), silica tetrachloride (SiG),
chlorine (Cb), and carbon tetrachloride (GEIHowever, adechlorination treatment is required
to remove the incorporated chlorine atoms in the gel glass structure; chlorine is reduced under an
oxygen atmosphere of 1000100 °C[31].

2.14.
Properties of concrete ahanced by NS

2.14.1Workability

NS added to cement paste requires more water than the normal cement to achieve
workability. The studies of Senff et #2] showed that the yield stress of cement paste with NS
increased significantly when compared with noreethent paste. With 2.5% NS by weight, the
paste had a reduction in flow diameter of fresh mortar by 19.6% and an increase in the yield stress
of the cement paste of 15782]. The studies of Berra et &3] provided some sotions to avoid
this matter without changing the water/binder ratio or adding superplasticizer. Without adding the
required water content at once, the delayed addition of water in portions was proven to solve the
reduction of workability. Moreover, delayedidition of superplasticizer was advised in order to
not deteriorate the reactivity of NS.

2.14.2Hydration

NS can impart better performance to concrete through both physical and chemical
mechanism$4]. By the chemical mechanism, NS creates nucleation sites to improve pozzolanic
reactions that subsequently accelerate the hydration of cemerfiffoee2.7). In the physical
mechanism, NS fills up the voids and thereby increases the density of the c{@jrebrie to
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the large surface area of NS particles which is very reactive, the hydration reactions of cement are
accelerated

20 1 ns = 2.5%

Temperature (C)
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Figure 2.7: Influence of NS on heat of hydration of cemenpaste[62]

The studies of Thomas et f5] showed that NS can accelerate the hydration of tricalcium
silicate which is the main component of cement (500%0). Hydration of cement pastes by
differential calorimetric analysi84] showed that the heat evolution during hyidrawas higher
in NS added cement compared to normal Portland cement as shokigure 2.8. Their work
showed that the maximum of theSChydration peakthe peak in betweeni24 hours)increased
as the NS content in the paste increased. This behavior was visible in other smlesmétric
tests performed in the same way using 7, 18, 86, and 295 nm NS.

The formation of calcium hydroxide crystals is also lower in NS added cdfijefithe
formation of larger CSHrystals with increasing NS percentages was rep§tié6]. Thomas et
al. proposed that NS can provide seéal the nucleation of hydration process by forming CSH
particles which is the result from the reaction of NS and the dissolved calcium ions from cement
or G3S[65]. They also reported that these CSH patrticles formed hydrated products not only on the
surface of cement particles, but also within the pore space of paj@sles
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Figure 2.8: Calorimetry of cement hydration with admixture of nano-silica of 86 nm in diameter[34]

Bjornsrm et al.[67] studied the hydration of§S cement for the accelerating effects of
colloidd silica. They found out that the colloidal silica increases the rate of the dissolutie of C
and forms more CSH in the binding phase. Kong et al. com[@8kithe effeciof NS and colloidal
silica, and according to their findings, the agglomeration of NS make less effective in the
accelerating effect than the colloidal silica.

Isfahani et al[69] have investigated the early stages of hydration by isothermal calorimetry
in which they found that the rate of hydration during the induction period, dormant period, and the
acceleration period could be accelerated by 1.5 % and 2.5 % NS. Theyusiddlifat the rate was
decelerated during the period after the acceleration period and explained that as a result of the
presence of the formed more compacted hydrates around the cement particles in the NS containing
paste than the plain cement paste. Hmwetheir study did not reveal much changes in the porosity
by having NS in the cement pastes.
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Figure 2.9: SEM micrographs of OPC Figure 2.10: SEM micrographs of paste
paste: (a) 10,000x and (b) 5000{88] containing NS particles (a) 10,000x and (b) 5000x
[38]

The hydration studies by Rupasinghe ef @] revealed that improvements in the rate of
hydration by using NS up to 12%. However, their work showed thatrthevements obtained
by 8% and 12% are not significant indicating using NS beyond 8% was not effective in the early
stages of hydration.

In [62] the work of Senff et al., the setting time of 2.5% NS incorporated cement showed
a 60% reduction compared to that without no NS. Moreover, the time taken to achieve the
maximum temperature was decreased by 51.3%. dhmaht period during the hydration was
reduced. Their findings revealed that an increase in CH formation during the early age in NS silica
included cement than that without NS. However, this is contradictory with the work of some other
researcherf3,13,70]where a less CH formation was discovered by them in NS included cement
paste.

Due to differences of hydration behaviour of normal and NS added cement paste, the
hardened pastof the NS containing cement shows a denser microstrudiiger¢ 2.10) with
compacted hydration products and a lower number of Ca(@8tals[38] compared to normal
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cement paste<{gure2.9). Figure2.9 shows the SEM of hardened cement paste made without NS
which contains isolatediGi H gel and needike hydrate products.

2.14.3Mechanical properties

As reviewed by Sanchez and Sobolev, even a minute amount of NSasuzl25%
increased the flexural and compressive strength by significant percentages of 10% and 25%,
respectivel){3]. Sobolev et al[71] mentioned that NS has been utilized in polymers as an additive
to improve their strength and flexibility. They investigated the perfoomaf hardened cement
with NS for the same mechanical properties. Their experiments revealed H7ét mf size NS
could improve 1 day and 28 day compressive strength of mortar by 16% and 28 day flexural
strength of mortar by 18%. To achieve this improeat, 0.25% NS had been used as an additive
to cement along with a superplasticizer to facilitate NS dispersion.

Shakhmenko et a[72] showed that the compressive strength of cénpaste can be
increased by 3 times or greater when 2% of cement (by weight) is replaced by NS synthesized by
the solgel methodFigure 2.11 shows the idtience of NS content on compressive strength of
cement mortar during 90 days of curi@@]. With increasing the NS percentage, the compressive
strength of mortar had increased during the ofag®n period of 90 days. The maximum strength
was obtained from a 5% NS, and this amount causes a significant strength improvement when
compared with cement mortar without NS. However, 4 to 6% additions show similar results
indicated a limit in the efféiveness of NS.
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Figure 2.11: Compressive strength of hardened cement mortars containing NS up to 90 ddy8]

In the referencd74], the authors added NS up to 6% NS by the total weight of the
cementitious material and were able to improve thdyeage (3 day and 7 day) compressive
strength of concrete by 18%. Li et hhve shown that increasing the replacement of cement by
NS from 3% to 10% improves the effectiveness of improvement of compressive strength and
flexural strength of the cement mtar [75]. They suggested that the aggregation of extensive
nanoparticles may create weak zones in the form of voids which would lead to an inhomogeneous
hydrate microstructure and low strendib]. Conversely, other researchers have shown that
having more than 2% NS by weight of cement resulted in the reduction of the compressive strength
of the cement pasf&]. Therefore, the optimum cement percentage which can be replaced by NS
has not yet been established.

2.14.4Consumption of calcium hydroxide

The porosity of concrete can be reduced by the improved reaction rates and the nano filler
effect of NS[1,76]. This reduces the water absorption and water permeability compared to normal
concrete. In addition, NS consumes more calciunsoncrete, which will reduce the calcium
leaching rat¢l,77]. Consequently, the pore structure of concrete is improved with NS. The ingress
of water into the structure and chloride ion penetration will be lowered, providing a more durable
concrete[1]. Singh et al[78] analyzed the amount of CH formation in NS added cement paste
compared with plain and silica fume (SF) added to cement paste with thermogravimetric analysis,
XRD and &M analysis. Their work revealed that the amount of calcium hydroxide formed in the
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NS containing cement paste is less than for SF additions to cehabieZ.2) indicating its high
reactivity.

Table 2.2: Calcium hydroxide content (%) in cement paste$738]

CH content %

1day 3 days 7 days 28 days
Plain cement pastg 4-9 7-8 12-9 20-5
Cement+SF (5%) | 3-1 5-8 9:6 16-4
Cement+NS (5%) | 0-8 35 4.8 82

The durability of mortar when colloidal NS was associated was studied by Dy#i]al.
Their study included a comparison of mortar that had 0.5, 1.0, 1.5, and 2.0% colloidal NS addition
by the cement weight with a reference mortar having a 0.3 water cement ratio. Their work revealed
that the migration coefficient and therptivity decreased as the colloidal NS increased. Moreover,
it was reported a 45% and a 30% decrease in the migration coefficient and the sprptivity
respectively when 2% colloidal NS was added in the mortar. Besides, they mentioned that the
drying shinkage of cement mortar could be reduced by colloidal NS by densifying its
microstructure.

2.15. Techniques to characterize the properties enhanced by NS

2.15.1Hydration inhibition

As this research focuses on the analysis of the microstructural characteristics of the
hardened cement, it is essential to study the hardened cement pastes at certain curing ages. Thus,
the hydration inhibition at the specified point of time is necessary. The selection of the method of
the inhibition is crucial to preserve the charactersstwhich will be studied. There are several
techniques that researchers have used to inhibit the cement hydration, namely solvent exchange,
freeze drying, microwave drying, oven dryingdying, supercritical drying and vacuum drying
[80]. To preserve the perstructure of the cement pastes, the solvent method is better over the
other methods which could damage the pore structure. In addition, the microstructures are not
affected by this method and it is suitable for scanning electron microfbjpy

The solvent exchange method involves replacing the water present in the hardened cement
paste using a solvent such as an alcohol, acetone, etc. The suitable solvent should be small enough
to penetrate into the pores in the hardened cemaste pand be able to exchange the water
molecules. The solvent should be miscible in water, have a lower boiling point to be able to
evaporate without reaching a temperature that might affect the structure and the composition of
the cement paste and ha®waeér surface tension not to damage pore stru¢dije

2.15.2Techniques to measure the hydration of cement

The research community has been employing many techniques to determine the hydration
of cement. This includes calorimetric techniques, which measure th@dmarated during the
cement hydration reactions. Isothermal calorimetry is a convenient and commonly used technique.
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The continuous monitoring of the heat of hydration is possible by this. Semi adiabatic colorimetry,
solution calorimetry, conduction caimetry are some of the other calorimetric techniques utilized
by the researchers.

Various thermal analysis techniques have been utilized to quantify and analyze the
products from the cement hydratioDifferential Scanning CalorimetryDSC), TG, and the
measurement of neevaporable water quantity are some of them. In these techniques, the
chemically bound water, the form&H, and the calcium carbonate quantity are the major focuses
being analyzed. As the cement hydrates producing various phases ardbedud structure and
these techniques could provide information of some the products, they cannot be used to directly
determine the hydration. However, these techniques have been very useful in understanding the
cement hydration reactions for the researsh

In [40], the authors compared different methods of measuring degree of hydration of
Portland cement. Quantitative XR@XRD), nonevaporable water as loss on ignition and by
thermograimetry, conduction calorimetry and measurement of chemical shrinkage were used by
them to find a correlation among the methods. They were able to find a correlation between non
evaporable water and QXRD data, However, it was mentioned that the correfasiclependent
on the chemical composition of the cement. Moreover, a close linear relationship was identified
by them in the data of chemical shrinkage and QXRD and in the data of heat of hydration and
QXRD data which was not much affected by cement type.

2.15.3Techniques to evaluate the durability

In [68], the authors used SENhercury intrusion porosimetryMIP), nanoindentation
techniques to study about the NS incorporated cepuasie. In addition to that, the resistance to
calcium leaching and chloride penetration were investigated. They were able to obtain some useful
information about macro pores which were above 5 um, about micro pores, and about nano pores
which were in the20-100 nm range. A reduction in the volume of pores in each size has been
reported when NS were added to the paste and it was more effective for the macro pores according
to their findingg68].
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Experimental Programme

Summary of the programme

In this research, anosilica (NS) powderand NS suspensionsvere synthesizedunder
varying conditions. The hydrolysis tinfier the precursor to achieve the gelation, the nitric acid to

Ch@lﬁ’éeb cursor (tetraethydrthosilicate) ratio,and the effectiveness of the stabilization on the

compositjon werenvestigatedin the synthesis othe NS powder. The stabilés of the NS
suspension in water and calcium hydroxide solgt@ndifferent pH levels were tested by zeta
potential analysis. The effectiveness of ultrasonicatvas investigatedavhile the condensation
reactionwastaking placeAfterwards, hechemicalcomposition and the particle sszaf NS were
analyzedoy EDS andDynamic Light Scattering (DLS)espectively TheNS powder and the NS

as suspensions in calcium hydroxide were included in cement pasteheir hydratiogwere
investigated by thésothermalcalorimetry. The best performing NS in terms of its composition
and hydration by calorimetry was selectéor further testing Also investigated were
ultrasonification and ethylene glycol as possible processing impensiBubsequently,ement
pastes were prepared having different amounts of the selected NS and commertoal NS
comparative purpose$he pastes were cured for 2, 7, and 28 days. The hydration, microstructure,
compositionand mechanical properties oetpastes were investigated by different methots.

three primary phases of the research are given in point form below, the experimental details follow
in subsequent sections of this chapter.

1 NSsynthesis
o Optimization of synthesis conditions
o Optimizationof the stability of NS

1 Hydration studies with NS
o IsothermalCalorimetry
0 Setting time by calorimetry
o Non-evaporable water content

1 Composition microstructureandmechanical poperties
0 Scanning Electron Microscopy
0 CH quantification by DSC
o CH quantificatiorby thermogravimetry/differential thermal analysis3/DTA)
3.2.0 CH quantification by XRD
o0 Mercury Intrusion Porosimetry
o Compressive Strength

Materials, synthesis andcharacterization of NS

3.2.1Materials for NS synthesis

Tetraethylorthosilicate (TEOSAI| dr i ¢ h, 099. 0%), absolute
Company; ACS Reagent Grade, Anhydrous), ammonium hydroxide (Fisher; ACS plus Reagent
Grade, 28.0 30.0 w/w %), anchitric acid(AnachemiaACS Grade, 68 70 w/w %)were used to
synthesize the silica vithe solgel method Calcium hydroxide powdefFisher, certified)and
distilled water were used to wash thesgathesized silica.
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As the precursor, TEOS was selectedit could produce mono dispersed nanoparticles.
TEOS belongs to the family of silicotkaxides and is hydrophobic and is immiscible in water.
The molecular structure of TEOS is showirigure3.1. The reaction rates are comparably greater
in TEOS than lag or bulk chain precursors due to the steric effect or the electronega&ivi2]

OCH,CH,

CH,CH,O—Si—OCHCH,
OCHCH,
Figure 3.1: Molecular structure of TEOS

TEOS is immiscible in water, therefore a mutual solvent is required to dissolve TEOS in
water and facilitate its reaction with water. the solvent, ethanol was selected, it is the alcohol
of the same alkoxy group. Moreover, in this research R i<2HeCHs group.

Si(OR) + H:0  Bi(OH)(OR)s + ROH

The reaction rates of TEOS in water and ethanol is slower than the transition metal
alkoxides as Si is less electropositi{&3]. In order to catalyze the hydrolysis reaction, nitric acid
was required to be added drajse to bring the pH of the sol to be2]1as the rate of condensation
is minimum at pH 283].

Thereafter the condensation reactions take place as follows;
Si(OH)(OR} + Si(OR)_  RO0)3Si-O-Si(ORk + ROH
2Si(OH)(OR}. RO)sSI-O-Si(OR} + H0

In order to catalyze the above reactions, ammonium hydroxide is selected as the catalyst
which helps the formation of spherical particles.

3211 In the nextportion, some of the results are discussed; the systbe#ie three laboratory
produced NS particles. As mentioned in the literature review thgespkocess consists of several
steps: hydrolysis, condensation, and stabilization. Additional steps were investigated to obtain
particles of the required compbgn, size and reactivity

Hydrolysis
TEOS was dissolved in ethanol by stirring for about 20uteis The TEOS to ethanol ratio was
taken as 0.65 vol/voWarying amounts of nitric acid andater(slightly more than the calculated
amountrequired for a comlete hydrolysis of TEOSwere a@ded into the TEOS and ethanol
solutionto prepare the soThe TEOS to ethanol ratio was selected from the ternary phase diagram
of the TEOS ethanol water system at5C.so thatall three are misciblg@B4i 87]. The used nitric
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acid had a concentratiasf 15.8 M (68 w/w %. Four amounts of nitric acid were investigated
ranging from approximately 0.1% to slightly more than 50% by volume of the TEOS/Ethanol
mixture. The volumeguantities were added using disposable syritiggshadd.01 mL precision

The nitric acid quantity was set such that the pH of the sol is belawch favored the hydrolysis
reaction The gelation time of the sols were monitotsdthevisual observatins of whenthe
watery textureof the sol becomea viscous getexture.These mixturesvere kept stirring for
durations which were less thapproximatelyhalf of their gelation timesT@ble3.1) or 1-2 days

for the trials that had longer gelation tim@sorder to provide sufficient hydrolysi® form
monomes for the condensation reactiorhis procedure was performed to identif thuitable
nitric acid to TEOS ratio to provide the optimum composition of N& suitable ratio of TEOS

to nitric acidwas used for the remaining processing steps and inetiment paste studies. For
those studies, the sol was prepared by adding dihuted acid (as pethe selectedhemical ratio)

to the TEOS and ethanol mixture instead of adding water and nitric acid separately. The sol stirring
time was set to-2 days until the condensation reaction (described next) was initiated.

Table 3.1: Samples for the gelation time

Sol ID | TEOS Ethanol Nitric acid | Water pH of the
(mL) (mL) (mL) (mL) sol

T-1 1.95 3.00 2.60 0 0

T-2 1.95 3.00 0.20 0.40 1.0

T-3 3.90 6.00 0.02 1.18 1.1

T-4 3.90 6.00 0.01 1.19 N/A

3.2.2Gelation time

Hydrolysis is the first step in transforming the precursor into a colloidal suspension. The
gelation times obtained for the different sols prepared are givieabie3.1. As mentioned earlier,
it is difficult to measure the gelation time; the time is determined when the sol became more
viscous from its initial watery texture under the visual observation. The gelation time was obtained
from 2-3 samplesAs mentioned in Chapter 3, the pH of the sols was maintained below 2 in order
to facilitate the hydrolysis by minimizing the rate of condensation reag88hsThe sds in Table
3.2 contain slightly more water than what was needed to completely hydrolyse TEOS
stoichiometrically. The ratio of the total water quantity of soTEOS was kept a constant while
changing the nitric acid amount in the sol to determine the most favourable nitric acid quantity for
the reactions. As expected, the pH of the sols increased as the nitric acid amount déiGbesed (
3.2). The nitric acid quantity influenced the gelation time of the sols; as the nitric acid quantity
decreased, the gelation time increased. The lowest gelation time of 12 hours was obtained when
allowing the hydrolysis to occur using 2.6 mL of the conceadraitric acid as it is (15.8 M) for
1.95 mL of TEOS (11 sol inTable3.2). The time of 12 hours was found to be fast in terms of
controlling the hydrolysis reactionh& sol became very viscous and controlling the particle size
was seemingly difficult. The highest gelation time was achieved for the4olfiere 0.01 mL of
nitric acid was used for 3.9 mL of TEOS. The gelation time was very long which was more than
five months. Given the length of time, it is doubtful whether hydrolysis is occurring in that sol
rendering it impractical as waiting such a long time could create other significant ambient
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environmental fluctuations. Therefore, for the compositional analysissample was omitted.
The composition of 2 was determined to be the best and this concentration was used for most of
the research.

Table 3.2: Gelation time of different sols

SolID | TEOS Ethanol Nitric acid | Water pH of the| Gelation time
(mL) (mL) (mL) (mL) sol
T-1 1.95 3.00 2.60 0 0 12 hours
T-2 1.95 3.00 0.20 0.40 1.0 ~ 1 month
T-3 3.90 6.00 0.02 1.18 1.1 Five months
T-4 3.90 6.00 0.01 1.19 N/A More than five
months
Condensation

Ammonia is a gelation catalyst used in the-gall industry to form spherical particles
3-2.2&wber method)As per the findings of Rahman et 8] and Park et a[89] the feeding rate of
ammonium hydroxidés crucial to determine the particle size of silica. Faster feeding rates lead to
formation of larger particleslue to higher rates of hydrolysis and polycondensatattion
occurrenceg88]. Therefore, the resulting sols from the hydrolysis step were added dropwise
(drops formed from 1 mL syringes) to ammonium hydroxide solutidhe. addition of the
ammoniumhydroxide solution to the sol had shown a formation of visibly larger particles and was
not successful practicallyue the high rate of evaporation of the gdius, the addition of the sol
to ammonium hydroxide was carried olihese solutions were prapd in a way that their pH
became 10 11 after adding the sol. This pH is favorable for the condensation reaction. While this
process was going on, vigorous stirring of the mixtures was maintained using magnetic stir bars.
This stirring was maintained foone day. After identifying which mixture gave the best
composition, the quantity of ammonium hydroxide was fixed for later cement paste siidies.
ammonium hydroxide to water ratio to maintain the pH of the ammonium hydroxide solution in
between 10 11 before and after addition of the sol (which reduces the pH of the ammonium
hydroxide) wagoundby trial and error along with pH measuremeiitse fixed sol to ammonium
hydroxide ratio is 1:9 (vol/vol) and the ammonium hydroxide solution had a 21:7%dyol/
commercial ammonium hydroxide to water rabamaintain the previously mentioned pH range

The effectiveness of utilizing ultrasonication while the condensation reaction was taking
3.2.0bace was investigated for the fixed method of NS synthesis. Thdesatingt were ultrasonicated
and not ultrasonicated were analyzed for their composition and particle size. The ultrasonicated
NS are identified NS_U and the not ultrasonicated are identified as NS_A. Moreover, its
effectiveness was analyzed by cement pstsidies which will be discussed later.

Stabilization

The stabilization is utilized to remove unreacted chemical species in the formedaAsilica.
portion of the formed particles was dried atGZ@nder vacuunPations of these dried particles
were heated at 60D in a tube furnace at ambient conditions to stabilize. Stejscan make highly
reactive hydroxyl groups at the end of less actilieaschains. If unreacted chemical species are
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within the formed silica particles, they could subsequently affect the cement reactions when the
cement pastes are prepared. Therefore, compositional analysis was performed to verify the effect
of the stabiliation.

3.2.3Characterization of silica

During the phase of the research optimizing the step of NS synthesis, several techniques
were used to characterize the chemical composition, particle size and tendency to agglomerate.
This section outlines thmethods used.

Energy Dispersive Xay spectroscopy

Stabilized and nostabilized samples as per sect®@.22 were ground using an agate
mortar and a pestle to ren®the aggregation caused by the drying step. A desibésl carbon
gpe was pasted on a metal disc which was designated for SEM analysis. A minute amount of
- powder from a sample was applied on the carbon tape as a very thinllag@ompositios of
stablized, non-stabilized and ultrasonicatedowderswereanalyzed by energy dispersiveray
spectroscopy (EDS) under the vacuum madaobe currerdf 62 pA, andanaccelerating voltage
of 15.0 kV.The amount of carbon was disregarded for the nominapositional calculations.

3.2.4Compositional analysis

Table 3.3: The compositions of silica for different nitric acid amounts and the effect of stabilization
on the composition

Sample ID for Silica Nitric acid (mL) ,
/1.95 TEOS (mL) Average Si wt.% Average O wt.%
T-1-St 2.60 38.61 61.39
T-1-NSt 2.60 37.26 62.74
T-2-St 0.20 38.18 61.82
T-2-NSt 0.20 46.64 53.36
T-2-NSt-U 0.20 46.61 53.39
T-3-St 0.01 39.47 60.53
T-3-NSt 0.01 32.89 67.11
Nominalcomposition (wt. %) 46.74 53.26

Portions of synthesized particles were stabilized by drying followed by heating in a
furnace. Table 3.3 shows the compositions as determined by EDS of synthesized NS with
stabilization (samples designated St) and without stabilization (samples designated NSt). In
addition, the composition of on&lS sample which was obtained from the process of
ultrasonication assisted gelation (designated-B)Sts presented infable 3.3. The closest
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composition to the nominal silica composition was obtained for the silica samples synthesized
from the norstabilized sol having 0.2 mL nitric acid to 1.95 mL TEOS (samp®NSt). The
stabilization for the same sample caused less purity in the formed silica. The objective of
stabilizing was to remove the unreacted chemical compounds and surface silanols and hydroxyls
present, which is applicable mainly for silica films. Howeuwre stabilization was found
ineffective for the best ratio of nitric acid to TEOS. When the silica was formed with the same
ratio and when the gelation was assisted with ultrasonication, the difference in composition change
was insignificant, implyingnconsequentiaéffects from the ultrasonication on the composition.

Zeta potential analysis

The colloidal stability of a suspension depends on the attractive and repulsive forces among
individual particles according to the DLVO theory. The attractive forcesitributed to the Van

32 Efr Waals attractions and the repulsive forces are attributed to the surface charges of the particles

and the thickness of the electrical double layer of the par{@@®®2]. One of the methods to
improve the dispersibility of the nanoparticles in a suspensioniiscbgasing the surface charge
of particles[90]. ThepH value or the balance between H+ and Qbhs,in a system is a factor
that decides the electrostatic potential of the surface of the particles with respect to the surrounding
suspensioff92]. Therefore, it is possible to regulate the agglomeration of the colloidal suspension
by varying the pH of the colloidal solution. The electrostatic potential at the boundary of the
surface layer and the adjacent suspenisicalled the zeta potentidigure3.2 shows a schematic
representation of the boundary where the zeta potential is measured in a negatively charged
nanoparticle suspension. It also shows the ion layers settling around a chatigée] pad what
these layers are called.

Thus, zeta potential is related to the agglomeration of colloidal particles and the stability
of the suspension can be optimized by measuring the zeta potential of particles in suspensions
having different pH vales. The zeta potential can be measured based on the electrophoresis. The
particles in a dispersion having a zeta potential can migrate to an oppositely charged electrode
when an electric field is applied to the dispersion. The particles flow at a vedooggrtional to
the zeta potential of the patrticles.

In this study, the silica suspensions washed with calcium hydroxide solutions with different
pH (i.e. 5.9, 7.3, 8.4, 8.6, 9.6nd 11.0) were characterized by the zeta potential analysis. About
30 mL of each suspension having around 3 g/L of silica was prepared. Abmilt of each
suspension was placed in the cell. The zeta potential of these suspensions was measured using Zeta
meter 3.0+ at 150 V full scale at ambient temperature. Twelve or more pbtahiies were taken
to obtain the average zeta potential of each suspension.
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Figure 3.2: Zeta potential of a particle[93]

3.2.4.2.
Removal of ammonium hydroxide

The formed silican ammonium hydroxidevas centrifugeat 3500 rpm for approximately
20 minutes or more until the supernatant became clear. This stefp wasiove ammonium
hydroxideasit delays the setting time of cemd@4]. The supernatant was removed, and it was
replaced with water or calcium hydroxidelutionshaving 5.9, 7.3, 8.4, 8.6, 9.6, and 11.0 pH
valuesto analyze the zeta potential of the suspensibhis.rinsing procedure was carried bat
least five times or more until the odour of ammonium hydroxide was eliminated. The NS
suspensions were ultrasonicated in a bath sonicator for 20 miftes. determining the
appropriate pH for the calcium hydroxide from the zeta potential anaiSigr the cement paste
studies were washed by calcium hydroxide solutions of {18 By centrifuging.

3.2.5Zeta Potential of the suspension

Even though calcium hydroxide was utilized to replace ammonium hydroxide, the stability
of NS as a suspension in caltithydroxide was required before associating it in cement paste.
Therefore, a zeta potential analysis was carried out for NS suspensions in calcium hydroxide
having different pH values. The pH was controlled by varying the amounts of calcium hydroxide.
Thezeta potential values obtained for those suspensions are plotted against the pH Fajues in
3.3 Error! Reference source not found. The zeta potential of all the suspensions were below
30 mV which was recommended by other researdP&r86] as the threshold zeta potential for a
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stable colloidal suspensiofhe -100 mV zetgpotential indicates that the suspensions are well
stabilized[96]. As such, the most staldespensions could be obtained at pH above 9 levels. The
maximum pH that the calcium hydroxide solution can reach is 12.4. However, the zeta potential
was found to be stable above pH 9; this is easily achievable in calcium hydroxide s¢uOabs

g of alcium hydroxide/l1 L of waterAlso, it was necessary to centrifuge the suspensions five or
more times with this calcium hydroxide solutions in order to completely remove ammonium
hydroxide.
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Figure 3.3: Zeta potential vs. pH plot for the synthesized silica assuspensiorin Ca(OH)2
3.25.1.

Improvements for dispersing NS in the suspensions

In order to improve the stability of thmrticles in thesuspensions, the effect of ethylene
glycol as a dispersant for NSaw investigated. Ethylene glycol was first dissolved in a part of the
calcium hydroxide solutions of pHB0. ThenNS (washed with calcium hydroxide) was mixed
with the ethylene glycol and calcium hydroxide mixtulenumber of NS concentrations and
ethylene glycol to NS ratios were investigatéfiable 3.4). The particle size analysis for the
suspensions were measured by dynamic light scattering. The NS mixed witinethlyleol are
identified as NS_EGThe NS concentrations were selected to prepare suspensions that can be
directly added to the cement pasiaving 0.48 water/cementitious material ratio and the NS
percentages (1% and 4%he ethylene glycol/NS ratio were selected to provide enough ethylene
glycol molecules to coat on the surface of the silica molecuissted studies were undertaken
using this synthesized NS in cement pastes.
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Table 3.4: Concentration and ratios of ingredients in NS_EG

Ethylene glycol/NS 13.9 21.08 28.07
(mol/mol)
NS concentration

77 gL 4-50 4-75 4-100
2 g/L - 1-75 1-100

Particle size analysis
The Malvern, Zetasizer Nano S9thstrument was used and the technique beltfied
instrument was Dynamic Light Scattering (DLSYhere necessaryhe refractive index was

3.2.gdnsidered to b#.54 for silica and 1.331 for the dispersant when ammonium hydroxide was used

asthe suspension for the patrticle size calculatigrproximately 30 mL of each suspension was
taken and ultrasonicated prior to the examination

Viscosity

3253 The viscosity values are necessary to calculate the particle size Mltrexn, Zetasizer

Nano S90 Therefore, the viscosity of the NS suspensions was measured using a vibrating
viscometer (modelA & D, VC-10) and Ostwald viscosimetetO mL of each NS suspension was
taken and ultrasonicated for 3 min at 60 % amplitude. The commercial silicas werasakey

were.

3.2.6Nano-silica (NS)synthesis

A significant amount of time was dedicated to optimizing synthesis steps for generation of
NS particlesFigure3.4 shows a flow chart of the steps that were followed to optimize the silica
synthesis process. At each step, the resulting properties (e.g. composition) were measured varying
the conditions (e.gatios of chemicals). Each step is described in the next sections.
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Figure 3.4: The steps of silica synthesj variables investigated, test methods useshd optimum result
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Materials and Methods for NS inCement paste

As the major influence of adding nanoparticles to cement pastes is increased hydration, the
objective of this research was to investigate early ages after castengamples prepared for the
hardened cement pastes amere cured for 2, 7, and 28 daydethodology largely focussed on
the measurement of hydration by various techniques as well as the development of pore structure
and mexBanical properties. The nextesal sections outline the incorporation of NS into cement
pastes and the methods used.

3.3.1Materials for cement pastes

GeneralusePortland cement frorthe Lafarge St. Constant plant, distilled water, and as
synthesized silica were used for the preparatioceaient pastes. NormBRlortlandcement was
selected for this study as it is the most common type of cement currently used in the industry and
also due to the high percentage of tricalcium silicate content in this cemfentchemical
composition and the piical characteristics of the cement given by the manufacturer are given in
Table3.5.

Table 3.5: Chemical and physical characteristics of cement

Chemical Composition Percentage (%)
SiOz 19.0
Al203 4.7
FeOs 2.9
CaO 60.9
MgO 2.7
SO 4.0
Loss on ignition 4.3
Potential Phase Percentage(%)
CsS 55
C2S 15
CsA 8
C.AF 9
Physical Characteristics
Fineness (Blaine) (chfg) | 468
Retained on 4pm (%) 5.5
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NS suspensions for the preparation of cement pastes
The NS suspensions were concentrated to have 15% or more of NS in the calcium
hydroxide solution. The concentrated suspension was ultrasonicated and ab@0trhh of the
suspension was taken to crucibles. The crucibles containing the NS suspensiodsedea¢
105C.-After the dried NS achieved a stable weight, the NS content perweigtitwas assessed.
23 1'I'Qen the concentrated suspension was dilutiglal calcium hydroxide solutions (pH 910) to
“obtain the NS suspensions givenTiable 3.6. (For exampleto prepare a cement paste with 4%
NS of which the cementitious material content is 1Ghdwater/cementitious material ratio is
0.48, 96 g of cement taken and mixed with 52 g (4 g of NS48 g of water) of the suspensjon
no additional water was added

Table 3.6: Concentrations of NS suspension.48 water/cementitious material ratio)

Cement replacemen| NS percentage of the suspensiq If the cementitious materials
percentage (%) (weight%/ water weight) require( weight is 100 g, the require(
to obtain the corresponding suspen®n weight
cement replacement (9)
0 0 -
1 2.04 49
2 4.00 50
4 7.69 52
6 11.11 54
7.2 13.04 55.2
8 14.29 56

3.3.1.2. .
Cement paste preparation

For Vicat set time and isothermal calorimetry tests, cement pastes were mixed as detailed
in the section describing eadmethod. For nomvaporable water content, differential scanning
calorimetry, thermogravimetry, scanning electron microscopy, compressive strength and mercury
intrusion porosimetry, small paste prisms were cast and cured until testing. The NS suspensions
were prepared in a way that it can be directly added to the cement having the water and the NS
amounts as per the ratios given Table 3.7. First, he NS suspensionsvith relevant NS
concentration®r distilled water was added into a beakéement was then added to the beaker
while recording the timelt was mixed using a spodar 2-3 minutes The paste was then poured
to the moldswhich had 1 cm x 1 cm x 7 cm cavities (for rewvaporable water content,
thermogravimetry, differential scanning calorimetry, scanning electron microscopy, and mercury
intrusion porosimetry) and 2@&n x 2.5 cm x 2.5 cm (for compressive strengBgch cavity was
tamped using a 1 cm x 1 cm x 7cm PVC rod for 25 times. ,Tthemmolds were jolted by lifting
by roughly 10 cm and releasing it on to the table 60 times to remove air bublematerial
guantities were taken so that they satisfy the cementitious material ratio (Cement/NS) and the
water to cementitious material ratio givenTiable 3.7. The total weight okach cement paste
mixed was 150 g.

The molds weréhenplaced inside a sealed box (~75cm x 7.5 cm x 25 cm) which contained
awater levelof 25 mm.Afterwards, he molds were placed on a surface in a way that they could
not contact the water and were Iegeflat. Finally, the specimens were demolded after a day and
placed inside opejars in the same sealed box for curing until the required age was reached.
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Table 3.7: Mix ture proportions

Sample Name Cementitious material (cm) ratio w/cm
Cement NS
Control 1.000 0 0.48
1% NS A 0.990 0.010 0.48
2% NS A 0.9 0.0 0.48
4% NS A 0.960 0.000 0.48
6%_NS_A 0.940 0.080 0.48
8% NS A 0.920 0.080 0.48
1% NS U 0.990 0.010 0.48
2% NS U 0.980 0.020 0.48
4% NS U 0.9650 0.040 0.48
6% NS U 0.940 0.060 0.48
7.2% NS U 0.928 0.072 0.48
4% NS EG 0.960 0.040 0.48
1% HS 40 0.990 0.010 0.48
2% HS 40 0.980 0.020 0.48
4% HS 40 0.960 0.040 0.48
6% HS 40 0.940 0.060 0.48
1% CB8 0.990 0.010 0.48
4% CB3 0.960 0.040 0.48
1% CB9 0.990 0.010 0.48
4% CB9 0.960 0.040 0.48

3.3.1.3.

Hydration inhibition

Except for the compressive strength tes$is itardened cement pastes which achieved their
required age were immersed in acetone for about one hounwAftis,acetone was replaced with
fresh acetone. This acetone replacement was carried @tbtaiof 3 times or moren anhourly
basis. Thenthey were kept immersed in acetone for at least a day. Hardened solid cement paste
specimens for SEM, MIP, TGA, arttle Non-evaporable water content tedbng withground
cement paste powders for XRD and DSC were then dried in a vacuum ove@d &iré0day. The
dried samples were stored in a desiccator for an hour or until the test was performed.

3.3.2Setting time

Setting time was measured by two techniques in this research. The Vicat test is a very
common test often used for quality controls purposesctanent manufacture as well as
comparative behaviour when investigating the influence of material selection on the early stages
of cement hydrationThis test was used for a few mixtures at the beginning of the test program;
isothermal calorimetry was uséat the remainder of the research.

TheVicat test was performed as per ASTM 91with a few modifications to the standard
method[97]. The water/cementitious material ratio (w/cm) was fixed at 0.35 for all the samples
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insteadof preparing a paste with the standard consisteftoy.mixing was carried out by usiag

5 L mixer (Hobart) The test was carried out at room temperature in an environment with
uncontrolled humidityThis test was carried out early in the program to tifyatine influence of
ammonium hydroxide on set time. Four mixtures were cast: a control sample (cement and water),
a sample using aqueobi$i4sOH, a sample using aqueous Ca(@#&hd a sample containing NS.

For the isothermal calorimetrihe timecorresponuhg to the 25% of the acceleration peak
on the rate of heat evolution versus time was measured as the initial settifi@8jinkégure3.5
shows the point of time that is designated as the initial setting time from a temperature vs time
curve which is equivalent to the rate of heat flow vs time.
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Figure 3.5: Determining the setting time by the fractional method98]

Initially, this test was carried out to study the effect of the washing pradessetting times were
obtained from the rate of heat evolution versus time grapbh was itself obtainettom the
isothermal calorimeter (model-CAL 4000). This presumed setting time was measured for the
cement pastes with NS as a suspension in digtifater, NS as a suspension in Cae3¥
synthesized NS in powder form, and without any & setting time from this method was also
determined for higher percentages using the isothermal calorimeter r©Alel2000.

3.3.3Hydration

Several methods wernesed to measure the influence of NS on hydration behaviour.
Isothermal calorimetry and nesvaporable water were direct measurement techniques and are
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detailed in this section. Other techniques, suctedsrmination of theonsumption of calcium
hydroxide are detailed in the next section.

Isothermal calorimetry

Isothermal calorimetry was used to estimate setting time as previously mentioned.
However, the main purpose of isothermal calorimetry was to investigate the influence of NS on
the early hydration griod, mainly the acceleration pha3ée preliminary tests were carried out
using the isothermal calorimeter, mod€@ AL 4000 where 0.1 NS percentages were tested. The

3.3.%ther tests were carried out the isothermal calorimetemodet} 1-CAL 2000. Water othe NS

suspension mixed with water was measurea fdastic cup(Figure 3.6) designated for the
isothermal calorimetedimmediately after adding the wateéhe data logging was started. The
cement and the liquid were mixed using a wooden stick fdr580s.Then the cups were placed
in the calorimetewnhilethe temperature was set at@3Fhe heat flow was measured ## hours
with reference to a metal cylinddfigure 3.7) recommended by the manual of the calorimeter.
The thermal mass of the reference can be considerschéar to 20 gi 100 g of cement paste.
For all the tests the average of energy or the power of the two channels were taken, except for the
preliminary analysisvhereonly onesampé from one channelvasused.The weights of the pastes
were 22 g for the gstes with NS_A and 44.4 g for the pastes with other NS types. The ratios of
the materials mixed are givenTable3.7.

3.3.3.Bigure 3.6: The container used for the calorimetry  Figure 3.7: The reference mass for thealorimetry

Non-evaporable water content

Non-evaporable water was determined by heating hardened cement paste samples in a
furnace. To ensure the crucible did not affect the results, alumin#les were heated in a muffle
furnace at 95@ for 3 hours. Then, they were cooled in tlnace and placed in a desiccator for
at least 2 hours. Afterwards, the weights of the crucibles were taken,-thgrofidried samples
were cutfrom the prismgprepared as per the secti8r3.1.9 andwere placed in crucibles, and
the specimens were heated at @5fr 3 hours. The samples were then cooled in the furnace., and
the cooled samples were placed in a desiccator for at least 2 hours. The sampldsseguestly
weighed.

The cement that was taken to prepare the pastes was heatedQ@@8Ccooled in the
same way. The weight loss of cement on ignition was calculated. The mass loss due to the
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chemically bound water content was calculated by the wkaghtand it was corrected for the loss
on ignition of the cement.

3.3.4Composition, microstructure and mechanicalproperties

Differential scanning calorimetry

Differential scanning calorimetry was used to quantify the calcium hydroxide atherfu
measure ofiydration and reactivityror differential scanning calorimetrgpecimens immersed in
acetonavereground using a mortar and a pestle. The ground specimens were sieved using 75 pum
23 P{]d 45 um sieves. The powder passing through the 75 um sievetamadon the 45 um sieve
“was taken and dried as per sect®8.1.3 A portion of roughly25 mgi 35 mg of ground paste
was measured into an aluminium pan. The aluminium pan was closed with an aluminum lid. As
the referencea closed aluminium pan and hdere taken. The reference and the sample were
subjected to heating atrate o Gimin from 23C to 600C using theTA Instruments2010 DSC

apparatus

A calibration curve was created to quantify the energy corresponding to CH decomposition.
Mixtures of 186, 20%, 80%, 90%, and 100% CH in aluminum oxide powder were prepared. The
mixtures were subjected to heating using the same paraastteg cement paste. The energy
corresponding to CH for each mixture was plotted with the CH percentage to find tloensbligti
of the energy variation witthe CH quantity as per the method used by Moukwa g08].and
Kim et al.[100]. Using the gadient of the curve, the CH content of the hardened cement paste was
guantified by the following equation.
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The energy was determined by the endothermic peak attea@H composition calculated

usingthe TA Universal Analysis software.
3.3.4.2.

Thermogravimetry
Forthermogravimetryportionsof about 20 40 mg were cut from the cement pastems.
The initial mass bthe pieces was taken. The samples were heated fr@@it@300C at a rate of
5 C/min using theTA Q50 analyzer under an Natmosphere. The weight loss during the CH
decomposition reaction was determined by the Universal analysis software. Firadiguthalent
3.3.43H amount was calculate@nly, preliminary batches of cement paste with NS_A were tested
using this technique.

X-ray diffraction spectroscopy

For XRD,thesamples were ground using a mortar and pestle. The powder passing through
a 45um sieve was taken for the analysis. Nine parts of this powder were mixed with one part of
crystalline silicon. The samples were then analyzed for XRD6n® 0 degrees (2d)

334400 radiation. The voltage and tArespestivalydle curr e

cement pastes were analyzed by udngker, D8 AdvanceX-ray diffractometer and the silica
samples were analyzed by Philipga¢ Diffractometer. For the Rietveld refinement the intensity
values werescaled o wn and an aHighsooerd software. X6 per t

Scanningelectron microscopy

For the scanning electron microscopy teste samples were cut usingdeamondsaw
cutter Then the samples were epoxy impregnated inside a vacuum chaindbE2 Bar Then
they were groundsing400 gri sandpaper until the surfeoaf the specimeswererevealed. The
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samples were ground again with 800 grit paper. They were polished with alcohob pasehd

0.5 um diamond paste. In each step, absolute ethanol was used as the lubricant. After each step
grinding and polishingthe specimens were ultrasonicated in absolute ethanol to remove the
residue created. The polished specimens were dried @tdQGhe vacuum oven for 24 hours.
Finally, they weresputteredgold palladiumfor three cycles prioto carrying out the SEMI'hey

were analyzed usin§canning Electron Microscopldjtachi, S3400 N.

Some of theement pastsamplegFigure5.13) and NS samples were analyzed by using
FEI Quanta 450 Environmental Scanning Electron Microsc@abon coating was applied
instead of gold sputtering on the cement paste samplegure5.13.

Mercury intrusion porosimetry
ForMIP, betweenl-3 g of the hardened and dried cement paste specimens were taken and
tested by a Micrometrics, Pore sizer 9320. The mercury intrusion was carried out by the low
3.3.4messurization (0 psi20 psi) followed by the high pressurization (151p8D000 psi). Thaurface
tension of Mercury, and the advancing and receding angles were taken as 0.485 N/rd and 13
respectively.
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Figure 3.8: Determination of the critical pore size[101]

Several pore size parameters tenobtained by the MIP. One is threshold pore size at
which the mercury starts to enter and percolate into the pore structure in significant @fbLint
However, it is difficult to determine the exact point of the threshold pore diameter. Another
parameer is the critical pore diameter at which the mercury is intruded into the pore system at its
maximum rate per pressure chafy@2]. The critical pore diameteran be determined from the
maximum point of the derivative curve of the cumulative intruded volume vs. pore radius curve as
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shown inFigure3.8[101,103] It is also equivalent to the inflection point of the cumulative volume
vs. pore size curflOl]. This is the pore sizethathi ch al |l ows At he maxi mu
chemical specieso into the cdld3nt paste due t

Compressive strength

The cement paste was mixed as per the se8tihi.2 The paste was poured into a mold
which had 25 mm cubic cavities. The curing was carried out the same way. The samples were
tested for the compressive strength at a loading rdd& /s Three samples were tested and the
average value was taken as the compressive strergéipt that two samples were tested for the

3'3'4[)%15tes with NS_A

Testing program

Three laboratory synthesized NS types with a small variation sititbesis method were
used to;pyepare cement pastes as well as three commercially available NS types for the comparison
of the results. Their names, particle sizes, pH and other details are gihadies3.8.

Table 3.8: Details of NSused in this research

Name of| Particle size | pH of the | Counter ions or | Manufacturer/company
NS suspension| other ions in the
suspension
NS A 91 nm, 98 nm| 9- 10 Ca Laboratory synthesized
109 nm (not ultrasonicated)
NS U 5.2nm, 6.4nm| 9-10 Ca Laboratory synthesized
6.5 nm (ultrasonicated)
NS EG [5.9nm,5.7nm|9 Ca Laboratory synthesized
6.1 nm (ethylene glycol)
HS40 |12nm N/A Na’ (not Fisher
specified whethe
they act as
counter ions)
CB-8 371 100 nm 9.5 Na* Levasil
CB-9 457 47 nm 9.5 Na* Levasil

3.4.1Sampleidentification

The cement paste samples are labelled in a way that the NS percentage and the type of
silica incorporated were included in their labels. Additionally, all the hardened pastes contained
their curing time. The identification started with its percentage, tthesilica type and its curing
ti me were separated by an underscore fA_O0. For
4% NS _U_7d, it represents that the paste has 4% NS from the NS_U type, and that it was cured
for 7 days.The samples prepared fitre tests are given ifable3.9.
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Table 3.9: Samples prepared for the tests

Mixture

Calorimetry

SEM

DSC

TGA

Non evaporable
water content

MIP

Compressive
strength

Control

1% _ NS A

2% NS A

4% NS A

x| X| X[ X

6% NS A

X| X X| X]| X

X| X| X| X[ X

X| X X| X]| X

X| X| X| X[ X

8%_NS A

X| X[ X| X| X| X

1% NS_U

X

>

2% NS_U

X

>

4% _NS_U

X| X[ X[ X

X

X

6% _NS_U

x| X| X[ X

x| X| X| X

7.2% _NS_U

4% NS EG

X X| X| X| X]| X

Commercial NS

1%_HS 40

2%_HS 40

4% HS 40

6%_HS 40

X| X| X| X

1% CB8

4% CB8

1% CB9

4% CB9

X| X[ X[ X| X| X| X| X

X| X| X| X
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Results

In this chapter, the results obtained by the methodesmibedn Chapter 3 are presented.

Some of theresults obtained in the process of optimizing the NS syntlnesis presented in
Chapter 3 for the ease of understanding. The rest of the resuttsearithracterization of NS are
presented in this chaptérhen, the results from associating the synthesized NS in cement paste

Chapégirdvided After that, a comparison of the results with commercial NS is given. In this chapter,
the results will only be daussed individually rather than comparing with each other unless
necessary. The individual conclusions obtained by each trial andvitestiso be presented
separatelyThe Discussion chapter widbmpare results from all tests.

NS synthesis

4.1.1Selection ofthe suspension media for silica based on the setting time
4.1.

Table 4.1: Mixture proportions, mixing method, and the setting times obtained by Vicat test

Water/ .
Sample cement | Cement| Distilled | NH4OH Ar\]s-_ q Setting
ratio (9) water (Q) (9) Sénlt eslze time
(wic) ilica (g) (min)
Control sample| 5 55 | 450 | 158 : . 277
(cement+water)
Cement+
Aqueous 0.35 450 158 9.41 - 365
NH4OH
Cement +
Agueous 0.35 450 158 - - 285
Ca(OH)
Suspension
(cement+as
synthesized | 035 | 45 158 | 9.41 0.89 339
silica as a
suspension in
NH4OH)

According to the findingg Chapter 3the ratios of silica synthesis ingredients were fixed
with respect to inclusion of NS oemenpastesBefore associating NS in cement, it was important
to investigate how the chemical compoundghmsilica suspensions affect the cement hydration
readions.

Table4.1 shows the effect of the chemical compounds in NS suspensions on the setting
time of the cemerds determinedly the Vicat testThree cement pastes without NS (control, with
ammonium hydroxidand with calcium hydroxide) as well as NS watnmonium hydroxideThe
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water to cement ratio was maintained at 0.35. The control sgompyecontainingdistilled wate)
resultedin an initid setting time of 277 min. The sampentainingammonium hydroxide took

365 min for the initial seindicating a significant delagn the order of 90 min. This behavior was
visible for the NS suspension containing cement paste as well. However, thaglefégct was
minimized by more than 25 min due to the presence of NS. This implied that even with 0.2% NS
(by weight) addition, the setting time of the cement could be reduced. This work revealed the
necessity of the elimination of ammonium hydroxidarirNS suspensions. Calcium hydroxide
was an alternative to replace ammonium hydroxide as it could maintain the pH of the hardened
cement paste, provide the basic condition that is required for the formed NS suspensions, and not
be harmful for the cement dyation reactions and the hardened cement paste. Thus, the initial
setting time of the cement was tested for the calcium hydroxide solution and was found out that it
could result in almost the same setting time of the control sample. This was confirrtiezl by
setting time obtained by the fractional method which will be discussin mextsection Thus,

the ammonium hydroxide was replaced in the NS suspensions with calcium hydroxide for the
remainingcement paste studies.

As discussedoreviously assessip the compatibility ofthe silica with the potential
suspension mediaasperformedby the setting time tesin addition, isothermal calorimetry was
used to investigatdé setting of the cement with water which wasdas the control sample, the
settingof cement with agueous ammonium hydroxide to assess the effect of ammonium hydroxide,
and the setting of cement with aqueous calcium hydroxide to assess its effect.

Table4.2 gives the comparison of the setting time assessed for the samples meiitiened.
time corresponding to 25 % of the peak height of the rate of heat evolution curve was determined
as the settingme by the fractional method (sectiBr8.2. This method overestimates the setting
time. However, theérend is comparable with théicat methodThe control samplgave an initial
setting time of 375 min by theactionalmethod, while the sample with the ammonium hydroxide
gave a longer setting time of 540 min confirming the previous results that the ammonium
hydroxide delays the setting time of cement. Morepsgsociating calcium hydroxide did not
show much variation in the setting tinagain verifyingno adverseffect on the setting of cement
by calcium hydroxide at its pH which wtse same as that of the stabilized silica suspension.

Table 4.2: Comparison of setting time by Vicat and fraction method

Setting time by Vicat Setting time
Apparatus (min) measured by
( fraction method
Sample Table4.1) (min) Remarks
Cement + water 277 375
Cement + Aqueous pH of the NHOH
NH4OH 365 540 solution: ~11. 5
Cement + Aqueouy
Ca(OH) 285 375 pH ofthe Ca(OHy
solution: ~10. 5
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4.1.2Particle size analysis

Figure4.1 shows the particle size distribution measurement for the silica suspensions in
ammonium hydroxide foNS_A type silicawithout rinsing with CH For this sample, the
technique used to measuretparticle size was DLS. There are two size distribution peaks for
both curves for this sample. Ninety percent (90%) of the particles (by number) belong to the visibly
significant peak and 10% of particles (by number) are in 500 nm range which is baitaly v
comparatively. The modes of these particle size distributions of the most significant peaks lie at
91 nm and the mean sizes are 109 nm and 98 nm. The span of the curve ranges fran268 nm
nm and 50% of the particles are below 100 nm for bothesur

Figure4.2 shows three particle size distribution curves for NS_U type silica. Two of the
three curves overlap completely. The particle size distributions givens.%5.4 nm and 6.5 nm
average sizes for the silica. The particle sizes range fromi3@mm giving a harrow size range.

Fifty percent (50%) of the particles (by number) are below 5 nm for two curves and for the other
curve, 1itods belnlyaneeakriomeach pdrtiele size distrilsution. This indicated
that there were no agglomeration present in the NS_U type silica. As well the ultrasonication
resulted in substantially smaller particles. During the ultrasonication, a high number of bubbles
created in the liquid media. Subsequently, these bubbles implosively collapse by acoustic
cavitation[102' 104]. As a result of that, extreme pressure and hot spots are created in liquid which
are supplemented by rapid heating and codif@g]. Occurrence of this procedure reduces the
gelation time and creates milder conditions for the condensation reddiya03] This could be

the reason for the size reduction in NS_U silica.
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Figure 4.1: Particle sizeanalysisof NS_A
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Figure 4.2 Particle size analysis of NS_U

For this sample, the technique used to measure the particle size washekSare two
size distribution peaks for both curves for this sample. Ninety percent (90%) of the particles (by
number)belong to the visibly significant peak and 10% of particles (by number) are in 500 nm
range which is barely visible comparatively. The modes of these particle size distributions of the
most significant peaks lie at 91 nm and the mean sizes are 109 rd@ amna The span of the
curve ranges from 68 nin255 nm and 50% of the particles are below 100 nm for both curves.

Table 4.3 Particle size of NS_EG

Sample ID NS EG/NS Average particlg Viscosity
(NS_EG) concentration| (mol/mol) size (mPa.s)
(g9/L) (nm)

1-75 2 21.08 191 2.48
1-100 2 28.07 311 2.91
4-50 77 13.9 4 2.52
4-75 77 21.08 6 3.07
4-100 77 28.07 7 3.78
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Table4.3 presents the particle average particle size obtained by the DLS and the viscosity
measured for thRS suspension=ontaining ethylene glycorl he first digit of the sample ID gives
informationabout the total NS concentration of the suspensiablé€3.4), 1 represents that the
NS concentration is 2 g/L and 4 represents that it is 77 g/L. The number follgvddtiprovides
details about the ethylene glycol/NS ratio; 50, 75, and 100 are for 13.9 mol/mol, 21.08 mol/mal,
and 28.07 mol/mol respectivelygble 3.4). The results suggest that the particle size increases
with the ethylene glycol/NS ratio increase for the tested range of the ratio. Also, it shows a particle
size reduction as the NS concetitvnincreasesThis can be due to that it could be favorable to
coat ethylene glycol on to the surface silanols at these concentrations which reduces the particle
size or atlower NS concentrations, ethylene glycol crosslinks silica particles to fogerlar
particles.

4.1.3XRD analysis d silica
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Figure 4.3: XRD pattern of NS_U

250
o H TH MDcC

< 200 | . H T™H o ®o0
© H TH n®

o 150
—1 100

50

10 20 30 40 50 60 70 80 90
e

Figure 4.4: XRD pattern of NS_A
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Figure4.3 shows the XRD pattern of the NS_U type silica and this pattern matched to the
tridymite phase of silica (the primary peak at tlievalue of 205) [107]. The main three XRD
peaksfor this phase of silica are at thd Zalues of 2@, 216, and 233. Also, it is possible that
the metastablelphase of this structure exists below TlZmperature, which after transits to its
b phasg107]. This was confirmed by the DSCsréts of 6% NS U paste cured for 2 and 7 days,
which provided the evidence that the pastes contained unreacted silica and its transition around
120C.-However, the pattern indicates that the silica is amorphous to a considerable degree by
having its chareteristic broad amorphous band and by having peaks which are less sharp for the
matched phase.

Figure4.4 shows the XRD pattern of the NS_A type silica. TR typealso matched to
the tridymite phase of silica. As mentioned before about the previous sample, this sample also has
amorphousness to a certain degree by having the characteristichlamdfbr vitreoussilica.
However, DSC data is not available to confirrattthe crystallinity is from the tridymite phase.

4.1.4SEM on nanosilica (NS) particles

Figure4.5 - Figure 4.8 show the SEM images of NS dried from the NS_A, and NS_U
suspensions. The silica particles in the images reveal xerogel agglomerates caused by the drying
step performed on them for SEM analy&sen though they seem coalesced, they provide good
indications about their siz€igure4.5 andFigure4.6 are the images of silica from the suspension
NS_A. The rough particle size measurements obtained for the images give values around 90 nm
which validate the DLS results obtained for the same suspensions. The dimensions given on
Figures 477 4.9 are a random sampling of particle diametBrgure4.7 andFigure4.8 are images
of silica from the suspension NS_U. The particle size measurements indicate that the particle sizes
are around 65 nm t0120 nm. However, the dashed yellow circles on the images show that there are
clusters of even smaller particles in theple. Drying the samples was necessary to perform SEM
analysis and that could have resulted in xerogels which can be seen as connected particles instead
of separate particles. During drying in an oven by slow heating, the gel structure of the particles
shrank by becoming closer to each other. These results also show taesioable effect of the
formation of xerogel agglomerates by having the drying step in particle synthesis, which was
eliminated by using the particle suspensions.
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Association of synthesized silica in the cement paste

4.2.1Utilization of silica as powders and suspensions

To achieve one of the objectives of this research, which is to minimggeraeration, the
effect of using NS in liquid state or powder form was necessanany previous researchers have
used NS in a powdered fornTherefore, the hydration of cement was examined when silica was
utilized inapowder form (i.e. silica mixed W cement), as a suspension in calcium hydroxide, as
a suspension in water agdntrol cement paste witholNS. The energy release as measured by
isothermal calorimetry is commonly used to assess cement hydrEtiecumulative energpf
thesamples is shown iRigure4.9. It can be seen that the lowesimulative energyas obtained
for the sample in which silica had been mixed in powdered form. Thedtiglmaulative energy
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was obtained for the sample containing silica as a suspension in water which can be seen in the
magnified image of the graph (151000 851000 s). Nevertheless, tbemulative energpf the

samples containing silica as a suspensiotaioium hydroxide argery similar. The amount of
cement replaced in the trial was 0.2 % by weight. This amount does not seem sufficient to produce
a significant improvement in cement hydration. Yet, slight hydration improvements are visible in
samples tht contain silica as a suspension in water (sample 1) and as a suspension in calcium
hydroxide (sample 2) when compared to the control sample (sample 4). The less desirable effect
of including silica as a dry powder is disclosed by this trial.
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Figure 4.9: Cumulative energyof cement pastes for to assess the silica association method
(solid/liquid)
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Figure 4.10: Heat Evolution of cement pastes for to assess the siliaasociationmethod (solid/liquid)

The heat evolution curves for the same samples are showigune 4.10. The peak
representig the hydration of €S (tricalcium silicate) almost overlap each other except the peak
thatrelateso the sample which had been mixed with silica in powdered form. The maximum rate
of heat flow from that sample is lower than the other samples whichai$iones the hypothesis
that the utilization of silica in liquid form is better than in powdered form. The magnified image
of the maxima of the curve exacerbates this fact. The reason for the small hydration improvements
is that the amount of silica utiliden this trial is 0.2% by weight of cement.

4.2.2Hydration of NS_A type silica included cement pastes

Figure4.11 shows the rates of heat evolution of 1%, 2, %, 4%N®6A type NS cement
pastes with time compared with the control cement paste. All the pastes containing NS exhibit a
higher heat flow than the paste without NS. The acdadergeriod of all pastes has occurred
earlier than that of the paste with no NS. In betweérh@urs, the hydration takes place faster as
the amount of NS replacement increases. However, the 4% NS curve surpasses the 6% NS curve
after 6 hours. This imp#is that the 4% _NS paste has more heat evolution and more hydration than
the 6% NS paste after 6 hours. The highest heat evolution is attributed to 4% NS inclusion for this
NS type and indicates the highest hydration for the same percent and the typeAtsd\ &is
percentage aligns with the work of tfesearcherfLOr 13].
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Figure 4.11: Heat Evolution of NS_A type silica included cement pastes

Figure 4.12 shows the cumulative heat evolved for the cement pastes mentioned in the
above paragraph. The highest heat evolved, or the highest cumulative energy corresponds to the
curve of the paste conténg 4% NS. The control cement paste showed the lowest cumulative
energy during the first 72 hours of the test. SimilafFigure4.11, thetotal heat evolved has an
increasing trend with the increasing NS percentage during the early stage up to the first 9.5 hours.
This period is attributed to the acceleration period Fagure 4.11 and it is pertaining to the
hydration of GS. As such, the rate o&E reaction has increased with the increasing percentage of
NS. However, the curve attributable to the 6% NS paste deviates from this trend after around 6 h.
This implies that a higher heat has been generated by the 6% NS paste during the first 6 h which
can ompensate and match the trend of the cumulative energy before its downfall at around 9.5 h.
The total hydration of 6% NS paste is still higher than the other curves before this point. At around
20 h and 30 h, the 2% NS and the 1% NS curves surpass th&a¥rie. At 72 h, the 6% NS
curve still lies above the curve of the paste without NS while having close values. This implies
t hat most of the 6% NS pastebs hydration due
higher concentration of NS indtsuspension, it is possible that there may be agglomerates present
in the suspension which was used for the preparation of 6% NS cement paste and the segregated
NS particles in the suspension could have accelerated the hydration reactions at théagarlier s
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Table 4.4 present the percentage increase of hydration for the pastes at two days
consideringhat the energy of the control sample at two days is 100%cumulative energies of
hydration at 48 hourffor example, se&igure4.12) and they were compared with that of the
control sample.As described earlier, the table shothiat the hydration increases with the NS
percentage in the cement pasgeto 4% replacementhe increase in hydration by using 1% and
2% NS are 6.12 and 6.97%, respectively. While the values are close, when the NS percentage
becomes 4%, the increase in hydration at two days almost doubledvaltlésdecreased to just
over its half when the NS percentage was 6%.
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Figure 4.12: Cumulative energyof NS_A type silica included cement pastes
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Table 4.4: Percentage increase of hydration at two days for the NS_A type silica included cement

pastes
Percentage increase of hydratig
NS_A paste designation at two days (%)
1% NS A 2d 6.12
2% NS_A_2d 6.97
4% NS _A 2d 11.80
6% NS_A_2d 3.76

4.2.3Hydration of NS_U type silica included cement paste
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Figure 4.13: Cumulative energyof NS_U type silica included cement pastes

Figure4.13 shows the heat of hydration for the cement pastes that have NS_U type NS.
The total energy generated for all the pastes seem to be nearly the same during the first 1.5 hours.
Then, it is apparent that the paste having 7.2% NS deviates from the trend exhibiting lower
hydration than the other past@$is could be due to a presence of agglomerated NS patrticles in
the 7.2 % NS pastd@he other curves keep showing similar behatoarach otheuntil around 9
hours of the tesiAfter 9 hoursthe other pastes also deviate showing the highest hydration for 2%
NS and 4% NS pastes, a less similar hydration from the control and 1% NS pastes, and a much
|l ess hydration than the 6% NS paste. Stwsill, t
At around 16 hours, all the curves show different hydration trends. After that, the pastes for 7.2%
NS, 6 % NS, control, 1% NS, 4% NS, and 2% NS show incremental hydration increases. This
trend is valid throughout the whole period of the test foptmes with 1% NS, 2% NS, and 4%
NS. The curves for the other pastes converge to a same hydration which is lower than the hydration
of the 1% NS paste after around 35 hours. However, the control sample shows slightly more
hydration than the 6% NS and 7.2N& samples, but at the end of 72 hours these three samples
show almost the same hydration. This could be due the presence of agglomerated NS particles in
the concentrated NS suspensions used to make the pastes. Nevertheless, replacing 7.2% of the
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cement g this type of NS showed almost the same hydration of the control sample within three
days. Considering the association of NS_A type NS in cement paste, this NS type does not show
a trend where the hydration improves as the NS additions increase. Thdsbeodle to the
fineness in NS_U type silica than the NS_A type silica which could have led to some
agglomeration resulting from the highly concentrated suspensions. Ultimately, in terms of
hydration and association of NS_U type NS, 2% cement replacenvestthe best hydration

within the three dayslhe reason for not testing 8% NS addition was the tendency of settling of
particles increased as the NS content in the suspension increased. Also, the cumulative energy of
hydration at three days did not sheignificant improvements beyond 4% NS addition.

Figure 4.14 presentghe heat flow variation of NS_U type NS included cement paste.
Approximately duringhe first 6 hours of the tests, the curves for all the pastespt the pastes
that have 6% NS and 7.2 % N&igned together showing similar hydration during that period.
The 6% NS and 7.2% NS samples show a slower rate of hydration than that dfethpastes
having their curves shifted rightward. This period is attributable to the setting of the cement. Before
this period, the cement hydrolysis happens. The enetgged from the GS hydration occurs
after the hydrolysis has taken place and th&esy has been saturated by the hydroxyl ions,
calcium ions, etc. After that period the curves diverge showing incremental high heat flow in the
order; control, 1% NS, 4% NS, and 2% NS. The 7.2% NS, control, 6% NS, 1% NS, 4% NS and
2% NS show their maximums an order such that the 7.2 % NS paste has the lowest maximum
heat flow and the 2% NS paste has the highest maximum heat flow. It implies that the pastes have
hydration improvements due theSChydration in the same order. Having the least hydration in
7.2 % NS paste suggests that there could be less reaction in that paste. This could be due to the
presence of agglomeration. Considering the 20 hio@& hours period in the deceleration stage
of the graph where pozzolanic reactions from excess NS partculd possibly occyd08]
consuming the CH formed during the acceleration period, the ceatrglle shows the least heat
flow suggesting its lower hydration than the NS included pastes. It could be due to a dissolution
or a breaking up of NS patrticles at the deceleration period where the hydration is controlled by
diffusion[109,110] Also, it should be noted that at the point where the curves reached their steady
stage at which hydrations reactions occur at a very slow rate to stignifecant heat output, the
control sample still has the lowest heat flow indicating more pozzolanic reactions could be taking
place over the time.
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Figure 4.14: Heat Evolution of NS_U type silicancluded cement paste
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Table 4.5: Percentage increase of hydration at two days for the N8 type silica included cement

pastes
Percentage increase of hydratic
NS_U paste designation at two days (%)
1% NS U _2d 2.65
2% NS_U_2d 7.98
4% NS _U_2d 6.17
6% NS _U_2d -1.13
7.2% NS _U_2d -1.00

Table 4.5 shows the percentage of hydration increase in the cement pastes with NS_U
compared to the c o mhercaorulatiseaenepyiesadd Isydrdtion citr48 hours n .
were obtained fronFigure4.13. The results indicate that the hydration of the pastes increases up
to 4% NS_U inclusion, and then the hydration decreases when the NS_U percerreagem
beyond 6%. When considering the hydration improvements, the maximum hydration is attributable
to the paste with 2% NS_U.

4.2.4Hydration of NS_EG type silica included cement paste
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Figure 4.15: Heat flow variation of NS_EG includedcementpaste
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Figure 4.16: Cumulative energyvs. time for NS_EG included cement paste

Figure4.15andFigure4.16 show the heat flow variation and the cumulative energy curves
for the cement paste with NS_EG. The pastatained 4% NG from the 450 suspension
mentioned inTable 3.4. It is apparent thaNS_EG is not effectiven improving the rate of
hydration. The occurrence ofgl@sS hydration peak shows a significant delay gredpeak shows
a significant height reduction. The delay and the peak height reduction must be diethylémne
glycol in the suspensioithe cumulative energy vs time graglso shows a large reduction in the
cumulative heat released from the paste with NS_EG compared to the control paste. This indicates
that the ethylene glycol in the suspension affected the hydration of the cementlpdverse
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4.2.5Non-evaporable water content of NS included cement pastes
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Figure 4.17: Non-evaporable water content of NS_A type silica included cement paste

Figure4.17 presents theariation of the norevaporable water content measured for the 2,
7, and 28 days cured cement pastes with the NS_A type. éVaporable water content is the
water consumed in thHeydration reactions and it is chemically bound to the hydrated cemfent.
curve for the 2 days neevaporable water content does not show much variation in their contents
as the NS percentage in the pastes increases except for the paste that con®irA4eNpaste
with NS_A depicts an increase in the r@raporable water content which can be deduced as an
increase in hydratioriThe trend of this curve however does not agree with calorimetric studies
which could be due to the human errors during #ss$. The curves of the 2 days and the 7 days
pastes show a similar behavior up to 4% NS_A addition depicting a hydration increatieewith
NS_A contentWithin 27 7 days, the paste with 6% NS_A show more hydration similar to the
paste with 4% NS_A. As theffectiveness of the NS_A shows later in this paste, it could be due
an activation of the pozzolanic reaction in this samplean be noted that the 7 days cured paste
with 4% NS_A show an unusual drop which cob&la human erroHowever, after 2&lays of
hydration,the non evaporable water contents of the cement pastes that contain NS_A more than
4% are slightly equal or slightly lower than that of the control sample. This fact and the 7 days
curve indicate that these pastes achieved similar igdreompared to the contrehmple within
7 days. Overall, an improvement of hydration can be seen in cement pastes with NS_A even though
this test does not show much effectiveness of NS_A within first two days.
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Figure 4.18 Non-evaporable water content of NS_U type silica included cement pastes

Figure4.18 shows the variation of the naavaporable water content measaifor the 2,
7, and 28 days cured cement pastes with the NS_U Agmentioned before, neevaporable
water content is a measurement of the chemically combined water to the hydrated products in the
hardened cement paside?2 days and the 7 days cung®w similar behaviors havingcreasing
trend of the norevaporable water content or the hydration up to 6% NS_U addition and a drop of
the hydration compared to the 6% afterwards. When the curve for the 2 days results are considered,
2% and 4% show arsilar hydration which is more than the hydration of the cement paste with
control. The7.2% NS_U addition does not show much hydration improvements within two days
and value is close to that of the control sample. These results agree with the calorimetric studies
except the pastes with 6% and 7.2% NS_U. After 7 days, all the pastes show improvements in
hydration and the paste with 7.2% NS_U also show hydration iraprents similar to that of the
paste with 4% NS_UWinlike that it did not show effects of N&_(Figure4.17) during 2 days.
When the curve of the 28 days pastesonsidered all the pastes show more hydration than the
control paste. However, the hydration achieved by all thelN&ldition seems similar at this
curing stageConsidering the curves for 7 days and the 28 days, an early achievement (within 7
days) of the 2&lays hydration can be seen in the pastes that contain 4% or more NS_U. This can
be due to the pozzolanic activity of the unreacted NS_U which did not participate the nucleation
seeding effectAlso, nucleation action is visible in all the cement pastesbthe paste contain
7.2% NS_Uhas a lower nucleation seeding than the other by having lowesvaporable water
content This can be due to that it does not have similar amounts of cement to show its
improvements by nucleation seeding.
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4.2.6Thermal analysis of cement pastes and CH quantification
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Figure 4.19: DSC thermograms for two days cured NS_U type silicancluded cement pastes

Figure4.19 shows the 3Ccurves for the heat flow variation of 2 days cured NS_U type
cement pastes. The endothermic peaks in the range & 1.260C indicate the dehydroxylation
of ettringite in tle paste. The endothermic peaks around@8ticate the dehydroxylation of CH
in the pastes. Under heating, CH decomposes losing its water forming CaO. As this is an
endothermic reaction, it absorbs the heat which can be identified from the heatgsrafii®ugh.
The areabovethese troughs decreases as the amount of NS included in the pastes increases except
for the 6% NS cement paste. The aabavethe trough is related to the amount of CH in the paste
the amounts of CH for 2, 7 and 28 days fa Harious NS additions in given later in this section
Therefore, it can be deduced that the quantity of formed CH decreases as the NS is included in the
cement up to 4%. This decrease is attributed to the occurrence of pozzolanic reactions and the
consumpion of CH by the NS. The area above the trough of the 6% NS included paste is almost
the same as that of the paste without any NS. However, the area related to the ettringite amount is
significantly higher than that of the other samples. The troughseimainge of 100 200C are
attributed to CSHg¢alcium aluminate hydrateCAH), CaSQ-2H.0, CaAl20s-3CaSQ-26H:0,
and some other hydrates of cement mindddl4]. Also, the sharp trough that is at arour2® C -
indicates the transition df tridymite to b tridymite. Jones and Segnit12] and Dollas€113]
mentioned that the this transmission could occur in betweel€ 10780 C.- Other researchers
[107,114]mentioned lhe conversion temperature is at 1CZThis provides evidence that there
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