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ABSTRACT

Carbon nanotubes (CNTSs) are the strongest fibashtve been made, and have been
used as reinforcing additives in ordinary Portlarenent (OPC) since 2005. One
major aim of incorporating CNTs in OPC paste hasnb&® improve the mechanical
properties of cement, thereby reducing the consiomoif cement in construction and
limiting its environmental impact. However, the oejgd reinforcing effect of CNTs
has so far shown large discrepancies due to theeimmnderstanding of the dispersion
of CNTs and reinforcing mechanism in OPC paste.

This PhD study aims to improve theoretical undeditag of the composite and to
develop applicable fabrication methods that candpce stable and significant
increases in the mechanical properties of CNT-ORStep To achieve this aim, three
main tasks are defined as: (1) investigating tlspeafision and agglomeration of CNTs
in water and alkaline environment; (2) studying temforcing mechanism of CNTSs;
(3) optimizing the fabrication of CNT-OPC paste qmsite.

Experimental, theoretical and numerical approadresadopted to accomplish
these tasks. Experimental techniques such as tle afisscanning electron,
transmission electron and optical microscopy, U¥-gpectrometry, centrifugation
and compressive, flexural and fractural tests amgpleyed to investigate the
dispersion and reinforcing effects of CNTs as wasl to optimize the fabrication
protocol. In the theoretical part of this study, lesolar mechanics/dynamics
(MM/MD) simulation and theoretical development aanducted to develop models

to study CNT dispersion and predict the reinforaafifigct of CNTs.



Regarding task (1), MM simulation suggests thatiaf@n in the molecular
characteristics of surfactants generates diffenet@raction energies with the CNT
surface, thereby altering their packing morpholsga the CNT surface. Surfactants
with long chain-like and planar like structuresenaict more effectively with CNTs
compared with short and linear molecules. Surfaadespersed CNTs are found to be
in a semi-stable state in a calcium based alk&maronment. A theoretical model is
developed to simulate the agglomeration of the ChiTsuch an environment. This
model suggests that CNTs prefer first to form parddundles with a few tubes,
before growth into large 3D agglomerates occurs.

In terms of task (2), the reinforcing mechanism GNTs is investigated by
developing a micro-mechanical crack bridging modélis model is based on length
distribution of the CNTs, which is found to follow log-normal distribution. The
length distribution of the CNTs is heavily affectiegl the ultrasonication process used
in the fabrication of the CNT-OPC paste which preesothe dispersion of CNTs
while scissoring them into shorter ones. This cragliging model is used to predict
the optimum ultrasonication energy for reinforcpugposes.

In task (3), the prediction is further verified mechanical testing results, where
the optimum ultrasonication energy, 75 J/ml, obsénmn the tests matches the
prediction of the model. By using this optimal emerthe increment in fracture
energy and flexural strength (notched beam) is Balubompared with low (25J/ml)
or very high (400J/ml) ultrasonication energy. Thechanical test results also show
that the reinforcing effect is almost proportiot@ithe concentration of the dispersed
CNTs, which again matches the model's assumptioarthBr experimental
investigation of the maximum concentration of drispd CNTs suggests a limit of

0.264 wt % (in water with cement-compatible suidiats), above which significant



agglomeration will occur. After incorporation intleesh OPC paste, ~60 wt % of the
CNTs stays dispersed for 4-16 hours and ~35 %seradd by cement grains within 5
minutes.

This PhD thesis enhances understanding of CNT-Od¥epand addresses some

future research direction of nanoscale particlefoeced cementitious materials.
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CHAPTER 1. INTRODUCTION

1.1. Background

The purpose of this study is to enhance the priggedf ordinary Portland cement
(OPC) paste, which is the key binder to from cotsrewith the strongest
manufactured nanofibre, carbon nanotubes (CNTsC @&ste has relatively weak
mechanical properties (especially in tension) caegbavith steel. The huge amount
of OPC consumed every year results in massive seleh greenhouse gas. CNT
reinforced OPC paste would be stronger than plddC (paste and could therefore
reduce the amount of OPC paste used in concretthargteenhouse gas emission.

Investigation of the CNT-OPC paste pastes compodies back to 2005 and has
shown a promising enhancement effect. Also CNTsHzeen able to ameliorate the
electrical and thermal properties of OPC paste. él@n, a large variation has been
seen in the reported enhancing effect of CNTs, lwhsuggests that stable
improvement of mechanical properties cannot be ileathieved and, in some
instances, CNTs could even have detrimental efféCteen, Collins et al. 2011).
Therefore, there is a need to refine the fabricatb CNT-OPC paste composite by
understanding the reinforcing mechanism of CNTSs.

One of the main difficulties in fabricating CNT-OPgaste is the uniform
dispersion of individual CNTs in the matrix. CNTentl to agglomerate due to the
strong van der Waals (vdW) attraction between theitrasonication treatment is
commonly required to separate CNTs in water anthstants need to be added into

the suspension to prevent CNTs from reagglomeraiegore this study, there has
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been no quantitative and direct investigation of TC#ispersion in cement and the
effect of ultrasonication.

Once the dispersed CNTs are mixed into cement pidstas been proposed that
CNTs would bridge cracks and would also improve eeimhydration and
microstructure by acting as nucleation sites (Clamilins et al. 2011). Understanding
of these effects is limited, however, with insuiat proof or quantification.

In this study, the dispersion of CNTs is inves&ghtcomprehensively by
molecular mechanics/dynamics (MM/MD) simulationeahetical development and
experiments. The dispersion of CNTs in cement enwvirent is found to be in a semi-
stable state, which means that the dispersion céy lme considered stable for a
limited amount of time. A theoretical bundle gromtiodel is developed to explain the
agglomeration process of carbon nanotubes in akkanvironment. In terms of the
reinforcing effect, a theoretical crack bridging aeg with analytical solution, is
developed to quantify the reinforcing effect of CNTThis model shows good
agreement with the mechanical test results of CNPC@aste composites and can be
used to predict the optimum ultrasonication enefd¥) used in the fabrication

process.

1.2. Research objectives

This PhD study is funded by an ARC project entitléensile Enhancement of
Cements Utilising Carbon Nanotubes to Create Segrigghter, More Ductile, and
Easier-to-Build Structures. This ARC project covarsvide range of research topics
related to CNT-OPC paste composite. These topadade both theoretical modelling
and experimental characterization of the disperssbnCNTs in the composite,

hydration, mechanical properties and porosity efdbmposite.
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In this PhD thesis, the candidate focuses mainlythendispersion of CNTs in
OPC paste matrix and the mechanical propertieh@fcomposite. The goal of the
study is to produce better dispersion of CNTs anproved mechanical properties of
the composite, as well as resolving the disperamjreinforcing mechanisms.

This goal can be divided into three objectives:yddlerstanding the dispersion of
CNTs in water and in aqueous alkaline environmg)jtdeveloping model(s) of the
reinforcing effect of CNTs to improve understandofghe reinforcing mechanism of
CNTs; (3) based on the model developed in (2),naping the reinforcing effect of
CNTs.

(1) Understanding the dispersion of CNTs in wated an aqueous alkaline
environment.

The dispersion of CNTs in water often requiresasibnication and the addition of
surfactants to break down the CNTs from agglomsrateo individual suspended
CNTs (Strano, Moore et al. 2003). The surfactantFGiNeraction is one of the main
research foci for this objective. Common aqueowsetasurfactant molecules contain
both hydrophobic groups (e.g. -CH3,-CH2-) and hptic groups (e.g. —COQ-
SO3). Their dispersion efficiency varies accordingtheir molecular characteristics
such as their hydrophobic chain length and the g position of the hydrophilic
groups. In this project, the effect of these mal@caharacteristics on the surfactant-
CNT interaction is investigated via simulations.eT$urfactant-CNT interaction also
influences the stability of the CNTs dispersiortia C&" based alkaline environment
in OPC paste. Therefore, the stability and agglairey process of the CNTs in €a
solution is also investigated.

(2) Developing model(s) of the reinforcing effecf €NTs to improve

understanding of the reinforcing mechanism of CNTSs.
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CNTs can enhance the mechanical properties of Qé&iepvia three different
effects, namely the filler effect, the modificatieffect of OPC paste microstructure
and the reinforcing effect (Chen, Collins et al12p The reinforcing effect is the
major advantage of CNTs compared to traditionabrsined cement additives such as
nanosilica, and is decribed as restraining theksrdmm opening by bridging. By
virtue of their ultra-high strength and stiffnessdahe large aspect ratio, CNTs are
able to reinforce OPC paste matrix in a mannerlamo microfibres and steel re-bars.
By developing models to simulate and quantify tleenforcing effect of CNTSs,
understanding of the mechanism and potential of GhT reinforcements will be
improved.

(3) Based on the model developed in (2), optimizihg reinforcing effect of
CNTs.

The model for the reinforcing effect provides gunda for optimization of the
CNT-OPC paste composite for superior mechanicabgnaees. The model suggests
that to obtain a repeatable and controllable reawig effect, two key parameterss
must be properly chosen and monitored. The firshrpater is ultrasonication energy,
which affects both the dispersion and the lengstrithution of the CNTs. The second
parameter is concentration of the dispersed CNifigestigation is conducted to
quantify and optimise these two factors, after Wwhiew models and concepts for
future modelling are proposed for durability, m&troicture and hydration of CNT-

OPC paste.

1.3. Thesis Structure

This thesis is organised into eight chapters, fif@vhich are the main chapters with

major contributions, as shown in Figure 1.1. Chapté, 2 and 8 present the
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introduction, literature review and the conclusiamsl recommendations, respectively.
This chapter introduces the background, objectaed structure of the thesis; the
contents of Chapters 2-8 are listed below.

Chapter 2 is organised based on the publishedwevaper (Chen, Collins et al.
2011). This review covers the following fields:

* Fabrication of CNT-OPC paste composites

* Hydration behaviour of CNT-OPC paste composites

* Mechanical properties of hardened CNT-OPC pastgosites

» Theoretical modelling of CNT and OPC paste
The review provides a broad picture of the advarinesesearch into CNT-OPC
composites. Specific attention is given to the naeatal properties and fabrication of
the composite. Research gaps are identified bas#ueaeview.

In Chapter 3, the interaction energy between icsuefactants and CNT is
calculated using MM simulation to investigate tliee@s of molecular characteristics
of surfactants on the dispersion of CNTs. The tssindicate that the preferred
aggregation morphology for surfactants with highedrity shifts from parallel to
hemi-cylindrical and then to cylindrical when theinmber of surfactants in the
aggregation increases. Also, the results suggeastfoh surfactants with linear alkyl
chains, the longer the chains and the closer tdeopilic group to ends of the chain,
the higher generally is the interaction energy. Bhady in this chapter provides
guidance for selecting suitable surfactants fopelising CNTSs.

Chapter 4 focuses on the effect of a calcium badlegline environment on the
dispersion and reagglomeration of CNTs. Three ceénsalditives are used as
surfactants to disperse multi-walled CNTs in sdaedaCa(OH) solution. The

dispersion efficacies of the surfactants are charaed using visual observation, UV-
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vis spectrum and scanning electron microscopy (SEM)ing. The results suggest
that the alkaline environment reduces the stabiitydispersion of CNTs. CNTs
cannot stay dispersed for long, and observablegteagperation occurs within a few
hours. To better understand the reagglomeratiorcegs of CNTs in alkaline
environment, a MD simulation based aggolomerati@wth model is developed. The
model can be used to estimate the bundle sizedl®E@hen agglomeration occurs.

Chapter 5 presents a theoretical framework witlpettng experiments which is
used to develop a model to simulate the bridgirfgcefof CNTs in matrix. The
distribution of CNT lengths and the concentratioh dispersed CNTs are
characterized using SEM images and UV-vis spectigm@&he distribution of CNT
lengths and the concentration of dispersed CNTs iaorporated into a
micromechanics-based model to simulate the craiclgiog behaviour of CNTs. On
the basis of the proposed model the optimal UEdmforcing can be predicted.

Chapter 6 follows the theoretical development ina@kr 5 and presents
experimental results which validate and extenduth@erstandings obtained from the
crack bridging model. Flexural and fracture projgsrtof the CNT-OPC paste are
obtained by three-point-bending tests, which shoat the experimental optimum UE
matches the theoretical prediction. Moreover, byleming the crack bridging model
and the test results, quantitative understandinfefeinforcing mechanism of CNTs
is obtained. This is the first time that the créckiging effect and the micro-structure
modifying effect of CNTs have been quantified sapey, which helps to improve
understanding of nanoparticle-OPC paste interagtion

Chapter 7 deals with the optimization of disper€&dl' concentration in order to
maximize the reinforcing effect of CNTs. On theiba# the crack bridging model,

the higher the dispersed CNT concentration theeb#te reinforcing effect. However,
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considering thermal dynamics principles (Israel@ct2011), CNTs cannot remain
dispersed if the mass concentration of CNTs ishigh. Therefore, experiments are
conducted to identify the maximum obtainable cotegion of dispersed CNTSs.
Further, the study investigates the interactionvbeh CNTs and OPC grains, the so-
called adsorption of CNTSs, in fresh OPC paste.

Chapter 8 provides a summary of the studies predeimt the thesis. It also
provides a recommended protocol for fabricating GDHC paste which is scalable

and applicable in industry. Possible topics foufatstudy are also suggested.
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CHAPTER 2. LITERATURE REVIEW

2.1. Fabrication of CNT-OPC paste composites

After many decades of development, the fabricatthod of traditional OPC paste
based material, for example, reinforced concreds,ldeen well established. However,
since the incorporation of CNTs leads to more c@xphteractions in the material,

new factors need to be considered in the produafo@NT-OPC paste composites.
These factors may include: (a) type of CNTs uskjitdchnique adopted to disperse

CNT in the cement matrix and (c) workability of thhesh composite mix.

Few researchers have investigated single-walled (SWICNT)-OPC paste
composites (Makar, Margeson et al. 2005, Saez aledpGaitero et al. 2006, Makar
and Chan 2009, Mohamed 2009, Makar 2011); mostestuchve treated multi-walled
CNTs (MWCNTSs) with diameters ranging between 10880, lengths varying from
10-100 pum, and purity above 90 % (Li, Wang et @02, Saez de Ibarra, Gaitero et al.
2006, Wansom, Kidner et al. 2006, Li, Wang et &02 Cwirzen, Habermehl-
Cwirzen et al. 2008, Baoguo, Xun et al. 2009, CenrzHabermehl-Cwirzen et al.
2009, Musso, Tulliani et al. 2009, Xun and Eil 206fn, Yu et al. 2010, Konsta-
Gdoutos, Metaxa et al. 2010, Konsta-Gdoutos, Meteixal. 2010, Manzur and
Yazdani 2010, Morsy, Alsayed et al. 2010, Wille &wéh 2010, Luo, Duan et al. 2011,
Luo, Duan et al. 2011, Nochaiya and Chaipanich 20Ifhe two main reasons for
using MWCNTSs are that (i) production costs of MWGCNare currently essentially
lower than those of SWCNTs, making MWCNTs a mofferdable choice for both
research and practical applications; and (ii) dmgédr diameters of MWCNTs allow

them to be more easily dispersed due to lower serdaeas.
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Dispersion of CNTs is difficult within most aqueonsedia because of the highly
attractive vdW forces between the CNT particles, (&ogotsi et al. 2003, Makar and
Beaudoin 2004) that tend to cause agglomeratioayVih, Rickling et al. 2008, Li,
Li et al. 2009). The insufficient dispersion of C&Thas been cited as a key
diminishing factor in the performance (Bai and Alia 2003, Odegard, Gates et al.
2003) of CNT-OPC paste composites, since poor msgpe of CNTs leads to the
formation of many defects in the nanocomposite lands its mechanical properties
(Thostenson, Li et al. 2005, Vaisman, Wagner eR@D6). On the other hand, better
dispersion of CNTs should result in higher inteidhcontact area between CNTs and
the matrix as well as more evenly distributed si&essdn the composites. Therefore, it
is essential to consider dispersion techniquehénfabrication of the CNT-cement

composites for more effective use of CNTs as reagment.

In recognition of this problem, extensive resealds been reported in the
literature on the development of dispersion teabgiels, based on both mechanical
agitation and chemical treatment approaches. Meacalaagitation by ultrasonication
produces temporary dispersion of CNTs, but is oftdlowed by reagglomeration of
the dispersed CNTs (Hilding, Grulke et al. 2003). rhany cases, therefore,
mechanical methods such as ultrasonication (Humdshyhitha et al. 2011) and
magnetic stirring have been used, together withmoted treatment techniques.
Chemical approaches have been designed as eiptgsical (non-covalent) treatment
or a chemical (covalent) treatment. In covalenattreent, aggressive chemicals such
as neat acids @$Qs & HNOg) (Li, Wang et al. 2005, Li, Wang et al. 2007) aften
employed to functionalize the CNT surfaces. Aftee tattachment of functional
groups on CNT surfaces the functionalized CNTs lass likely to agglomerate.

However, functionalization can introduce structugdfects, resulting in inferior
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properties of the treated CNTs (Coleman, Khan.e2@&06). In contrast, non-covalent
treatment is particularly attractive because thepelising chemical groups are
physically attached onto the CNT surface (Duan, §\vetral. 2011) without disturbing
the strong covalent bonds of the tube lattice ebweipreserving the desired properties
of the CNTs. For this reason, the combination of-novalent surface treatment,
using surfactants or polymers, and mechanical tagitdhas been widely advocated
recently in the preparation of both agueous anérocgsolutions containing a high
weight fraction of individually dispersed CNTs (gman, Wagner et al. 2006, Wang

2009).

Despite extensive investigation of the dispersibNTs in aqueous media, few
publications have focused on dispersion efficacYCBITs within aqueous solutions
mixed with OPC paste. Moreover, most of these stidiave used surfactant
dispersion with the assistance of ultrasonicat®imah et al(2009) used both silica
fume and MWCNTSs as micro- and nano-modifiers todt@ent paste. Prior to adding
to the cement, MWCNTs were dispersed in water usirsgirfactant and mechanical
agitation performed via ultrasonic horn. The motphg and the microstructure of the
fracture surface of the MWCNT composites were itigased using an ultra-high
resolution field emission SEM and the treated sasypthowed no significant
agglomeration. Luo et a{2009) assessed the stabilization of dispersed MW&Cin

cement paste by five different types of surfactant:

1. sodium dodecyl benzene sulfonate (NaDDBS, a wathraer and air entrainer),
2. sodium deoxycholate (NaDC, a water reducer andrdrainer),
3. Triton X-100 (TX100, an ethoxylated alkyl phenokthcan disperse as well as

coat particles, thereby maintaining dispersion),
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4. Arabic gum (AG, derived from acacia resin but hgviatarding effects on cement
hydration),
5. cetyltrimethyl ammonium bromide (CTAB, a cationiarfactant, although not
commonly used in concrete)
The results of that study showed that the capgbdit surfactants in dispersing
MWNTs roughly decreased in the order NaDDBS+TX1RGDDBS, NaDC+TX10,
NaDC, AG, TX100, CTAB. In addition to surfactantslymer-based dispersants,
such as polyacrylic acid (Jiang, Kowald et al. 200@&irzen, Habermehl-Cwirzen et
al. 2008, Cwirzen, Habermehl-Cwirzen et al. 20089 polyelectrolyte (Wille and
Loh 2010), have also been adopted to disperse MWL OMThin OPC paste matrix.
These polymer-based dispersants have shown diffleregls of dispersion capability.
Although dispersion can be assisted by surfactamnp®lymers, it is necessary to draw
attention to the compatibility of dispersants wiiPC paste. For example, since
NaDDBS and NaDC entrain air into the OPC pastentagimum dosage applied in a
CNT-OPC paste must be limited; otherwise excessiveoids tend to compromise
mechanical properties. The performance of TX100ighly alkaline media such as
OPC paste is still unclear (Luo, Duan et al. 2009preover, bromine has a
documented record of reducing the long-term strengtOPC paste mixtures as well
as initiating corrosion of steel in concrete (bysieilar mechanism to chlorides).
Therefore, the potential detrimental effects of @rAn OPC pastes must be
considered (Luo, Duan et al. 2009). To addressetlesrimental effects, the use of
cement-compatible dispersants has been suggestadsigmificant consideration in

future investigations.

Cement admixtures are attractive candidates as didpersants due to their good

compatibility with OPC paste. In the work of Maké&011), the dispersion of
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SWCNTs in different cement admixtures was inveséidaand poly-naphthalene
sulfonate sodium salt (a type of superplasticisea$ found to yield stable dispersion
of SWCNTSs. However, the fluid mixed with SWCNTs sleal a significant increase
in viscosity. Moreover, Makar discussed approactesdisperse SWCNTs with
anhydrous cement particles and a fabrication mesipedific for SEM observation of

early age samples.

This stiffening effect of the fluid leads to anathesy aspect of fabrication of
CNT-OPC paste composites: the ease with whichltie mixture can be placed into
a mould. The fluidity of the mix tends to decrebseause of the large surface areas of
CNTs that introduce a significant amount of surfateraction within the mix. When
water is added, SWCNT-OPC paste mixtures can betoghdy viscous and difficult
to place, even when prepared with a 0.8 water-ce(m€n) ratio (Makar, Margeson et
al. 2005). Such workability problems were firstogpd by Kowald and Trettin (2004)
who incorporated 0.5 wt % MWCNTs and found a 12 riérease in compressive
strength. However, the workability of the paste veastantially reduced, and a
pressure of up to 125 MPa had to be applied foertfzain 45 minutes for compaction.
Such compaction settings can be impractical fortrapplications in the construction
industry. This indicates the significance of futuresearch into maintaining the
workability of CNT-OPC paste composites, especidigpse with a high weight
fraction of CNTSs.

In a recent response to the issue of workabilitg dispersant compatibility,
Collins et al. (2012) investigated the dispersioiCblT and the workability of CNT-
OPC paste composites using several types of cecoempatible dispersant. In their
mini-slump test results, many of the additives (sas alkylbenzene sulfonic acid

based air entrainer and lignosulfonate) producenledsed workability after mixture
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with  MWCNTs. However, unlike the case of SWCNTs da 2011),
polycarboxylate, a common superplasticizer, was &blproduce good dispersion of
the MWCNTs and increased plasticity (around 20 &tdase in the mini-slump test
results) of the fresh mix. Subsequently, the dmsiper effect was characterized by
SEM as shown in Figure 2.1. The air entrainer dsg smaller agglomerates of
MWCNTs rather than individual tubes (Figure 2.1hile the polycarboxylate
provided reasonably uniform dispersion of CNTs witthe paste (Figure 2.1-iii).
Showing no conflict between dispersion of MWCNTg amorkability of the fluid
mixture, these results are encouraging and furtheestigation into improving
fabrication techniques is needed. However, theidabon methods currently used in
CNT-OPC paste mixtures in the research commungysél at laboratory scale and
future investigations are required to move the potidn of CNT-OPC paste

composites towards practical civil engineering iempéntations.
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Agglonﬁéﬁation of CNTs

26/11/2009

L e A .
JEOL 26/11/2009
M WD 10mm 4:24:25

- 1lpm JEOL 26/11/2009
X 3,000 15.0kV SEI SEM WD 10mm 4:09:16

Figure 2.1 SEM Images showing the effect of adnmegon dispersion of CNTs: ((i)-
(ii) represent no admixture, air entrainer, antyparboxylate, respectively. White
arrows indicate the locations of CNTs dispersedhwithe sample) (Collins, Lambert

et al. 2012)

2.2. Hydration behaviour of CNT-OPC paste composites
Only limited studies have hitherto been conductedtle effect of CNTs on the
hydration of OPC. Nevertheless, there is evidem@@ CNT inclusion, even in a

bundled form, accelerates the hydration progresharcement paste. This effect was
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first shown by Makar et al. (2005), who found ttia¢ addition of SWCNT bundles to
OPC paste resulted in more comprehensive hydrafidine OPC paste, as evidenced
by an increase in Vicker's hardness (about 6 timgker than companion OPC paste
samples prepared with the same water-to-cememi).rédowever, this enhancement
effect was observed only during the early agesiefcomposite and disappeared after
14 days. The researchers suggested that the SWGNIIds stimulated the hydration
reaction by acting as nucleating sites for the gnowf the hydration products (see
Figure 2.2). Also, the hydration morphology wasrfduto be altered to reticular
structures, with SWCNTs coated by calcium silicht@rate (C-S-H) (Makar and
Chan 2009). These structures could lead to a nedneed hardened paste and their
potential effects on the aggregate-paste transimme would be worthy of further

study.

Figur 2.2 Groh of C-S-H on CNT network durigjhgﬂit)n. From (a) to (d), the
hydration time are 60 minutes, 135 minutes, 180uteim and 240 minutes
respectively (Makar and Chan 2009).
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Well-dispersed CNTs in the mix enhance the hydnapimgress of cement. In the
study of Luo et al. (2009), MWCNTs were disperbgdsurfactants within the OPC
paste, resulting in hydrated cement products willerese and homogeneous texture. It
was found that the dispersed MWCNTSs were coatel ytrated products forming a
net-like distribution that bridged the microcrackghin the cement matrix. Kowald
and Trettin (2009) investigated a mixture of purealcium silicate (C3S) and
MWCNTSs. The dispersion of the MWCNTs was achievgdulirasonication of the
mixture for 28 minutes. Next, a polycarboxylate-dmhsuperplasticizer was added and
sonicated for 2 minutes. The amount of Ca(PHh) the hardened paste was
subsequently analysed using thermogravimetry aisa(yf$GA), the results showing
that the MWCNTSs had a small effect on the total ami@f Ca(OH) generated during
hydration. Instead, the proportion of crystallin@(GH)» was reduced. Since the
accumulation of crystalline Ca(OH)2 contributes loth reduced strength and
permeability at the interfacial transition zonenfi@d between aggregate and cement

paste, the presence of MWCNTs may lead to imprakedbility and strength.

2.3. Mechanical properties of hardened CNT-OPC paste
composites

Because the use of CNTs as nanoscale tensile megmh@nt to achieve higher
mechanical performance is one of the main purptedeveloping CNT-OPC paste
composites, more studies have reported on this thewaon other properties of the
composite. Besides improvements in Vicker's hardres mentioned in section 2.2,
the enhancing effects of CNTs have also been obdem Young's modulus,
compressive strength, flexural strength and modolwapture (see Table 2.1).

In an early attempt to incorporate CNT into cemé&ampillo et al. (2003) used

both MWCNTs and SWCNTSs to study their enhanceméetieon the compressive
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strength of cement pastes. Results showed thatctineposite paste containing
MWCNTs had a significantly higher compressive gitbn than counterparts
containing SWCNTs (see Table 2.1). This observati@y be due to the superior
dispersion of MWCNTs because of their lower surfacea and better MWCNTSs-

CNT bonding introduced by the functional groupdWWVCNT surfaces.

Table 2.1 Increments in mechanical properties ofesg-based material after
incorporation of CNTs

Increase in Mechanical properties

Type of Dispersion Age of .
Researchers P ISperst ge Young's  Compressive  Flexural Modulus
CNTs method testing of
Modulus strength strength
rupture
Campillo et al . 14
MWCNT - 0 -
(2003) mechanical days 30 %
SWCNT mechanical - 6 % -
Li et al. (2005) MWCNT covalent 28 - 19 % 25 %
days
SGIEL (L) MWCNT covalent 28 - 29 % -
days
MWCNT mechanical - 22 % -
Cwirzen et al -
MWCNT - - 9 - -
(2008) non-covalent 50 %
Cwirzen et al MWCNT non-covalent 28 ) ) 20 % )
(2009) +covalent days °
Konsta-Gdoutost MWCNT non- 28
0, - 0,
al. (2010) covalent days 45% 25%
Konsta-Gdoutos et MWCNT non- 28
0, - 0,
al. (2010) covalent days 35% 40%
MWCNT 28 35
Musso et al(2009) covalent - - -
days %
MWCNT non- -
covalent i ) ) 60 %
Nasibulin et al MWCNT . 28
- 0, -
(2009) direct grow days >100 %

*: similar increase is also reported for testingeagf 3 and 7 days.

After the study by Campillo et al, experiments m@gd in the literature mainly
focused on incorporating MWCNTs using a wide ramdedispersion techniques.
Initially, dispersing MWCNTs by functionalizatiorihg covalent method) was more
frequently used in preparing specimens for meclanésts. In the study of Li et.al
(2007), as shown in Table 2.1, the increment inp@ssive strength of the specimens

with acid treated MWCNTs was shown to be 7 % gredtean those with
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mechanically dispersed MWCNTSs. This increase cdd@dttributed to the chemical
bonds formed between the functionalized MWCNTs #mel C-S-H phase which
strengthened the interaction between MWCNTs andnhgix. Although the 29 %
improvement reported by Li et.g007) using covalent dispersion was close to the
results reported by Campillo et §2003) using mechanical excitation only, it isetbt
that the tests represented composites at diffeged. The improvement in strength at
28 days might be less than that at 14 days, comsgdthe hydration effects discussed
in section 2.2. Still, the highest increment of qoessive strength and flexural
strength obtained by covalent dispersion was b&l®6wWb6, making it unattractive for
practical applications.

Dispersion using surfactants (non-covalent methoal been found especially
effective in improving flexural strength. While tloembination of the non-covalent
and covalent methods produced 20 % higher compressirength than using
functionalized MWCNTs alone (Cwirzen, Habermehl-€&&n et al. 2008), all
reported increases (from 20 % to 40 %) in flexwtaéngth were the result of non-
covalent dispersion (Cwirzen, Habermehl-Cwirzenaét 2009, Konsta-Gdoutos,
Metaxa et al. 2010). A 45 % increase in the Youmgtdulus was also reported by
Konsta-Gdoutos et a{2010), who suggested that the surfactant/ MWCNID raight
affect the mechanical properties of the composkeseover, when the non-covalent
method was used, the stress-intensity factor (torfabat describes the stress state
near the tip of a crack) of the composites was shimnvmprove by nearly 80 % (Luo,
Duan et al. 2011), thereby indicating superior @enance in crack resistance. While
chemical-bonds and superior interlock may be cbatory factors offered by the
covalent dispersion, the non-covalent dispersiomtaias the superior properties of

CNTs. The aforementioned studies provide insightts the different performance of
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the two major dispersion methods. However, morerefé needed to develop better
dispersion methods.

MWCNTs have also been used together with other anicor macro-
particles/fibres to improve the mechanical propgsrof cement-based composites. For
instance, studies based on cement mixes contag@ng and other cement additives
have shown that the modulus of rupture could beavgd by about 35 % when non-
functionalized MWCNTs were added in the composii¢ the modulus of rupture
decreased to around 40 % of the original value whantionalized MWCNTs were
used (Musso, Tulliani et al. 2009). This decreass whown to be a result of poor
hydration caused by the functionalized MWCNTs. Mwmer, a considerable
improvement in the bonding between steel bars andrete matrixes (Wille and Loh
2010) has also been reported. Also, Chaipanichl.e{2810) introduced carbon
nanotubes to a fly ash-OPC paste blended cemgmbtiuce CNT-fly ash composites
and achieved an increase of nearly 10 % in the cessjve strength of the composite
material. At the same time, inspection relatedh® énhancement effect of CNTs on
mixtures of OPC paste and nano-metalkaolin reveiale@ases of up to 29 % in the
compressive strength of the material (Morsy, Alsayt al. 2010). These studies
appear to indicate feasible future implementat@n@NTs to enhance the mechanical
properties of concrete or reinforced concrete sires.

In addition to the use of surfactants or functicralon, another fabrication
method is to grow CNT or carbon nanofibres (CNRsgatly on the cement particles
by a chemical vapour deposition method (Cwirzenhdsimehl-Cwirzen et al. 2009,
Nasibulin, Shandakov et al. 2009). Although patticicases have shown more than
double increase in compressive strength, there waxablems with reduced

workability, variation in the amount of CNTs/CNFsogn on the cement patrticles,
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reduced hydration of cement and variable settimgsi (Nasibulin, Shandakov et al.
2009).

Although the currently demonstrated enhancemeettsffare still a far cry from
satisfactory practical use, the mechanical progemif CNT-cement composites may
be further improved when a more efficient dispersiethod is developed in future.
Furthermore, the bonding, anchorage, and intenhachietween CNTs and the cement
matrix also play significant roles in the enhancetedfect (Makar 2011). Since these
CNT-matrix interactions are still poorly understo@dconsiderable amount of future
research work, especially theoretical and numestaies, is still required to explore
the true potential of CNTs as cement reinforcemAnguperior reinforcement effect
will be achieved if the dispersion of CNTs in thP© paste matrix is improved. The

improvement may differ from static loading to dynameading.

2.4. Theoretical modelling
Although a considerable amount of experimentatias been conducted with respect
to CNT-OPC paste composites, theoretical modeliihthe composites is rarely seen
in the literature. This glaring gap in theoreticalbdelling of CNT-OPC paste
composite must be addressed. Various modellingntgues have been established
that can be applicable to CNT-cement compositesis;Tkhis section reviews the
implementation of these modelling methods on eitenent without CNTs or CNTs
in non-cement matrix. Although these studies maybiedirectly relevant to CNT-
OPC paste composite, they can assist in buildiegfolundation or show potential
paths for developing models of CNT-OPC paste coitgmos the near future.
Continually increasing computing power has allowemputational materials
science to predict the microstructure and atomistieractions by MD simulation.

MD simulations have been widely applied in studyoadcium silicate hydrate (C-S—
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H) structures and other hydrated products by coastry atomistic models for these
materials (see Figure 2.3). Early simulations imed| only around 2500 atoms in a
unit cell, using pair and three-body potentialsdéofields) (Stillinger and Rahman
1978, Soules 1979, Feuston and Garofalini 198%irtmulate the partially covalent
properties of the hydrogen and silicon bonds (Fau€elaye et al. 1997). Besides
using pre-defined potentials, more recentlp initio MD simulations have been
implemented to study the structure of the hydrogends formed by KD molecules
and OH groups in cement (Churakov 2009) and thedggh bond connectivity in the
structure of Jennite (Churakov 2008).alm initio MD modelling, the forces acting on
the nuclei are recalculated for each new MD trajgc{Marx and Hutter), where in a
way some computation speed is sacrificed for a drighccuracy.Ab initio MD
simulations have also helped to address the ongithe strength in cement-based
materials (Gmira, Zabat et al. 2004, Pellenq and Bamme 2004), suggesting that
short- and medium-range attractive electrostaticef® are the major source of C-S-H
cohesion whereas capillary forces and vdW forceeheansiderable and marginal
contributions, respectively (Gmira, Zabat et al020

With respect to problems related to aqueous interfthe chloride bonding at the
aqueous interface of cement materials has beenli@ddeing MD simulations, and
the modelling results are in agreement with expental observations (Terzis,
Filippakis et al. 1987) on the abundance of chlrmbnding on C-S-H in cement
materials (Kalinichev and Kirkpatrick 2002). Morewsy MD simulations have
provided detailed information about the behaviotivater at cement surfaces, and
therefore theoretical modelling can be used toreg# the diffusion coefficient of

surface-related water (Kalinichev, Wang et al. 2007
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Some recent studies have employed MD simulationseek approaches to
enhancing or reinforcing hardened cement. With aksistance of MD simulation,
methods to enhance the performance of cement baaggtial can be developed or
assessed. For instance, atomic scale forces caralbelated after modifying the
bonding scheme in C-S-H, facilitating the developimaf more strongly bonded
cement structures that can be controlled to imptbeeproperties of the cement such
as early age and long-term strength (Pellenq, Lequet al. 2008). In terms of
modelling related to graphitic reinforcements iime&t, MD simulations have been
used to study the interfacial interaction betweamcfionalized graphite sheet and C-
S-H, revealing methods to influence graphitic dute/cement interaction by
changing the number of polar oxygen containing gso(5anchez and Zhang 2008).
The ability to obtain predictive results as shovaoae is a significant merit of MD
simulations as there are very few experimental @pgres at such small scale. Thus
MD simulations can be an essential method for stgdyhe micro-scaled bonding

between CNT and cement matrix and helping to devedidter fabrication schemes.

& - 3

Figure 2.3 Atomistic model of Tobermorite9 for appmation of C-S-H structure
plotted by the present author using the data reddsy Merlino (1999).
However, atomic modelling techniques (such as Mih@) are limited to systems

with a small number of molecules and atoms. Heatiempts have been made to
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apply continuum mechanics models to better acconateothe results from MD for
investigating macro-level behaviour of CNT-compesitAmong all the continuum
mechanics approaches, the technique of representablume element (RVE)
modelling, as shown in Figure 2.4, has been comynaséd by researchers studying
the material properties of nanocomposites. RVE nhodeis based on continuum
mechanics for predicting the effective propertiesamdom heterogeneous materials
by considering a given microstructure volume. Inlyeaimulations studies, Liu and
Chen (2003) proved the feasibility and accurace\aluating material constants by
applying the RVE concept to simulate a single CN @s surrounding matrix.
Moreover, RVE studies to date have suggested thabedded CNTs have a
contributory effect on the tensile strength (TserpPapanikos et al. 2008), and
modulus (Liu and Chen 2003, Zhang and He 2008)Nf Composites. When RVE is
applied to modelling CNT-polymer composites, it hasen able to produce
predictions in agreement with experimental res(llisand Saigal 2007). Apart from
mechanical properties, with the RVE model, the rttadr behaviour of CNT
composites can be analysed (Singh, Tanaka et @F, Zhang and Tanaka 2007) and
numerical formulas have been proposed to calcule equivalent thermal
conductivity of CNT composites (Singh, Tanaka e2807).

In RVE modelling, the stiffness of CNT-compositesstbeen found to be very
sensitive to the property of the interphase or acinzone between CNT and the
matrix material (Zhang and He 2008), but MD simolaé are essential to determine
these interfacial properties. Thus, the more pretemodelling method needs the
integration of different scales (Liu and Chen 200Balancing both available
computation resources and accuracy. An exampleuch & method that has been

developed is the quasi-continuum approach whichsnragividual atoms into a finite
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element model (Gates, Odegard et al. 2005). Yetetlsestill a long way to go for
such multi-scale simulation methods to have widesgrapplications. In summary,
since few MD modelling practices have been sedhariterature that deals with the
interaction between CNTs and C-S-H, there is adtad need for a considerable

amount of future study to develop satisfactory niétr CNT-cement composites.

Figure 2.4 RVE models of CNT-composite: a) a smedlle model with single straight
CNT (Chen and Liu 2004), b) a large model with earwnultiple CNTs (Zhang and
Tanaka 2007).

2.5. Research gaps

From the literature review in this section, thédwling research gaps are identified:
1. Reported fabrication methods show large discregania terms of the
improvement in mechanical properties of OPC padsyemcorporating
CNTs.
2. No quantitative investigation has been reportedhef dispersion of

CNTs using cement-compatible surfactant in water.
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3. No investigation has been reported of the disperaia distribution of
CNTs in Ca+ based alkaline environment and fres@@ péste.

4. Limited proof and understanding exist of the reinfiog effect of
CNTs on OPC pastes.

5. Limited understanding exists of the effect of wdtraication on the
reinforcing effect.

6. Few experimental techniques have been reporteduesiigate the
interaction between CNTs and the OPC grains inhfrENT-OPC
paste.

These research gaps are addressed in the follahengfers.
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CHAPTER 3. MOLECULAR MECHANICS
SIMULATION OF CNT-SURFACTANT
INTERACTION

3.1. Introduction
The self-aggregation phenomenon of pristine CNTanimqueous environment, which
leads to difficulties in the uniform dispersion GINTs, significantly hinders the
application of CNTs in an aqueous based matrix ssc®PC paste. To cope with this
problem, two dispersion methods are commonly engaoylhe first is covalent
functionalization of the CNT surface (Kahn, Banerjet al. 2002, Pompeo and
Resasco 2002) while the second method is the mlysicapping of CNTs using
surfactants or polymer (Liu, Rinzler et al. 1998aim, Rojas et al. 2003, Dyke and
Tour 2004, Vaisman, Wagner et al. 2006). UnbundIi@®yTs using surfactants
combined with ultrasonication is preferred in maapplications owing to the
preservation of the original mechanical and eleatproperties of the CNTs (Tan and
Resasco 2005, Coleman, Khan et al. 2006). A coraditte number of experimental
studies have investigated dispersion of CNTs iz various surfactants
(Bandyopadhyaya, Nativ-Roth et al. 2002, Islam,aRat al. 2003, Moore, Strano et
al. 2003, Richard, Balavoine et al. 2003, Dyke @ndr 2004, Yurekli, Mitchell et al.
2004, Hertel, Hagen et al. 2005, Tan and Resas®s,20an and Resasco 2005,
Green, Duch et al. 2009, Ghosh, Bachilo et al. 2@b0@ obvious differences in terms
of dispersion efficacy have been found betweertestrfactants.

Although the surfactant facilitated dispersion M3 in water is influenced by a
number of factors such as the concentrations of BT&Cand surfactant (Richard,

Balavoine et al. 2003, Paria and Khilar 2004, SHimemkumar et al. 2008),
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ultrasonication intensity and duration (Islam, Rojt al. 2003, Tan and Resasco
2005), size and surface curvature of CNTs (Tumraath Striolo 2009) and presence
of counter ions (Paria and Khilar 2004), the molacwstructure of the surfactant
determines the maximum exfoliation and stabilizatod CNTs that a particular type
of surfactant can provide (Islam, Rojas et al. 20081 and Resasco 2005, Blanch,
Lenehan et al. 2010).

Understanding of the effects of molecular structfrsurfactants on dispersion is
still limited due to the lack of experimental tecues to revolve CNT-surfactant
interaction at atomic scale. Therefore, MM and Midations play a significant role
in understanding surfactant-facilitated CNT dispmrssince they can provide atomic
resolution.

In this chapter, MM simulation is employed to intigate (1) the interaction
energy between different surfactants and a CNT @)dthe different surfactant
aggregation morphologies on the CNT surface.

Interaction energy describes the intensity of exdt@on between individual CNTs
and attached surfactants, which is different frém potential of mean force that is
commonly used in MD studies to describe the intevacbetween two CNTs in
solution (Lin and Blankschtein 2010, Tummala, Marret al. 2010, Xu, Yang et al.
2010, Uddin, Capaldi et al. 2011). This interacterergy is the main contributor to
the self-energy (Israelachvili 2011) of an indivedllCNT in the dispersant. Higher
self-energy of a dispersed CNT increases the @mactf dispersed CNTs in the
solution, based on Boltzmann distribution (Isralelaic 2011).

Aggregation morphology has long been a debated.téfmur different types of
aggregation have been suggested by different dsmar parallel aggregation

(Tummala and Striolo 2009, Tummala and Striolo 2008 and Blankschtein 2010),

28 |



Chapter 3 Effect of Surfactant Characteristics

random distribution (Yurekli, Mitchell et al. 200Batel and Egorov 2005, Qiao and
Ke 2006, Tummala and Striolo 2009), hemi-cylindriceggregation (Richard,
Balavoine et al. 2003, Wu, Hudson et al. 2006, Mawlcz, Surendran et al. 2008,
Thauvin, Rickling et al. 2008, Calvaresi, Dallaeadit al. 2009, Tummala, Morrow et
al. 2010) and cylindrical aggregation (O'ConnelgcBilo et al. 2002, Matarredona,
Rhoads et al. 2003, Cardenas and Glerup 2006, ¥éadlad Sansom 2007, Calvaresi,
Dallavalle et al. 2009, Xu, Yang et al. 2010). Tdieersity here certainly indicates
that future study is indispensable for improving tmderstanding of surfactant-CNT
dispersion.

As shown in Figure 3.1, typical ionic surfactant® &hosen as representing
different characteristics in their molecular sturet namely the (1) the presence of
ring moieties and linearity of the surfactant stowe (Islam, Rojas et al. 2003, Li,
Reeve et al. 2005, Xu, Li et al. 2006), (2) theipms of the hydrophilic head group
branch (Stigter 1974, Conboy, Messmer et al. 188dm, Rojas et al. 2003, Paria and
Khilar 2004, Ma, Boyd et al. 2006, Jurasin, Habusle 2010) and (3) alkyl chain
length (Somasundaran, Fuerstenau et al. 1964, Coamd Ottewill 1971, Fan,
Somasundaran et al. 1997, Wang, Han et al. 1999 akduPendleton 2001, Atkin,
Craig et al. 2003, Islam, Rojas et al. 2003, Pand Khilar 2004). These surfactants
are sodium dodecyl sulfate (SDS) (BandyopadhyaydivNRoth et al. 2002, Islam,
Rojas et al. 2003, Moore, Strano et al. 2003, Ra;HAalavoine et al. 2003, Dyke and
Tour 2004, Yurekli, Mitchell et al. 2004, Hertelagen et al. 2005, Tan and Resasco
2005), sodium dodecyl-benzene sulfonate (SDBS) éssrfislam, Rojas et al. 2003,
Moore, Strano et al. 2003, Hertel, Hagen et al520@n and Resasco 2005, Tan and
Resasco 2005), sodium octyl-benzene sulfonate ($@BBmM, Rojas et al. 2003),

sodium butylbenzene sulfonate (SBBS) (Islam, Rejaal. 2003) and sodium cholate
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(SC) (Hertel, Hagen et al. 2005, Tan and Resas®®,2Green, Duch et al. 2009,
Ghosh, Bachilo et al. 2010). In this chapter, SOBSDBS-3, SDBS-6, SOBS-2 and
SBBS-2 refer to specific isomers with the brancaached to specified positions in
the alkyl chain (as illustrated in Figure 3.1), aB®BS, SBBS and SOBS are
collective names for all positional isomers. Inti@n energy is also used to study the
preference for different aggregation morphologi€se physical properties of the

surfactants are shown in

SDS
% Change in branch position
. °
SDBS-6
(]
Change P
in SDBS-2 [ SDBS-3

linearity

' ?
SBBS-2°|7
Change in chain length

Figure 3.1 Surfactants used in this study withedhlinearity, head group branch
position and chain length. Grey: carbon; red: oxygellow: sulphur; white:
hydrogen; purple: sodium.
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Table 3.1. Properties for the surfactants (Sigmaddéh 2014).

Surfactant Density (g/cn?) Molar Mass CAS No
(g/mol)
SDS 1.01 288.37 151-21-3
SDBS-2, SDBS-3, NA 340-352 25155-30-0

SDBS-6

SOBS NA 294.39 6149-03-7
SBBS 1.124 180.16 515-42-4

SC NA 430.55* 206986-87-0*

*Data for hydrates.

3.2. MM Simulation

A (10, 10) SWCNT 49.19 angstrom in length was plaicefree space with surfactant
assemblies wrapped on the exterior surface ofube. MM simulations use geometry
optimization (by conjugate-gradient method) to fitlee equilibrium state of these
surfactant aggregation structures. The atomic acten was modelled by the
COMPASS force field (Condensed-phased Optimized ekldhr Potential for

Atomistic Simulation Studies) (Rigby, Sun et al.9T9 This force field has been
proven to be applicable in describing the mechapicgerties of CNTs (Duan, Wang
et al. 2007, Wang, Duan et al. 2007) and the intema between SDS and CNT
(Duan, Wang et al. 2011). The force field settingswdentical to that used in a
previous study (Duan, Wang et al. 2011) with aaf@idistance of 9.5 for both vdwW
and electrostatic forces. Water molecules wereimdtided in the simulation since
water molecules were excluded from the hydrophoBIBS-CNT interface as
suggested by recent studies (O'Connell, Bachif. &002, Calvaresi, Dallavalle et al.
2009). The coordinates of the atoms in the SWCNTeviiged since only the related
movement between surfactants and SWCNT was ofesitelThe equilibrium state
was considered to be reached when the maximum fiertte molecular structure was

less than 0.001 kcal / mol per angstrom (Duan, Warad. 2011).
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Three initial configurations, namely parallel aggagon, hemi-cylindrical
aggregation and cylindrical aggregation, were agthpbased on the aggregation
morphologies suggested in past studies. No randygregation was included as one
of the initial configurations since there was ndedainistic structure for a random
distribution. Examples of these three morphologies shown in Figure 3.2. In the
parallel configuration as shown in Figure 3.2-a amdtwo rows of surfactants were
placed around the CNT surface. The centroids ofeh®vo rows were aligned
approximately with the 1/4 length position and Bgth position along the tube. In
the hemi-cylindrical configuration indicated in Eig 3.2-b and -e, the diameter of the
hemi-cylinder was used as the length of the tuBel@A) for SDBS-2 to fully cover
the exterior surface of the tube. The diameterhef hemi-cylinder used there was
consistent with the experimentally observed size $®S (45 #5 A) (Richard,
Balavoine et al. 2003). The same hemi-cylinder @mwas applied to SDS, SDBS
isomers and SC because they had similar molecizlarirs the longitudinal direction
(around 20.6 A for SDS, 18.0 - 22.5 A for SDBS isssnand 18.0 A for SC).
However, for SOBS-2 and SBBS-2, which were of gigantly smaller size (around
13.1 -17.6 A for SOBS-2 and 7.8-12.3 for SBBS-®e diameters of the hemi-
cylinder and tube were reduced to 39.35 A and 2A06r SOBS-2 and SBBS-2
respectively. The cylindrical configuration had fastants with the hydrophilic head
group facing opposite to the tube in the radiadction, as shown Figure 3.2-c and -f.
In all three types of initial configuration, themhbetween the surface of CNT and the
surfactants was kept around 3.5 A to ensure thatstirfactants and CNT were
interacting within the cut-off distances. The bermezeings and head groups were
rotated to face outwards (as shown in Figure 3aPbe) in the initial configuration of

SBDS isomers, SOBS and SBBS. In the hemi-cylintriemd cylindrical
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configurations, all surfactant molecules were exdaby a random angle according to
their longitudinal axis. These random rotations evapplied to eliminate the un-
balanced force that would be introduced by headggall facing in one direction.

Configurations with different numbers of surfactarsurface density) were
simulated. For each type of initial configuratidhe simulation began with a very
small surface density (< 1 molecule/rwhich then increased until the surface was
too crowded to maintain the morphology. The intecaicenergy was calculated as
described in a previous publication (Duan, WangleR011). Since only two rows of
surfactant were placed in each parallel configarataind there were gaps between
each row (Figure 3.2-d), the surface density aedrteraction energy calculated had
to be multiplied by a factor to give results cop@sding to full coverage with no gaps
between the rows. This factor was calculated asetthie surfactant length divided by
the length of the tube. As an exception, the rhavllke shape of SC molecules
actually allowed rows of SC in the parallel aggtegato engage with each other as
gears and then reduced the space occupied by eactfrSC. It was estimated that
this reduction was around 1/3, and that was coreidén the calculation of the
previously mentioned factor.

Further, to allow comparison between the simulatiesults obtained here and
reported experimental results, the concentratidnegain experimental studies were
converted to surface density based on a theor&@MACNT surface, which was 1300
m2/gram (Peigney, Laurent et al. 2001, Donaldsorkehitet al. 2006, Sun, Nicolosi et
al. 2008), with the assumption that all the sudats were attached to the SWCNT

surface (Tan and Resasco 2005).
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Parallel Hemi cylindrical Cylindrical

Figure 3.2 View across the CNT (a-d) and view oksrsections (d-f) cut along the
longitudinal central axis of the SWCNT for the ialtconfiguration of a parallel
attached SC, a hemi-cylindrically attached SDB3$w@ a cylindrically attached SDS.
In a and d, the SCs are placed such that the witlesCHs groups face the CNT (Lin
and Blankschtein 2010).

3.3. Results and discussion

3.3.1.EFFECT OF MOLECULAR LINEARITY ON INTERACTION ENERGY
AND MORPHOLOGY

Figure 3.3 shows the variation of interaction egeagainst change in surface density
for SDS, SDBS-2 and SC under different morpholagiHse results here indicate
dependence of interaction energy on aggregatiopesha

As indicated in Figure 3.3-a, at low surface dsnsfaround 0 — 2.0
molecules/nrf), parallel aggregation of SDS produces more negainteraction
energy than the other two types of morphology. Witthis range, the interaction
energy increases almost linearly before the surfieeesity reaches a threshold where

the number of surfactants per row is the optimurhe Dptimum surface density
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allowed formation of the densest aggregation aetblgd the peak values in Figure
3.3-a.

When the surface density of SDS further increasemraund 3.5 molecules/m
as shown in Figure 3.3-a, the interaction energyegded using a parallel
configuration is approximately in line with thateglicted using a hemi-cylindrical
configuration; after that point the hemi-cylindiiGgggregation become the optimum
with highest interaction energy until it is overo®iny the cylindrical morphology at a
surface density around 7.4 moleculesinm

It is suggested that the energetic preference forphology regarding surface
density for SDS is parallel aggregation (Figure-&.i3 within the approximate range
0-2, hemi-cylindrical (Figure 3.3-a-ii) within arod 3.4-7.4 molecules/rfimand
cylindrical (Figure 3.3-a-iii) for more than 7.4 teoules/nmM. The maximum
(saturation) surface density of SDS on the SWCNE a@und 9.3 molecules/dm

beyond which the SDSs near the end lost contabttive SWCNT (Figure 3.3-a-iv).
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Figure 3.3 Interaction energy curves of threeedéht morphologies for SDS (a),
SDBS-2 (b) and SC (c). (i) - (iv): Typical SDS aggation structure of different
morphologies. The corresponding surface densifi€3 o(iv) are 1.59, 4.29, 7.35 and

10.55 molecules/nfrespectively.
Note that no morphological preference is suggekiedhe post-peak region of
the parallel aggregation (surface density 2-3.4 ecdks/nd), because the
aggregation morphology can become highly unstatit®, some surfactant molecules

squeezed out from the single parallel layer. Teggan may be a transition zone from
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parallel to hemi-cylindrical aggregation, where clear preference for morphology
may exist. This is in agreement with the findingggMoore, Strano et al. 2003), where
transitions were observed in the relation betwéenamount of dispersed CNT and
surface density when the surface density isaroufidrblecules/nf Also, a rapid
change of surface tension of the CNT dispersion reagsrted at a surface density
around 2.7-3.0 molecules/ArfGrossiord, van der Schoot et al. 2007).

Interestingly, the preference for aggregation molpiies can be used to explain
experimental observations of the surfactant aggi@ganorphology on the CNT
surface as well as to predict the surface dendityavallel aggregation. In the
transmission electron microscopy (TEM) images olatdiby Richard et al2003),
periodic striations of SDSs covering MWCNTs and SWG were found. The width
of the striations attached on the MWCNT was arodifsdnm (close to the diameter of
a hemi-cylindrical micelle in the present study)ilhhe size of the striations on the
SWCNT was around 1.5 nm, which is a good approxonabf the parallel
aggregation. Richard et al. (2003) reported thatdbncentrations for SDS and CNT
were the same for both SWCNT and MWCNT samples. thikeretical surface area
of MWCNTSs is about 3-6 times (calculated based @8, 8) double wall CNT and a
(22, 22) four wall CNT) smaller than the same maESWCNTs. Therefore, if a
stable hemi-cylindrical aggregation is dominan&aiMWCNT-SDS dispersion, which
means that the surfactant surface density is ar8uhd.4 molecules/nfibased on the
present simulation, under the same CNT/SDS coratémt; the surfactant surface
density of SWCNT-SDS dispersion is very likely lietween 0.8-1.6 molecules/Am
which is in good agreement with the proposed rdagparallel aggregation.

Like SDS, SDBS-2 has a relatively linear molecskaucture with the head group

close to the end of the alkyl chain. Thus, the gngreferred morphology for SDBS-
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2 also shifts from parallel to hemi-cylindrical atiten to cylindrical as the surface
density of the SDBS-2 increases (Figure 3.3-b). elmw, the results show that
SDBS-2 has higher saturation surface density (hiofecules/n) which may be
caused by the extra attraction induced by the im@ik atoms in the benzene ring. The
saturation surface density of SDBS-2 given hereassistent with the optimum
surface density that gave the best dispersion ofCSW reported by (Blanch,
Lenehan et al. 2010) (7-12 moleculesfnas converted from concentration). Also,
experimental study has shown that the optimum SW-GTactant ratio was between
1:5 to 1:10 (converted surface density: 7 to 13 emales/nm) for a series of
surfactants including SDS, SDBS, SOBS and SBB&r{isRojas et al. 2003), which
matches with the present predicted saturation seidansity (11.4 molecules/Am

In contrast, SC behaved quite differently (Figur8-8 from SDS and SDBS.
SDS and SDBS show smooth transitions between tme-éydindrical and cylindrical
aggregation in terms of interaction energy, whetbasmaximum interaction energy
produced by the hemi-cylindrically aggregated S@riky around 60 % of that of the
cylindrical aggregation. This indicates that thenheylindrical aggregation is less
energy-preferred for SC, due to the absence offléxéble hydrophobic chain that
fitted surfactants more effectively in the spacéhia centre of the hemi-cylinder. The
present results indicate that the energy-prefemedphology of SC assembly on
SWCNT probably transited directly from parallel aggation to cylindrical

aggregation at a surface density around 4.3 andagat at around 6.3.

3.3.2.INTERACTION ENERGY AND DISPERSION CAPABILITY

The calculated interaction energy can be a usefol for comparing the
dispersion efficacy of different surfactants. Tiodfithe correlation between this study

and experimental data, the present result was cadpath that of (Tan and Resasco
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2005), where the dispersion efficacy of differeatfactants including SC, SDS and
SDBS was characterized by the resonance ratio uddeispectroscopy. In their
experimental study, (Tan and Resasco 2005) propibsedesonance ratio, which is
the ratio of the resonant band area to its noneegdmackground in the UV spectrum,
as a semi-quantitative criterion of dispersionoaiftly of surfactants. Their results are
appropriate for comparison because in their expannthey used a CNT sample
containing a high weight fraction of (6, 5) SWCNTWgth a diameter equal to 0.7 nm)
which had a comparable diameter to that of the {0),SWCNTs (with a diameter
equal to 1.3 nm) used in the present simulation.

The surface density (converted from concentratminjhe SDBS, SDS and SC
based dispersion samples in the Tan and Resas08)(28periment are shown in
Table 3.2. According to this table, in all samplkescept for SDBS (1g/L), the
surfactant aggregations are defined as saturatee the surface densities are higher
than the saturation surface densities suggested Figyre 3.3 (around 9.3
molecules/nrifor SDS, 11.4 molecules/rfifor SDBS and 6.3 molecules/Afor SC).
The interaction energy for the saturated samples taken as the value at these
saturation surface densities. For SDBS (1g/L), ¢hkeulated surface density (6.57
molecules/nrf) was within the range where hemi-cylindrical aggtéon is the most

stable morphology, as shown in Figure 3.3-b.
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Table 3.2 Comparison between the resonance ragio §ihd Resasco 2005) of (6,5)
SWCNT dispersed using different surfactants andrttezaction energy between
(10,10) SWCNT and these surfactants. In the tabls,the surfactant-CNT mass ratio
and S is the surface density calculated based dim&brackets next to the value of S
indicate the type of preferred morphology suggestdeigure 3.3. The resonance ratio
of SDBS at different concentrations is comparedhwiteraction energy of SDBS-2 in

the present simulation.

Interaction Ei , eviA
Surfactant R S, molecules/nm? nteraction Energy, ev
-0.03 -0.13 -0.23 -0.33 0.43 -0.53 -0.63
SDS 50 79.4(saturated)
M Interaction
SDBS (1g/L) 5 6.6(hemi-cylindrical) energy
SDBS (5g/L) 25 32.9 (saturated) B Reasonace
Ratio
SDBS (10g/L) 50 65.7 (saturated)
SC 100 106.4 (saturated)

0 0.05 0.1 0.15 0.2
Resonace Ratio

The resonance ratio reported by Tan and Resasd@b)2ihd the interaction
energy are presented as bars next to each sangpthodvn in Table 3.2, at saturation
surface density, the resonance ratio decreaseldeirotder SC, SDBS, SDS, and a
similar trend was shown for the interaction endrgthe present simulation. It is also
clear that there is only negligible difference bedw the resonance ratio of SDBS
(5g/L) and SDBS (10g/L). Calculation confirmed thathese two concentrations, the
SDBS aggregation on the SWCNTs was saturated $ahttya had similar dispersion
capability. Moreover, both the present simulation ¢éhe results of Tan and Resasco
showed lower dispersion capability when the comretioh of SDBS further decreased

to 1g/L because the surface density dropped bdievgaturation level.
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Figure 3.4 Interaction energy curves of SDS, SDBS@ SC compared with the
interaction energy between a (10, 10) SWCNT ancbsading (10, 10) SWCNTSs in
a bundle. In the shaded zones, the separatiopaitizular type of bundle is
energetically feasible. The tube-tube interactrmreases no more when the number
of tubes per bundle exceeds 4 (Duan, Wang et all)2@or clarity, curves are shown
only for the optimum morphology at different sudadensity ranges.

Interaction energy curves can also be used tordaterwhether a surfactant has
the potential to provide a stable dispersion of WE at a certain surface density.
Figure 3.4 compares the surfactant-SWCNT interactmergy curves with the
interaction energy between bundled SWCNTs (caledl&iased on the method given
by (Duan, Wang et al. 2011)). According to Figurd,3®nergetic barriers can be
provided by the surfactants for the 2-tube-bundié 3-tube-bundle formations when
the surface density of the three surfactants excemdund 2.0 molecules/dm
However, a much higher surface density is requiogarevent the formation of 4-tube
bundles. In the saturated state, the interacti@rggnof SWCNT wrapped in a SDS
aggregation (-0.38 eV/ A) was similar to that id-tube bundle (-0.39 eV/ A). This
explains the fact that the reaggregation of SWCNisSDS solution after

ultrasonication (Eda, Fanchini et al. 2008). Intcast, SDBS and SC showed stable
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dispersion for a relatively long period after uttnaication (Blanch, Lenehan et al.
2010) as their saturated interaction energy wasooBly higher (-0.41 eV/ A for

SDBS-2 and -0.46 eV/ A for SC) than the 4-tubedbimgy interaction energy. As

shown in Figure 3.3, both the peak interaction gnef the parallel aggregation and
the saturation interaction energy decreased iottier SC, SDBS, SDS.

It is notable that the parallel aggregated surfastacould produce adequate
interaction energy to overcome 4-tube bundling witbnly a very short surface
density range (only around 1.7 surfactants /Annn a more realistic aqueous
condition, it can be extremely difficult to ensuhat surfactant coverage is within this
range for every individual tube, due to thermalil@n (Duque, Densmore et al.
2010), solvent effect (Backes, Englert et al. 20404 the optimization of surfactant-
surfactant interaction (Tummala and Striolo 2008)s also difficult to obtain full
coverage of parallel aggregation (Arnold, Suntivethal. 2008, Calvaresi, Dallavalle
et al. 2009, Lin and Blankschtein 2010) under thesaditions. Therefore, much of
the experimental success in dispersion of CNTs lwsn based on the use of
surfactants at a surface density beyond saturélsteim, Rojas et al. 2003, Tan and
Resasco 2005, Blanch, Lenehan et al. 2010). Howéuee surfactant is designed in
such a way that parallel aggregation is the saturadtate, higher dispersion power

can be obtained.

3.3.3.THE EFFECT OF ALKYL CHAIN LENGTH

The present study suggests that interaction ensrggignificantly affected by the
hydrocarbon chain length, as shown in Figure 31%eims of parallel aggregation, the
peak interaction energy decreases when the nunilwarioon in the chain is reduced

from 12 to 8. This is probably because longer chaamn improve surfactant energetics
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(Islam, Rojas et al. 2003) by allowing more compaatking between the GHnds of
the surfactant and the SWCNT surface. The surfaesity corresponding to the
peaks increases from 1.83 moleculeg/rfior SDBS-2 to 4.50 molecules/Arfor
SBBS-2 as a result of the reduced size of the clariits, as shown in Figure 3.1. In
contrast, the saturation density drops in the o®BBS-2 (11.4 molecules/rfin
SOBS-2 (9.3 molecules/rfin SBBS-2 (8.0 molecules/rfinbecause the short chain
corresponds to a smaller radius and less spaceséettie head groups. Interestingly,
for interaction energy at saturation and the peflparallel aggregation, SDBS-2
showed higher interaction energy than SBOS-2 an8SSB, which is consistent with
the dispersion ability demonstrated in the studylsthm et al. (2003). However,
SBBS-2 showed similar interaction energy to thatS@BS-2 at the peak of the
parallel aggregation (-0.450 ev/A compared to -B.4%/A) and similar saturation (-
0.387 ev/A compared to -0.381 ev/A). These simildues of interaction energy may
have the following causes. For the parallel aggrega SBBS-2 attaches to the
SWCNT surface less firmly than SOBS-2, due to therter chain, but has a higher
proportion of benzene rings and therefore a highwnber of carbon atoms per fim
SWCNT surface. For the cylindrical morphology, #tems in the surfactants interact
effectively with the SWCNT within only a very shadange (within a cut-off distance
of 9.5 A) and the SBBS-2 has the benzene ring lyiithin this range whereas the
SOBS-2 does not. Thus, although the saturatioraserdensity for SBBS-2 is lower,
one vertically attached SBBS-2 has more carbon st@mound 10) within this range

compared to SOBS-2 (around 6).
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Figure 3.5 Interaction energy curves for SDBS-2BS and SBBS-2. Interaction
energy is only plotted for the optimum morphologye(morphology that gives the
most negative interaction energy) at a certaineserfiensity. For SBBS-2, both

parallel and hemi-cylindrical are plotted sincerés no clear preference betweba

two. The positions and the interaction energy valure marked on the graphs at the

peak of parallel aggregation (black numbers) arttl@saturation surface density (
numbers).

Furthermore, a shortened hydrocarbon chain may aféect the energetic
preference in morphologies. When the chain is shed to a certain level its bending

rigidity become compatible with the benzene ringking the surfactant behave like

44 |



Chapter 3 Effect of Surfactant Characteristics

beads rather than structures with flexible tails. &result, the preferred aggregation
morphology between parallel and hemi-cylindrical rpfmlogies for SBBS-2 at
surface density lower than 5 moleculesfnoannot be explicitly defined, which
implies that maybe a random morphology (Yureklitdfiell et al. 2004) is more
suitable for describing the aggregation of SBB3a2this surface density range.
However, cylindrically aggregated SBBS-2 still shbigher interaction energy and a
stable morphology at surface density near saturgtioound 6.3 molecules/@mThis
finding is consistent with TEM observations of sathnt aggregation on graphite
surface where surfactants with short chains weoadoincapable of forming hemi-

cylindrical aggregation (Atkin, Craig et al. 2003).

3.3.4.THE EFFECT OF HYDROPHILIC GROUP POSITION

Figure 3.6 indicates that the position of the hythibc group on the hydrocarbon
chain affects the interaction energy and preferdacaggregation morphology. The
interaction energy at saturation and the peak odlleh aggregation decrease in the
order SDBS-2, SDBS-3, SDBS-6, suggesting that S8 ers with a hydrophilic
group near the end can achieve stronger binding $WWCNTs. This is probably
because the head groups closer to the middle ah chake it more difficult for the
SDBSs to aggregate firmly. This trend is in accaogawith a study of sodium alkyl
benzene sulphonate (SABS) aggregating at an aghiterface where SABS with a
benzene ring near the end of the alkyl chain foreheuser aggregation (He, Guvench
et al. 2010). Also, the increased solubility of SBBs the hydrophilic group moves
towards the middle (Ma, Boyd et al. 2006) impliedcekased bonding strength

between SDBSs in water. As shown in the presemtystthe SDBS-6 cylindrical
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aggregation, with considerably lower saturatiorfase density (5.2 molecues/Am

required more space than the other two isomers.
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Figure 3.6 Interaction energy curves for SBDS-2BSEB and SBDS-6. For clarity,
only the energy-preferred morphologies are presente

SDBS-6 also showed less energetic preference éocyttindrical aggregation, as
the interaction energy of cylindrical aggregatisnconstantly lower than that of the
hemi-cylindrical aggregation (Figure 3.6). The mador this phenomenon may be
that with the hydrophilic group closer to the midihe alkyl chains tend to orient at a
greater tilt angle (the angle to the normal of @NT surface), as they did on an
air/water interface (He, Guvench et al. 2010). 8itie average tilt angle is greater in

hemi-cylindrical aggregation than in cylindrical grggation, SDBS-6 showed a

preference for hemi-cylindrical aggregation at satian.
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3.4. Conclusions

The interaction energy between surfactant and ChTgroved able to reflect
differences in aggregation morphology. The effeft noolecular structures on
interaction energy and the energy preference faiphwogies at different surfactant
surface densities were investigated via MM simaladi

The energy preference for aggregation morphologgssnst increasing surface
density were found to follow a parallel/hemi-cylifghl/cylindrical pattern for
surfactants with relative long linear hydrocarbaiistand hydrophilic groups at the
two ends (SDS, SDBS-2, SDBS-3 and SOBS-2). Suritgtaith short chains, mid-
position head group and planar structure, on therdtand, showed direct transitions
from parallel (SC, SDBS-6) or random (SBBS-2) tanheylindrical (SDBS-6) or
cylindrical (SC, SBBS-2) aggregation. Discrepandieshe molecular structure of
surfactants, which influenced the dispersion effjcaf CNT in experimental studies,
also had a consistent impact on the interactionggne

The results in this section serve as guidancedtwcing appropriate surfactants
for dispersion of CNTs. It is suggested that sudiats with (1) long hydrocarbon
chain, (2) non-linear structure (e.g. multiple charanches or planar structure) and
(3) hydrophilic groups near the end of flexible icisawill perform the best for
dispersion purposes.

Fortunately, some cement additives, such as pdigegtate and lignosulfonate
based superplasticizer, possess these moleculaacthastics and therefore have
potential for dispersing CNTSs. In the next sectismme cement additives are used to
disperse CNTs in a €abased alkaline environment. The stability and aggiration

processes of the cement additive-CNT dispersiomaestigated.

47 |



CHAPTER 4. STABILITY AND
AGGLOMERATION PROCESS OF MWCNTS IN
ALKALINE ENVIRONMENT

4.1. Introduction

An alkaline environment plays an important roletire fabrication of CNT-OPC
pastes (Li and Sagues 2001, Moreno, Morris et @42 Tang, Miao et al. 2012).
Although a considerable number of studies have deduon the dispersion of
SWCNTs (Islam, Rojas et al. 2003, Tan and Resa®0&,2Blanch, Lenehan et al.
2010) and MWCNTSs (Yu, Grossiord et al. 2007, BarkPet al. 2011, Tiwari, Sagar
et al. 2012) using various surfactants in an agsieewironment, the number of
dispersion studies involving highly alkaline (pH 2) environments is limited,
especially for CaOH introduced alkalinity. Past research has showrn the
performance of some commonly used surfactants ag&hSDS and SDBS or
deteriorates with elevated pH value (Sun, Gao.2@2, Matarredona, Rhoads et al.
2003, Moore, Strano et al. 2003, White, Banerjead.€2007).

Cement additives with surfactant-like moleculaustures, which are designed for
highly alkaline environments with €aand OH ions, have shown promising potential
as CNT dispersions in alkaline environments. In Wark of Makar (2011), the
dispersion of SWCNTSs in different cement admixtuwess investigated, and poly-
naphthalene sulphonate sodium salt (a type of plasticizer) was found to achieve
effective dispersion of SWCNTSs. Collins and hisugralso studied the dispersion of
MWCNTSs in water using several cement compatibléastants (Collins, Lambert et

al. 2012). Although these studies demonstratedtipesdispersion effects using
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cement additives as cement compatible surfactamtsquantification of the CNT
dispersion in alkaline environment was conducted.

This chapter focuses on the dispersion of MWCNTisgushree commercially
available cement additives (cement-compatible stafds) in saturated CaGQH
solution. Saturated CaQHsolution is commonly used as simulated cement pore
solution and it is suitable for visual observatidgy-vis measurement and MD
simulation of dispersion of CNTs.

Two main topics are investigated in this chaptamaly (1) the stability of the
CNT dispersion and (2) the agglomeration proces€NTs. The stability of CNT
dispersion is quantified using UV-vis spectrometnd Zeta-potential measurements,
and the agglomeration process is studied via TEMging and hydrodynamic size
analysis.

To achieve better understanding of the agglomerapimcess of CNTs, MD
simulation is conducted for the Ca@burfactant-MWCNT system. The self-energy
(Israelachvili 2011) of CNT wrapped surfactant€adculated and it is proposed as a
parameter that can be used to compare the dispegioacy of different surfactants.

With the calculated self-energy, a theoretical nasleleveloped to simulate the
agglomeration process of CNT bundle developmene fiodel is used to study the

agglomerating behaviour of CNTSs.

4.2. Experimental program

4.2.1. MATERIALS

The MWCNTSs used in this study were purchased frédr@an3hen Nanotech Port Co.
Ltd (Shenzhen, China). This non-functional MWCNTe ased here to study the
fundamental thermaldynamics principles of CNTs aggiration in aqueous

environment. In the latter experiments, —-COOH fiomzlised MWCNTSs is used to
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improve the dispersion and the reinforcing effeCtGINTs. The properties of the
MWCNTSs are given in Table 4.1. Three types of comuia cement additive were
used. The brands and properties of these surfacé@tshown in Table 4.2. Since the
alkyl chain in MA varies only slightly from 10-14or simplicity, dodecyl-benzene

sulfonic acid (DBSA) was used to represent theastiaht in MA.

Table 4.1. Properties of the multi-walled CNTs

Outer Diameter Length | Purity| Specific Surface Area

10~20 nm 5~15 nm>97 % 90~120 n/g

Table 4.2. Cement additives used and the surfactamtained (Grace 2007,
Chemwatch 2008, Chemwatch 2009).

Micro Air® 905 Rheobuild®716LR WRDA® GWA
(MA) (716LR) (WRDA)
Alkvl- Naphthalene-sulfonic
y : acid/formaldehyde | Modified sodium
Surfactant benzenesulfonic . i .
; : o calcium salt, CAS: lignosulfonate
contained acid (C = 10-14)
(DBSA) 37293-74-6 (SL)
(NC)
Concentration 10 % 60 % 50 %
of surfactant

4.2.2.DISPERSION OF CNTS IN ALKALINE SOLUTIONS

CaOH was added into distilled water to produce an agsemvironment with stable
pH ~ 12.5. The amount added was 5 times the solvableuaio ensure that the
solution was saturated. Saturated CaGidlution is a commonly used simulated
concrete pore solution (Li and Sagues 2001, Mordfwyis et al. 2004, Tang, Miao

et al. 2012). MWCNT and surfactants were added tnéoalkaline aqueous solution
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and sonicated with a 100W ultrasonicator with aip”operating at 25 % intensity.
Research has shown that different CNT products ragyire different UE to reach
the maximum dispersion, but generally input enengiensity around 690 J/mi
solution or 9.6 MJ/g of CNT is sufficient (Krausklende et al. 2010). The total
volume of each sample was 20 ml and the ultrastaicaime was 10 minutes (the
corresponding input UE is around 750J/ml). The eotr@tion of the CNT adopted
was 0.1 wt % and 0.5 wt % of surfactant was usée. Jurfactant to CNT mass ratio
was 5 in this case. A study has shown that SDB&hemathe maximum dispersion of
MWCNT when the surfactant to CNT ratio is greatearnt 1.5 to 4 (Yu, Grossiord et
al. 2007). Dispersion study of Gemini imidazoliuorfactants also showed that the
dispersion of CNT reached a maximum level at thiéastant to MWCNT mass ratio
of 1 to 4 and only minor decrease of dispersioitatfy was observed when this ratio
was increased from 4 to 8 (Liu, Yu et al. 2010)ef&fore, adoption of a surfactant to
CNT ratio of 5 should give, if not the optimal, seaably good dispersion for all the
surfactants used in this case. The actual pH vaflilee solutions was tested by a pH
meter after ultrasonication. The pH values of tbkitson were 12.83 for MA, 12.82

for 716LR and 12.69 for WRDA.

4.2.3.UV AND TEM CHARACTERIZATION

The settling of the agglomerated MWCNTs was captwsing a digital camera and
examined. Since some of the dispersants were yeatiowrown in colour, CaOH
saturated solutions with the same concentratiosudictants were used as reference
during comparisons. NC and SL absorb UV light v&npngly in the range between
200 nm and 400 nm, which limited the concentrabbMWCNTSs that could be used
in the UV-vis samples. The sampled MWCNT susperssimnd reference solutions

were therefore diluted by a factor of 100 and taralysed using a HACH® DR5000
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UV-vis spectrometer. The ABS between 190-1100 nra veaorded. To observe the
morphology of CNT bundles during CNT agglomeratid&M was utilized. To
prepare TEM samples, the CNT suspensions wereedilut distilled water 20 times,
and then a droplet of the CNT-NC and CNT-SL susipen®/as pipetted onto a 400
mesh holey-carbon-coated copper grid. After watexperation, the samples were
examined using a JEOL 2100F FEG TEM electron maope operated at an
accelerating voltage of 200 kV. TEM images weredmanly taken in an area near the
centre of the TEM grid. For each sample, aroundridges were taken and more than
370 MWCNT bundles were measured using a grid-basstiod.

This grid-based measuring method is demonstrat&agure 4.1. Horizontal lines
and vertical lines with a spacing of 200 nm aremiracross the TEM images. CNT
and CNT bundles intersecting each line with an ergyeater than 45 degrees are
identified (as demonstrated between the red lineBigure 4.1) and the number of
tubes in that bundle is measured and recorded (sremvnumbers in Figure 4.1).
Counting bundles with intersecting angle greatemtd5 degrees avoids repeated
measurement of bundles that intersect both horm¢antd vertical grid lines. This
intersecting angle is defined as 0 when a bundbaiallel to a grid line and 90 when a

bundle is perpendicular to a grid line.
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Figure 4.1. TEM images of CNT agglomerates in NGdola(a) and SL-based (b)
suspension and examples of the measurement otitttebsize of CNTSs intersecting
the grid. The meauresments are shown as yellow atgiietween two red lines
which indicate the measuring boundary of the burfsié/eral measurements are

shown for clarity.

4.2.4.ZETA POTENTIAL AND HYDRO DYNAMIC SIZE

To determine the hydrodynamic size and the zetanpial of CNTs in suspensions, a
ZetaSizer Nano ZS (Malvern Instrument Ltd., UK)tinment which used dynamic
light scattering was used. All CNT suspensions vegpeailibrated at a temperature of
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25°C for 2 mins before measurements. The size measunt range was adjusted from
3 nm to 6000 nm. To check the reproducibility o¢ thydrodynamic size and zeta
potential values, three sets of measurements \akes tfor each sample and the mean

of the three experiments and resultant standarti@v were then reported.

4.3. MD simulations

MD simulation was conducted using Materials Stusll®. COMPASS force field was
used with an atom-based simulation method for vavée (cut-off distance: 9.5 A)
and the Ewald summation method (Ewald accuracyKed! / mol) for electrostatic
forces. Since in this experiment, DBSA was provedbe incapable of forming
dispersed MWCNTSs suspensions in the alkaline enwient provided, only NC- and
SL-CNT suspensions were simulated and studied.r&igi2 shows the molecular
structures of the surfactants used in the simulaffio@o maintain consistency within the
experiments, where the adsorption of surfactants memr saturation at the MWCNT
surface, in the MD simulation the surfactants weaeked as densely as possible in

the transverse direction of the CNT.
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NC:

—_— OH OH .

SL:

Figure 4.2. Molecular structures of the surfactaisesd in the simulation.
(Ramachandran 1995, ChemicalTradingGuide 2012)

To characterized this repulsive force with MD siatidn, usually a pair of CNTs
are simulated and the potential of mean force lsutated (Lin and Blankschtein
2010, Tummala, Morrow et al. 2010, Xu, Yang et 2010, Uddin, Capaldi et al.
2011). However, it is impractical to conduct atonhéwel MD simulation on the
interaction between a pair of 10 nm MWCNTSs, duéhtlarge number of particles in
the system. Therefore, two cases were simulatedeMd€s and a SL containing 5
repeat units were attached on (100, 100) tripldedaCNT surfaces (Figure 4.11).
Since it was too expensive to simulate the wholénpeter of the (100, 100) CNT,
only a section of the tube consisting of 10 aromaings in the circumferential
direction was simulated.

The simulation comprised two steps. In the firepstvhich was conducted before

the packing of the solution molecules, the initia@hfigurations of the CNT-surfactant
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complex were generated using the following proceslufFirst, a set of an infinite
graphene network was built, spanning over a peristhulation box. This graphene
network contained 3 layers, each of which was dai®ed1/10) of a (100,100)

SWCNT (Figure 4.11). The size of the simulation xas 21.2x200%24.6 A box with

centre symmetric configuration in the 200 A direnti Then the surfactants were
placed in a radially symmetric pattern around ttNTE€ with the hydrophilic groups

facing outwards.

For NC and SL, parallel aggregation was used, atigwhe hydrophilic groups to
be in contact with the solution. The surface densithich was the number of
surfactants attached per fimf CNT surface, was gradually increased and theefo
in the system were minimized. The interaction epebgtween the CNT and
surfactants was calculated. This interaction en@rgseased with the surface density
until it reached a threshold where adding moreastahts overcrowded the surface,
resulting in decreased interaction energy. Theaserfdensity at that point was
considered the starting point for the next steps Bpproximate saturation surface
density could be slightly higher in the MD due tee tthermal oscillation and the
solvent effect. However, using such configuratiaiwed the system to reach
saturation state easily in the MD simulation.

The second step began with packing the space vétBriC&" and OH to make
the pH value approximately equal to 12.5 and thesidg around 1 g/ml. For NC,
formaldehyde was also packed into the space. Gepnmeiimization was then
conducted, followed by a 90 ps NVT within which tbelf-energy of the CNT was
stabilized. Then the structures were saved evéryp$.in successive 10 ps NVT for
analysis. The interaction energy between the CNiasa and all surrounding

molecules was calculated using the method fromesigus publication (Duan, Wang
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et al. 2011). The average interaction energy whsllesged for the analysis period and
is used for this discussion.

Simulation was also conducted to calculate the @NNIF interaction energy for
the (100,100) triple-walled CNTs. Two (100,100pkerwalled CNTs were built in
free space, intersecting at their mid-length witmiaimum atom-to-atom distance of
0.34 nm. The interaction energy between these thes was calculated using the
method from previous publication (Duan, Wang et2@l11). The interaction energy
for five different intersecting angles was compuyteamely 0, 22.5, 45, 67.5 and 90
degrees, where 90 degrees corresponded to theircagkich the two tubes were

perpendicular.

4.4. Results and discussion

4.4.1.STABILITY OF DISPERSION

Figure 4.3 shows the settling of MWCNTSs in differafispersant solutions after
ultrasonication ceased. It can be clearly seen MMAfCNTs in the DBSA-CNT
suspension form visible agglomeration just 1 hotteraultrasonication. These
agglomerated MWCNTSs settl rapidly, resulting inleac top solution within 24 hours.
The NC- and SL-CNT suspensions at 1 hour and 2usshiooth appear as uniformly
black solution. After 24 hours, the SL solution wisano change in the uniformity of
colour whereas the NC solution showed stratificatidhese visual observations
qualitatively indicate that the suspended mask@MWCNTSs in the upper part of the
solution decreases in the order SL, NC, DBSA. Is wated that the suspended mass
of MWCNTSs consisted of individual CNTs and CNTs tlas of various sizes (Islam,

Rojas et al. 2003).
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Figure 4.3. CNT-surfactant alkaline suspensionnaitel hour, 2.5 hours and 24
hours after ultrasonication. For comparison, ttieremce solutions without CNTs are
also presented (annotated “ref”).

The amount of highly dispersed MWCNTSs in the forfmiradividual or small
bundles can usually be characterized using thekvid\6pectra. UV-vis spectra were
recorded for the DBSA-, NC- and SL-MWCNT dispersioat the three different
standing times, that is, 1 hour, 2.5 hours and@#$ As an example, Figure 4.4 (top)
shows the absorbance (ABS) between 400 and 800 emsured from samples taken
from the DBSA-, NC- and SL-CNT solutions 1 houreaftltrasonication. NC and SL

are found to have very strong ABS when the waveélersgless than 400 nm, therefore
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the spectra with lower wavelength than 400nm weot used to characterize the
amount of CNTs. The corresponding reference saiat{avith surfactants and Ca@H
only) were used as baselines for the curves predemt-igure 4.4.

As clearly indicated in Figure 4.4-a, the ABS of NDNT is mostly undetectable
in the DBSA sample. Although the MWCNTSs in the DB&H) suspension does not
precipitate completely in Figure 4.4, the low ABSggests that these suspended
MWCNTSs are in the form of large agglomerations vhace not sensitive in terms of
UV-vis ABS. Compared with the flocculation of SWCBIDbserved in a sodium
dodecylbenzenesulfonate (a surfactant with simieriecular structure to DBSA)
assisted aqueous dispersion under basic condifMosre, Strano et al. 2003), the
present results attest that the DBSA-MWCNT systenalso unstable under high
alkalinity while the sediment appears as a denséd sather than flocculation
(Moore, Strano et al. 2003).

Considering the scant dispersion efficacy of DBSA a highly alkaline
environment, the following discussion mainly comgsa6L with NC. After 1 hour of
storage, NC and SL have similar ABS curves in Fegu-a. Both surfactants are able
to suspend small MWCNT bundles that are sensitovéJV-vis light, but the SL
appeared more efficient with higher ABS. The AB®nir NC and SL suspended
MWCNTs at 600 nm (Liu, Yu et al. 2010, Vichchuladaauble et al. 2010) are
plotted in Figure 4.4-b to show the stability okthispersed MWCNTSs over time.
Generally, the results indicate that SL has a higk®S which implies its superior
dispersion efficacy under such condition. Howeube ABS for both dispersions
decreases almost constantly by more than 70 %ow@dhihours. Compared with CNT
dispersions at neutral pH, which was stable forkedéslam, Rojas et al. 2003), the

dispersion in CaOH2 induced high alkalinity is less stable.
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Figure 4.4. (a) UV-vis ABS for samples taken frdm tlifferent MWCNT dispersions
1 hour after ultrasonication ceased. The referantdracted ABS is presented. (b)
Average UV-vis ABS between 400 and 800 nm for Sl BIC dispersed MWCNT

solution at different settling times.

The visual and UV-vis characterization give indicas as to the dispersion
efficacy of the surfactants under high alkalinityterms of small MWCNT bundles.
SL performs reasonably well in this regard, closeljowed by NC, but DBSA is
considered incapable of dispersing MWCNTs undeh sonditions.

The zeta-potential measurements were also usedvéo ay indication of the
stability of the MWCNT suspensions. The zeta-poédsitof SL-MWCNT and NC-
MWCNT solutions as a function of storage time wereasured and are presented in
Figure 4.5. As shown in Figure 4.5, immediatelyeafultrasonication the zeta-

potentials for both suspensions were nearly neutrdicating negligible electrostatic
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repulsion between suspended particles, which iteBcanstable dispersion. After 1
hour of storage, with zeta-potentials of 11.7 aBBInv for SL and NC respectively,
the suspensions reaches a semi-stable state Wieeseigpended CNTs surrounded by
negatively charged surfactants contributes to #gative zeta-potential (Israelachvili
2011). This stabilization of the suspension dutmgfirst hour could be a result of the
bundling and precipitation of large CNT agglomesatevhich decreases the
concentration of suspended CNTs. Still, the suspens shown to be incipient
instable after 1 hour, indicating that the dispdr&&NTs in the solution begin to
gradually bundle and form large precipitates. Adaagly, the magnitude of zeta
potential decreases due to the detaching of sarfeectfrom the CNTs surface,
increasing the ionic strength in bulk solution (#dk, Somasundaran et al. 1988,
Jiang, Oberdorster et al. 2009) and contractingetbetrical double layer (Cosgrove
2010).

It is noted that the magnitude of zeta potentialSh was lower than that of NC at
1 and 2.5 hours. The lower zeta potential in theCBIT system dose not imply lower
dispersion efficiency, as the long chain-like stowe of SL (Ramachandran 1995)
may produce a stronger steric repulsion force thahof NC. However, as addressed
above, the decrease in zeta potential does givéendication of the amount of
detaching surfactants and the bundling of CNTs $hown in Figure 4.5 that, from 1
hr to 24 hours, the magnitude of zeta potentiatebses by 56 % from -16.3 = (1.7) to
-7.1 £ (1.1) in the NC system, whereas the drofhé&nSL system is only 29 % from -
11.7 + (0.4) to -8.3 £ (1.2). This indicates thatren bundling of CNTs occurs in the

NC system, which is consistent with the visual obsgon in Figure 4.3.
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Figure 4.5. Zeta potential of SL-CNT and NC-CNTrssions as a function of
storage time.

The results presented herein corroborate that riongt C&" based alkaline
environment, the tested surfactant-CNT dispersamsin either an instable or semi-
stable state. Understanding of the agglomeratioegss is important to guide better
application of CNTs in highly alkaline environmemstsch as in OPC paste (Cwirzen,
Habermehl-Cwirzen et al. 2009, Musso, Tullianile2809, Konsta-Gdoutos, Metaxa
et al. 2010). In sections 4.4.2 to 4.4.4 the bumgdbehaviour of CNTs in SL and NC

systems is investigated.

4.4.2 BUNDLE SIZES OF SUSPENDEDCNTS

Figure 4.6 shows the hydrodynamic size distribubbiNC and SL-CNT suspensions
after different storage times. Immediate after asitmication treatment, individual
CNTs or small CNT bundles (containing a few CNTshhwiniform hydrodynamic
sizes (with a single narrow peak) is observed fothbsurfactants. From 1 hour
onwards, the distributions begin to show peak beoady as well as peak splitting,
indicating the progressive bundling of CNTSs.

As a result of the peak splitting, the distribusaim Figure 4.6 usually contain

three different peaks whose positions are preseimtedrable 4.3. Table 4.3
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demonstrates that the positions of the three paaikswithin similar ranges for the
different surfactants: first peak at around 120 2008-nm, second peak at around 700
nm to 900 nm and third peak at size greater th&® 40n. It can be identified that the
third peak corresponds to the large CNT agglomsrael it often extends outside the
measurable range of the equipment (5560 nm).duggested that the first two peaks
correspond to surfactant-dispersed CNTs of hydranya size between about 100nm
and 1000nm (Krause, Mende et al. 2010). The feskould be due to the individual
CNTs, with the second peak corresponding to smill ®undles containing a few
CNTs.

The trends in the first two peaks over time werfedent for the different
surfactants. In NC-CNT system, the intensity of fin&t peak decreased as the period
of storage increases, whereas in the SL-CNT syshenfirst peak dropped to very
low intensity at 1 hour and then gradually increaséhe second peak begin to
become prominent after 1 hour as a result of thadlmg of individual CNTs but
starts to decrease from 2.5 hours to 24 hourstaltiee further bundling of CNTs to
form large agglomerates. The increase in the fiestk in the SL-CNT system can be
attributed to the longer chain-likes structure bé tSL molecules (Ramachandran
1995) that may result in the trapping of individ@NTs during precipitation of the
large agglomerates in the form of soft flocculati®@uffle and Leppard 1995). The
trapped individual CNTs will then be released itite suspension due to Brownian
motion. Also, the overall intensity of both thestirand the second peak for SL is
significantly higher than that of NC, which explaithe higher UV-vis ABS of the

CNTs in the SL system.
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Figure 4.6. Average hydrodynamic size distributdi©NTs in (a) NC-CNT and (b)
SL-CNT solutions as a function of storage time.

Table 4.3. Average hydrodynamic sizepftéf CNTs in the NC-CNT and SL-CNT
suspensions as a function of storage time.

Hp (nm) at Hp (nm) at Hp (nm) at
NC-CNT Peak 1 Peak 2 Peak 3
190.1 +
Ohr (12.3)* ) )
1hr 1417+ (05)| 7123+(0.1) 5559.6 = (0}3)
25hr | 164.0 % (0.5) 824.9%(2.9) 5559.6 « (3|0)
24hr | 220.1+(L3)| 9554 %(0.2) 5559.6 « (07)
SL-CNT
"
ohr | 220.1+(36.4 i 4(1143'34) *
Thr | 12242+ (0.1) 7123+ (1.8) 5559.6 * (1|0)
25hr | 164.1+(3.3) 712.3%(42) 55596 * (43)
24hr | 190.1 % (0.9) i i

*Numbers in brackets indicate standard deviation.
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Figure 4.1 shows two examples of the TEM images usequantify the bundle
size of the MWCNTs in the NC and SL suspensionsmé&aexamples of the
measurement (red lines and numbers) are demorssémigescribed in section 4.2.3. It
can be seen from Figure 4.1 that the NC suspersiotains MWCNTSs with generally
larger bundles than those in the SL suspension.

Quantitative measurements of bundle size for ba#pensions are presented in
Figure 4.7. The term ‘bundle size’ here refershim tumber of CNTs that are bonded
together in a near-parallel fashion. In terms ef phnoportion of MWCNTSs in a bundle
for different bundle sizes, it can be seen thafNfiehas a broader distribution than the
SL, with more MWCNTSs in bundles of more than 4 whbedeed, 53 % of MWCNTSs
in the SL suspension had a bundle size smaller tyawhereas only 30 % of
MWCNTSs in NC does. On the other hand, in the NCpsusion, around 20 % of the
bundles had size greater than 4 whereas a negligilmiount of CNTs in the SL
suspension are in such large bundles. One shastdnalte that almost no bundles are
observed in either suspension with more than 7stube

The results here show that in the two differentfasiiant-MWCNT systems,
different bundle sizes is preferred. In additidrere is an upper size limit for the near-
parallel bundling of the MWCNTSs. These are impartanenomena to be considered
when dispersing CNTs in an alkaline environment. skection 4.4.3, a CNT-
agglomerating model is proposed and discussed. @amybMD simulations of the
interaction between SL/NC and CNT surface withgheposed model, the mechanism

behind these observations is explained in sectibd 4
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Figure 4.7. Proportion of MWCNTSs in bundles of difnt sizes in NC (a) and SL (b)
suspension as measured from TEM images.

4.4.3.PROPOSED AGGLOMERATING MODEL FOR CNTS
4.4.3.1. Parallel Bundling of CNTs

Figure 4.8-a illustrates an idealized model thaspnts one possible way for a CNT
parallel bundle to grow bigger (Peigney, Laurenale2001). In this idealized model,
it is assumed that each time only one tube is adddte bundle and all tubes are
parallel with an identical diameter. The centrddaytube 1 in Figure 4.8-a) will first
attract another 6 tubes to form the first shelelagurrounding itself (tubes 2-7), then a
second shell layer with 12 tubes (tubes 8-19), sman. With this defined order of

growth, the surface area of the bundle is kept t@ramum. The average self-energy

of individual tubes in a parallel bundjg, equals to the sum of self-energy (of all the
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tubes in the bundle$ divided by the number of tubes in that bundiéisraelachuvili

2011).

CNT
attached
surfactants
eeeS-CNT  ____I-CNT  __ CNT-CNT
surface surface interaction

Figure 4.8. Schematics of an idealized CNT bundbevth model. a) A growing CNT
bundle with a hexagonal shape and CNTs attachitigetbundle in the sequence
indicated by the numbers (1-20...). b) A singlestubsolution. c) Situation 1: a tube
attaches to another tube. Arrows indicate the ftionaf tube-tube vdW interaction.
d) Situation 2: a tube attaches to two bundledgubgSituation 3: a tube attaches to
three bundled tubes. S-CNT surface: CNT surfacesiact with surfactants and
solution. I-CNT surface: CNT surfaces that areated from surfactants and solution.

When a single CNT is attached to an existing CNmdbe, there are only three

possible situations, as shown in Figure 4.8-c tdte change in the sum of self-

energyAS is different for these three situations and i®gias
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AS=2I, +1, situation 1 4.1

AS =41, +§Is, situation 2 4.2

AS=6l, -1, situation 3 43
where |, is the interaction energy between two CNTgjis the interaction energy

between an individually dispersed CNT and the suvding surfactants and solution
(Figure 8-b).
The simulations are illustrated in Figure 4.8-@tdn situation 1, where one tube

is attached to another, one pair of tube-tube aaten (21,) is introduced and the

surface area of the bundle that is in contact w@lution is increased by the surface
area of a whole tubes]. Since the contact point size is relatively snialMWCNTSs
with a diameter beyond 10 nm, the tube-solutioeranttion energy loss at the tube-
tube contact point is not considered here.

When a tube is attached to two tubes as in sitmaiotwo pairs of tube-tube

interactions are introduced, resulting in k 4ncrement inS The attached tube leads

to one sixth of the surface area of each tube bmioigted from the solution (blue

dashes in Figure 4.8-d). Thus, the net incremenbimact area with solution is half of

a whole tube and the correspondid® is Els_ls' Likewise, in the last situation

where one tube attaches to three tubes, three @faibe-tube interactions () are

added while the net increment in contact with tilatson is zero.
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If a bundle grows in the order proposed in Figu&al for the M layer of shells
containing 6M tubes, K is an integer used to indexbe in a shell layer. The shell
grows in the sequence of K = 1 to 6M. Then =2 - o the corresponding

situation for each added tube can be determingtdfollowing rules:

situation 1,K=1M =1 4

situation 2,2<K<M,M =1

4
.5
situation 3,K=M,M =1 4
.6
situation 2,KmodM =1n K#1M >1 4
e
Situation 2,K =2,M >1 4
.8
Situation 3,KmodM 210K =1nK#2M >1 4
.9

4.4.3.2. Tangling of CNTsor CNT bundles

The previous section presented the bundling of CiNills the assumption that they
are parallel. Here, another possible agglomeratotgeme of the CNTs is discussed
where CNTs or CNT bundles attach to each othernoraparallel fashion. This type
of aggregation is also widely reported in the &tere, and is often referred to as

tangling of CNTs (Hone, Whitney et al. 1999). Tlealrtangling morphology is very
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complex, where the tubes are curved and intersétt @ach other in a range of
angles.

To present the effect of tangling on the self-epa@yCNTs, a 3D mesh model is
proposed here as shown in Figure 4.9-a. In Figi8-e@devery bar can be regarded as
a CNT or a bundle of parallel CNTs. The spacinthese barsd) is used to represent
the density of agglomeration and a constant intéirsg angle €) is assumed. For
more intuitive demonstration and the simplicity aaficulation, this 3D mesh model
can be equalized to a 2D mesh model (Figure 4.9¢b¢re thea is reduced to 0

Every bar in this 2D mesh has the same numbert@fsecting bars as in the 3D mesh.

a)

Figure 4.9. 3D (a) and 2D (b) mesh models for glesthCNT network. Every bar in
this figure indicates a CNT bundle which containg or more parallel CNTSs.
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Using the 2D mesh model, if one bundle containihdubes intersects with
(n=2L/a) other bundles, each of which also contdihaibes, the increase #idue to

the intersection can be expressed as

nl‘,ZSn<2LS'n6; S(X)=0,n<2 4.10

500 =kt T

where § & )is the average self-energy due to tangling foreshmcontainingk CNTs
(x=2nN or x:%nZN in an equivalent 3D mesH),is the length of each tube, is

the diameter of the tubésjs a coefficient that describes how many pairsibé-tube
interactions are introduced at the bar-bar inteirsgcpoint (e.g. for a 19-tube
hexagonal bundl& varies between 1 to 3 since there is a maximu@ tobes at one

edge of the bundle),’, is the angle dependent variants|pf For the MWCNT used
in this study, |, for different angles was computed using MD sirtiata and is

plotted in Figure 4.10. It can be seen that thellemthe angle, the stronger is the

CNT-CNT interaction (indicated by more negatiVg).
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Figure 4.10. Tube-tube interaction energy for MWCat ™ifferent intersecting angles.
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In summary, the general expression for a CNT or @Ggdlomerate containing

tubes () is given as

2.A5+5(¥)

— N=1-x
7=
) X

411

4.4.4 SIMULATION OF AGGLOMERATING PROCESS AND IMPLICATIONS
FOR DISPERSION

In this section, the proposed CNT agglomeratiomiglemented on the NC and SL-

CNT suspensions: is calculated to be -107.Kcal/mol/nm based onMiesimulation

on a pair of (100,100) CNTs. The input paramétefor the model is obtained by MD

simulation where the SL and NC-MWCNTSs systems amaulsited at atomic level.
The snapshots in Figure 4.11 provide views of @jpassembling morphologies of the
surfactants on the CNT surface. In both assembires hydrophobic groups on the
surfactants (e.g. methyl and phenyl groups) attacthe CNT surface whereas the
hydrophilic groups (e.g. hydroxyl and sulfonic gosy face the solution. The
repulsive force between the negatively charged dpfitic groups resists the
reagglomeration of the CNTs (Islam, Rojas et al0D30Richard, Balavoine et al.

2003).
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IS =-536 Kcal/mol/nm fs =-736 Kcal/mol'nm

Figure 4.11. Interaction energy (IE) per unit léngt CNT and snapshots of NC (left)
and SL chain (right) aggregations on a simulat@®(100) triple-walled CNT surface.
Red: oxygen, Grey: carbon, White: hydrogen, Yellsulphur, Purple: CNT surface.
Water and CaOH2 are made invisible for clarity.
As shown in Figure 4.115 of the NC-MWCNT system is 24 % less negative than
that of the SL-system. Qualitatively, the valueslpindicate that the SL dispersed
individual CNTs are more stable. Based on theseegabf interaction energy obtained

from the MD simulations, it is possible to deriveetaverage self-energy of tubes in

different type of agglomeration (parallel bundledangled), as shown in Figure 4.12.
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Figure 4.12. Average self-energy per nm for different cases. The dashed lines
show the value of, for indivually dispersed CNTst{ ) and parallel bundles of

infinite size ({4, ,-). k=3 and 2 for NC and SL respectively. The length diacheter
of the CNTs are assumed to be 2 um and 10 nm rasglgc

Using Eqg. 4.11, the average-self energy per tub@daoallel bundled CNTsEO,

N >1) can be calculated. As indicated in Figure 4f&R poth suspensions wher0
and N grows towards infinity  converges to the state of a CNT solid. =0 in
Figure 4.12) where each CNT interacts with onlytlBeo CNTs, as in its first shell
layer. On the basis of the Boltzmann distributianmore negativgll, makes the

formation of bundles of that particular size en@ogdly preferable and raises

concentration of CNTs with this bundle size (IsagéVili 2011). The optimal bundle
size with the most negativg, is 6 &=N=6) for NC and 2 X=N=2) for SL, which

implies that these bundle sizes should be a dorhiinaction in the respective CNT
suspension. This finding partially coincides withe texperimental observation of

bundle sizes in Figure 4.7, where a significantpprton (45 %) of NC-dispersed
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CNT bundles have N greater than 3 whereas the ityaf@7 %) of SL-dispersed CNT
have a bundle size below 3. It should be noted ttatmodel used is an idealized
model that does not consider the different diansetand lengths of the CNTs.
However, with this model reasonably good agreemmtit experimental results is
achieved.
When the tangling agglomeration is taken into adasition withn>0, first, the

effect of the intersecting angle is investigated.shown in Figure 4.12, the difference
between the curves with= 22.5° @8) and 90° £/2) is small for both NC and SL up

to a bundle size of 2000. This indicates that asylas the tubes are not parallel

bundled, the intersecting angle does not causéisemt changes int, .

The magnitude of, decreases when the parallel bundle size growsnoetite

preferred bundle sizes (6 and 2 for NC and SL mspdy). If tangling of CNTs is

considered, the magnitude @f can keep increasing after reaching the preferred

bundle sizes by forming 3D/2D meshes, as showrhbyctrves with n>0. In these
cases, every bar in the mesh models (Figure 4.8)bandle of MWCNTs with the

optimal bundle size anxl is increased by increasing the number of barsinvithe

meshes, which will cause the magnitudeffto further increase because there are

more bar-bar intersections.

The energy-preferred agglomeration process pratiicyethe proposed model for
NC and SL is parallel bundling at first, before thy@imum bundle sizes is reached,
and then tangling to form larger 3D agglomeratidrtgs is borne out by the results in
Figure 4.7 which show that the maximum bundle sizgserved is around 7 and 6 for
NC and SL respectively. Further increases in thglomgeration size as shown in

Figure 4.6 are due to the tangling of CNT bundles.
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An idealized bundle growth model was used in thevakanalysis of agglomerate
development, and good consistency is found betwkenexperimentally observed
CNT bundle sizes and the energy preferences baséteanodel as shown in Figure
4.13. The difference between NC- and SL-MWCNT sosmms can be attributed to
the higherls between SL and MWCNT. The higher interaction epedSL may be
caused by its longer chain which improves the Btalaif the SL aggregation because
longer chains increase the energy required to detmwe surfactant molecule.
Furthermore, SL chains are more flexible, allowihgm to pack more firmly on the

MWCNT surface, as addressed in section 3.3.3.

a) b)
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Figure 4.13. Comparison between the measured bsimieand the calculated self-
energy for parallel bundles.

4.5. Conclusions

The findings of this chapter are summarized asvWat

* The experiments and simulations indicates thatdispersion efficacy of the three
cement compatible additives/surfactants decreasesthe order WRDA/SL,
716LR/NC, MA/DBSA.

« UV-vis spectrometry and zeta potential measureésngnlicates that the dispersion

of CNTs using MA is instable whereas dispersionsguSL and NC is semi-stable.

76 |Page



Chapter 4 Dispersion Stability & Agglomeration Process

« Hydrodynamic size analysis and TEM observatioticates that SL can suspend
smaller CNTs bundles than NC can. The bundle dibaih SL and NC is found to be
below 7.

« A theoretical CNT agglomerating model is develbpe simulate the agglomeration
process. Using the interaction energy obtained he t™MD simulation, the
agglomerating model predicts the bundle size of €Nfat matches experimental
observations. The model also suggests that CNTstteform small parallel bundles
(containing fewer than 6 tubes) before forming a8 lump-like agglomerates.

This chapter demonstrated that although the CN'pedsson using cement
compatible surfactants is in a semi-stable state @&" based alkaline environment,
the formation of significant agglomeration is hamgae The results here proof that
CNTs can remain as individual tubes or small bundiée a number of hours in an
alkaline environment.

The time-dependency of the CNT dispersion in aaladk environment is critical
for optimization of the fabrication process of CIDRC paste composite. Therefore
more investigation of this time-dependency as waglthe dispersion of CNTs in fresh
OPC paste is undertaken in Chapter 7.

Before considering optimization of the fabricatigmocess, the reinforcing
mechanism of CNTs needs to be understood in thet ptace. Therefore, the

reinforcing mechanism is the focus of the next thiafChapter 5).
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CHAPTER 5. CRACK BRIDGING MODEL
FOR CNTS AND ITS IMPLICATION FOR THE
REINFORCING MECHANISM OF CNTS

5.1. Introduction

Like many other fibre-reinforced composites, indival CNTs should be distributed
uniformly in the matrix to achieve the ideal isqtioreinforcing effect (Gao, Mai et al.
1988) of CNTs. Unfortunately, CNTs tend to adheseeach other to form large
bundles or agglomerates due to the high vdW atbradbetween them (Girifalco,
Hodak et al. 2000, Islam, Rojas et al. 2003).

Ultrasonication (Coleman, Khan et al. 2006, Chenl|igs et al. 2011) is the most
commonly adopted technique used to disperse CNIimsdnication produces rapidly
collapsing cavitation bubbles in CNT suspensiors tienerates high local solvent
velocities which can act as both separating fo(&gsno, Moore et al. 2003) and
scissoring forces (Lucas, Zakri et al. 2009) on GN¥eparating forces detach
individual CNTs from agglomerates or bundles andréase the concentration of
dispersed CNTs as a function of UE (Blanch, Lenedtaal. 2011). Simultaneously,
scissoring forces tear individual CNTs into mukighorter CNTs (Framyr, Hansen et
al. 2012) and reduce the average length of CNTHli(idj, Grulke et al. 2003). As the
lengths of CNTs after ultrasonication are usuafisead across a wide range (around
50-5000 nm) (Tenent, Barnes et al. 2009, Vichchajla@iuble et al. 2010, Shuba,
Paddubskaya et al. 2012), the length distributio@NTs is often adopted, rather than
the average length (Tenent, Barnes et al. 200%itStBachilo et al. 2012), to

comprehensively depict the shortening effect afaslbnication.
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The dispersing and shortening effects of ultrasiioa need to be characterized
and quantified experimentally in order to developdels for the reinforcing effect of
CNTs. The crack bridging model is used here as emrétical framework, with
supporting experiments. Development of the modeitaios the following three
objectives:

* To define the probability distribution function (FDfor CNT length at
different UEs.

* To characterize the corresponding dispersed CNTesuration at different
UEs.

e To incorporate both the length distribution of CNalred the concentration of
dispersed CNTs into Li's micromechanics-based mo@del 1992) to
evaluate the effect of UE on the reinforcing e#fitty of CNTSs.

In terms of the first two objectives, although anber of studies (Hilding, Grulke
et al. 2003, Hwang, Ahn et al. 2006, Park, Pai.€2008, Tenent, Barnes et al. 2009,
Vichchulada, Cauble et al. 2010, Shuba, Paddubskiagh 2012, Streit, Bachilo et al.
2012) have measured length distribution of CNTdy enfew have catalogued and
fitted the distribution with for example, WeibulH{ang, Ahn et al. 2006) and log-
normal (Tenent, Barnes et al. 2009, Streit, Backilal. 2012) PDFs. There are very
few published studies of both the fitted length BF CNTs and the corresponding
concentration of dispersed CNT as a function of Wie In the present study, the
length PDF of multi-walled carbon nanotubes and ¢bacentration of dispersed
CNTs in aqueous solution are characterized expetaiig under five different UEs.
These length PDFs and the relative concentratidndispersed CNTs are used in
extending Li’'s microfibre model (Li 1992) to simtgaUE-affected CNT composites,

meeting the third objective.
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To quantify and represent the reinforcing effectCTs, Li’'s micromechanics-
based crack bridging stress-crack opening modehasen in addressing the third
objective because crack bridging is one of the mmpbrtant reinforcing mechanisms
in CNT composites (Qian, Dickey et al. 2000), aad anprove the tensile strength,
ductility, fracture energy and fracture toughnesthe composites (Coleman, Khan et
al. 2006, Chen, Collins et al. 2011). In Li's mgd#res had 3D random distribution
and orientation, the matrix crack plane was plaaad matrix deformation was
negligible. The interaction between microfibre andtrix was defined as a constant
frictional bond7 . When crack opening increased, an individual fimassing a crack
plane was subjected to a pull-out force and thetlemment a debonding-slipping
process. During debonding, the frictional stresm@lthe fibre began to increase due
to the pull-out force. When the frictional stressgarticular part of the fibre reached
T, that part of the fibre debonded with the matmd degan to slip without further
increase of frictional stress. When the frictiosiaéss along the entire fibre reached
the whole fibre began to slip out from the mat®@onsidering that the microfibres,
such as CNTs, were infinitesimal with random dsttion and orientation, the pull-
out forces acting on individual CNTs coalesced todpce a crack bridging stress

which is given as

g, =f(d|7.d,,E,,L,.V,) 5.1

where d is crack openingl; is the length of fibreE, is Young’s modulus of the

fibre, d; is diameter of the fibreg, is crack bridging stress, aM is fibre volume

content in the matrix.
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In the present study, Li's model is extended to aftected CNT composites. The
PDF of CNT length and the concentration of disp#r€&ITs are both converted to
volume-based measures so that they can be linkkedatod Vs and used to extend the
model to consider the effect of ultrasonication.e3d formulae, developed in this
study, allow calculation of the bridging stressetr@apening relationship at any UE if
the corresponding length distribution and conceiatnaof dispersed CNT are given.
Using this method, the optimal UE can be predicMdreover, the extended model
can be used to estimate the interaction betweelCMEs and matrix £ ) based on
experimental results as in the studies of (Inam, e¥cal. 2012, Metaxa, Konsta-
Gdoutos et al. 2013), a procedure that is esseant@éveloping constitutive laws for
CNT-reinforced composites.

Li’'s model and the extended model are analyticafl@®that link the micro-scale

fibre-matrix interaction with the macro-scajg. One beauty of this type of model is

that it comprehensively considers the distributdposition, orientation and length of
micro-fibres by integration and therefore numeristbchastic simulation are not

required. Another merit of using these analyticaldels is that the prediction of UE is

not sensitive tar and E; , whose values are often difficult to obtain acteisa

5.2. Experimental program

5.2.1.MATERIALS AND INSTRUMENTATION

Multi-walled CNTs were purchased from Nanocyl S.Aambreville, Belgium.
According to the manufacturer’'s specifications (bleyi 2009), the CNTs had an
average diameter of 9.5 nm and an average lengih5qfm. The product contains
less than 5 % metal oxide impurities and less thé&nof —-COOH functional group. A

commercial polyacrylate-based surfactant containirgarticular types of
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polycarboxylate chains that could effectively diggeCNTs (Collins, Lambert et al.
2012) is used as the dispersing agent to improyeedsion of the CNTs in water. .
Ultrasonication was applied using a Vibra-cell V&0 ultrasonicator from
Sonics & Materials Inc. with a net power output 50 watt at 20 kHz. This
ultrasonicator includes a wattmeter to measureattieal amount of power that has
been delivered to the probe and it allows adjustroéanergy set points to control the
total energy output from the prob® (19 mm). A Shimadzu UV 4800 UV-vis
photospectrometer was used to characterize theeledrCNT dispersion. The dried
CNTs suspension on silicon wafers was imaged usmBEI Nova NanoSEM™ 450
SEM to obtain tube length information and the ditereof tubes were characterized

using a Veeco Dimension Icon AFM in tapping mode.

5.2.2.EXPERIMENTAL PROCESS

First, 6.8 g of dispersing agent was mixed with @.8f CNTs in distilled water to
form 320 g of CNT suspension which was then subgdb different UEs. The
concentration of the surfactant and the CNTs wehesen according to the
experimental study of workability of CNT-OPC pastelsich is addressed in section
6.4.2. During the ultrasonication process, theastinicator was run on its maximum
amplitude and the depth of the probe in solutios wdjusted to maintain the output
power at 150+2 watt. The depth of probe must bastég since the wattmeter of the
ultrasonicator showed large variation in power attfup to +20 watt) with depth of
probe. An ice bath was used to prevent the soldtmm overheating. The suspension
was sampled for microscopy imaging and UV-vis gpeafter 25 J/ml, 75 J/ml, 150

J/ml, 250 J/ml and 400 J/ml of ultrasonication.

5.2.3.SAMPLING AND CHARACTERIZATION

82 |



Chapter 5 Crack Bridging Model & Reinforcing Mechanism

To reduce experimental error in the sampling procks UV-vis spectra, the
dispersions were sampled three times for each WENH each sampling process, 60
uL of suspension was pipetted into a cuvette ahdedi 50 times using distilled water.
This dilution was essential since the ABS of thigioal dispersion was too large and
beyond the measurement limits. Wavelength scang wenducted for the diluted
samples from 190 nm to 1100 nm.

For imaging of CNTs, 0.3 pL of the non-diluted aisgion (for each suspension)
sampled at each UE was pressed between silicos tdigpread the CNTs. The two
pieces of the silicon clips were then separatesr ditying under room condition. The
sample was not coated to allow more accurate memsmt of the tubes geometries
since the coating adds thickness on the samplacrifhen, SEM and AFM images
were randomly taken from the centre of these clij® SEM was operating at 5 kV
to reduce charging for better imaging of the unedatample. The AFM was operating
with a RTESPA tip at tapping mode. In total, 96 SHiWbges were taken from
samples with different UEs and 15 AFM images wateeh on 25 J/ml and 400 J/ml
samples. Examples of the SEM images are showrmgur&i5.1 and all the images are
collected in the supplementary material.

From the SEM images, the lengths of CNTs were nmredsusing the image
analysis software ImageJ. A tube was measured ibitlywas distinguishable from
other tubes or tube bundles and did not extenddmutse image.

From the cross sectional profiles of CNTs in theVABD images, their diameters
were found to lie between about 5 nm and 15 nm ftben samples subjected to
different UEs. Thus, for simplicity, a constantmeter of 10 nm was assumed in the

subsequent derivations and calculations.

5.2.4.DATA PROCESSING
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The measured length data for each UE were fitteith Wag-normal and Weibull
distribution using maximum likelihood estimatioro €valuate the goodness of fit, the
Kolmogorov-Smirnov test was performed based orkiblenogorov-Smirnov statistic
(d) which is the maximum difference between the caatnvg probability functions of
the fitted distribution and measured one-dimendidiaga (Massey Jr 19514l times
the square root of the sample si2¢)(has critical values for different levels of
significance (from 0.2 to 0.01), above which figirs rejected (Massey Jr 1951). The
higher the level of significance at which the fittdistribution is not rejected, the

better is the quality of fit.

5.3. Characterizing length distribution of CNTs and
concentration of dispersed CNTs

5.3.1.ULTRASONICATION -INDUCED SHORTENING EFFECT ON LENGTH
DISTRIBUTION OF CNTSs

Figure 5.1 shows two typical SEM images of dispgr€&Ts sonicated for 25 J/ml
and 400 J/ml, respectively. As shown, eight tubed@nger than 1 um in Figure 1 (a)
(25 J/ml), whereas there are only two such tubésgare 1 (b) (400 J/ml), indicating

the shortening effect of ultrasonication.
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Figure 5.1. Effect of UE on the length of CNTs: 2&J/ml and (b) 400J/ml UE. CNTs
with length greater than 1 um are shown in reds€hmages were taken using the
SEM operating under immersion mode with througlsldatector and 5 kV
accelerating voltage.

The measured tube lengths for different UEs arétq@oas histograms in Figure
5.2. The histograms appear as bell shapes undescklg and the spread of the bell

shapes reduces significantly when the UE increfises 75 to 400J/ml.
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The CNT length probability distributions were fidtevith log-normal and Weibull
probability density function (PDF) as suggestethmliterature (Hilding, Grulke et al.
2003, Hwang, Ahn et al. 2006) using maximum liketid estimation. The fitted PDFs
are plotted in Figure 5.2 together with the Kolm@yeSmirnov statisticd) times the
square root of the sample si2¢) as indicators of the goodness of fit.

It appears that under all five different UB&%-°d for log-normal PDFs is smaller
than 1.07 which is the critical value to reject fheng at level of significance = 0.2
(Massey Jr 1951). In contrast;®>d for Weibull PDFs is greater than 2.40, which
exceeds the fitting rejection criteria, 1.63, fevel of significance = 0.01 (Massey Jr
1951). The Kolmogorov-Smirnov test results showt tha length distribution has a

very high likelihood of following the log-normal stribution with the PDF given by

1 _[ln(l-( )-4]

2

p(L,)= 2w 20 52

where p(L[) is the distribution of probability of occurrence,, is tube lengthy ande

are the mean and standard deviation of the nakogakithm, respectivelye is the
natural constant.

Parameterg ande, mean, mode, and standard deviation of the logaiabPDFs
are listed in Table 5.1 for different UEs. It cam $een that the peak (mode in Table
5.1) of the distribution shifts from 265 to 216 @a® the UE increases from 75 J/ml to

400 J/ml and the standard deviation is also redbgesV’ % from 605 to 273 nm.

86 |



Chapter 5 Crack Bridging Model & Reinforcing Mechanism

3x10

| . 1253/ml

| N'=1019 —logn fit N'*°d=0.62-
| = Whl fit N'-Sd=2.40

1 e $J_ 1
O I i
10" 10° 10° 10°
2 10°

| . 1753/ml
ol N'=990 — logn fit N'*-°d=0.97-

2
5
3 3 '
S |\ ens [ 11503/ml
5 = — logn fit N*°*d=0.79
(&)
c
Q 1r
5 fe i
] T
O 0 1 2 ” 4
O 1o 10 10 10
3x10_3 :
| [ 12503/ml
,| N'=2316 — logn fit N*3d=0.72
N~ whl it N©°d=3.73
1} _ 1
0
100 10° 10° 10°
3x 10
[ 14003/ml
N
— logn fit N*°>d=0.86
== Wbl fit N*°d=2.84

Tube length (L)

Figure 5.2. Distribution of probability of occurraof measured CNT lengths for
different UEs and the fitted log-normal (logn) aneibull (Wbl) PDFs using
maximum likelihood method. The goodness of findicated by the Kolmogorov-
Smirnov statistic) times the square root of the sample sitg.(
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Table 5.1. Parameters for the length-occurrenceatnity distribution function of
different UEs.

Mean Mode | Standard deviation
Parameter Parameter
UE (J/ml) (hm) (nm) (nm)
,U o 2 2
eh+a?/2 eh—0 \/(8‘72 _ 1)62u+02
25 6.12 0.83 640 228 640
75 6.19 0.78 661 265 605
150 6.07 0.71 558 261 450
250 5.88 0.65 444 235 324
400 5.77 0.63 392 216 273

To access the reinforcing effect, the probabilistribution needs to be converted
to volume distribution of CNT length within comptesimatrix. Assuming that the
CNT diameter is constant and the dispersed CNT®waaly spread in matrices, the
volume of a CNT is then proportional to its lengilme volume distribution of CNTs

can be given by

5.3

Wherev(Lt) is the proportion of CNT volume with a specifimdgh L, within the

total volume of dispersed CNTSs.

The volume distributions for different UEs are pdoktin Figure 5.3. It can be seen
that the volume distribution is almost unchangeminfr25 to 75 J/ml, whereas the
dispersed CNT concentration increases sharply (€& (b)), which implies that
below 75J/ml, the UE mainly contributes to exfabat(Grossiord, Regev et al. 2005,

Framyr, Hansen et al. 2012) of CNTs from large aggrates while the breakage
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(Badaire, Poulin et al. 2004, Lucas, Zakri et 802) and shortening of tubes are less
significant (Hilding, Grulke et al. 2003).

Further increase of the UE from 150 to 400 J/midigpreduces the number of
long tubes whereas the concentration of disperd¢@isGemains almost unchanged
(Figure 5.4 (b)). These results indicate that tlieddntributes more to the breakage of
tubes after a high dispersion level is achieved tedshortening effect can still be

significant at relatively high energy input levéle. 250 to 400J/ml).

x 10°
253/ml
1.5¢ v 753/ml T
-~ 1503/ml
—-=250J/ml
. 1t —400J/ml |
CI/H
>
0.5}
O 1
10" 10° 10° 10*
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Figure 5.3. Volume distribution curves of CNTs walifferent UE

5.3.2.EFFECT OF UE ON CONCENTRATION OF DISPERSED CNTSs

There are usually two types of particle in CNT smgions and consequently in
matrices: CNT agglomerates and dispersed CNTs f¢raMende et al. 2010). The
reinforcing effect of agglomerated CNTs can be rgdosince their aspect ratio (close
to 1 (Krause, Mende et al. 2010)) is much smahlantthat of dispersed CNTs (up to

500 in this study). Therefore, the total CNT to nmxavolume ratio ¥,) used in the

reinforcing effect calculation should be the voluafi@ispersed CNTs only.
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V, is proportional to its concentration in suspensjowhich are often

characterized by their UV-vis ABS. The UV-vis spacfor the CNT suspensions
subjected to 25J/ml and 400J/ml ultrasonicatioattinent are presented in Figure 5.4
(a). The curves show a bimodal shape for both sesnphe first peak (about 260 nm)
can be attributed to dispersed CNTs (Zhang, Su. &086, Goyanes, Rubiolo et al.
2007) whereas the peak at about 970 nm is attdbiat¢he surfactant (ADVA 210),

which has nonzero ABS in the wavelength range 67500 nm.
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Figure 5.4. (a) Typical UV-vis spectrum of CNT sespions and (b) ABS and
normalized concentration of CNT suspension at 6@dor different UE. The circles
are the mean of three measurments and the errandeates 1 standard deviation.

Since CNTs absorb UV-vis light over a wide rangevaielengths, the dispersed
CNTs is often quantified using a specific wavelén@Yu, Grossiord et al. 2007,
Blanch, Lenehan et al. 2011). The average ABS atrf (Liu, Yu et al. 2010,

Vichchulada, Cauble et al. 2010) from three measargs is plotted against the UE in
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Figure 5.4 (b). Based on the Beer—Lambert law (€mol988), the concentration of
dispersed CNTs is proportional to their ABS. The SABFigure 5.4 (b)) is then
converted to a relative concentratio@n(in Figure 5.4 b) of dispersed CNTs by

normalizing the maximum ABS at 400J/ml toQnis proportional tov, when CNT

and matrix have constant densities.

As shown in Figure 5.4 (b), ABS increases with thie. During the process of
ultrasonication, both tube exfoliation (GrossioRkgev et al. 2005, Frgmyr, Hansen
et al. 2012) from the large agglomeration and thiemakage (Badaire, Poulin et al.
2004, Lucas, Zakri et al. 2009) occur. Since tukil@tion is more related to the
increase in the amount of dispersed CNTs, the sharpase of ABSIn (from 0.72 to
1.54) between 25 to 150 J/ml can be associated avitigh exfoliation rate. When
ultrasonication exceeds 150 J/ml a plateau is exhcind only a minor increment of
ABS is observed. Similar plateaus in the relatioatween dispersed CNT
concentration and UE have been reported in theatitee (Krause, Mende et al. 2010,

Blanch, Lenehan et al. 2011).

5.4. Microfibre model considering the length distribution
of CNTs

In Li's model, the crack bridging strese’{ )-crack opening @) relationship included

two stages: pre-peak (Eq. 5.4) and post-peak (E).®hich described respectively
the g, - o relationship before and after all the fibres dtedent locations and with

different orientations were fully debonded (Li 199Zhe formulation of thigr, -0

relationship was given by
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1
~ 5)_0o
Pre-pealids =0 2(?] "5 | ro<s<s 5.4

Post-peakg, = g(l—é:)2 fori>5> 5" >

where

- 2 - r | L - V.7 L
O=0 — O =| — || — O, =0, —| — .

and g is a constant factor describing the snubbing efthe to inclined fibres,
varying from 1 to 2.42 (Li 1992). In the presentrioa typicalg value of 1.4 is
adopted for demonstration. Sin€eis a constant scaling factor, its value will not
affect the comparison between different UEs.

To extend Li's model to UE-affected CNT composit®¥s,and Lt, which are
constant in Li's model, need to be expressed basdtie length distribution of CNTs
and the concentration of dispersed CNTSs. In the Cifiposites there are CNTs with
different lengths which follow a log-normal distuifion, as shown in Figure 5.2. For

CNTs of a particular lengtiL, , the volume fraction in the matrix, (L,) is
proportional to the volume distributior{L,) as

:Wflom

W, V(L) =V, v(L,) 5.7

V(L)
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whereWw, /W,, is the weight percentage of the fibres (dispeSBd in this study) in
the matrix, p,, and p, are the density of the matrix material and thereBb
respectively. One can assume tjggtand p, are constants, and thus the total volume

of dispersed CNTY,) is proportional t&Cn as

\/t = CN\/tmax 58

whereV, .. is the maximum volume of dispersed CNTs obtairféer ¢he dispersion
plateau is reached.
The pre-peak bridging stress provided by fibres gfarticular lengthL, can be

formulated by substituting Egs. 5.6 and 5.7 and= L, into Eq. 5.4, to obtain

1

2E 10 2 =)
aB,pr&peak(du)=g\4( dr J v(Lt)—[ = jp(u) 5.9

where [, is the expectation of CNT length and given By= J:m p(Lt)L[st . To

consider the contribution of tubes of differentdérs, the total bridging stress from

fibres in their pre-peak state is

1

o [ 5] (52| s

JB, pre— peak(a_)

On

where the integration boundarigsandb can be determined frof< 9 < 3" in Eq.

2E,d,o
5.5 afa=

: b=+ . In Eq. 5.10, two integraqu, p(L,)dL, and _[v(Lt)dL[,
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need to be found. The integral p{L,) is the cumulative probability function of the

log-normal distribution®  (L,) which is in the form of

®,(L) = [ pL)dL, [L;ef('”(j_%jj 5.1

whereerf is the error functionyt ands are the parameters ip(L,) . The integral of

J'v(Lt)dLl can be found by changing the integration varidiben L, to M
o

This integral is denoted &x,(L, and given by

o, (L) = [v(L)dL, ——exp(ﬁl+—)(1+% rf('”(Lt)ég‘“ZD 5.12

2E,d, 0

By substituting the integration boundaries andb=+c0. gy .

as a function of the crack openingjs obtained as

2E, 10 )?
1q>( )
d,
5.13
E.0 2E.d, 0
- C 1-@ (| ——)

The contribution to bridging stress from CNTs of eliéint lengths under post-

UB, pre- peak(d) = g\/t

peak condition can be derived in similar mannesublystituting Eqgs. 5.6 and 5.7 and

L, =L, into Eq. 5.5 and then integrating abaut o, ... ...(d) is given as
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T post peal0) = 2?; {L Lo, -asf Lo + a0 R dhj 5.14

where the integration boundari@s and b' can be determined from>4 =6~ as
a'=20 andb'=a. Therefore the contribution from the post-peakrefth can be

written as

2E.d.0
P, (| ———) =D, (25) -

T 2 o
T pose e 0) = oV, 4{%( A )—¢V(25>J+ 5.15
2 2E.d. 0

where® (L, )is the integral oijv(Lt)L[dLl, which can also be found by changing

)-¢p(25)J

the integration variable frorh, to In(x) - 4 . @, (L) isgiven as
o

_1 1.1 (In(L)-p-20°
P, (L) = fm(Lt)L[st—LteprwZJ X +2erf( Tow J 5.16

Finally, the total bridging stress is the sum of fbre-peak and post-peak portions

given by

UB (5) = UB, pre- peak (6)+ aB,post— peak (6) 517

Fibre rupture is not considered in this model, asodel with fibre rupture (Victor

C. Li and Obla 1994) is too lengthy to be preseimed. Moreover, it is reckoned that
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the effect of fibre rupture oo, is only significant for exceptionally long CNTstwi
very strong bonding with the matrix. For exampl&jreation using Eqg. 5.17 and the
fibre rupture criteria (Victor C. Li and Obla 1994as indicated that maximumy, is
not affected by fibre rupture with mean CNT aspatio and; up to 150 and 130
MPa respectively. Li's model and the present foamuhre based on the assumptions
of stiff and continuum matrix. However, due to tbmall size of the CNTSs, there
could be a scaling effect on some of the parameteh as, if the matrix contains
pores that are similar in size to the CNTs. Morep¥@er a very ductile matrix that
sustains large strain without cracking, the modalmeed to be modified since the
CNTs may debond before the crack plane is forméérdfore, future investigations
are needed to determine whether this frameworksgigasonable estimation for such

porous or ductile matrixes.

5.5. Reinforcing behaviour of CNTs in relation to their
length distribution

The derived bridging streser ) is a function of the crack openin@)(with K, o
and the total fibore (CNTs) to matrix volume ratijpas UE-related parameters. Eq.

5.17 can also be presented in the form

o, =f(0|uoV,) 5.18

MU and s represent the length distribution of CNTs, avidis determined by the
dispersed CNT concentrations. In this section, gffect of different// and s is

investigated, first without considering the vaiatiin V; (assumingCn = 1 andV; =

V,

tmax

in Eq. 5.8). In the next sectiomariousV; are then taken into account to find the
optimal UE.
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To demonstrate the calculation af, using Eqg. 5.17, the following parameter
values are adopted. The typical Young’s modulu€NiTs and the interfacial shear
strength with the matrix are adopted, being 1 TRa Files et al. 2000, Yu, Lourie et
al. 2000) and 10 MPa (Coleman, Khan et al. 20@®pectively. A constant diameter,

10 nm, is assumed based on AFM observations irsthdy. A typicalVv, _ of 1 % is

tmax
chosen. Values of the length distribution paramptands are adopted from Table
5.1 for different UEs.

It should be noted that intense ultrasonication ole@yage the sidewalls of CNTs
and create surface defects and/or peel off graplagees (Vichchulada, Cauble et al.
2010, Blanch, Lenehan et al. 2011). Defects on didewalls can influence the
interfacial bonding between CNTs and the matrixrKP&im et al. 2011) while

peeling off the graphene layer may reduce CNT diamé.e. interfacial shear
strengthr and tube diameted, vary as a function of UE). For reinforcing purpsse
it is suggested that intense ultrasonication coari{Blanch, Lenehan et al. 2011)
should be avoid in order to preserve the lengtRNi's. Most published studies that
have implemented mild ultrasonication have indidatenimal sidewall damage to
CNTs (Grossiord, Regev et al. 2005, Giordani, Bergi al. 2006, Liu, Gao et al.
2007, Bergin, Nicolosi et al. 2008) compared witle tshortening effect (Blanch,
Lenehan et al. 2011). Consistently, microscopicsuaeaments in this study and in that

of (Inam, Vo et al. 2012) showed no noticeable geain the average diameter of the

CNTs for different UE. Therefore, constantandd, are adopted in the present study

for CNTs dispersed under mild ultrasonication ctods.
Figure 5.5 (a) presents thg, - d relationship under a UE of 25 J/ml. The blue

solid line is computed based on log-normal distitou(Eq. 5.17); the dotted red line
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assumes a contant fibre length (Egs. 5.4 and Shwequals the average length of
the log-normal distribution (640 nm for 25 J/ml}o¥ously, a log-normal distribution
will drastically increase both the peak and sprefaithe bridging stress. The pedk;

and the associated energy absorption (the arear uhdecurve) for log-normally
distributed tube length are 2.1 and 8 times thasme a constant length. These

discrepancies can be attributed to the considemahnleunt of long CNT tubes in the

log-normal distribution a0y in Egs. 5.2 and 5.3 increases with length. The

comparison here shows that the log-normal distidibutis recommended for

evaluating the reinforcing effect of CNTs. Now tetects of different log-normal

distributions due to various UEs are examined. @he J relationship per univ; for
different UEs are plotted in Figure 5.5 (b), whicidicates that the pea&y is

reduced with increasing UE due to the changeauiand 6. The drop inOy is,

however, not significant between 25 J/ml and 73 dime to their similav(x). From

75 to 400 J/ml, the peak bridging stress decrestsmply by about 50 %.
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Figure 5.5. (a) Comparison of th&; - O curve between a constant fibre length and a

log-normal distributed fibre length. (&) - O curves (withV,=1%) for different
CNT length distributions generated at different UEs

5.6. Conclusions
Observations of CNT length show that it followsag-hormal distribution whose
mean and standard deviation decrease with inciggasih The total volume of the
dispersed CNTs is qualified using UV-vis ABS andintreases with UE before
reaching a plateau at around 250 J/ml.

The log-normal probability distributiorp(x)) is converted to volume distribution

(v(x)) and the dispersed CNT concentration is convettedhe total volume of
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dispersed CNT\}). v(x) and V; are then used to calculate the CNT crack bridging
stress-crack opening relationship using the forendleveloped (Egs. 5.8 and 5.17) in
this study.

It is found that a much higher bridging stressrsdpiced by the same volume of
CNTs with log-normally distributed length comparedthat with constant length. In
addition, for unit volume of dispersed CNTSs, thalpéridging stress and the energy
absorption during crack bridging decreases monoatigi with increased
ultrasonication.

In the next chapter (Chapter 6), the proposed coaiclging model is used to predict
the optimal UE. Accordingly, experiments are parfed to verify the prediction and
the reinforcing effect. Furthermore, the calculateidging stress-crack opening
relationship (Eg. 5.18) is used to estimate CNT+mahterfacial properties and

explain experimental results.
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CHAPTER 6. OPTIMUM
ULTRASONICATION ENERGY FOR CNT-OPC
PASTE FABRICATION

6.1. Introduction

In the current practice of CNT composite fabricatidhe primary methods of

identifying optimal UE have been based on trial-andr or on the dispersion of

CNTs. In the trial-and-error method, multiple baslof specimens with different UE
are fabricated, tested and compared (Inam, Vo. @042, Metaxa, Konsta-Gdoutos et
al. 2013) to determine the optimal energy. For gdam(lnam, Vo et al. 2012), made
five batches of CNT-reinforced epoxy specimens flOMTs subjected to O, 5, 8, 11
and 14 mins of ultrasonication, respectively. Thptiral ultrasonication time was

found to be 5 mins, since it gave the highest tersgsrength among the five batches.
In the dispersion based method, the UE is choseedban adequate dispersion of
CNTs (Qian, Dickey et al. 2000, Velasco-Santos, tMar-Hernandez et al. 2003),
which can be assessed by UV-vis spectrum (Krausendel et al. 2010, Blanch,

Lenehan et al. 2011), liquid laminar flow depositi¢vVichchulada, Cauble et al.

2010), etc.

The length distribution and concentration of diseerCNTs, which vary with UE,
are two key factors that affect the reinforcingiadéincy of CNTs. Longer tubes
improve the anchorage of CNTs (Li 1992) and betispersion means fewer CNT
agglomerates which are ineffective in terms of faring due to their small aspect
ratio (Krause, Mende et al. 2010). However, morghlyi dispersed CNTs usually
entail shorter CNT length due to the simultaneoesigrted separating and scissoring

forces during ultrasonication (Strano, Moore et24103, Lucas, Zakri et al. 2009).
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Therefore, the importance of choosing an optimalthlE balances the dispersion and
shortening effects has recently been more widetpgeized in the fabrication of

CNT-reinforced composites (Inam, Vo et al. 2012,tdta, Konsta-Gdoutos et al.

2013).

In this chapter, the crack bridging model in Chagdeis used to predict the
optimal UE that produces the best reinforcing ¢ftddCNTs in CNT composites. To
verify the prediction and validate the crack bridgimodel, the effects of UE on the
CNT dispersion and the Young’'s moduklgsflexural strengths:, and fracture energy
Gr of the CNT-OPC paste are investigated via experime

Moreover, studies have shown that UE changes theedef dispersion of CNTs
(Chen, Zou et al. 2014), consequently alteringcibrgact surface area between CNTs
and cement matrix (Collins, Lambert et al. 2012hjock can lead to changes in the
amount of surfactant absorbed by CNTs and henaxtathe workability of OPC
paste. Therefore, the effect of UE on the workabiif the CNT-OPC pastes is also
investigated.

The influence of UE on the dispersion of CNTs waalgsed via UV-vis and
optical microscope observations. The workabilitd amechanical properties of CNT-
OPC pastes were assessed by the mini-slump ankeagbbeam tests, respectively. In
addition, a CNT dosage-independent optimum UE iserdaned for practical

applications.

6.2. Optimal UE predicted by crack bridging model

Figure 5.5 (b) indicates th&lg per unitV; decreases monotonically with increasing

UE. Converselyy, increases monotonically with UE since the conegiun of the
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dispersed CNTsy) increases with UE, as shown in Figure 5.4 (b)sThade-off
results in an optimal UE that produces the besfoasing effect.

To consider both the shortening effect and theem®ed dispersion at different
UEs, one can multiply thég curves in Figure 5.5 (b) by their correspond@gin
Figure 5.4 (b) (or substitute varioGs into Eq. 5.8) to obtain the weighted; in Eq.

5.17 . This weighted’ is a relative measure which can be used to fiedogtimal

reinforcing effect and the corresponding UE.
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Figure 6.1. Weighted bridging stress which considiee volume ratio of dispersed
CNTs (V,=C x1%) under different UEs (25-400J/ml). For 25, 75, 1380, and
400J/ml, the corresponding are 0.46, 0.84, 0.94, 0.96, and 1 %, repectivigig.
asterisk indicates the optimal UE that gives tlghést peakd g , which is predicted
by interpolating4, o , andV:.

As shown in Figure 6.1, 75 J/ml appears to give higlest weighted bridging
stress of the five measurements as it balanceshibitening effect and the dispersion

of CNTs. The values ol{, s , andV; at any UE between 25 to 400 J/ml can be found
by interpolation based on curves (i.e. splinegditusing the five sets of measurgd
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o andVi. By calculatinggdy based on interpolatedf, o , andV;, the optimal UE is
predicted to be 89 J/ml, which produces a slighilyher peak weighted bridging
stress than 75 J/ml. In contrast, the composite azdneve only about half of the
optimal peak bridging stress (at 89 J/ml) with iequate (25 J/ml) or excessive (400
J/ml) ultrasonication.

The results here suggest that the optimal UE shdddfound before the
dispersion plateau (250 J/ml as in Figure 5.4 (b))the current prediction, the

optimal UE is associated with about 80 % of the imaxn dispersed CNT

concentration. Further, all curves in Figure 6.@vghhat the peald is reached at a

very small crack opening (less than 10 nm) and mishes within 1 pm. As a result,

the bridging stress occurs at the very beginningratk opening and resists further

opening of the crack. These predict@d curves agree with the early crack resisting

nature of CNTs as suggested by (Li, Wang et al72@&an[3, Satapathy et al. 2008)

6.3. Experimental program

6.3.1.MATERIALS

Type GP OPC, conforming to the requirements of palisin Standard AS 3972 (AS
3972 2010), was used as the binder material. Midtled CNTs functionalized with
COOH groups were purchased from Nanocyl S.A. ingBeh. The —COOH
functionalised CNTs were used here instead of trefanctionalised CNTs used in
Chapter 3 and 4 which are aimed to study the thdymamics of CNT dispersion.
The theoretical model in Chapter 4 suggests that @NTs may agglomerate
gradually in alkaline environment. —COOH functiaeatl CNTs were used here to
improve dispersion of CNTs in such environment. Tigsical properties of the

nanotubes are shown in Table 6.1. A commercialbilalble polycarboxylate-based
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cement superplasticizer (PC), named as ADVA 21pgbed by Grace Australia Pty.
Ltd.), was used. The PC contains both active ndarggroups for adsorption on the
surface of CNTs and polar groups to attach on OR@iges/water in aqueous
solution, thereby assisting in the dispersion othb®PC and CNTs. (Uchikawa,
Sawaki et al. 1995, Yamada, Takahashi et al. 20@@danbakhsh, Grasley et al.
2009, Collins, Lambert et al. 2012).

Table 6.1 Properties of functionalized CNTSs.

Aspect Average Average . hon “COOH Specific surface
ratio diameter length purity (%) functionalization area (rAlg)
(nm) (um) (%)
015 9.5 15 >95 <4 250-300

6.3.2.M1X DESIGN FOR CNT SUSPENSIONS ANDCNT-OPC PASTES

A total of 12 OPC paste mixes containing four cormgras, namely distilled watewy,
PC ), CNTs C), and dry OPC powdec), were prepared. The amounts of CNTs
and PC in CNT suspensions are defined as CNTsdpessions weight percentage
C/sand PC to suspensions weight percenfagerespectively. The amounts of CNTs
and PC in CNT-OPC pastes are defined as CNTs to Wétght percentag€/c and
PC to OPC weight percentag®c, respectively. 800 grams of OPC power was
adopted for all the mixes. The suspensi@sncludingw andp) were fixed at 320
grams, giving the fixed suspensions to OPC weigtib r(S/c or water to cement ratio)
of 0.4. The adopted mount of solid and liquid ishwi the standard operation volume
of the high-shear mixer. As shown in Table 6.2, twixes of reference plain OPC
pastes withp/c of 0.55 wt % and 0.70 wt % were designed, den®é&dand R2,
respectively. Two series of CNT-OPC paste mixeh wito differentC/c and five
various UEs were designed and denoted CNT-1 sand<_NT-2 series. The amount

of CNTs and PC adopted here is within the ranggesigd in the literature (Chen,
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Collins et al. 2011). Two patch of control samplath different amount of PC were

made to show the effect of PC and workability.
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Table 6.2 Mix design of plain OPC paste and CNT-QR€&tes

Mi Cl/s(wt p/s (wt Clc (wt p/c (wt
« %) %) %) %) UE (J/mL)

R1 - 1.375 - 0.55 -

R2 - 1.750 - 0.70 -

C 25, 75, 150, 250, and
NT-1 0.094 2.125 0.038 0.85 400

C 25, 75, 150, 250, and
NT-2 0.188 2.875 0.075 1.15 400

Note:C/sandp/srepresent CNTs and PC to suspensions weight gagesiC/c andp/c represent
CNTs and PC to OPC weight percentages.

6.3.3.PREPARATION AND CHARACTERIZATION OF CNT SUSPENSIONS
CNT suspensions were prepared by mixing CNT powaler PC in aqueous solutions
under ultrasonication using a horn sonicator (VA@0W) with a cylindrical tip (19
mm end cap diameter). The input power of the sémicaas fixed at 150 watts. In
order to prevent the temperature rising, the suspea were placed in a water-ice
bath during ultrasonication.

The dispersion effectiveness of CNTs was charagdri using UV-vis
spectroscopy with a Shimadzu UV 4800 spectrophatenwith a wavelength range
of 190 to 1100 nm (£ 1 nm). The measured ABS apecific wavelength range
reflects the degree of exfoliation and dispersi@Gnogsiord, Regev et al. 2005, Yu,
Grossiord et al. 2007) because only dispersed nbhastcan effectively absorb light in
the UV-vis region. CNT suspensions were diluted ebyactor of 50 for UV-vis
measurements. In addition, optical microscope irmagéh 200x magnification were
taken for dried CNT suspensions on silicon waferagsist in investigation of the

quality of CNT dispersion.

6.3.4.PREPARATION AND TESTS OF CNT-OPC PASTE SPECIMENS
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For each mix in Table 6.2, OPC dry powder was miwgith the CNT suspension
using a high-shear mixer according to the procedagespecified in the ASTM
standard C1738 (ASTM C1738 - 11a).

Mini-slump tests were conducted to measure the amliky of fresh pastes
(Collins, Lambert et al. 2012). The geometry artdugeof the mini-cone for the mini-
slump are shown in Figure 6.2. The mould was ptated on a flat cellulose acetate
sheet, then filled with fresh pastes and compaeidda spatula. When the mould was
filled, excess paste was removed from the top searffhe mould was removed
vertically to ensure minimal lateral disturbancéneTslumped sample was left to
harden over 24 hours. The diameter of the hardepeelad was measured using a

digital vernier caliper at five locations aroune thutline and the average reading was

used.

(ﬂ) Top flange (b)

Lifting lug T
57 mm

Tapered

conical

internal

section

1
51mm ¢ Brass rod
38 mm

Figure 6.2 (a) dimensions and (b) mini-cone forirslomp test (Collins, Lambert et

al. 2012).

The fresh pastes were poured into moulds and @ttt release any residual air
bubbles. The specimens were then covered undeetpglgne sheets for 24 hours in
the laboratory environment before demoulding. Affemoulding, specimens were

cured for 28 days in a tank of saturated limewate23 + 2°C as the moist-curing
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regime to satisfy ASTM C192 requirements (ASTM C182C192M - 13a).
Subsequently, the specimens were stored in a di@atrenvironment kept at relative
humidity 50 + 3 % and temperature 23 + 2 °C. Tmgi®nment met the International
Organization Standardization (ISO) requirements aastandard atmosphere for
conditioning and testing of materials known to bensitive to variations in
temperature or relative humidity.

Following hardening, mechanical properties of thardened pastes were
evaluated by testing notched beam specimens uhdeg-point loading. Figure 6.3
presents the detailed configuration for the tes RN load cell was installed on an
Instron 4204 50 kN loading frame. An extensometith @ 10 mm gauge length and
+1 mm measurement range was attached to the nobazed by rubber bands. All the
specimens were loaded to failure at a constantiigacaite of 0.01 mm/minutes to
maintain stable crack growth. Both the load lindledion and the crack mouth
opening displacement (CMOD) were measured. Threeisgns were prepared and
tested for each mix.

Three different mechanical properties were derifrech the load-deflection and
load-CMOD curves. These properties were the fractumergyGr, Young’s modulus
E and flexural strengtlar. Based on the work-of-fracture method (Hillerbd@g5s,
Method 1985), the fracture ener@¢ (that measures the work done to fracture a
notched beam specimen) was calculated from thewsrger the load-deflection curve
based on the RILEM recommendations (Method 1983}, is, using the equation

A, + mgo
=2 0% (1)
(d —a,)b

whereA, is the total area under the load-deflection cumvgjs the beam self-weight,

oo is the deflection at final failure of the beath,is beam depth is beam width, and

ao is notch depth. The Young's moduldsvas calculated based on the initial linear
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elastic segment of the load-CMOD curves (Shah 19B®xural strengths was

calculated from the peak load results (Konsta-Golgu¥letaxa et al. 2010).

ip

E,

&

_ o

H #ao:15mm W

Roller support  S=120mm b=15mm

1~ -— .

| L=140mm 1
- Extensometer

Figure 6.3 Configuration of three-point bendingngast.

The fractured CNT-OPC paste specimens were cutsimiall pieces to examine
the fracture surface of the composite under SEMortter to demonstrate the crack-
bridging effect of the CNTs in the composite, a mikh higher CNT dosage @/c =
0.1 wt % was made and then spread on a siliconrwafe spread sample was cured
for 5 days and then vacuum dried to introduce neiercks for viewing the crack
bridging effect of the CNTs. All samples were coatgth a thin layer (around 2 nm)

of conductive metal (platinum or Iridium) for SENbservation.

6.4. Results and discussion

6.4.1.EFFECT OF UE ON THE DISPERSION OF CNTS IN AQUEOUS
SOLUTION

The effect of UE on CNT dispersion in agueous soh# was assessed by UV-vis
spectroscopy. The ABS of the CNT suspensions Withof 0.094 wt % (CNT-1
series) and 0.188 wt % (CNT-2 series) is presemeBigure 6.4. The ABS was

measured at a specific wavelength of 600 nm. dvident that the ABS for the CNT
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suspensions gradually increases with respect tdJtaeWhen the UE exceeds 150
J/mL, a plateau is achieved for CNT suspensions @it of 0.094 wt %. Similarly,

the ABS continues to increase and then flatterer &50 J/mL for the suspensions
with C/sof 0.188 wt %. It is observed that in the range¢hef plateau the ABS fdZ/s

= 0.188 wt % is approximately twice that©fs= 0.094 wt %. On the basis of Beer’'s
law (Yu, Grossiord et al. 2007) the ABS is propmmal to the dispersed CNTSs.
Therefore, the UV-vis results indicate that the antoof dispersed CNTs in an
aqueous solution increases concurrently with the usil a dispersion plateau is
achieved. Moreover, a higher UE is required to methe maximum degree of CNT

dispersion with increasing CNT concentrat(©®fs

1.8
1.6 - L Eememememm -
14 | o I >
12 .~ ABS plateau
i 4
w 1 r | R
oM I ”
<08 I T —F— —
0.6 |
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02 I ---CNT-2 series
O | | | | | | | |
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UE (3/ml)

Figure 6.4 ABS of CNT suspensions Wilis of 0.094wt % and0.188wt % at five
different UEs. Error bar indicates one standardat@n. (Data processing and
presentation of this graph were contributed by MrZsu)

Typical optical microscope images for dried CNTmrssions withC/s of 0.094
wt %, at two very different UEs, 25 J/mL and 40@L)/ are presented in Figure 6.5.
Large agglomerates of CNTs are clearly observednw2i J/mL UE is applied
(Figure 6.5(a)). As the UE is increased to 400 J/mbst bundled CNTs disappear
and only small black stains can be observed inrEigus(b). The microscope results
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are in good agreement with the UV-vis spectroscogsults, indicating that the

dispersion of CNTs can be improved by increasimgUE.

-'(ﬂ) (b)
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Figure 6.5 Optical microscope images of CNT susipessat the UE of (a) 25 J/mL
and (b) 400 J/mL at 200x magnification.

6.4.2 . EFFECT OF UE ON THE WORKABILITY OF FRESH CNT-OPC
PASTES

The workability of fresh CNT-OPC paste and plainGpastes was estimated by
mini-slump tests. The mini-slump spreads of thegsawithC/c of 0.038 wt % (CNT-

1 series) and 0.075 wt % (CNT-2 series) and twarobsamples (R1 and R2) are
presented in Figure 6.6.

The first observation is that the incorporation RE effectively improves the
workability of plain OPC pastes. The mini-slumpptdin OPC pastes improves by up
to 18 % (from 130 for R1 to 159 mm for R2) with lieasingp/c from 0.55 wt % to
0.70 wt % (Yamada, Takahashi et al. 2000, Gotaskiearsd Szwabowski 2004,
Winnefeld, Becker et al. 2007). It should be notbdt the workability remains
unchanged for R1 or R2 under varied UE, indicatimag the amounts of PC used to
disperse OPC particles and maintain workabilityRih and R2 are not affected by

ultrasonication.
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Figure 6.6 Mini-slump spreads of fresh plain OPGtes withp/c of 0.55 wt % (R1)

and 0.70 wt % (R2) PC and CNT-OPC pastes @ithof 0.038 wt % (CNT-1 series)

and 0.075 wt % (CNT-2 series) at five UEs. (Datacpssing and presentation of this
graph were contributed by Mr Bo Zou)

-a-CNT-1 series
-e- CNT-2 series

Interestingly, the workability of the CNT-OPC pasts related to the UE applied
and their slump diameters show a continuous deeredth the increasing UE. For
example, the slump diameter, about 156 and 159 fmnCNT-1 series and CNT-2
series at the UE of 25 J/mL decreases to 133 afdrifi, respectively, at the UE of
400 J/mL. With a higher UE, increased dispersed £MTthe pastes adsorb more PC
molecules, and the consequent lower amount of Baicting with the OPC powder
results in deterioration in workability. To maimtathe workability of CNT-OPC
pastes, therefore, an additional amount of PCqgsired, which can be estimated by
the comparison of workability between CNT-OPC pamtel plain OPC pastes as
shown in the study of (Zou, Chen et al. 2015). Aufficiently large UE, that is, 400
J/mL, the slump diameters for R1, CNT-1, and CN3efes are similar, i.e. 130, 133,
and 136 mm respectively. Therefore, it can be edg#@ohthat in the CNT-1 and CNT-2
series, 0.30 wt % and 0.60 wt % PC were consumedligperse the CNTSs,

respectively, and 0.55 wt % PC was consumed by pdr(iles.
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On the basis of the assumption that most CNTsiapesed at a sufficiently high
UE, the PC to CNTs mass ratio must be about 836/0.038 or 0.60/0.075) in order
to ensure effective CNT dispersion while at the saime maintaining workability of
CNT-OPC pastes. The proposed mass ratio in thidyssiin agreement with the
reported results in the literature. For examplesugactant to CNT mass ratio of
around 4 to 8 has been suggested for common CNdemiants such as sodium
dodecyl sulfate and gemini imidazolium (Yu, Grosgiet al. 2007, Krause, Mende et

al. 2010).

6.4.3.EFFECT OF UE ON MECHANICAL PROPERTIES OF CNT-OPC
PASTES

The Young’'s modulug, flexural strengthor and fracture energ®r of hardened
samples are presented in Table 6.3 with mean vaundsstandard deviations. As
shown in Table 6.3, the mechanical performance bfaRd R2 is comparable, with
differences within 5 %. These findings are in agreet with studies (Legrand and
Wirquin 1994, Puertas, Santos et al. 2005) indicatihat the presence of
polycarboxylate-based cement superplasticizer doesontribute to ultimate strength
when the water content is held constant.

For the CNT-1 series, it is clearly shown that gastes with a UE of 75 J/mL
exhibit the best mechanical performance of all fivees with UEs from 25 J/mL to
400 J/mL. However, when the/c is doubled to 0.075 wt % in the CNT-2 series, the
best mechanical performance is given by the UE5ff I/mL, indicating that the
effective UE shifts from 75 J/mL to 150 J/mL withcreasedC/c. Therefore, the

optimum UE that balances the dispersion and shogegffects of CNTs (Chen, Zou
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et al. 2014) for achieving mechanically superiorTC@PC pastes varies with CNT

dosage /o).

Table 6.3 Effect of UE on Young’s modulus, flexustédength, and fracture energy of
hardened samples at 28 days. (Data processingrasenpation of this table were

contributed by Mr Bo Zou)

Mix Clc UE E (GPa) ot (MPa) Gr (N/m)
(Wt%) (I/mL)
Mean Mean Mean SD | (%)
R1 0 0 16.36 4.11 728 019 O
R2 0 0 16.15 4.20 7.84 0.32 -
CNT-1 0.038 25 17.14 455 0.26 1296 839 0.41 1897
CNT-1 0.038 75 18.67 0.0714.12 5.15 9.75 0.25 34.03
CNT-1 0.038 150 18.52 0.1113.20 5.13 9.54 0.10 31.06
CNT-1 0.038 250 18.39 0.0912.41 4.91 9.04 0.17 24.30
CNT-1 0.038 400 18.28 0.1911.74 481 8.78 0.21 20.63
CNT-2 0.075 25 17.12 4.43 8.38 0.15 23.69
CNT-2 0.075 75 19.82 0.1821.15 5.43 10.26 0.18 40.97
CNT-2 0.075 150 21.52 0.3831.54 6.16 11.83 0.66 62.55
CNT-2 0.075 250 21.29 0.1930.13 6.11 11.29 0.22 55.17
CNT-2 0.075 400 20.84 0.2127.38 5.68 10.84 0.10 49.03

Note:| represents the mechanical improvement percentamgpeared with R1.

To determine a CNT dosage-independent optimum Uie inechanical

improvement! in Table 6.3 is normalized by CNT dosa@éc, defined as the

reinforcing index, Rl . Similarly, the normalized UE is denoted @€ . The

normalization method adopted here is proposed agdfi, Green et al. 2012).

The reinforcing indices for flexural strength (R],) and fracture energe

(RL) versusUE are plotted in Figure 6.7. Interestinghg), and R; for both CNT-

1 and CNT-2 series are almost identical and varp wieUE . Both R}, and Rk

reach the maximum at the UE of 20 J/mL per @id, prior to the dispersion plateau

(from about 40 J/mL per un@/c). It is clear from Figure 6.7 that the optimum &

be determined as 20 J/mL per ubit, which also corresponds to 30mL per unitC/s
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This UE value is located at approximately 84 %haf maximum ABS for the degree

of dispersion, as indicated previously in Figur. 6.

RI ; (% per unit C/c)
o = N w AN (6] (o)} ~ (o0]

RI; (% per unit C/c)
o = N W N ()] O N

(@)

Dispersion plateau
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Figure 6.7 Reinforcing indices of (a) flexural singh R}, and (b) fracture energiR;

of CNT-OPC pastes for un@/c. (Data processing and presentation of this gragtew
contributed by Mr Bo Zou)

The experimentally determined optimal UE value ML per unitC/9) is in

good agreement with the crack bridging model ingi&a5 (Chen, Zou et al. 2014),

which predicts that a UE of 75 J/mL (or 50 J/mL peit C/9 gives the highest
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weighted bridging stress. These results verify #ffectiveness of the proposed
theoretical framework in which the optimum UE, whibalances the dispersion and
shortening effects of CNTs, is usually obtainedobefthe dispersion plateau is
reached. This rule holds because once maximum rdispeis reached, further

ultrasonication can only induce a shortening eféext reduce reinforcing efficiency.

6.4.4 REINFORCING ROLES OF CNTs IN OPC PASTE MATRIX

Comparison of CNT-2 (with the UE of 150 J/mL) wRi in Table 6.3 demonstrates
that the incorporation of a very small amount of TGN(C/c of 0.075 wt %)
substantially enhances the mechanical propertipéaaf OPC paste. For example, the
Young’'s modulus is improved by 31.54 %, flexurakagth by 49.89 %, and fracture
energy by 62.55 %. The improvement percentageshefYoung's modulus and
flexural strength are comparable with or even grmetitan the improvements reported
in the literature (Li, Wang et al. 2005, Konsta-@tis, Metaxa et al. 2010),
confirming the strong reinforcing effect of CNTs O C paste.

With recognition of the great influence of porestbe mechanical properties of
cementitious materials (Kendall, Howard et al. 198%en, Collins et al. 2011),
previous research focusing on the effect of CNTghenpore structure of plain OPC
paste composites has suggested two main reinforoeghanisms of CNTs in OPC
paste matrix, namely the filling of nano-sized geles and the bridging of micro-
sized capillary pores (Li, Wang et al. 2005, Makad Chan 2009, Konsta-Gdoutos,
Metaxa et al. 2010, Han, Yu et al. 2011, Nochaiya @haipanich 2011). CNTs may
fill gel pores between C-S-H products, resultingaireduction in the porosity and an
increase in the mean phase stiffness (Li, Wangj 2085, Konsta-Gdoutos, Metaxa et
al. 2010, Han, Yu et al. 2011). On the other h&MNTs may bridge capillary pores

(i.e. at nano/micrometer level), thus provide higload bearing capacity of the OPC
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paste matrix (Makar, Margeson et al. 2005, Thostenki et al. 2005, Han, Yu et al.
2011). As suggested in Chapter 5 (Chen, Zou eR@l4), the application of an
appropriate level of UE in this study allows sufiat dispersion of CNTs, at the same
time preserving nanotube length (Lu, Lago et a@6l Mukhopadhyay, Dwivedi et al.
2002), thereby effectively increasing the reinfogcpotential of CNTs in OPC paste
matrix to achieve enhanced Young’'s modulus, fleistr@ngth and fracture energy of
CNT-OPC pastes (see Table 6.3).

To investigate the crack-bridging and pulling-owhbviour of the CNTSs, the
fracture surface of the CNT-OPC paste composite alzserved under SEM. As
shown in Figure 6.8-a, CNT that has been pulledaaut be found on the fracture
surface with one end embedded in the matrix angtiled-out end standing free. If
this typical pulled-out CNT is viewed at a largeagnification (Figure 6.8-b), one can
clearly see the hydration product remaining onsitnéace of the pulled-out end. One
unique feature of CNT pull-out in OPC paste matsixhat the tube can have two
types of debonding occurring simultaneously. Asvainaen Figure 6.8-a and -b, the
smooth surface of the pulled-out corresponds t@-tultrix interface shear failure
whereas the CNT surface covered with hydration gpeodorresponds to matrix
failure. The matrix failure implies that the tubemx interfacial bonding is strong,
probably due to the covalent bonds formed betwdendefects on CNTs and the
matrix (Li, Wang et al. 2005). These observatiomgvs that further extension of the
crack-bridging model developed in Chapter 5 (Cly et al. 2014) is necessary in
order to consider both types of bonding failure hatsm in such brittle and porous

matrix.
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(b)

Cement hydration

product \

ol
Pullefi-ont CNT

Figure 6.8 SEM images of pulled-out and crack bnggCNTs in OPC paste matrix:
(a) A typical pulled-out CNT find on the fracturerkace of CNT-OPC paste; (b) The
OPC hydration product attached on the outer suidatiee CNT; (c) Crack bridging
and pulling out of CNTs. These images were takemgus JOEL 7001F SEM
operating at 15 kV.

120|Page



Chapter 6 Optimum Ultrasonication Energy

It should also be noted that the reinforcing rdi€CdITs is rather different from
that of conventional microfibres. In the currentdst, a small amount of CNTs (0.075
wt % of OPC paste) substantially improved the ahislope and the peak load (or the
Young’'s modulus by 31.54 % and flexural strength48y89 %, as shown in Table
6.3). However, no significantly extended post-psakening of the tail is observed in
the load—CMOD curves of CNT-2 (Figure 8 in (Zou,e@het al. 2015)), and the
differences in the CMOD at both peak load and failare visually negligible (Zou,
Chen et al. 2015). As discussed previously in Girapt(Chen, Zou et al. 2014), the
peak crack bridging stress of CNTs occurs at akcogening around 10 nm, due to
their extraordinarily high Young’s modulus and lkam@spect ratio. As shown in Figure
6.8(c), which is a microcrack on a 5-day old CNT&paste surface with higher CNT
concentration, it is evident that the CNTs can ewldridge cracks from a few
hundred nanometres to a few microns. Comparativelgrofibres generally require a
few micrometres of crack opening to develop notearack bridging stress. These
results show that the bridging effect of CNTs appes an increase in the strength of
the paste composites, which have the unique cayatul resist micro-cracks (with
crack opening in the range of 10 to®XOn (Chen, Zou et al. 2014)) that cannot be
achieved by conventional microfibres. This unigapability of CNTs suggests that
the combination of CNTs and microfibore may have pogential to improve both

strength and ductility of OPC pastes.

6.5. Conclusions

The optimal UE for reinforcing effect can be estiethby substituting the(x) andV:
obtained at different UEs into the bridging streakulation (Egs. 5.8 and 5.17) and
comparing the bridging stress. A UE that produdgkedr bridging stress is expected

with superior reinforcing effect.
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The effects of UE on the engineering propertiehIfT-OPC pastes, including
CNT dispersion, workability, Young's modulls flexural strengthor, and fracture
energyGr, were investigated by varying both UE and CNT des& combination of
UE and PC was applied to disperse functionalizedr€hkh OPC paste. The main
findings are summarized as follows:

(1) More intense UE may effectively improve the amoohtdispersed CNTs in
aqueous solution before the dispersion plateaeashed, and a higher UE is
required to reach the maximum degree of CNT dispergith increasing CNT
concentration;

(2) UE may directly affect the proportion of PC useddisperse CNTs and OPC
particles, thereby influencing both CNT dispersand workability of CNT-OPC
pastes. An effective PC to CNTs mass ratio of B2commended for achieving
homogeneous dispersion of CNTs in OPC paste andtanaing workability of
CNT-OPC pastes under a sufficiently high UE;

(3) To obtain the optimal mechanical performance of E@DHC pastes, a CNT
dosage-independent optimum UE is found to be 5Q {en unitC/s (or 20 J/mL
per unitC/c) and at about 84 % of the maximum degree of dssperbefore the
dispersion plateau, which are in good agreemert thié theoretical prediction
and verified the effectiveness of the crack briggimodel; and

(4) The significant improvements in the Young's modulfilexural strength, and
fracture energy suggest that CNTs markedly reiefoptain OPC paste by
decreasing its porosity and increasing its craoitgimg capacity at nanoscale, an
outcome that cannot be achieved by conventionalafifices. The combination of
CNTs and microfibore may have the potential to inwerdooth strength and

ductility of OPC pastes.
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The good agreement between the predicted optimalabdE the experimental
results validates the proposed crack bridging motle® model also predicts that the
higher the concentration or volume content of tlepersed CNTs in OPC paste, the
higher the reinforcing effect. In addition, the irmpement of mechanical properties is
shown to increase with the dosage of CNTs. Theeefarthe next chapter (Chapter 7),

the maximum dispersed CNT concentration is expldredrder to optimise the

dosage of CNTSs.
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CHAPTER 7. DISPERSION LIMIT AND
DISTRIBUTION OF CNTS IN FRESH OPC
PASTE

7.1. Introduction

All the property modifications of OPC paste usingN s are affected by the
dispersion and distribution of the CNTs in the Op&ste matrix. However, only
limited understanding of the CNT dispersion afteixing with OPC grains is

currently available. No published work is knownttliravestigates or quantifies the
dispersion status of CNTs in fresh OPC paste negtri©ne major difficulty of such
investigation is the complexity of the alkaline gomment in fresh OPC paste, which
contains various types of ions and particles. Meeeofresh OPC paste is a thick
viscous particle suspension that cannot be direchgracterized using common
techniques such as UV-vis spectrometry.

In this chapter, with innovative approaches to owere the above-mentioned
difficulties, two key questions are addressed im&eof the dispersion status of CNTs
in fresh OPC pastes. The answers are essentiabdtier understanding of the
reinforcing potential of CNTs. The first questian What is the maximum amount of
CNTs that can be dispersed in OPC pastes? The depgastion is: How are the
CNTs distributed in the OPC matrix?

The first question is important because the amoti@NTs dispersed in the OPC
matrix is directly linked to the reinforcing effeoft CNTs as suggested by the crack
bridging (Chen, Zou et al. 2014). However, an ini@or parameter needs to be
identified for the better application of the modehich is the dispersed CNT volume

fraction or dispersed CNT concentrati@y);
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To investigateCq in OPC paste, the dispersion method is criticat. feinforcing
purposes, dispersion using surfactants is ofteiradesince it preserves the integrity
of the CNT walls. Unfortunately, many of the popudarfactants for dispersing CNTs
in water (Zhang, Su et al. 2006, Lee, Huh et a072(Krause, Petzold et al. 2009,
Krause, Mende et al. 2010, Bai, Park et al. 20Ri/elcompatibility issues with OPC
pastes (Chen, Collins et al. 2011). In the workGillins, Lambert et al. 2012), where
different OPC paste compatible surfactants (ceradditives) were used to disperse
CNTs in water, polycarboxylate-based superplagicizas found to give the best
dispersion results. Other researchers (Konsta-®dpMetaxa et al. 2010, Zou, Chen
et al. 2015) have shown that significant improvemerthe mechanical properties of
the composite can be achieved by using polycarlateylsuperplasticizers as
dispersant. From these reported results it carobeladed that using polycarboxylate
superplasticizers in collaboration with ultrasotima is one of the most efficient
methods for dispersing the CNTs for CNT-OPC pasteposites.

No study to date has reported the maximQgthat can be achieved using this
dispersion method. Furthermore, the stability af thspersed CNTs in the alkaline
environment in fresh OPC pastes has not been stui¢he present work, therefore,
the upper limit ofCq4 in water is investigated via UV-vis spectrometndahen the
stability of the CNT dispersion in an alkaline eoviment is tested using simulated
pore solution. The simulated pore solutions usethis study have been reported as
accurately simulating many different ion concemtrag in real fresh OPC paste.
These investigations will assist in determining Itlest mass concentration of CNTs to
be used in OPC pastes.

The second question arises from the particulatar@atf the fresh OPC paste,

which is quite distinct from other continuous me#s such as polymers (Tang,
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Santare et al. 2003, Song and Youn 2005, BhattgghaSinturel et al. 2008, Godara,
Mezzo et al. 2009, Yang, Gu et al. 2009) and mdtalen, Tu et al. 2003, Wang,
Choi et al. 2009, Bakshi and Agarwal 2011). FredPCOpaste contains particles
ranging from tens of nanometres to hundreds ofometres, accounting for a volume
fraction about 40 % (with water to cement ratiowestn 0.4 to 0.6) (Taylor 1997).
CNTs can only reside in the other 60 % of the vaurthat is filled with pore
solutions (Taylor 1997). In other words, the diaition of CNTs is not uniform at
sub-millimetre scale. This uneven distribution isignificant characteristic of the
composite, especially when the microstructural moation effect of CNTs is
considered (Li, Wang et al. 2005).

The solid phase (OPC grains) in the particulaterimmantails another factor that
can affect the distribution of CNTs in the matmqich is the adsorption of CNTs on
OPC grains due to electrostatic or vdW forces @sichvili 2011). This adsorption
effect has not been considered in any previousigatin: it is, for the first time,
investigated and quantified in this study. In tlnuerk, a new centrifugation-based
techniqgue was developed to separate the adsorbd@d @hd the dispersed CNTs in
fresh OPC paste, allowing characterization of tsogption effect.

After addressing these two key questions, a coneéphodel was proposed to
describe the dispersion and adsorption of CNTgsashf OPC pastes. This model can
be used to refine earlier cracking bridging models1992, Chen, Zou et al. 2014)
and to develop microstructural and hydration modkisudsen 1984, Garboczi and
Bentz 2001, Bernard, Ulm et al. 2003, Ye 2003, M&a et al. 2006) for CNT-OPC
composites. It should be noted that other partieut@atrices such as ceramic and clay

(Wang, Ye et al. 2007, White, Best et al. 2007, WHeow et al. 2011, Lee, Sang Shin
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et al. 2011) may have similar characteristics ahose of OPC pastes, such that this

model may be applicable to them.

7.2. EXxperimental program

7.2.1.MATERIALS AND INSTRUMENTATION

Functionalised multi-walled CNTs (MWCNTSs) were poased from Nanocyl S.A.,
Sambreville, Belgium. According to the manufactigepecifications (Nanocyl 2009)
the CNTs had an average diameter of 9.5 nm andrerage length of 1.5m. The
product contained less than 5 % metal oxide imjgsriand less than 4 % of —-COOH
functional group. A commercial polycarboxylate-ldhsesurfactant containing
particular types of polycarboxylate chains that Idoeffectively disperse CNTs
(Collins, Lambert et al. 2012) was used as theel@pg agent to improve the
dispersion of the CNTs in water.

Ultrasonication was applied using a Vibra-cell V&R0 ultrasonicator from
Sonics & Materials Inc. with a net power outputs®0 watt at 20 kHz. A Shimadzu
UV 4800 UV-vis photospectrometer was used to chiarae the degree of CNT
dispersion. A 5702 model centrifuge from Eppendeat used to centrifuge the fresh
CNT-OPC pastes.

The dried CNTs suspension on silicon wafers wasgedausing an FEI Nova

NanoSEM™ 450 SEM with an electron diffraction X-@DX) spectrometer.

7.2.2. EXPERIMENTAL PROCESS
One master-batch of CNT suspension was preparedding 2.64 wt % of MWCNTs
and 10.56 wt % of the surfactant into distilled erafl his surfactant-to-CNT ratio was

determined by earlier work (Zou, Chen et al. 20T suspensions with different
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total CNT mass concentratio] were obtained by diluting the master-batch with
distilled water. Dilution factors of 1:1, 1:5, 1:10:20, 1:50, 1:100 and 1:1000 were
used to make th€; equal to 2.64 wt %, 0.264 wt %, 0.132 wt % 0.0828%0, 0.0264
wt % and 0.00264 wt %, respectively. Since therithistion of CNTs is studied in this
section using the CNT suspensions, all the wt %ented in this section is of the total
weight of the CNT suspension including CNTs, sudat; and distilled water.

The CNT suspensions with differe@t were then ultrasonicated using the probe
sonicator. The intensity and power output of thteasbnicator were kept at 40 % and
40+3 W respectively. When sufficient UE was appl{€hen, Zou et al. 2014, Zou,
Chen et al. 2015) the maximum dispersed CNT coragonn (C4) could be achieved
and the CNT suspensions were sampled for UV-vissorement. Subsequently the
ABS at 500 nm was selected to calculdgaising the Beer Lambert Law given as:

A
C, =—
¢ 4

7.1
where A= &C | is the ABS at a specific wavelength anes the specific extinction

coefficient (Baskaran, Mays et al. 2005, Li, Luaakt2006, Clark and Krishnamoorti
2009),1 = 1 cm is the path length of the light through ®NT suspension. Past
studies have shown thatfor MWCNTSs lies within a relatively small rangetixeen
minimum 41.14 and maximum 46.00 with an averagé378 ml mg-1cm-1, with no
strong dependence on the type of CNTs, surfactnitent, or dispersion method
(Baskaran, Mays et al. 2005, Li, Luo et al. 200BriCand Krishnamoorti 2009). The
average, minimum and maximum of the reported etitinacoefficients were used to
calculateCe.

To test the stability of the CNT suspensions iralfie environments, a simulated

OPC paste pore solution was prepared with condensaof the chemicals as shown
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in Table 7.1. This composition of the pore solutj@hods, Isgor et al. 2009) typically
represent the concentration of Na+, K+, Ca2+, S@#d OH- ions in early age
(within about 8 hours) concrete (Rajabipour, Santle 2008). These ions were
introduced into the CNT suspensions with differ€nby mixing the suspensions with
the simulated pore solution. During mixing the iconcentration was chosen to be
above 90 % of the concentration in Table 7.1. TIiBS# of these CNT suspensions

were then measured every hour until 17 hrs aftemgi

Table 7.1 Concentration of added chemicals in imellated concrete pore solution

Added compounc Concentratior
(9/L)

NaOH 8

KOH 22.4¢

CaS( 2H,0 27.5¢

Ca(OH} Sat

The suspension witll: = 0.264 wt % was used to investigate the adsarpiio
CNTs on the surface of OPC grains. 2 ml of the snsjpn was injected into each
Falcon centrifuge tube. Then, 0.1 g, 1 g, 2 g andot OPC grains were thoroughly
mixed with the suspension in four centrifuge tufses2 minutes using a spatula. After
mixing, the CNT-OPC paste mixtures and the CNT snspn (without added OPC
grains) were centrifuged with acceleration of 3@00y = 9.8m/§ for 7.5 minutes.
Upon centrifugation, the OPC particles settlechi hottom of the tubes and the CNT
suspension was concentrated to form the superragasttown in Figure 7.1. The UV-
vis spectrum of the supernatant was measureCamas calculated based on Eq. 7.1.
When x grams of OPC grains was mixed with the CNT suspensind then

centrifuged, the adsorption rate of the OPC graias calculated by

adsorptionrate= (C,(W, =0)-C, (W, = x))% 7.2
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where W is the weight of the added OPC grai, (We = 0) andCyq (We = X)
correspond to theCy in the mixture with O gram and grams of OPC grains,

respectively, an¥=2ml is the volume of the suspensions.

Figure 7.1. CNT-OPC pastes after centrifugationO(a g and (b) 4 g OPC grains.
The supernatant is the CNT suspension; the grégmsent at the bottom of the tubes
is OPC grains.

To examine the morphology of CNTs attached to tRE@rains, the supernatant
in the centrifuge tubes was removed by rinsing wttranol, and then 10 ml of ethanol
was added into the tube and mixed with the OPCesatiht using a spatula. Mixing
with ethanol was essential to stop the hydratioayld@r 1997) of the OPC grains so
that the adsorbed CNTs will not be covered by hyoinaproducts and will be easily
observed under SEM. The ethanol-rinsed particleg wen filtered out using grade 1
filter paper. The residue on the filter paper waread to dry on silicon wafers in a
vacuum chamber. After drying in vacuum for 1 wetlle residues were attached to
carbon tapes and coated with around 2 nm of gotdSiEM imaging and EDX
spectroscopy measurement. The SEM operated atduk¥g the imaging and 15 kV

during EDX measurement.

7.3. Dispersion of CNTs in pore solutions
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7.3.1.DISPERSION LIMIT OF CNTS IN AQUEOUS ENVIRONMENT

Concentration of dispersed CNTEq4) is one of the key factors that affect the
reinforcing effect of CNTs. As addressed in theckraridging model (Chen, Zou et
al. 2014), the reinforcing efficiency of CNTs isoportional to the amount of
dispersed CNTs in the matrix. Therefore a highers desired for better reinforcing
effect. It is well known, however, that CNTs terml dgglomerate in an aqueous
environment (Blanch, Lenehan et al. 2010, Blanckndhan et al. 2011), and
consequently th€q is not constantly equal to the dosage of CNJ, (wvhich is the
mass ratio between the CNTs and suspension. Figdra presents the calculated
Cd/C: ratio using Eq. 7.1 based on UV ABS of CNT-watespensions. Th€4/Ct
ratio gives an indication of the dispersion degrE€NTs in the suspension; a higher
Cd/C: ratio is desirable as it means that more CNTsnasedispersed state.

First, an appropriate extinction coefficientvas estimated. As shown in Figure
7.2-a, three values a&f namely the lower bound (41.14 ml/mg/cm), avergtf278
ml/mg/cm), and upper bound (46.00 ml/mg/cm), wesketed from the literature
(Baskaran, Mays et al. 2005, Li, Luo et al. 200&rkC and Krishnamoorti 2009).
These values of resulted in only a £10 % variation in tlk/C; ratio (or degree of
dispersion). Since th€4/C: must be less than or equal toelyas found to match the
upper bound 46.00 ml/mg/cm, giving the maxim@aiC: =~ 1. Hence, for all results
presented after Figure 7.2ea546 ml/mg/cm was adopted.

Figure 7.2-a shows that under ideal dispersion itiongd C4/C; should reach and
stay at 1 whert: is less 0.264 %C: =~ 0.132 % gives the optimal dispersion &d:
0.264 % is the maximum dosage that can maintaiigla tlegree of dispersion (>90
%). WhenC; is greater than 0.53 % the suspension beginsdonhe saturated with

CNTs and the dispersed state of CNTs becomes lessgetically feasible
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(Israelachvili 2011). Therefor€d/C: was decreased to less than 40 %. WHe0.05,

the experimentally measurél/C: dropped to 60-65 %. The ideal dispersion, where
Cd/Ct remains at 1 whe@: decreases from 0.132 wt %, was not achievableruhde
current experimental conditions because of thedfigarfactant-to-CNT ratio of 4,
resulting in low concentration of the surfactantsewCi<0.05. Consequently, more
surfactant dissolved in the solvent as monomefgerahan forming an assembly on
the CNT surface at low concentration, thereby desirg) the dispersion efficacy of

the surfactant (Blanch, Lenehan et al. 2010, Blahehehan et al. 2011, Israelachvili

2011).
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C, (wt%)
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Figure 7.2. Change in degree of dispersiogi:, a) and dispersd CNT concentration

(Cq, b) withCt. The dashed line in (b) indicat€s =C:. The dashed line in (a) shows

Cd/Ct under the ideal dispersion condition $sd6ml/mg/cm. Insert in (b): zoomed-in
view of (b) in the range d€= 0-0.6.
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Apart from the degree of dispersio@u(C: ratio), the upper limit oCq is another
important parameter for the properties of the cositpo Figure 7.2-b presents the
monotonic change dq with Ci. The ideal dispersion case is wHeyFC: (dashed line
in Figure 7.2-b). It can be clearly seen thaCamcreases above 0.264 wt @ gains
more bias from th€4=C; curve, meaning that more CNT agglomerates. loishle
that at very low concentration, as shown in theins Figure 7.2-b, th€q curve is
also slightly biased from th€s=C: curve, which may be due to detachment of the
surfactants. These results show tBatould rise to around 0.9 wt % by increasg
to 2.64 wt %. The trend of th&; curve also indicates th@ may be increased further
when C; exceeds 2.64 wt %. However, using such high cdratons would
introduce a fair amount of agglomerated CNTSs, \pitssible detrimental effect on the

engineering properties of the composite, for exangdusing stress concentration.

7.3.2.STABILITY OF CNTS IN ALKALINE ENVIRONMENT

The dispersion of the CNTs presented in Figurena very stable. For example, the
Cd/C: for CNT suspensions decreased less than 5 % afteeeks. In contrast,
significant changes ilC4/C: were observed after the simulated pore solutios wa
added into the CNT suspensions. Figure 7.3 shoeschiange inCyq/C: for CNT
suspensions with differei@: 18 hours after ultrasonication. It can be seeh @aéC:
has a decreasing trend in general, regardle<.ofhis suggests that the dispersion of
CNTs in OPC paste pore solution is not stable enlting term. However, there is a
transition point during the change G#/C: as shown in Figure 7.3-a. The transition
points can be readily identified by the gradienthef curves.

As demonstrated in Figure 7.3-b, before the tramsipoint, C4/C; decreases
almost linearly at a low rate (0.7 % per hour €@r= 0.264 %), whereas after the

transition pointCy/C: decreases sharply in a nonlinear manner. The spwneling
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times for the transition points are measured foth& curves in Figure 7.3-a and listed
in Table 7.2. Decreasing rates@f/C: before the transition point were also obtained
by linear regression. Since the rates of decrefsdl the suspensions were found to
be very low, with the maximum of 1.9 % per houg suspension before the transition
point could be treated as stable from the pracpoatt of view. The transition points
were found to be greater than at least 4 hourkenrange ofC: from 0.02645 % to
2.645 %. OPC pastes normally set within approxiigaBe4 hours, and therefore
short-term stability of the CNT suspension withmadkaline environment (before the
transition point) is sufficient to maintain gootsgkersion of CNTs in hardened OPC
pastes and to avoid reagglomeration of the CNTSs.

The mechanism behind the transition point is compleormer studies of
flocculation processes in colloid systems contgniibrous particles have also
suggested a two-stage flocculation process (Baffie@ Leppard 1995). The existence
of the transition point is related to the agglonieraprocess of CNTs in the pore
environment of OPC pastes. Prior to the transipomt, CNTs tend to form one-
dimensional bundles, each of which contains seveaasllel CNTs, but after the
transition point these bundles further agglomeiate three-dimensional mesh or
cage-like large agglomerates. A detailed explanatoth the assistance of MD

simulations can be found elsewhere (Chen, Zou. englublished).
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Figure 7.3. (a) Stability of CNT dispersion in silaied OPC paste pore solution at

different durations after mixing. (b) Determinirgettransition point and decrease rate
of Cd/C..

Table 7.2. Transition time in dispersion state

Total CNT concentration Transition point (h) Rate of decreaseQafCt
(Ct, wt%) (%/h)
0.0264 8 0.5
0.0528 6 1.6
0.132 4 1.9
0.264 7 0.7
2.64 16 0.2

7.4. Adsorption of CNTs on OPC grains

When mixed within OPC pastes, CNTs adsorb on OP&ngrdue to vdW or

electrostatic forces, as well as dispersing in Emiations as discussed in section 3.
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The amount of CNTs adsorbed by OPC grains was mesund is shown in Figure
7.4.

It can be seen that the CNT adsorption rate, defime the amount of CNTs
adsorbed per gram of OPC grains, decreased witbettnent-to-water ratio (c/w). If a
relatively small quantity of OPCW=0.1g, c/w=0.05) was added into the CNT
suspension witlCi=0.264 wt %, around 2.70 mg of CNTs was adsorbed lgyof
OPC grains. When c/w rose to 1, the adsorption madeiced significantly to 0.56
mg/g. Adding more OPC grains into the suspensioherwc/w >1 produced no
noticeable change in the adsorption rates c/war 2v(c 0.5, which is commonly used

in OPC and concrete composites).

Adsorption Rate (mg/g)
|_\
(&)}

1
05 F —
0 ) )
W, 0 1 2 3 4
ciw: 0 0.05 05 1 2

Figure 7.4. Amount of CNTs adsorbed on OPC grasthe weight of added OPC
(We) and the cement-to-water ratio (c/w).

SEM images were also taken of OPC pastes withrdiffec/w ratios, as shown in
Figure 7.5. The CNTs concentration was fixed a60.2t %. Interestingly, two
observations can be made. First, CNT adsorptiorO®C grains is selective and
preferential to smaller grains (the areas withim yellow dashed lines in Figure 7.5-a
and b). Moreover, a thick layer of heavily aggloated CNTs covers the surface of

these small OPC grains (Figure 7.5-a and b) wherathount of added OPC is small
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(c/w = 0.005 or w/c=200). As shown in Figure 7.%wed 5-d, when c/w= 2 (or
w/c=0.5), no significantly layer-like agglomeratioh CNTs is observed; instead, the
CNTs scatter on the OPC grain surfaces. This remtuch the adsorption rate and
layer thickness of CNTs was due to the larger sertxea of these small OPC grains

as well as the more limited space for CNTs to frakeing the adsorption process

when the cement-to-water ratio increased.

Figure 7.5. SEM images of OPC particles and CNBerdmkd on OPC particle@ &
b) with 0.1 gram of OPC and (c & d) with 4 gramsa#C concentration 0.264 wt %
water to OPC ratio

To understand why CNTs preferred smaller OPC graihe geometry and
chemical composition of these OPC grains were emxedhi The size of these

adsorptive OPC grains was measured based on aboBERI images. The particle
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size distribution of these OPC grains is plotteigure 7.6. The measurement shows
that about 98 % of the adsorptive particles arellsmthan 4+0.5 um (the longest
dimension). The major components of OPC grainsiwithis size range were most

likely to be alite or gypsum (Taylor 1997).
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? 15 C—Frequency .g
o 7 {1 60% &
. >
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Particle Dimension ( pm)
Figure 7.6. Patrticle size distribution of the agsive OPC patrticles. The particle
dimension measured is as the longest dimensidmegbarticle.

Figure 7.7 shows the typical EDX spectra of smatlsprptive) and large (non-
adsorptive) OPC grains. Calcium, silica, aluminiand oxygen are detected on both
type of grain. Since no sulphur is observed onsgiectrum, it is inferred that neither
type of grain is likely to be gypsum (§&3(v), which is a common retarder added into
OPC to extend the setting time of OPC pastes (Tayd®7). Clearly, a very high
carbon peak in the adsorptive (or small) grains wassed by the adsorbed CNTSs.
Another distinction between the two types of grirthat a much more significant
peak of calcium is present for the non-adsorptoreldrge) grains. This indicates that
the non-adsorptive grains are likely to have a éigha/Si ratio than the adsorptive
ones. Past research has shown that hydration geotaee a lower Ca/Si ratio (1.57-
1.90) (Richardson and Groves 1993) than unhydr@fe@ particles that are primarily

composed of alite and belite with Ca/Si ratio @@l 2, respectively (Gougar, Scheetz
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et al. 1996). Furthermore, smaller OPC grains hmean found to possess less belite
than larger grains (Gougar, Scheetz et al. 1996¢réfore it was inferred that the
smaller (or adsorptive) particles contained a hidrection of hydration products and
less belite.

The reasons why CNTs tended to adsorb on small€ @Rins can be inferred
from the results in Figures 7.5-7.7. First of #ie smaller OPC grains (with high
fraction of alite) were more active for hydratioarehg the initial hydration reaction
(Taylor 1997), leading to more hydration produatstleem. These hydration products
could bond -COOH group onto the CNT surface (Li, iyaet al. 2005). The
nucleation effect of the CNTs (Chen, Collins et 2011) may also stimulate the
growth of hydration products on CNTs near the sif@&lC grains, causing the CNTs
to be precipitated on the OPC grains. Moreover, geemetry of CNTs also
contributed to the adsorption on smaller OPC grdihe CNT length was comparable
to that of the small adsorptive OPC grains, resglin a flocculation effect (Buffle

and Leppard 1995) where the CNT entrapped small @Bi@s in the suspension.
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Figure 7.7. Typical EDX spectra for (a) small paes wrapped by CNTs and (b)
larger particles without CNTSs.

7.5. Distribution of CNTs in OPC pastes

As shown in Figure 7.8, at sub-millimetre scale, TCdNstribution was not uniform in
the fresh OPC pastes. Around 40 % of the spaceowrasgpied by OPC grains at
common w/c between 0.4 to 0.6 (Taylor 1997), whicluld result in some CNT-free
zones in hardened OPC pastes, that had been oddup@PC grains in fresh pastes.
Realization of this nonuniformity of CNT distribah is critical to the understanding
and modelling of hydration, reinforcing effects, darthermal and electrical
conductivity of the CNT-OPC composite.

Based on the discussion in sections 3 and 4, CNpsaaed to have three states in
fresh OPC pastes, as shown in Figure 7.8, nameladiglomerated state (black), the

dispersed state (green), and the adsorbed stath. (@bviously the heavily
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agglomerated CNTs had a low aspect ratio and therehade negligible contribution
to the reinforcing effect (Chen, Zou et al. 2014h@ugh they could still act as fillers
affecting the hydration and workability of the CNORC paste (Zou, Chen et al. 2015).
The amount of agglomerated CNTs can be estimated Figure 7.2. IfC; is within
the range of 0.05 wt % to around 0.25 wt %, the @mof agglomerated CNTs is less

than 7 % (calculated fron€C{-Cq)/ C) of C; (Figure 7.2)).

B uce IHP —— Di-CNTs
Bl ~scnTs PS —— Ad-CNTs

Figure 7.8 A schematic of the distribution of CNiigresh OPC matrix. UCG:
unhydrated OPC grains; IHP: hydration product fatrdaring initial hydration; Di-
CNTs: dispersed CNTs; Ag-CNTs: agglomerated CN'Bs;®PC pastpore solution
dispersed CNTs; Ad-CNTs: CNTs adsorbed on small P&dcles.

For a common mix of fresh OPC pastes with w/c raftid).5, the amount of
adsorbed CNTs was calculated to be 36 %Coin the CNTs suspension with=
0.264 wt %. The dispersed CNTs accounted for theaireder (around 60 %) d:
after mixing with OPC. As shown in Figure 7.5-c &d, with a w/c ratio of 0.5, the
adsorbed CNTs do not appear to form dense and #ggkomerations. For further
understanding of the effect of the adsorbed CNAes surface density of the adsorbed
CNTs, which is the number of CNTs attached per area of adsorptive OPC grain

surface, was estimated using the spherical shapdelm@aylor 1997, Sanahuja,
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Dormieux et al. 2007). Assuming that all OPC pé&tcwere spherical, the typical

particle size distribution function of OPC graisggiven by

R(d") = exp{— (Zd_al;sjogj 7.3

whereR is the mass fraction of the grains with diameteater thard” (Osbaeck and
Johansen 1989). On the basis of Eq. 7.2 the totkce area for particles smaller than

a certain size threshold (ds) can be calculate@ aylor 1997)

s=ex1FxFx IR 1 7.4

dd" pd"
where S’ is the surface area of particles with diameteraéda d”, F (typically
equalling 1.13) is an empirical constant taking iatcount the shape of the particles,
pP=3.15 is specific gravity of the OPC grains.

Using Eq. 7.4, the total surface area of the ORfIhgrwith diameter less than 4
um was calculated as 0.282/gy where OPC grains smaller than 2 pm were assumed
to have an average diameter of 1 um (Taylor 199x%¢luding the 15 % contribution
to the surface area from gypsum, the adsorptiva @a@s 0.24 fig. Assuming that
CNTs are cylinders with specific gravity of 2.6 mfc(Hwang, Ahn et al. 2006),
diameter 9.5 nm and length 1-2 um (Chen, Zou €2Gi4), the mass of a single tube
(My) is 1.84 x10°-3.68x10'%g. For the case of c/w = 20 and 2 (with adsorptaies
of 2.7 and 0.5 mg/g respectively), the surface idgind CNTs was calculated as 31-
61 and 6-11 tubes/Arespectively. These calculated surface densitesided with
the SEM observation in Figure 7.5, which also pbtleat the reduction &4 in paste
was mainly due to adsorption rather than agglonwerat

For the common OPC paste mix with c/w=2 (or w/c¥0tbe surface density of
6-11 tubes/ tubes/pintorresponded to a thin layer of scattered CNTsroall OPC

142 |



Chapter 7 Dispersion Limit & Distribution of CNTs in OPC Paste

grains (Figure 7.5-c, d). However, this surfacesttgnwas still far higher than the
projected surface density of dispersed CNTs whiels wbtained by evenly splitting
the number of CNTs in a 1 um cubic space into fiacéts as 60 %4 /Mi/6 =0.7-1.7
tubes/ ur It is suggested here that the adsorbed CNTsklis#d more densely than
the dispersed CNTs but less densely than the CNjlormgrates. The distribution
model of CNTs within OPC pastes is meaningful foderstanding of the role of
CNTs with regard to reinforcement (Chen, Zou et28l14, Zou, Chen et al. 2015).
Moreover, it is vital for simulating hydration reéems in OPC paste (Knudsen 1984,
Garboczi and Bentz 2001, Bernard, Ulm et al. 20@82003, Ye, Lura et al. 2006) as

it allows establishment of the initial particle gamy model for fresh paste.

7.6. Conclusions

To resolve the question regarding the maximum ama@inCNTs that can be
dispersed in fresh pastes, a two-step investigatwas conducted. The first step
determined the maximur@q in CNT-water suspension before mixing with OPC. It
was found tha€q kept increasing witlC; to 0.9 wt % whert; = 2.64 wt %. However,
the degree of dispersiddy/C: dropped sharply to less than 50 % wit&nncreased
above 0.264 wt %, resulting in a significant amooif©NT agglomeration. Therefore,

it is suggested that the upper limit for econommadl effective use of CNTs & =
0.264 wt % with aCd/C; around 90 %. The second step was to examinetdbéity

of the CNT dispersions with differe@ in a simulated pore solution that represented
the concentration of most ions in fresh OPC pasié& results showed that the
decrease irCy/C; for different C; was less than 2 % per hour for at least 4 hours,
indicating that the suspensions were stable withencommon setting time of OPC
pastes. After 4-16 hours, however, the suspensiansited into an unstable state and

Cd/Ct began to decrease dramatically.
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With regard to the question of CNT distribution@#®C paste, this study presents
two major findings. Firstly, the existence of CNfBé zones in the CNT-OPC paste
composite was addressed here in the CNT distribunodels, where the CNT-free
zones were caused by the hydrated grains in theh f@PC paste. Secondly, the
adsorption effect of the OPC grains was proposed @uantified based on an
innovative centrifuge-based technique. It was olesethat for common w/c ratios,
about 0.5 mg of CNT was adsorbed by 1 g of OPCs dbservation was quantified
by SEM imaging demonstrating that only non-gypsuRCOgrains with dimension <
4 um could adsorb the CNTs, due to the formatiorhyafration reaction products
around these small OPC grains.

Combining these findings, a conceptual distributioodel for CNTs in OPC paste
Is proposed. The model provides a quantificatiothefamount of dispersed,
agglomerated and adsorbed CNTs in the matrix. TiHace density of the adsorbed
CNTs is also calculated as 6-11 CNTs per squareomigetre. This model can serve as
a starting point for establishing or refining madépicting the effect of CNTs on

reinforcement and hydration in CNT-OPC paste contg®s
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CHAPTER 8. CONCLUSIONS AND
RECOMMENDATIONS

Although OPC paste is widely used in the constamctindustry, its weak tensile
strength to some extent limits its application. GNn the other hand, have
outstanding mechanical properties with a tensitengtth of 63 GPa and Young’s
modulus of 1 TPa, making it a candidate as naneseahforcement in OPC paste.
Past research studies have reported improved mieahamd electrical properties of
CNT-OPC paste composites, which show future pronfise practical civil
engineering applications.

In this study, recent research studies in devetp@NT-OPC paste composites
were comprehensively reviewed. Highlighted were dbesiderable efforts that have
been made in study of the fabrication, hydraticsropity and transport properties of
CNT-OPC paste composites. As a further developntieatstudies presented in this
thesis were conducted to provide better understgndin the areas of uniform
dispersion of CNTs within the OPC paste, durahilitgpact, fatigue properties and

the theoretical modelling of CNT—-OPC paste inteoact

8.1. Key research findings

(1) The interaction energy between ionic surfactants 83WCNTs was calculated
using MM simulation to investigate the effects ablacular characteristics of
the surfactants on CNT dispersion. Six types ofastant were studied in the
simulation, namely SDS, SDBS, SOBS, SBBS and S€rdantion energy was
utilized to discover how the energy preferencerfmrphologies changed as

the surface density increased. The results indicdtet the preferred
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aggregation morphology for surfactants with higheérity, such as SDS,
shifted from parallel to hemi-cylindrical and théo cylindrical when the
number of surfactants in the aggregation increasecontrast, this preference
for less linear surfactants such as SC and SBB$ tomhsited between two
aggregation morphologies. The saturation surfacesites for the SDS,
SDBS-2 and SC were found to be around 9.3, 11.36Bdmolecules/nfn
respectively, and the interaction energy at satmatecreased in the order SC,
SDBS-2, SDS. Also, the results suggested thatudastants with linear alkyl
chains, the longer the chains and the closer tleolp¥ilic group to the ends
of the chain, the higher generally was the intéoacenergy. The simulation
results matched well with some experimental obsema using TEM and UV
spectrometer.

(2) Three OPC additives were used as surfactants tecowalently disperse
MWCNTs in saturated Ca(OH)solution. The dispersion efficacy of the
surfactants was characterized using visual obsenyat/V-vis spectrum and
TEM imaging. Also, MD simulation was conducted tody the interaction
energy between the surfactants and the MWCNTSs.callmulated interaction
energy was used with a CNT agglomerating modetudysthe agglomeration
process of MWCNTS in suspension. UV-vis spectroynatrd zeta potential
measurements indicated that the dispersion of Ci§lisg MA was instable
whereas the dispersions using SL and NC were swatlies Hydrodynamic
size analysis and TEM observation indicated thatc8uld suspend smaller
CNTs bundles than NC. The bundle size of both SAd€ was found to be
smaller than 7. A theoretical CNT agglomerating elodas developed to

simulate the agglomeration process. Using the astem energy obtained in
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the MD simulation, the agglomerating model predicBNT bundle sizes that
matched experimental observations. The model alggested that CNTs
tended to form small parallel bundles (containiegdr than 6 tubes) before
large 3D lump-like agglomerates.

(3) There has been very limited research directed wsvasimulating and
understanding the reinforcing effect of CNTs. Instistudy, a theoretical
framework with supporting experiments was develofgedddress this issue.
The distribution of CNT lengths and the concentratf dispersed CNTs were
characterized using scanning electron microsco@ages and UV-vis spectra.
After ultrasonication, the length of CNTs was foutad follow log-normal
distributions that showed a shortening effect. Thacentration of dispersed
CNT increased with UE but reached a plateau afteruta250 J/ml. The
distribution of CNT lengths and the concentratidndspersed CNTs were
incorporated into a micromechanics-based model itoulate the crack
bridging behaviour of CNTs. The results showed thatdistribution of CNT
lengths lad to better estimation of reinforcingeeté than did the average
length. Furthermore, for unit volume of dispersedTS, the reinforcing
efficiency decreased monotonically with increasédasonication. From the
proposed model, the predicted optimal UE (89 Jforlyeinforcing was found
before the dispersion plateau was reached

(4) The engineering properties of CNT-OPC pastes wefestigated with varied
UE and CNT concentration. It was found that UE doetfectively improve
the aqueous dispersion of surface functionalized €With the aid of a PC. A
PC to CNT mass ratio of 8 was recommended to erefteetive dispersion of

CNTs and to maintain the workability of CNT-OPC teasunder sufficient
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ultrasonication. Furthermore, the mechanical priypessults of the hardened
pastes obtained from pre-notched beam tests relehée existence of an
optimal UE for achieving mechanically superior CNORC pastes, which was
found to be 50 J/mL per unit CNT to suspension Wemgtio. The Young's
modulus E, flexural strengtsf, and fracture energy GF of CNT-OPC pastes
were significantly improved compared to plain OP&stes. These results
clearly demonstrated the reinforcing effect of CNors OPC pastes because
they decreased the porosity and increased the brabging capacity of OPC
pastes at nanoscale level, an effect that would complementary to
conventional microfibres in reinforcing OPC pastes.

(5) CNTs were dispersed using combined polycarboxygaperplasticizers and an
ultrasonication technique to investigate the disjper and distribution of
CNTs in fresh OPC paste. The maximum dispersed GMitentration and its
stability in fresh OPC paste were investigated Wi-vis spectrometry and
simulated OPC paste pore solution. The resultsesigd an upper limit of
0.264 wt % for CNT addition into water before migiwith OPC grains, and
the dispersion was found to be stable for at Idalsburs. The adsorption of
CNTs on OPC grains was proposed as a critical phenon that affected the
distribution of CNTs in fresh OPC pastes and it wagstigated using a new
centrifuge-based method. It was observed that abéuthg of CNTs per gram
of OPC grains was adsorbed in typical fresh OP®@epa®n the basis of these
results, a conceptual model was proposed for thgedsion and distribution of

CNTs in fresh OPC paste.
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8.2. Recommended fabrication parameter for optimal
reinforcing effects

As the ultimate outcome in accordance with the gwmfakthis PhD, the research

suggests the following parameters for the fabrica€NT-OPC paste:

Type of surfactant

polycarboxylate-based superplasticizers
Surfactant to CNT mass ratio

8, excluding the surfactants added to improve abitky
Type of CNT

MWCNTs with a small amount of —-COOH groups attache
Aspect ratio of CNTs

Initial aspect ratio of 100-500.
CNT concentration

0.528 wt % to 0.264 wt % of the water
Ultrasonication energy

60 KJ/g of CNTs or whe@4/C: =75-80 %
Mixing method

High shear mixing (ASTM standard C1738)
Setting time

Less than 4 hours
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8.3. Recommended techniques for characterization of
CNT-OPC pastes composite

Since no standard characterization method has kegeloped for many of the
important parameters during the fabrication ancestigation of CNT-OPC pastes,

some of the validated techniques in this studyecemmended and listed below.

Concentration of dispersed CNT in the agueous sisspe before mixing with
OPC:
UV-vis spectrometry is suggested. An extinctionfioent between
41.14 mi/mg/cm and 46.00 ml/mg/cm can be used ppraimate

estimation.

Dispersed CNT concentration after mixing with OPC
After mixing, centrifuge the mixture with 3000g férmins to squeeze
out the pore solution. Use UV-vis spectrometry te@asure the

dispersed CNT concentration in that pore solution.

Length distribution of CNTs
Press a small drop of CNT suspension between teorsivafers and
then evaporate the water. Separate the two piesdiain wafer and

then observe under SEM for clear measurement détigth of CNTSs.

Stability of CNT dispersion in fresh OPC paste
An artificial mixture is suggested to simulate g@ncentration of ions
in pore solution of fresh OPC paste. The recipeh mixture can be

found in Table 7.1.
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