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ABSTRACT

Aspect Ratio Effect of Functionalized/Non-Functionalized Multiwalled
Carbon Nanotubes on the Mechanical Properties of Cementitious
Materials. (August 2011)

Ahmad Ibrahim Ashour, B.S., The Hashemite University

Chair of Advisory Committee: Dr. Rashid Abu Al-Rub

The focus of this research was to investigate the use of functionalized/non-
functionalized multi walled carbon nanotubes (MWCNTSs) as reinforcements for the
Portland cement paste. The unique geometrical characteristics of the carbon nanotubes
(CNTs), as well as its unique mechanical properties such as high strength, ductility and
stiffness, were the vital motivation for this study. In this research, we combined this
unique material (CNTs) with concrete which is the most used man-made material.
When compared to other composite materials, a limited amount of research has been

conducted on the CNTs/cement composites.

In order to investigate how the aspect ratio of functionalized/non-functionalized
MWCNTs affects the mechanical properties of cementitious composites, ten different
mixes of the MWCNTs/cement composites were prepared and tested. The different
batches had a fixed water/cement ratio of 0.4, and variations of MWCNTs length,
concentration and surface treatment. The cement nanocomposites were cast in small-

scale specimens (beams) for the three-point flexural testing. Four major mechanical



v

properties were evaluated at ages of 7, 14, and 28 days from the casting day: the
maximum flexural strength, ultimate strain capacity (ductility), modulus of elasticity,
and modulus of toughness. The results for the different nanocomposite batches were

compared with the plain cement (reference) batch.

The mechanical testing results showed that at 28 days almost all of the MWCNTs
composites increased the flexural strength of the cement nanocomposites. At 28 days,
the long MWCNTs increased the flexural strength more than the short MWCNTs. In
general, the ultimate strain (ductility) of the short MWCNTs nanocomposites was higher
than the ultimate strain of the long MWCNTs nanocomposites. The flexural strength of
short 0.2% MWNT and long 0.04% MWNT (OH) increased by 269% and 83%,
respectively, compared to the plain cement sample at 28 days. The highest ductility at
28 days for the short 0.1% MWNT and the short 0.2% MWNT was 86% and 81%,

respectively.

Clear evidence was obtained from the SEM images for micro-crack bridging;

many of the MWCNTs were stretching across the micro-cracks.

In conclusion, CNTs as nano reinforcements, can effectively improve certain

mechanical properties of the cement paste composites.
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1. INTRODUCTION

1.1 Problem Statement

It is well-known that concrete is the most used and produced material made by
man on earth. The importance of this fundamental material motivates scientists and
engineers to investigate and study the properties and behavior of cementitious materials,
in order to have a better understanding and to improve their mechanical properties, such
as strength, ductility and toughness. Concrete is a brittle material that has low tensile
strength, low ductility and early developing and propagation of micro cracks due to
shrinkage at early ages. Beginning as early as 1980’s, fiber reinforced concrete (FRC),
using macro fibers as reinforcements, started to become very important in order to
improve the tensile strength, ductility and toughness of concrete. However, the gain in
ductility was obtained for the fiber reinforced concrete as a composite, not to the
concrete itself as a cementitious material. Recently, a wide range of reinforcements, at
macro, meso and micro scales, have been used to control the early stages of cracks
propagations within the cementitious materials [1-7]. Reinforcing the cementitious
materials varied from using macro fibers, like steel reinforcements rebars that are
continuously aligned along the tensile material fibers of the cementitious element, to
discrete micro and nano fibers, like micro fibers, carbon nano fibers (CNFs) and carbon

nanotubes (CNTs).

This thesis follows the style of Cement & Concrete Composites.



The motivation of using these nano-filaments is based on their unique
characteristics. The nano scale of the CNTs and CNFs reduces the defects in their
molecular structure as well as increases their surface-to-volume ratio. This unique
structure allows carbon nanotubes to have extraordinary mechanical, electrical, thermal,
and chemical properties that make them promising filaments to many engineering
materials and applications [8, 9]. CNTs and CNFs have shown a great potential as

reinforcements to polymer-based materials [10-12].

In the last few years, scientists and researchers start to investigate and implement
the use of these nano-filaments, CNTs and CNFs, in reinforcing the most used material
on earth; concrete. The idea behind using the CNTs and CNFs is their potential to
control and prevent the nucleation of cracks at the nano scale by crack-bridging
mechanism; hence, preventing the growth and propagation of the cracks to a larger scale.
This would result in high-performance cementitious materials, with higher stiffness and

durability.

However, to date, many challenges and requirements have not been met in order
to effectively utilize CNTs and CNFs in cementitious materials. The extraordinary
aspect ratio of the nano-filaments (especially for SWCNTs, [13]) and the graphitic
nature of their surfaces created major challenges for implementation in the cementitious
materials. These challenges include well dispersion with optimum concentration of the
nano-filaments within the cementitious matrix, good and uniform alignment of the nano-
filaments, and finally good bonding between the nano-filaments and the surrounding

cement matrix. These challenges associated with the implementation of the nano-



filaments as reinforcements to the cementitious materials were discussed in this study.
For example, it has been shown that dispersion is a very important element to effectively
utilize the CNTs in cementitious composites. CNTs form agglomerations and bundles
(clumps) to each other in their normal state due to the high van der Waals forces at the
nano scale. Theses agglomerations are difficult to be separated (dispersed) within any
media. Poor dispersion of these CNTs within any media will not only prevent the CNTs
from effectively reinforce the material, but also it would cause inclusions and voids that
would degrade the properties of the matrix and weaken it. Good dispersion of the CNTs
within the matrix will guarantee a uniform distribution and bonding of the CNTs within
the matrix with evenly distributed stresses, and hence uniformly transfer the tensile

stresses from the matrix to the CNTs.

Uniform alignment of the nano-filaments within cementitious composites is very
difficult and challenging in practice. However, theoretically, due to their needle-like
shape (long tubes), CNTs and CNFs can transfer the stresses mainly in one direction, the
axial direction parallel to their length. Hence, if they are aligned perpendicular to the
direction of the stresses, they will not be able to transfer the stresses. The optimum
scenario is when these nano-filaments are aligned, within the matrix, parallel to the
direction of the stresses. However, in practice, three-dimensional random distribution of
the nano-filaments within different materials showed that it is still effective to some
aspect; this is because the material will harden under the intersection of the cracks

propagated randomly in the three-dimensions.



Bonding between the nano-filaments and cement paste matrix is very important
to effectively transfer the stresses at the interface between the nano-filaments and the
matrix. The adhesive and friction forces at the interface play a major role in determining
the mechanical behavior of the nanocomposite. Unfortunately, these bonds between
cement paste and CNTs are naturally very weak because of the very smooth surface of
the CNTs, and due to the non-covalent bonds. Enhancing these bonds through chemical
treatment of the CNTs surfaces, will result in increasing the forces needed to pull-out the
nano-filaments from the cement paste matrix. In this study, it has been shown that the
pull-out action of the CNTs has significantly increased the flexural strength, ductility

and toughness of the CNTs/cement paste composites.

In this study, the aspect ratio effects of short and long MWCNTs implemented
into cement paste have been investigated in order to improve its mechanical properties.
The hypothesis adopted is that due to the large contact area between the long MWCNTs
surfaces and the surrounding cement matrix -compared to the short MWCNTs-, then
larger adhesive surface energy and friction forces will develop at the interface; and this
should increase the pull-out action energy and hence improve the nanocomposite
mechanical properties, like strength, ductility and toughness. However, this hypothesis
requires good dispersion of these long MWCNTs within the cement composite, which is

very challenging due to the high aspect ratio.

In order to physically visualize the effects of the aspect ratio of the nano-
filaments, a chart was developed to show the aspect ratio effect on the surface

area/volume ratio for different lengths of single-walled carbon nanotubes (SWCNTs),



multi-walled carbon nanotubes (MWCNTs), carbon nano-fibers

(CNFs) and carbon

micro fibers (CMFs) (as shown in Fig. 1). It is clear from the chart that only CNTs can

provide extremely high aspect ratio, as well as a very high surface

area to volume ratio.

The high surface area to volume ratio is a very crucial and desired factor in order to

provide the best and the most efficient fiber reinforced composite system. Higher the

surface area means higher contact area with the matrix, and hence higher bonding

strength and better reinforcing.
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Fig. 1. A chart showing the aspect ratio effect on the surface area/volume ratio for different

lengths of SWCNTs, MWCNTs, CNFs and CMFs.



It is also noticed from Fig. 1, that the SWCNTSs can provide a surface area to
volume ratio that exceed 1.0/nm. This is very unique and cannot be achieved in any
material on earth except in the SWCNTs, especially when considering the ultra-long
CNTs, which has aspect ratio of several millions. On the other hand, the CMFs and the
CNFs show very limited ranges of aspect ratio and a relatively low surface area to
volume ratio. These unique geometrical characteristics of the CNTs, as well as the
unique mechanical properties, like high strength, ductility and stiffness, are the vital
motivation for this study, trying to combine this unique material (CNTs) with concrete

the most used material on earth after water.

After adopting the CNTs to be our case of study, additional physical/geometrical
relationships between the different geometrical properties like length, aspect ratio, and
surface area to volume ratio of the CNTs, along with cement paste/CNTs composite
parameters such as mass fraction of CNTs by weight of dry cement, and the approximate
number of the CNTs obtained for that specific mass fraction. Fig. 2 shows a chart
showing these relationships for the CNTs and cement composites and the aspect ratio

effect on the surface area/volume ratio for different lengths of SWCNTs and MWCNTs.
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Fig. 2. A chart showing the aspect ratio effect on the surface area/volume ratio for different lengths of SWCNTs and MWCNTs, and the
relations between surface area/volume ratio with mass fraction of CNTs by cement weight and their number per 1 g of cement.



1.2 Carbon Nanotubes (CNTS)
1.2.1 Nature of CNTs

Carbon nanotubes (CNTs) have always existed in nature; however, they were first
discovered by Russian scientists; L. V. Radushkevich and V. M. Lukyanovich, in 1952,

where clear images of the CNTs were published in a journal paper (in Russian language)

[14]. Fig. 3 shows the first images of the CNTs. However, CNTs have not been
scientifically recognized and used until the last two decades. In 1991 Sumio lijima [15],

published the first article that systematically describes the formation of a helical

microtubes made of pure carbon atoms linked together by carbon-carbon (C-C) bonds.

e
2
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Fig. 3. First images of the carbon nanotubes (CNTs) published in 1952 by Russian scientists [14].



There are many known forms for carbon structures in nature, like diamond,
graphite, graphene and fullerenes (Buckyballs) (Fig. 4). CNTs can be imagined as a
rolled graphene sheet which its structure is made of a one layer of carbon atoms bonded
by a carbon sp” bonds in hexagonal pattern. Graphene sheets were investigated by man
for the first time in year 2004, by the Russian scientists Nobel Prize winners in physics
(2010) Andre Geim and Konstantin Novoselov, from University of Manchester, UK.
CNTs can be assumed to be a graphene sheet then rolled in a cylindrical (tube) shape and

closed at the two ends by half fullerenes or another carbon structure.

These rolled tubes can be formed as a single tube with one cylinder and is called
single walled carbon nanotube (SWCNT), or it may be made from multiple layers of the
carbon nanotube, as if they are many cylinders inside each other (from 2 to 20 concentric
layers), and called multi walled carbon nanotubes (MWCNTs). Fig. 5 shows schematic
drawings for a SWCNT and a MWCNT. The size of the CNTs is in nano scale, the
diameter could vary from 1 to 4 nanometers for SWCNTs, and 5 to 50 nanometers or
more for the MWCNTs, where the length can extend into several micrometers. CNTs
have different structural patterns for the carbon atoms; the orientation of the carbon
hexagonal structure has different names; like armchair, zigzag, and chiral. Fig. 6 shows

three different structural orientations for the CNTs.
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(a) (b) | ©)

Fig. 4. Comparison between (a) graphite structure [16], (b) graphene sheet [17], and (c) fullerenes
(Buckyball) structure [18].

Fig. 5. (a) Schematic of a SWCNT [19] and (b) MWCNT which are comprised of many
concentric layers of carbon tubes [20].
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armchair zigzag

Fig. 6. CNT structural orientations, (a) armchair structure (b) zig-zag structure, (c) chiral
structure [21].

1.2.2 Manufacturing of CNTs

There are three main approaches to manufacturing CNTs [22]; The chemical
vapor deposition (CVD), the electric arc-discharge method, and laser ablation (LA)

process.

The chemical vapor deposition (CVD) method is the most commonly used
method; it is relatively less complicated and costly efficient for mass production of
CNTs. In addition, it produces CNTs with relatively high purity. This method is based
on using a metal catalyst to initiate the CNTs formation, by pumping high-carbon gases
like acetylene, ethanol, or methane in a chamber at high pressure and temperature. The
type and size of the metal catalyst, as long as the pressure and temperature in the reactor,

will determine the produced CNTs properties like purity, length and size.



12

In the electric arc-discharge method, both SWCNTs and MWCNTs can be
produced, by applying an electric arc through two carbon electrodes, which surrounded
by an inert gas. The high temperature from the arc (up to 3000°C) will sublimate the
carbon atoms, and form the organized structure of the CNTs [23]. This method however,

will not provide a high purity of CNTs (around 30% pure CNTs by weight).

The laser ablation (LA) process produces a high purity of CNTs (around 30%
pure CNTs by weight). This method uses a laser beam to evaporate a piece of graphite at
a very high temperature within an inert gas. The evaporated gas is then cooled and
solidified to form the CNTs. The size of the CNTs will depend on the temperature of the
reactor [24]. This method is the most expensive method; however, it provides high

uniform and pure CNTs.

1.2.3 Properties of CNTs

The unique structure and the nano scale of carbon nanotubes (CNTs) reduce the
defects in their molecular structure as well as increase their surface-to-volume ratio.
CNTs properties would open a wide door for many mechanical, electrical, thermal, and
chemical applications [9]. The applications for CNTs include structural and non-
structural applications. Examples for non-structural functions may include self-sensing
for measurements of strain, temperature, damage, self-heating (for deicing),
electromagnetic interference shielding, and even drug delivery for medical applications.

For structural applications, the unique structure allows carbon nanotubes to have unique
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mechanical properties that make them promising reinforcements to many engineering

materials [8].

The hexagonal structure of the carbon lattice in the CNTs provides a very strong
structure that is stronger than diamond bonds. However, the van der Waals forces
between the cylindrical tubes of the MWCNTs are much weaker, and hence will allow

the inner tubes to slide with respect to each other.

The measured tensile strength for multi-walled CNTs was reported to reach 63
GPa (about 100 times stronger than steel), with ultimate strain capacity of more than 12%
(about 60 times higher ductility than steel) and with elastic Young’s modulus of about
950 GPa, [25]. Wong, et al. [26] have measured the flexural strength of MWCNTs -fixed
as a cantilever beam- using atomic force microscope (AFM) tip, the results show the
capability of the MWCNT to elastically store and absorb strain energy. The average
flexural strength reported was 14.2 + 8.0 GPa. Yet, CNTs has a very low mass density
which varies based on the purity from 0.037 g/cm’ like of the super-growth CNTs [27], to

about 1.3-1.4 g/crn3 in conventional CNTs [9] (about 1/6 of the density of the mild steel).
1.3 Literature Review

1.3.1 CNTs in Polymers, Metals and Ceramics

The structural applications for CNTs were mainly based on reinforcing material
composites. The implementations of CNTs in polymeric materials have been widely
used.  Significant enhancements in the mechanical properties of polymers/CNTs

composites were reported for by many researchers. The researches have implemented
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both treated and untreated CNTs into the polymers/CNTs nanocomposites. Good
bonding strength between the CNTs and the surrounding polymer matrix have been
reported, this enhancement in bonding increases the elastic modulus, toughness and
strength of the polymer/CNTs composites [28, 29]. The electrical conductivity of
polymers/CNTs composites has increased significantly by the addition of the CNTs up to
10® times. CNTs have been also implemented in metals nanocomposites, for enhancing
the electrical and the mechanical properties of the nanocomposites, such as CNTs-
reinforced aluminum composites and Copper/CNTs composites [30-34]. In addition to

metals, CNTs have been used as reinforcements in ceramics [35-38].

The dispersion of filaments and inclusions in composites is a major element in
affecting the local characteristics of the matrix material, hence influencing the properties
of the global composite. In polymers, effects of dispersion of inclusions on the
mechanical and electrical properties of the composites are shown in the works of [39-43].
Also, some of the effects of dispersion in metals are shown in the works of Stoeffler et al.
and Prasad, et al. [44, 45], where they showed that the increase of the filaments particle
size comparing to the matrix particle size will result in poor dispersion, hence degrading
the mechanical characteristic of the metal composites. This conclusion is important and
very critical for the dispersion of CNTs in cementitious materials. The dispersion of

filaments like fibers in cementitious materials is also studied in the works of [46-48].
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1.3.2 CNTs in Cementitious Materials

When many researches have been done on the CNTs/polymers composites, only
limited number of researches has been done on the CNTs/cement composites. As
mentioned previously, two major challenges need to be solved in order to effectively
obtain a successful CNTs/cement composite; the well-dispersion of the CNTs within the
cement paste matrix, and the bonding or cohesive strength between the surface of the
CNTs and the attached cement paste around them. Due to the high van der Waals forces
due to their large surface area-to-volume ratio, CNTs tend to attract to each other and
agglomerate, making it difficult to disperse and separate them. Using ultrasonic mixer
with surfactants in aqueous solution, with a specific amount of energy and sonication
time, could achieve a good dispersion of the CNTs within the cement paste. However,
CNTs can dissolve in the solution or break down into smaller pieces if excessive amount
of sonication energy is used. The compatibility of the surfactant used to disperse the
CNTs with cement is another important issue. The hydration and the chemical reactions
of cement could be badly affected; it could delay or even stop the hydration and the

hardening process of the cement paste [49, 50].

Makar, et al. [51] have sonicated the CNTs in ethanol for two hours, and then
sonicated the solution after adding the cement powder for another five hours. After that
they evaporated the ethanol and grounded the resulted dried mixture. The SEM images
for the grounded powder showed cement grains covered by the CNTs, however, some
changes of the cement grains surface have been noticed, the author believes this is due to

the ultrasonication process. On the other hand other researchers like Cwirzen, et al. [52]
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tried to grow CNTs on the surface of the cement particles directly, in order to enhance the
dispersion and reduce the time and efforts of mixing and dispersing the CNTs within the
cement paste. Makar, et al. [53] have tested cement grains coated with SWCNT, before
and after the hydration process, the SEM images showed differences in the distributed in
the non-hydrated cement particles and hydrated matrix. The SEM images showed also

micro-crack bridging by the CNTs and CNTs pull-out.

Li, et al. [54, 55] have tested both acid treated (H,SO4/HNOs3) functionalized
MWCNTs and non-functionalized MWCNTs within cement composites of a 0.4
water/cement ratio by dispersing the MWCNTs into plain water using ultrasonic mixer,
and then mix them with the cement powder with a surfactant. They reported that the
compressive and flexural properties for the functionalized MWCNTs/cement composite
were 4% more than non-functionalized MWCNTs/cement composite. SEM images
showed that surface of the functionalized MWCNTSs was covered by the C-S-H, which

increased the strength.

Cwirzen, et al. [56] used solutions of poly (acrylic acid) and another solution of
poly(acrylic acid) with gum Arabic to disperse treated and untreated MWCNTSs with
cement. It has been reported that the use of 0.8wt.% of gum Arabic delayed the cement
hydration for three days, however, this delay in the hydration did not affect the material
strength.  Flexural and compressive tests have been conducted to evaluate the
CNTs/cement composite mechanical properties. The nanocomposite was made of

0.045% MWCNTs by weight of the dry cement, and casted into (10 mm x 10 mm x 60
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mm) molds for testing. The results show improvements in the compressive strength by

50%.

Nasibulin, et al. [57] provided a simple one-step process to grow carbon
nanotubes (CNTs) and carbon nanofibers (CNFs) on cement particles surface using
acetylene gas as the source of carbon in chemical vapor decomposition (CVD) technique.
They used a continuous cement powder feeder rotating in a quartz tube. The CNTs-
cement coated paste was casted into (10 mm x 10 mm x 60 mm) molds for testing. The
experimental results show enhancements in compressive strength by more than 100% and

increase in the electrical conductivity.

Shah et al. [58] have improved the mechanical properties of the
MWCNTs/cement composites, by ultrsonicating the MWCNTs in water with surfactants.
The results show increase in the flexural strength by 8% to 40 % and increase in the
elastic modulus by 15% to 55 %. The reported optimum nanocomposite achieved was by

using 0.1 wt% by dry cement with water/cement ratio of 0.3.

Konsta-Gdoutos et al. [59] reported a comparison between long and short
MWCNTs. The experimental work implemented concentrations of 0.025 and 0.08 wt%
for long MWCNTs as well as 0.025 and 0.1 wt% for short MWCNTSs and were used. The
experimental results implied that the concentrations of MWCNTSs depend on their aspect
ratios; optimum strength is obtained with the use of short MWCNTs at concentration of

0.08 wt%, while long MWCNTs at concentrations less than 0.048 wt%.
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In another publication, Konsta-Gdoutos, et al. [60] suggested that the mechanical
properties improved by proper dispersion by ultrasonicating the MWCNTs with
dispersant solution; less concentration of long MWCNTs is needed in cement composites
to improve their mechanical properties than short MWCNTs to reach the same level of

the mechanical properties.

Abu Al-Rub et al. [61] and his student Tyson et al. [62], have investigated both
CNFs and MWCNTs at different concentrations with cement paste (w/c ratio = 0.4) under
three-point flexural testing. They also have investigated the functionalization effects on
the CNFs and CNTs. The results were obtained at 7, 14 and 28 days from day of casting,
and compared to plain cement specimens. Four mechanical properties have been
investigated; strength, ductility, modulus of elasticity and toughness. The results showed
that the CNFs/cement composites have better improvements in general when compared to
the MWCNTs/cement composites. The non-functionalized CNFs and MWCNTs showed
a delay in gaining strength before the 28 days. However, most of the nanocomposites
showed improvements in the ductility when compared to the plain cement specimens. On
the other hand, the functionalized CNFs and MWCNTs show degradation in the
mechanical properties in general over the time. The authors suggest the reason to be
related to formation of weak hydration products, or harmful components like excessive
formation of ettringite. SEM imaging have been obtained to study the microstructure of

the nanocomposites and to evaluate the nano-filaments dispersion.

Luo et al. [63] have tested MWCNTs with cement paste with fumed silica (FS,

Grade 1), at different concentrations of MWCNTs (0.1, 0.5 and 1 wt%). The dispersion
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of the MWCNTs was by using a surfactant and ultrasonication. The nanocomposites
where tested under three-point flexural testing with beams dimensions (160 mm x 18 mm
x 36 mm). The water/cement ratio was 0.46. The results of testing at 28 days show
improvements in the flexural strengths and the stress-intensity factor by 44.4% and

79.7%, respectively, with best enhancement for the 0.5 wt.% of MWCNTs.

In another publication, Luo et al. [64] have tested MWCNTs in cement paste
using a surfactant and ultrasonication, at MWCNT/cement ratio of the same previous
concentrations of 0.1, 0.5 and 1 wt%, and the results showed 44.5% increasing in the
structural damping capacity of the MWNT/Cement composite compared to plain cement

paste specimens.

Hunashyal et al. [65] have tested beams of dimensions (20 mm x 20 mm x 80
mm) under four-point bending test, for a composites of plain cement and carbon micro
fibers (CFs) with MWCNTs. The WMCNTs and the CFs where separately sonicated
with surfactant using ultrasonicator for long time (90 minutes for the MWCNTs and 20
minutes for the CFs). The sonicated solutions then were mixed with cement and
sonicated again for another half an hour. After that the composite mixtures were casted
and cured and tested at 28 days. Four different cement paste composites (w/c ratio of
0.4) with relatively high amount of MWCNTs were tested; 0.25, 0.5, 0.75, 1 wt% of dry
cement. The results showed improvements in strength, ductility and toughness. The
flexural strength increased by about 88% for the 0.75% MWCNTSs specimens, compared
to the plain cement specimens. It has been reported that the ductility has increased with

the increase of the MWCNTs content in the composites.
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Generally, only some results showed improvements in the mechanical properties

of the CNTs/cement composites due to the obstacles of good dispersion and bonding.

1.4 Research Objectives

The main objective of this research is to investigate the effects of different lengths
(aspect ratio) and types (functionalized of MWCNTs (functionalized and non-
functionalized) as a nano reinforcements on the mechanical properties of the cement
paste composite. The cementitious nanocomposite mechanical properties of interest in
this study include flexural strength, ductility, modulus of elasticity, and modulus of
toughness. Combining different types of MWCNTs at different concentrations to the
cement paste is proposed to enhance the cement paste composite properties. Two aspect
ratios will be used (long and short MWCNTs) to investigate the effects of large and small
aspect ratios and their behavior in cementitious nanocomposites. It is expected that the
MWCNTs would enhance the strength and toughness by bridging the nano-cracks, and
limit the cracks propagation at the nano level. The modulus of toughness is expected to

improve due to the CNTs pull-out mechanism from the cement paste.

As noticed in the literature, three challenging main points should be considered;
firstly, the dispersion of the CNTs within the cement paste matrix. This is a very
important element and very difficult to obtain, since CNTs tend to agglomerate and
bundle together. Secondly, the bonding between the CNTs and the cement paste. This is
another important issue to be considered in order to fully utilize the CNTs and fully

transfer the stresses from the cement matrix to the CNTs and hence effectively bridging
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the nano-cracks, otherwise, low pull-out strength would be resulted and poor

enhancement for the mechanical properties will be obtained. Thirdly, the concentration

of the CNTs used in the composite. Low concentrations may not be sufficient to fully

reinforce the cement paste matrix, and high concentrations would have dispersivity

problems and will be more costly.

This study will mainly cover four tasks:
Dispersion and of CNTs within cement paste nanocomposite,
Functionalization effects on bonding between the CNTs and the cement matrix,
Testing of the mechanical properties of the CNTs/cement composite, and
Microstructural characterization of the cement nanocomposite using SEM and

TEM imaging.

The previous tasks will be achieved and discussed in the following sections:
Section 2 will discuss the dispersion challenges of the CNTs within aqueous
solution with the use of a chemical surfactant and within cement paste. It will
also discuss the CNTs surface functionalization methods and evaluation.

Section 3 will provide the details on mixing the CNTs with the cement paste and
the preparation process for the CNTs/cement nanocomposites.

Section 4 will provide the results of the mechanical testing, and a detailed
discussion on the mechanical properties of the different batches of CNTs/cement
nanocomposites. The microstructural characterization of the cement

nanocomposites using SEM and TEM will be discussed too.
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e Section 5 will summarize the work done and will provide conclusions based on

the results obtained, and will provide plans for the future research.
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2. FUNCTIONALIZATION AND DISPERSION OF CARBON NANOTUBES

2.1 Introduction

In order to effectively utilize carbon nanotubes (CNTs) and make use of their
extraordinary properties, they should be well dispersed within the reinforced matrix.
Dispersion of CNTs means spreading the tubes individually within the matrix by
separating the agglomerations and bundle. In this study, dispersion of CNTs within the
cement paste is a major element in controlling the mechanical properties of the cement
nanocomposite (as discussed in the next sections). Poor dispersion of these nano-
filaments within the matrix will not enhance the nanocomposite properties; in fact, it
might significantly degrade and deteriorate the matrix properties. Carbon nanotubes in
their dry state bundle together due to the van der Waals forces. These interfacial forces at
the nano scale are strong enough to pull these nano tubes back to stick together, even
after being dispersed in an aqueous solution. Chemical surfactants (provide non-covalent
bonds) have been used to reduce the surface tension of the solution and keep the CNTs
suspended and unbundled within the solution after they have been dispersed (separated)
by mechanical dispersion. Regular hand soap is considered as a good chemical surfactant
for the nano-filaments. Two main categories for dispersing techniques of the nano-
filaments have been used; mechanical dispersion and chemical treatment. A third
technique has been provided to guarantee a good dispersion of CNTs and CNFs within
cement paste is by growing CNTs/CNFs directly on cement particles surface [57], the
CNTs will be covering and attached on the surface of cement particles without the need

to any further dispersion or sonication process.
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2.2 Mechanical Dispersion of CNTs

The mechanical dispersion alone using ultrasonic wave mixer without any
chemical surfactants is not effective for keeping the CNTs suspended and dispersed.
However, the mechanical dispersion (using ultrasonic wave mixer) will be adequate to
break the van der Waal forces between the CNTs and separate them in the aqueous
solutions. The ultrasonic wave mixer (Fig. 7) induces high energy into the solution, with
very high frequency waves (vibrations), causing micro and nano cavitations (vacuum-
bubbles) to be formed among the solution molecules. These micro/nano vacuum bubbles
will implode when they touch the CNTs surfaces. The imploded bubbles will cause a
huge vacuuming force that will pull the nanotubes away into the solution; hence, the
CNTs will be separated from each other and in the liquid. However, if no surfactant is
used in the solution, the suspend CNTs will start to agglomerate and bundle again. In
order to disperse the CNTs effectively, sufficient energy and sonication time should be
applied. If excessive amount of energy or sonication time or both introduced to the CNTs
solution, the huge forces from the imploded micro bubbles will break (shorten) the
nanotubes. Optimizing the sonication process will require providing the optimum
combination of sonication energy, duration, volume of solution, concentration of the
nano-filaments, temperature, amount and type of the chemical surfactant (anionic,

cationic, or nonionic) used in the solution.
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Fig. 7. Ultrasonic wave mixer from Sonics & Materials, Inc. used for mechanically disperse
CNTs within aqueous solutions [66].

2.3 Chemical Treatment of CNTs

The second technique is the chemical treatment of the surface of the CNTs. This
technique is widely used. So many different approaches have been used for chemical
treatment (functionalization) of the CNTs surface, and many of them show good results
in effectively disperse the CNTs within the matrix and improve bonding between the
CNTs and the surrounding matrix. Along with the mechanical dispersion of the CNTs,
the chemical treatment of the surface of the CNTs will help in improving the efficiency
of the dispersion and the bonding between the CNTs and the bonding with the material
matrix. There are two main types for the chemical treatment; covalent bonding and non-

covalent bonding (functionalization).
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2.3.1 Noncovalent Functionalization

As mentioned before, the use of chemical surfactants in the sonication solution is
the most common non-covalent functionalization approach. The existence of the
surfactant will introduce non-covalent bonding or treatment for the CNTs surface and the
surrounding liquid. The main purpose of these chemical surfactants is to reduce the
surface tension of the water, so helping the separation of the CNTs and then to keep the
CNTs suspended and separated within the solution. The non-covalent functionalization
approach will provide the least amount of damage to the CNTs surface, since no defects
are caused by the chemical surfactant to the surface of the CNTs, and the only damage

(breakage) will be due to excessive sonication power induced.

Chemical surfactants are amphiphilic; they have two side groups in their chemical
structure; hydrophilic (polar) as well as hydrophobic (nonpolar) end groups [67]. The
hydrophobic side of the amphiphilic surfactants will be attracted to the CNTs surface
(which is hydrophobic), where the hydrophilic end group will be attached to water
molecules. Hence, the surfactant will be pulling the CNTs away from each other towards
the water in the aqueous solution and the nano-filaments will stay suspended in the

solution because of these non-covalent bonds.

While the focus of this study is on the CNTs/cement nanocomposites, it is
important to mention that most of the CNTs composites and dispersion research have
been done for polymers nanocomposites. Many researchers have combined CNTs within
different types of polymers successfully [12, 67-72]. Many different surfactants have

been used to disperse the CNTs within polymers, for example, Bandyopadhyaya, et al.
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[73] have ultrasonicated the SWCNTs for 20 minutes with water solution with addition of
Gum Arabic as a surfactant. They achieved homogeneous dispersions for the CNTs
because of the absorption of the surfactant. Islam et al [74] disperse successfully high
mass fractions of CNTs in different surfactants like sodium dodecylbenzene sulfonate
(NaDDBS) which is a main component of laundry detergents, Triton X-100, and sodium
dodecyl sulfate (SDS). While these surfactants and many others can be used in polymers,
there is very limited number of surfactants options that can be used with cementitious
materials. The nature and the chemistry of cement and its hydration process require
certain surfactants that are compatible with cement, since many surfactants will delay or
stop the hydration process of the cement paste [56]. It has been shown by Yazdanbakhsh,
et al. [49], that using sodium dodecylbenzene sulfonate (NaDDBS) as a surfactant with
cement will introduce much more air entrained in the cement paste ( five times more than

normal range), in addition, hindering the initial set of the cement paste for 24 hours.

One of the most successful surfactants that is compatible with cement without
affecting the hydration process was proposed by Yazdanbakhsh, et al. [49]. It has been
shown that using an ultrasonic mixer with a commercial superplasticizer, ADVA Cast
575 (polycarboxylate-based water reducing admixture) to disperse CNTs in the mixing
water of cement paste provided a relatively good dispersion of the CNTs within the
water. In this study this technique will be used, using ADVA Cast 575 superplasticizer
as a surfactant to disperse the MWCNTs. The details of the experimental work done in

this study for the CNTs/cement composites are discussed the next sections.
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2.3.2 Covalent Functionalization

The covalent functionalization is widely used in the world of the nanocomposites,
it is not only a powerful tool for CNTs and CNFs dispersion, but also it opened the door
wide to many applications of different nanocomposites, by increasing the reactivity and
bonding between the functionalized CNTs and the hosting matrix.  Covalent
functionalization has effectively utilized these nanofilaments into usable composite

materials.

Many different approaches have been used to functionalize the CNTs for cement
nanocomposites, like air Oxygen treatment [75-77], acid treatment [78], Ozone treatment
[79, 80], and plasma oxidation [76, 81-84]. The main purpose of these processes is to
provide a side group (functional group) at the surface of the CNTs to improve the
dispersion and to increase the reactivity and the bonding strength between the
functionalized CNTs and the matrix by covalent bonds. The most common functional
groups used in CNTs/cement nanocomposites are the oxygen groups, which include
hydroxyl, carboxyl, carbonyl, and ester side groups. Other side groups include halogen
groups, like fluoro and chloro side groups, in addition to hydrocarbyl groups, which
include alkenyl and alkyl side groups. Ago, et al. [81] used the X-ray photoelectron
spectroscopy (XPS) to analyze the surface of MWCNTs and proposed the formation of
hydroxyl and carbonyl groups using gas-phase treatment, and carboxylic acid groups by

liquid-phase functionalization.

The functionalization of the CNTs will be targeting one of the following locations

on the surface of the CNTs; the end caps of the CNTs [85, 86], or the defect sites on the
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surface of the CNTs [87] or functionalization of the whole surface of the CNTs without

introducing defects sites on the surface (sidewall functionalization) [88].

The defect sites functionalization includes using a strong oxidizing agent (like
sulfuric acid) to attack and defect small locations on the surface of the CNTs. Usually a
mixture of sulfuric and nitric acid is used for this type of functionalization. The level of
functionalization depends on many factors, like the sulfuric/nitric acid ratio. The higher
the concentration of the sulfuric acid the more defects on the CNTs surface it would
cause, after that the nitric acid will interact with these defected sites and provide the

functional group attached to the defected sites by covalent bonds [81, 88-91].

Wang et al. [92] have functionalized SWCNTs using sulfuric/nitric acids
treatment. The CNTs were mixed at concentration of 10-20 mg/ 20 ml of 1:1 solution of
the sulfuric and nitric acid. After that, the CNTs/acid solution was functionalized by
microwave radiation at 450 watts for 1 to 20 minutes at a pressure of 20 psi. The Raman
and Fourier transformation infrared (RTIR) spectroscopy showed that the optimum
microwave time is three minutes, to prevent excessive damage of the CNTs. After drying
the solution, SEM images have been taken for the CNTs. The images showed an average
length of 1 pm, which is smaller than the original length of the CNTs. This indicates that
the acid treatment along with the high energy of microwave radiations have damaged the

CNTs and break them into smaller pieces.

End caps functionalization is similar to defect sites functionalization, but without

using sulfuric acid to attack and defect the surface of the CNTs. This means that the
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oxidizing agent will interact only with pre-defected locations on the surface of the CNTs

(if they exist) and functionalize the end caps at the ends of the CNTs.

The last approach that is widely used for different types of nanocompossites is the
sidewall functionalization. In this method, many different chemical s can be used to
functionalize the surface of the CNTs [93], but the is no need to use strong acid for the
functionalization. These chemicals include the use of some salts, like benzenediazonium

salts [93], or oleum (pyrosulfuric acid) [94], or gases such as fluorine gas [95].

Other techniques that have been used for covalent functionalization includes
ozone and plasma treatments. These techniques have showed good results of dispersion
with minor defects for the CNTs and CNFs surfaces. For example, Fu, et al. [96] have
showed an increase in the CNFs surface oxygen content, using ozone treatment by
changing the surface oxygen configuration from C-O to C=0O. The ozone treatment
process included immersing in acetic acid, H,O,, and NaOH solution, then fibers washing
and trying, and finally exposing the fibers to O; gas for 5 minutes at temperature of
160°C. Chen, et al. [97], used Microwave excited Ar/H,O surface-wave plasma to
functionalize the surface of the MWCNTs. The results showed enhancement in the

surface oxygen content without damaging the MWCNTs surfaces.

Although it is very challenging to obtain a very good dispersion within
cementitious composites, it is also more challenging to evaluate quantitatively the level
of dispersion of the nano-filaments within many matrices, especially within cement paste.
Only few works have been done to try defining quantitatively the level of dispersion [49,

50, 98]. However, experimentally, SEM and TEM imaging could give some idea on how
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qualitatively CNTs are dispersed within the matrix. Some researchers assessed the
dispersion of the nano-filaments in cement paste be measuring the electrical resistivity of
the composite and comparing it with the electrical resistivity of the plain cement paste

[99].

2.4 Dispersion and Acid Treatment of the MWCNTSs (Experimental work)

2.4.1 Dispersion

In order to study the dispersion of the MWCNTs used in this study, two identical
solutions were made of deionized water, with MWCNTs at 0.25 wt% by weight of water,
and ADVA Cast 575 surfactant (superplasticizer) at 1.25 wt% by weight of water. The
first CNTs solution was dispersed by mechanical shaking by hand for 7 minutes. The
other CNTs solution was dispersed by ultrasonication at a power of 78.64 Watt (70% of

maximum amplitude) for 20 minutes.

The dispersing results indicate clearly that the mechanical shaking by hand
resulted in very poor dispersion. Large areas of big agglomerations and bundles of CNTs
were seen in the mechanical shacked solution. In few minutes, the CNTs have bundled
again and settled down in the suspension. On the other hand, the sonicated solution
showed a uniform stable distribution of the CNTs within the solution. In order to visually
evaluate the dispersion of the CNTs within the solution, a cryo TEM images for the
dispersion were obtained at frozen liquid nitrogen temperatures (-196°C) by an FEI

Tecnai F20 transmission electron microscope. Fig. 8 shows a relatively good dispersion
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of the CNTs within the aqueous solution. No significant clumps and agglomerations

were noticed.

In general, CNTs are very difficult to be well dispersed in any media.
ultrasonication is a good means to guarantee a relatively good dispersion of the CNTs.

However, breakage of CNTs could occur due to excessive sonication power induced.

Fig. 8. Cryo-TEM image for the MWCNTSs dispersed in a water/surfactant solution. No obvious
agglomerations of the MWCNTSs were noticed after ultrasonication (picture courtesy of Bryan M.
Tyson) [100].
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2.4.2 Acid Treatment and Defect Site Functionalization

Acid treatment using sulfuric/nitric acids is the technique adopted for
functionalizing the MWCNTs that will be used for the CNTs/cement composites

fabrication (as shown the following sections).

Four main variables control the acid functionalization process. First, the
concentration of each of the acids used, i.e. the ratio between the sulfuric and nitric acids.
The sulfuric acid (H,SO,) creates small defect sites on the surface of the CNTs, and the
nitric acid (HNO;) will oxidize these defect sites by providing a functional group (like
carboxylic acid groups in our case). Increasing the concentration of the sulfuric will
introduce more defects (roughness) on the CNTs surfaces. Hence, by changing the
sulfuric/nitric acids concentrations, the level of the functionalization can be controlled.
However, excessive surface treatment by sulfuric acid could break (shorten), damage,

dissolve, or deteriorate the mechanical properties of the CNTs.

Another important element in the acid functionalization process is the temperature
of the solution (reaction temperature). Appropriate temperature should be maintained
constant over the functionalization process. High temperature would increase the
reaction speed and a low temperature could slow it down. The duration of the acid
treatment of the CNTs is another variable. The more the CNTs stay in contact with the
acids, the more the functionalization will be introduced to the CNTs surfaces. Finally,
the CNTs/acids ratio will affect the severity of the functionalization process. If the CNTs
concentration is relatively high, then more acids will be needed to complete the chemical

reactions.
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The complete acid functionalization process for the MWCNTs was carried
through three main stages as discussed in details in [100]. The first step was to place the
untreated MWCNTs in a solution of sulfuric and nitric acids. Then the CNTs/acids
solution was placed in oil bath at constant temperature of 85°C. The sulfuric acid to
nitric acid ratio was 2:1, where the CNTs/acids concentration was 100 mg of MWCNTs
for every 100 ml of the acid solution. The acids treatment of the CNTs lasted for 60

minutes.

The next step after the acids treatment of the MWCNTs is to dilute the acidic
solution and washing the CNTs. The dilution and washing have been done using
deionized water. The CNTs have been placed a filter with a 0.45 pm pore size and
washed by the deionized water multiple times until the pH value of the washing water
reaches almost the neutral value between 6.0 and 7.0, which is the pH for the deionized

water used.

The last step is to dry the functionalized MWCNTs. Oven drying at a temperature
of 60°C was used with a relative humidity set to approximately 0%. The drying process
took 1 to 3 days, until the CNTs are completely dried with no change in the weight. The
functional group introduced to these MWCNTs is carboxylic acid group (COOH). These

CNTs will be denoted as MWCNTs (COOH) from now on.

2.4.3 Functionalized MWCNTSs Characterization

After the functionalization process complete, the functionalized MWCNTSs

(COOH) were analyzed by an X-ray photoelectron spectroscopic (XPS) in order to
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measure the oxidization level at the surface of the functionalized MWCNTs (COOH).
The ratio of Cls to Ols was calculated in order to properly calculate the oxidation level.
The XPS results (Table 1) showed that the functionalized MWCNTs (COOH) increased

the amount of oxygen atoms by 10 times compared to the untreated ones.

In order to widen the area of this research, two new batches of MWCNTSs were
included. The new batches have higher aspect ratio, and the functional group for the long
MWCNTs is (OH) provided by Cheap Tubes, Inc.[101]. Four different batches were
used in this study. Untreated Short MWCNTs, Untreated long MWCNTs, Treated short
MWCNTs (COOH), and Treated long MWCNTs (OH). Table 1 shows summary of the
atomic mass percentages of carbon and oxygen for the four different types of MWCNTs

used in this study.

Table 1

The atomic mass percentages of carbon and oxygen for the MWCNTs.
Sample Carbon % Oxygen %
Untreated short MWCNTSs 98.78° 1.22°
Untreated long MWCNTSs 97.44% -
Treated short MWCNTs (COOH) 87.80° 12.20°
Treated long MWCNTs (OH) 94.42* 5.58%*

* Using Energy Dispersive X-ray Spectroscopy [101]. ¢: data from [100].

In order to evaluate the functionalization effects on the surface of the
functionalized short MWCNTs (COOH) and long MWCNTs (OH), SEM images have

been taken at a high magnification to the individuals of these MWCNTs. Fig. 9 shows a
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comparison between untreated MWCNTs and the treated short MWCNTs (COOH) and
long MWCNTs (OH). The images show that there are no noticeable damage (defects or
cuts) introduced on the surfaces structure for both of the functionalized MWCNTs. On
the other hand, similar surface characteristics were noted and no significant differences

between the untreated and the treated MWCNTs.

However, the mechanical properties of the functionalized and the non-
functionalized MWCNTSs in cement composites are different. The mechanical properties

of the CNTs/cement composites will be discussed in Section 4.
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Fig. 9. SEM images for comparison of (a) an untreated MWCNTs and (b) an acid treated short
MWCNTs (COOH) and (c) a treated long MWCNTs (OH). All the MWCNTs surfaces look
similar, indicating no sever damage (defects) for the functionalized MWCNTs (pictures a and b
courtesy of Bryan M. Tyson) [100].
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In summary, using the proper chemical surfactant is very useful for maintaining
the dispersion of the CNTs; however, that surfactant has to be compatible with cement.
Excessive amount of surfactant will enhance the dispersivity of the CNTs, and reduce the
amount of ultrasonication power and time, but will have negative effects on the cement
paste hydration process. Less surfactant means more energy (sonication) needed for well
dispersion, but that will cause breakage and dissolving of the CNTs. Optimum level of
both surfactant and ultrasonication needed to be achieved, and more investigations are
needed. On the other hand, the CNTs functionalization process is very important in order
to improve the dispersion and to enhance the bonding between the CNTs and the
surrounding matrix. Providing the specific type of the functional group that will bond
with the matrix, and optimizing the level of functionalization is crucial, such that
providing sufficient side functional groups without excessive damaging to the CNTs. A
combination of all these parameters, will result in effectively utilize the unique properties

of the CNTs.
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3. MIXING CARBON NANOTUBES IN AQUEOUS SOLUTION WITH

CEMENT TO MAKE THE NANOCOMPOSITE

3.1 Materials

3.1.1 Long MWCNTSs

The long functionalized (OH functional group) and the long non-functionalized
multi-walled CNTs were provided by Cheap Tubes, Inc. [101], batches names: (SKU
030201 and SKU 030101, respectively). The long MWNTs were produced by Catalytic
Chemical Vapor Deposition (CCVD) process. The (OH) represents the hydroxyl
functional group. The physical properties provided by the manufacturer are shown in
Table 2. The average aspect ratio (length/diameter ratio) for the long MWCNTs was

1250 to 3750.

3.1.2 Short MWCNTSs

The functionalized (COOH functional group) and non-functionalized short
MWCNTs were NC7000 multi-walled carbon nanotubes provided by Nanocyl, Inc.[102],
and were produced by (CCVD) process too. The (COOH) represents the carboxyl
functional group. The physical properties are shown in Table 3. The average aspect ratio
(length/diameter ratio) for the short MWCNTs was about 157. The functionalized
MWCNTs were acid treated by Sulfuric and Nitric acids in order to get carboxylic

functional groups, as discussed in the previous section.
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gg}l/)slfcazll properties for the long treated MWCNTs(OH) and long untreated MWCNTs.
Long CNTs(OH) Long CNTs
Outer Diameter <€ nm <8 nm
Length 10-30 pm 10-30 pm
Specific Surface Area >500 m*/g >500 m*/g
Purity >95% >95%
OH content 5.58wt% --

gt?}l/)slieczl properties for the short MWCNTs(COOH) and short untreated MWCNTs.
Short CNTs(COOH) Short CNTs
Outer Diameter 9.5 nm 9.5 nm
Length 1.5 ym 1.5 pm
Specific Surface Area 250-300 m*/g 250-300 m*/g
Purity >90% >90%
COOH content 12.20wt% --

3.1.3 Portland Cement and Superplasticizer

The cement used in all mixtures was the commercial Type I/II Portland cement.
A commercial water reducing admixture (polycarboxylate), provided by (Grace
Corporation) named ADVA Cast 575 was used as a superplasticizer.  This
superplasticizer is used in this study as a surfactant to disperse the CNTs within the

aqueous solution.
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3.1.4 Mixing Water

The mixing water used for all batches was deionized water by a reverse osmosis

water filtering technique. The measured pH value for the water was about 5.5 to 6.0.

3.2 Methodology

3.2.1 Carbon Nanotubes Solution Preparation

The preparation process of the nanocomposite cement mixture starts by weighing
the required amount of the CNTs using an accurate scale (Fig. 10). The required
quantities of the mixing water and the surfactant (ADVA Cast 575 superplasticizer) were
measured and added together with the CNTs into a water jacketed beaker of a capacity of
250 ml. (Fig. 11). The dispersion process was performed using an ultrasonic mixer from
Sonics & Materials, Inc. (Fig. 12). The high frequency of the ultrasonic waves that
transferred through the 13 mm titanium alloy probe to the liquid medium, with a
maximum power that could reach 500 watts and frequency of 20 kHz, will provide a
good level of dispersion of the CNTs filaments in the water. Under adequate ultrasonic
waves power and for a certain period of sonication time, the high energy put into the
mixture will break the agglomerations and clumps of the CNTs by breaking the chemical

bonding of the van der Waals forces between the nano-filaments.
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Fig. 10. Accurate scale used to weigh the CNTs.

The high energy introduced into the solution will heat it up, and causes part of the
mixture water to evaporate. In order to reduce the solution temperature, a water jacket of
flowing tap water at room temperature surrounding the beaker is used to help reducing
the temperature below 45°C throughout the dispersing period. The amount of power and
period of dispersion is a critical element for achieving a good dispersion of CNTs; less
energy and time could not guarantee a good dispersion, while more energy and time
would dissolve and break the nano-filaments. The sonication power for all different
types of the MWCNTs solutions was 78.64 Watt (70% of max. amplitude), and the power
per solution volume was 0.4626 Watt/ml. of the solution. The sonication period for

different MWCNTs lengths varied from 20 to 30 minutes.
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Fig. 11. Water jacketed beaker (250 ml.) to sonicate the CNTs within the water using the
ultrasonic mixer. Constant flow of the water jacket will reduce the temperature of the solution
and help preventing excessive evaporation.

g

Fig. 12. Ultrasonic wave mixer from Sonics & Materials, Inc. used for CNTs dispersion [66].
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3.2.2 Mixing Carbon Nanotubes Solution with Portland Cement

The required amount of the sonicated CNTs solution was then poured into blender
jar of a variable speed planetary kitchen blender (Oster Fusion™) as shown in Fig. 13.
Due to the small mix quantities made, the use of the standard Hobart mixer will not be
effective, due to the relatively large mixing bowl. That is the reason why a smaller mixer
bowl was needed. In previous step the cement powder was weighed and kept in another
beaker. The blender is started with the dispersed solution only, and then cement powder
was added gradually to the CNTs solution. After adding the cement powder, the mixing
time was a total of 7 minutes; 3 minutes at low speed, 1 minute at medium speed, then 3
minutes at low speed. Another mixing protocol has been tried, where the CNTs solution
was added to the cement powder in the blender. The last protocol will cause
agglomerations of some parts of unhydrated cement that sticks on the blender jar walls.
This required pausing of mixing and scraping down the sticking cement agglomerations
to guarantee homogeneous mixing. However, the products of both mixing protocols did

not show any significant effects on the mechanical properties from flexural testing.
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Fig. 13. Variable seed planetary mixing blender (Oster Fusion™),

3.2.3 Casting the Nanocomposite into the Molds

Immediately after mixing is done, the composite cement paste is poured into a
plastic bottle and placed into a small air vacuuming chamber for 3 minutes (Fig. 14). The
air vacuuming will help in getting rid of the entrapped air bubbles that formed during

mixing process.
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Fig. 14. Vacuuming Chamber and the air pump.

After that the composite cement paste was poured into small vertical acrylic
molds of square cross-section that have been placed on top of a vibrating table as shown
in Fig. 15. The vibration during casting the cement paste will help to smoothly fill the
molds and reduce the air voids and entrapped air bubbles. This is important to get solid
uniform cross-sections of the material throughout the length of the small beams, without
having defects due to air voids that would significantly affect the mechanical strength of

the composite.
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Fig. 15. Vibration table used for casting the composite cement paste.

The used extruded acrylic molds were chosen for their very smooth surfaces and
small dimensional tolerances. Acrylic as a polymer will not absorb the mix water from
the cement paste like some other polymeric materials. The molds inner cross-section
dimensions are square (6.5 mm x 6.5 mm) as shown in Fig. 16. The molds were bought
as long extruded tubes, and then were cut into the desired length of about 200 mm. Small
square flat pieces (~ 2.5 cm x 2.5 cm) of acrylic were glued to the bottom of the acrylic

tubes to seal the bottom and to be as a standing base.
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Fig. 16. View of the square acrylic mold.

The casted specimens were then allowed to air cured in the molds at room
temperature for 7 days before demolding. Since only the upper side of the molds, which
have a very small cross-sectional area, is exposed to air, the mix water content loss will

be minimal.

After 7 days from casting, the specimens were demolded using a special soldering
iron. The soldering iron used was provided by a custom made cutting edge made of
copper, with a power of 200 Watt and temperature of 537°C (1000°F) as shown in Fig.
17. The sides of the acrylic molds were cut using the soldering iron by melting the

acrylic at the cutting lines on the four sides.
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Fig. 17. Soldering iron of 200 watt power used for demolding the specimens from the acrylic

molds.

3.3 Cement Composite Batches

Ten different CNT-reinforced Portland cement paste batches were produced
during the course of this study. The first batch was the plain cement batch (reference)
sample; the other nine batches cover all different MWCNTs/cement composites. These
include five batches using non-functionalized MWCNTs and four batches using
functionalized MWCNTs. The different batches includes different CNTs aspect ratio
(long and short), and three different concentrations of the CNTs by weight of dry cement
(0.04%, 0.1% and 0.2%). All specimens including the plain cement reference sample
have a water/cement ratio of 0.4. A summary of the mix design for all batches is shown
in Table 4. For each testing day (7, 14 and 28 days), four or five replicates (samples) of
each specimen were made to get a representative average value from the flexural testing.
A total of about 12 to 15 replicates (samples) for each batch were casted. Note that a
batch of 0.2% long MWCNTs could not be produced due to the difficulty in achieving

satisfactory dispersion of the long MWCNTs within the aqueous solution.
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The plain cement paste (reference) specimen was made with a water/cement ratio
of 0.4, with addition of 0.1% of superplasticizer by the weight of cement. This amount of
superplasticizer is equal to 25% of what has been added to the other MWCNTs/cement
composite specimens. The reason why more amount of superplasticizer has been used in
all other MWCNTs/cement composites is that larger amount of superplasticizer, which is
used as a surfactant, is needed in the nano composites in order to improve the dispersion

of the nano-filaments (see [49] and [98] for more details).

Table 4

Mix design of the functionalized and the non-functionalized MWCNTs test specimens.
Test Specimens Superplasticizer: CNTs: Ultra-

% weight of cement % weight of  sonication time
cement (minutes)

Plain cement 0.1 0.0 -
(Reference)
Short CNTs 0.04 0.4 0.04 20
Short CNTs 0.1 0.4 0.1 30
Short CNTs 0.2 0.4 0.2 30
Long CNTs 0.04 0.4 0.04 30
Long CNTs 0.1 0.4 0.1 20
Short CNTs(COOH) 0.1 0.4 0.1 30
Short CNTs(COOH) 0.2 0.4 0.2 30
Long CNTs(OH) 0.04 0.4 0.04 30

Long CNTs(OH) 0.1 0.4 0.1 20
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4. EXPERIMENTAL RESULTS AND MICROSTRUCTURAL

CHARACTERIZATION

4.1 Testing Fixture

A custom made flexural testing apparatus [100] was needed due to the small scale
of the specimens (beams) and to capture accurately the stress-strain behavior of the
nanocomposites. The testing apparatus used was a three-point bending testing frame
made of 6061 aluminum, of dimensions (170 mm x 25 mm x 114 mm), providing a
flexural span of 160 mm. Fig. 18 shows the frame dimensions. The frame was fixed
with an actuator (NSA12 from Newport Corp.), a load cell (from Strain Measurement
Devices of 2.5 kg capacity) to measure the applied force, and a linear variable differential
transformer (LVDT) (from Macro Sensors) to measure the displacement (deflection) at
mid-span of the beam, connected to a data acquisition board DAQ (from National
Instruments), and a micro-stepping controller (from Newport NSC200) to control and

smooth the actuator motion.

A LabView program [103] was written to control the actuator and to record the
measured load vs. displacement data. The testing frame setup showing the testing frame

components is shown in Fig. 19.
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Fig. 19. Testing frame setup, showing the aluminum frame, the specimen, the LVDT, the load
cell and the actuator.



52

The LVDT has a very high resolution that allows it to capture micro
displacements with an error tolerance of £0.002 mm and maximum displacement range
of 5.0 mm. The load cell has a relatively small load capacity of 24.5 N in order to have
high resolution for the load data recorded. The Newport NSA12 actuator has a motion
speed range of 0.001 mm/s to 0.9 mm/s. This will allow higher accuracy for static
loading (very low loading speed) which will allow measuring the mechanical properties
like elastic modulus, strength and toughness. Fig. 20 shows the actuator and the load cell
with a loading bar on the top to uniformly distribute the applied force across the beam

width at mid-span.

Fig. 20. The 2.5 kg capacity load cell, with a small loading bar welded at top of adjustable screw
(left). The Newport NSA12 actuator (right).

All tests were performed at a loading speed of 0.003 mm/s. More information

about the actuator specifications are shown in Table 5. The simply supported beams
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under three-point bending was loaded from bottom by the actuator, and the load cell will
be mounted on the actuator pushing the specimen up (cambering up), while the LVDT
was measuring the deflection of the beam at mid-span from top. For more information

about the testing fixture refer to the descriptions and discussions in [100].

Table 5

Newport NSA12 Actuator Specifications.
Feedback Open loop, no encoder
Axial Load Capacity (N) 25
Maximum Speed (mm/s) 0.9
Travel Range (mm) 11
Minimum Incremental Motion (pm) 0.2
Drive Screw Pitch (mm) 0.3048

4.2 Data Analysis

The loads in (kg) and displacements in (mm) were measured and recorded by the
software and then converted to stresses and strains using Euler-Bernoulli elastic beam

theory, in order to calculate some mechanical properties.

o; =£- F and & = 1220 Y,
41 L

(1)

where o, is the flexural tensile stress at the extreme tension fibers of the beam at

each load step. ¢; is the elastic strain at the extreme tension fibers of the beam at each

load step. L is the span length of the beam (160 mm). C is the half-depth of the beam
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cross-section (0-3 5 mm ). | is the second moment of area of the square cross-section

beam (6-5%2 mm*). F is the applied force measured by the load cell at mid-span

length at each load step (N), and Y; is the displacement measured by the LVDT at mid-

span length at each load step (mm).

Data were analyzed and stress-strain diagrams were generated using Matlab
software and Microsoft Excel spread sheets. The Excel software was used to generate the
stress-strain diagrams and all the statistical analysis; the mean value, standard deviation
and standard error of the mean. Matlab was used for curve fitting and smoothing. The
modulus of toughness - “toughness”- of the beams was calculated by integrating the

stress-strain curve function (total area under the stress-strain diagram).

4.3 Mechanical Properties

For each different batch, three to five replicates have been tested at each testing
day of 7, 14 and 28 days from casting day. Stress-strain diagrams have been obtained for
each single sample. The average value for the replicates for each batch has been
computed for four major mechanical characteristics: The maximum flexural strength,
ultimate strain capacity (ductility), modulus of elasticity (Young’s modulus), and
modulus of toughness. The results for the different nine nanocomposite batches have

been compared along with the plain cement (reference) batch.

Examples of long vs. short non-functionalized MWCNTs composites stress-strain

curves at age of 7 days are shown in Fig. 21 along with the plain cement reference
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sample. The material behaves linearly till fracture, and both the long and short
nanocomposites at different concentrations showed an increase in both the strength and

ductility.

Most of the nanocomposites showed a change in the material characteristics at age
of 14 days as seen in Fig. 22. The plain cement stress-strain curve is almost linear,
similar to the 7 days behavior. However, most of the nanocomposites show softening and
multi-peak behavior. After the first crack, the material softens or yields in some cases,
and sometimes shows gradual increase in the strength to become higher than the first-
crack strength. This behavior clearly indicates the CNTs pull-out action, which increases

the composite ductility and toughness.

Fig. 23 shows examples of the behaviors after 28 days. The plain cement sample
showed softening and nonlinearity post-peak. The non-functionalized nanocomposites
showed a significant increase in strength and ductility compared to the plain cement
reference sample. The progressive CNTs pull-out can be seen in most of the samples and
the increase in strength after the first-crack shows how the CNTs are effectively bridging

the cracks and enhancing the mechanical properties of the material.

Examples of long vs. short functionalized MWCNTSs composites stress-strain
curves are shown in Fig. 24, Fig. 25 and Fig. 26 for the results at 7, 14 and 28 days,
respectively. Similar to the non-functionalized nanocomposites, most of the
nanocomposites show a linear trend with a higher strength and ductility with respect to
the plain cement reference sample. However, the 0.04% Long MWNT (OH) at 7 days

showed softening and nonlinearity in the material with multi-peak behavior, it has low
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strength and high ductility compared with the plain cement reference sample. Similar
general trend between the functionalized and non-functionalized nanocomposites at ages
of 14 days and 28 days was seen. Multi-peak behavior and increase in the strength after
the first-crack drop is clearly noticed. This indicates how CNTs can improve the
mechanical properties of the cement paste by effectively bridging the cracks and
increasing the toughness by the progressive tubes pull-out. Some of the nanocomposites
showed a linear behavior with a brittle failure at a higher strength and ductility comparing

to the plain cement sample.

More details on the comparison between long and short MWCNTs

nanocomposites mechanical properties are discussed in the following subsections.

The stress-strain diagrams for all the samples of all different batches are shown in

the attached appendix.
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Fig. 26. Example of stress — strain curve for the plain cement and the functionalized short and
long MWCNTSs specimens at age of 28 days.
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4.3.1 Long vs. Short Non-functionalized MWCNTs Nanocomposites

In this section, a detailed analysis for the data obtained from the mechanical
testing will be discussed, comparing the four mechanical properties of the long and short
non-functionalized MWCNTs nanocomposites with respect to the plain cement
(reference) specimen. Summary tables for the average values of all different batches
results are shown in Table 6 to Table 9 for average ultimate flexural strength, average
ultimate strain, average modulus of elasticity and average modulus of toughness,

respectively.

Table 6
Average ultimate flexural strength for the functionalized and the non-functionalized
MWCNTs test specimens (MPa).

Day

Specimen 7 14 28

féi‘f‘;rﬁ“;g“ 4.50 4.51 3.22
Short CNTs 0.04 7.49 3.49 3.77
Short CNTs 0.1 5.19 2.39 4.36
Short CNTs 0.2 2.76 3.26 11.87
Long CNTs 0.04 5.47 5.64 4.94
Long CNTs 0.1 6.10 2.96 5.30
Short CNTs(COOH) 0.1 6.36 2.89 4.02
Short CNTs(COOH) 0.2 9.54 2.79 1.96
Long CNTs(OH) 0.04 1.37 6.82 5.88

Long CNTs(OH) 0.1 5.35 1.59 3.70
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Table 7
Average ultimate strain capacity for the functionalized and the non-functionalized
MWCNTs test specimens (%).

Day

Specimen 7 14 28

féi‘f‘;rﬁ“;g“ 0.0339 0.0603 0.0414
Short CNTs 0.04 0.0511 0.0498 0.0520
Short CNTs 0.1 0.0471 0.0894 0.0651
Short CNTs 0.2 0.0780 0.1040 0.0635
Long CNTs 0.04 0.0460 0.0539 0.0318
Long CNTs 0.1 0.0520 0.0401 0.0430
Short CNTs(COOH) 0.1 0.0471 0.0634 0.0409
Short CNTs(COOH) 0.2 0.0736 0.0453 0.0476
Long CNTs(OH) 0.04 0.0652 0.0471 0.0440
Long CNTs(OH) 0.1 0.0448 0.0840 0.0459

Table 8

Average modulus of elasticity for the functionalized and the non-functionalized MWCNTSs
test specimens (GPa).

Day

Specimen 7 14 28

féi}‘;;i‘?g“ 13.69 10.47 1438
Short CNTs 0.04 12.49 12.17 12.40
Short CNTSs 0.1 15.45 10.77 15.20
Short CNTs 0.2 14.36 8.72 16.98
Long CNTSs 0.04 11.83 11.43 15.25
Long CNTs 0.1 7.51 8.50 12.99
Short CNTs(COOH) 0.1 12.71 11.93 11.90
Short CNTs(COOH) 0.2 11.99 11.02 8.58
Long CNTs(OH) 0.04 13.87 15.78 17.30

Long CNTs(OH) 0.1 6.79 3.48 14.39
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Table 9
Average modulus of toughness for the functionalized and the non-functionalized
MWCNTs test specimens (kPa).

Day

Specimen 7 14 28

féi‘f‘;rﬁ“;g“ 0.758 1.524 0.589
Short CNTs 0.04 1.926 1.003 1.013
Short CNTSs 0.1 1.142 1.158 1.790
Short CNTs 0.2 1.083 1.704 3.712
Long CNTSs 0.04 1.401 1.623 0.875
Long CNTs 0.1 0.946 0.347 0.797
Short CNTs(COOH) 0.1 1.537 0.709 0.860
Short CNTs(COOH) 0.2 3.380 0.769 0.596
Long CNTs(OH) 0.04 0.520 1.700 1362
Long CNTs(OH) 0.1 0.711 0.474 0.533

For comparison purposes, results for plain cement as well as the long and short
non-functionalized MWCNTs nanocomposites are shown in Fig. 27 to Fig. 30 for
average ultimate flexural strength, average ultimate strain, average modulus of elasticity
and average modulus of toughness, respectively. The column charts include the standard
error of the mean, which is a statistical measure for the deviation (error) from the true
mean value (X ), taking into account the number of samples (n) for each data point. The
standard error of the mean is the value of the sample standard deviation (o) divided by

the square root of the number of the samples (n), such that:

Std. Error, = 9 (2)

N
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At age of 7 days, most of the non-functionalized MWCNTs/cement composites
showed an increase in the flexural strength, ductility and modulus of toughness when
compared to the plain cement (reference) specimen. The highest improvement in the
flexural strength was seen in the short 0.04% MWNT specimens with an increase of 66%
compared to the plain cement specimen. The long 0.1% MWNT, short 0.1% MWNT and
long 0.04% MWNT flexural strength have increased also by 35%, 15%, and 22%,
respectively. The short 0.2% MWNT specimens showed a decrease in their flexural
strength by 38% while it showed the highest improvement in the ductility (ultimate
strain) with an increase of 130% with respect to the plain cement specimen. All

specimens of different batches have shown an increase in the ductility.

The modulus of elasticity values for most of the specimens at age of 7 days were
close to the plain cement sample. However, the short 0.1% MWNT and short 0.2%
MWNT showed a slight increase 13% and 5%, respectively, compared to the plain
cement sample. All nanocomposite specimens have shown an improvement in modulus
of toughness. The highest improvement in modulus of toughness was provided by the
short 0.04% MWNT with a significant increase of 154% compared to the plain cement

sample.
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Fig. 27. Average flexural strength results for the plain cement and the non-functionalized short
and long MWCNTSs composite specimens with the standard error of the mean.
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Fig. 28. Average ultimate strain results for the plain cement and the non-functionalized short and
long MWCNTs composite specimens with the standard error of the mean.



Modulus of Elasticity (GPa)

=
N

[ay
o

(o]

Age (days)

65

B Plain cement

Blong 0.1%MWNT

@ Short 0.1%MWNT

@ Short 0.04%MWNT

B Long 0.04%MWNT

B Short 0.2%MWNT

Fig. 29. Average modulus of elasticity results for the plain cement and the non-functionalized
short and long MWCNTs composite specimens with the standard error of the mean.
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On the other hand, considerable changes in the behavior of the nanocomposites
were observed at age of 14 days. Large drop in the flexural strength of most of the
composites occurred, to be less than the plain cement sample strength, except for the long
0.04% MWNT that showed an increase in the average strength by 25% compared to the
plain cement sample. The lowest flexural strength was recorded for the short 0.1%
MWNT, with degradation of 89% with respect to the plain cement sample. Some of the
nanocomposites showed a decrease in ductility, while some showed an increase. The
highest ductility obtained after 14 days was for the short 0.2% MWNT with an increase

of 72% from the corresponding value of the plain cement sample.

However, at age of 14 days, no significant changes in the general behavior of the
composites regarding the modulus of elasticity values with respect to the plain cement
samples, but in general most of the specimens showed a decrease in the modulus of
elasticity compared to the values at 7 days. Degradation in modulus of toughness values
was observed in many of the nanocomposites comparing to the plain cement sample,
where large decrease is noticed in the long 0.1% MWNT with 339% degradation from

the corresponding value of the plain cement sample.

After 28 days, all composites retrieved their strength values to become higher
than the values at 14 days, and all of them showed higher strength than the plain cement
sample. However, the short 0.2% MWNT showed a significant increase in the flexural
strength, specifically increased by 269% compared to the plain cement sample value.
The long 0.1%MWNT has also increased by 65%. Most of the nanocomposites showed a

reduction in ductility in general, when compared to the ductility at 14 days. The highest
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ductility at 28 days were for the short 0.1% MWNT and short 0.2% MWNT, with 86%
and 81%, respectively, more than the plain cement sample. However, the short 0.04%
MWNT showed almost a constant value for ductility from age of 7 days through age of

28 days.

All specimens showed an increase in their modulus of elasticity values at 28 days
compared to 14 days values, and the short 0.2% MWNT has the highest increase of 18%
compared to the plain cement sample. All the non-functionalized MWCNTs
nanocomposites showed a significant improve in modulus of toughness compared to the
plain cement sample. Due to the large increase in the flexural strength of the short 0.2%
MWNT, it has recorded the highest modulus of toughness value, with an increase of
530%, and the short 0.1%.MWNT improved by 204% compared to the plain cement

(reference) sample at age of 28 days.

Generally, one can notice the same trend for the variation of flexural strength and
modulus of elasticity with variation in age and MWCNTs concentration; increase at age
of 7 days, decrease at age of 14 days, and then increase at age of 28 days. On the other
hand, the same trend of variation in the ductility and toughness is seen with variation in
age and MWCNTs concentration; low values at age of 7 days, increase at age of 14 days,
and then decrease at age of 28 days. Generally, an increase in strength corresponds to an
increase in ductility and toughness. Moreover, generally, the short MWCNTs lead to
better enhancements in the stress-strain response. This might be attributed to the better

dispersivity of the short CNTs within the cement paste as compared to the long CNTs.
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4.3.2 Long vs. Short Functionalized MWCNTs Nanocomposites

In this section, a detailed discussion on the results from the data obtained from the
mechanical testing will be discussed, comparing the four mechanical properties of the
long and short functionalized MWCNTs nanocomposites with respect to the plain cement
(reference) specimen. Summary tables for the average values of all different batches
results are shown in Table 6 to Table 9 for average ultimate flexural strength, average
ultimate strain, average modulus of elasticity and average modulus of toughness,

respectively.

For comparison purposes, results for plain cement as well as the long and short
functionalized MWCNTSs nanocomposites are shown in Fig. 31 to Fig. 34 for average
ultimate flexural strength, average ultimate strain, average modulus of elasticity and
average modulus of toughness, respectively. The four mechanical properties are shown

at ages of 7, 14 and 28 days with the standard error of the mean.
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Fig. 31. Average flexural strength results for the plain cement and the functionalized short and
long MWCNTSs composite specimens with the standard error of the mean.
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Fig. 32. Average ultimate strain results for the plain cement and the functionalized short and long
MWCNTs composite specimens with the standard error of the mean.
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Fig. 33. Average modulus of elasticity results for the plain cement and the functionalized short
and long MWCNTSs composite specimens with the standard error of the mean.
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At age of 7 days, most of the functionalized MWCNTs/cement composites
showed improvements in the flexural strength, ductility and some in modulus of
toughness when compared to the plain cement (reference) sample. The highest
improvement in the flexural strength was seen for the short 0.2% MWNT (COOH)
specimens with increase of 112% compared to the plain cement specimen. The long
0.1% MWNT (OH) and the short 0.1% MWNT (COOH) flexural strength have also
increased by 19% and 41%, respectively. The long 0.04% MWNT (OH) specimens
showed a huge decrease in their flexural strength by 228% compared to the plain cement

specimens.

All specimens of different batches have shown increase in the ductility. The
highest ductility has been seen for the short 0.2% MWNT (COOH) and the long 0.04%
MWNT (OH) specimens with an increase of 118% and 89%, respectively, with respect to
the plain cement sample. The modulus of elasticity values for most of the specimens
were close to the plain cement sample. However, the long 0.1% MWNT (OH) showed a
decrease in the elastic modulus by 102%, compared to the plain cement (reference)
sample. Only the short 0.1%MWNT (COOH) and short 0.2%MWNT (COOH) have
shown improvement in modulus of toughness with increase of 103% and 346%,

respectively, compared to the plain cement sample.

Considerable changes in the behavior of the composites were observed at age of
14 days. Large drop in the flexural strength of most of the nanocomposites occurred, to
be less than the plain cement sample strength, except for the long 0.04% MWNT (OH)

that showed an increase in the average strength by 51% compared to the plain cement



72

sample. The lowest flexural strength was recorded for the long 0.1% MWNT (OH), with
degradation of 184% with respect to the plain cement sample. Some of the
nanocomposites showed decrease in ductility, while some showed increase at 14 days.
The highest ductility obtained after 14 days was for the long 0.1% MWNT (OH) with an
increase of 42% from the corresponding value of the plain cement sample. The short
0.1% MWNT (COOH) showed a ductility close to the plain cement sample, while the
short 0.2% MWNT (COOH) and the long 0.04% MWNT (OH) showed decrease in the

ductility.

It is also noticed form Fig. 33 that, in general, no significant changes in the
general behavior of the composites regarding the modulus of elasticity values with
respect to the plain cement (reference) sample. However, the long 0.1% MWNT (OH)
showed more degradation in modulus of elasticity, and the long 0.04% MWNT (OH)

showed an increase, compared to the plain cement sample and to the 7 days values.

A significant degradation in modulus of toughness values was observed in most of
the nanocomposites comparing to the plain cement sample. The lowest modulus of
toughness is noticed in the long 0.1% MWNT (OH) with 222% degradation from the
corresponding value of the plain cement sample. However, a significant increase in
modulus of toughness is seen for the long 0.04% MWNT (OH) with respect to its value at

7 days.

When investigating the results at 28 days, some of the nanocomposites showed an
increase in the flexural strength and some showed a decrease, when compared to the

values at 14 days, but most of the nanocomposites results ended with a higher strength
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than of the plain cement sample. The long 0.04% MWNT (OH) showed the highest
flexural strength at 28 days, specifically with an improvement of 83% compared to the
plain cement sample. All of the nanocomposites showed a higher ductility than the plain
cement sample at 28 days. The highest ductility at 28 days was for the short 0.2%
MWNT (COOH) and the long 0.1% MWNT (OH) with increase of 36% and 31%,
respectively, compared to the plain cement sample. However, all of the nanocomposites
ductility values were close to each other at 28 days. Only the long 0.04% MWNT (OH)
has shown a significant increase in the elastic modulus compared to the plain cement
sample by 20%. Unlike the non-functionalized MWCNTSs nanocomposites, only the long
0.04% MWNT (OH) has shown a significant improvement in modulus of toughness by
131% compared to the plain cement (reference) sample. The rest of the nanocomposites
showed a similar modulus of toughness to the plain cement sample, but the short 0.1%

MWNT (COOH) showed an increase by 46% compared to the plain cement sample.
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4.4 Results and Discussions

The experimental results obtained for different batches have shown clearly the
variation in the mechanical properties between the functionalized non-functionalized
short and long MWCNTSs nanocomposites over time. It has been noticed that these nano-
filaments at very small concentrations could extremely change and vary the cement paste
behavior; hardening, softening, stiffening or weakening. In order to gain insight into the
mechanical behavior of these MWCNTs nanocomposites in general, and to observe the
real effects of the aspect ratio of the MWCNTs on the mechanical behavior of the cement
nanocomposites, a different arrangement of the data presentation is provided in the
following pages. This is done by comparing the same mechanical characteristic for long
and short MWCNTs on two figures in the same page. The data point of the short 0.2%
MWNT has been removed from this comparison -for strength and modulus of toughness-

because it has much higher strength and modulus of toughness than all other batches.

4.4.1 Longvs. Short MWCNTSs

For flexural strength, Fig. 35 and Fig. 36 show that at 28 days almost all of the
MWCNTs composites have increased the flexural strength of the cement
nanocomposites. At 28 days, the long MWCNTs have increased the flexural strength
more than the short MWCNTs, although the short MWCNTSs improved the flexural
strength more at early ages of 7 days. This behavior is matching the expectations of that
the longer fibers will need more energy (force) to be pulled out from the matrix. It is

noticed also that at age of 28 days, the functionalized MWCNTs (OH) and MWCNTs
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(COOH) at higher concentrations (mass fraction) would not effectively increase the

flexural strength of the cement nanocomposites.

For the ultimate strain (ductility) of the nanocomposite beams, Fig. 37 and Fig. 38
show that over all ages, 7, 14 and 28 days, the ultimate strain (ductility) of the short
MWCNTs nanocomposites is more than the ultimate strain of the long MWCNTs
nanocomposites. This is not an expected behavior, since it was thought that the longer
fibers have longer friction surfaces and would provide more ductility to the matrix.
However, the author believes that this might be because of the dispersion variations
between the long and short MWCNTs. Since a better level of dispersion can be achieved
in the short MWCNTs, then a better distribution of the nanotubes in the composite
material would be more critical to ductility than length (aspect ratio). Also, at 28 days,
the short functionalized MWCNTs (COOH) did not help that much in improving the

ductility, comparing to the short non-functionalized MWCNTs.

For the modulus of elasticity, Fig. 39 and Fig. 40 show a slightly better
improvement for the long MWCNTSs nanocomposites over the short ones, at age of 28
days. More consistent results were seen for the short MWCNTs nanocomposites over the

long ones, at ages of 7 and 14 days.

For the modulus of toughness, Fig. 41 and Fig. 42 show a higher toughness for the
short MWCNTSs nanocomposites over the long MWCNTs nanocomposites, at age of 7
days. However, no significant differences in toughness general trend were noticed

between the long and short MWCNTSs nanocomposites at age of 28 days.
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Fig. 35. Average flexural strength results for the plain cement and the long MWCNTs composite
specimens with the standard error of the mean.
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Fig. 36. Average flexural strength results for the plain cement and the short MWCNTSs composite
specimens with the standard error of the mean.
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Fig. 41. Average modulus of toughness results for the plain cement and the long MWCNTSs
composite specimens with the standard error of the mean.
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442 MWCNTSs Pull-outs and Results Variability

Based on the observation of the stress-strain diagrams of all specimens, one can
notice the multi-peaks behavior that is related to the CNTs pull-out from the cement paste
matrix. This action is important to increase the fracture energy stored in the composite
(strain energy), which will directly increase the strain capacity (ductility) and the
modulus of toughness (fracture resistance). However, the pull-out process is not
necessarily improving the strength, since some of the stress-strain curves showed a
constant strength or yielding plateau after the first crack without any increase in the
strength, while some other specimens showed an increase in the strength after the first
crack, as seen in Fig. 22 to Fig. 26. This might be attributed to the dispersivity of the

CNTs within the hydrated cement paste.

When investigating the amount of the deviations from the mean value (standard
error of the mean), it has been noticed that although all the samples (replicates) of the
same batch are identical and casted at the same time from the same mix, there are -in
many cases- a noticeable variability in the results from one sample to another of the same
composite. This could be due to the size of the specimens and the uniformity of the
mixture. The small size of the specimens (beams) would make them more sensitive (size
effect) to the existence of any small impurities, like air bubbles or small voids. On the
other hand, the uniformity of the distribution of the MWCNTs within the aqueous
solution does not guarantee a uniform distribution of the nano-filaments within the

cement paste composites, hence the stresses distribution in the cross-sections along the
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composite beams length will not be uniform, and will cause variability in the flexural

behavior from sample to sample.

4.4.3 Weakening due to Functionalization

On the other hand, many hypotheses were proposed especially to explain the
degradation of the functionalized CNTs nanocomposites when compared to the non-
functionalized CNTs composites behavior. For example, Musso, et al. [104], reported
that the degradation in the flexural strength in many specimens could be related to
decrease in the formation of the Calcium Silicate Hydrate (C-S-H), as one of the main
products of the cement hydration. Calcium Silicate Hydrate (C-S-H) has many different
chemical structures, for example [CasSicO;6(OH),-4H,0] and [CasSis(O,0H);5-5H,0].
C-S-H has the main contribution to the strength of the cement hydrate in different stages
of hydration, and more details were discussed in [104] and [105]. Degradation in the
compressive strength was noticed in composites with functionalized CNTs specimens. It
has been shown by Musso, et al. [104] using thermo-gravimeter analysis (TGA), that less
amount of C-S-H was produced in the composite with the presence of the functionalized

CNTs in the composite.

Another hypothesis to explain the deterioration of the mechanical properties of
the functionalized CNTs / cement composites is the excessive formation of ettringite
hypothesis [61, 100]. Ettringite [3CaO_Al,O3; 3CaSO4 32H,0] is one of the typical
products of the cement hydration. It is a needle shaped crystalline structure, which is

produced be the hydration of the Tricalcium Aluminate (C3A) with gypsum (which is
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another component of the Portland cement used to control the hydration process and
prevent the flash set of the cement paste). Naturally, ettringite expands and causes
internal stresses that could lead to micro cracks in the matrix of the hydrated cement
paste. Due to the acid treatment of the CNTs, sulfate residue could be left on the surfaces
of the CNTs that are not perfectly washed. The existence of the sulfate will cause
excessive formation of ettringite in locations near to the CNTs in the matrix. Hence,
weakening the material surrounding the CNTs, and as a result, degradation in the
composite mechanical properties. More details on ettringite at the microscopic scale will

be provided in the next section.

4.4.4 Effect of the Cement Paste Curing Method and the Superplasticizer

The last point in this discussion is about the overall degradation in the mechanical
properties (strength, ductility and toughness) of most of the nanocomposites and the plain
cement specimen from age 14 days to age 28 days. As seen in Fig. 35 to Fig. 42, most of
the specimens, including the plain cement, have shown a decrease in the mechanical
properties at age 28 days with respect to age 14 days. This behavior is abnormal, since it
is well-known that cement paste gain strength with time. Note that the curing method
used for all specimens —including the plain cement- is submerging into lime water. This
method for curing has been adopted for many years as a standard method of
concrete/cement curing. Many of the researchers who worked on CNTs/cement
composites have used this curing method too. This curing method will be the key to
explain why this degradation occurred at 28 days, as discussed in the following

paragraphs.
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A possible explanation for the degradation of most of the nanocomposites at age
of 28 days can be derived based on chemical point of view. Based on Mindess and
Young, 1981 [106]; the main hydrate components in cement before hydration are
Tricalcium Sillicate (CsS) [3Ca0.Si0,], which typically forms about 55% of the cement
weight, and it is responsible for the early strength of the cement paste hydrate and will
continue for later age, and Dicalcium Silicate (C,S) [2Ca0.Si0;], which typically forms
about 25% of cement weigh, will be contributing to the strength at a later stage. Those
two components react with water (H,O) and form the C-S-H, which is a fine amorphous
in structure and makes 50% to 65% of the volume of the hydrated cement paste, and
mainly responsible for the strength of the cement paste. Another product of the hydration

of the C3S and the C,S is Calcium Hydroxide (CH) [Ca(OH),].

Calcium hydroxide, (CH) in cement chemistry notations, is typically a crystalline
structure which contributes indirectly in reserving the strength of the cement paste
hydrate by reducing the porosity of the matrix, and filling the capillary pores within the
cement paste matrix. A scanning electron microscope (SEM) image of the C-S-H and the

CH within the cement paste matrix is shown in Fig. 43.

The author believes that leaching of Calcium Hydroxide [Ca(OH);] from the
cement paste submerged into the lime water, would increase the porosity (capillary voids)
of the matrix and hence degrade the mechanical properties of the cement paste. Carde, et
al. [107] have shown experimentally that the compressive strength of plain cement paste
of micro-cylinders (diameters of 10 mm to 30 mm) had degraded significantly due to the

leaching process of Calcium Hydroxide. The degradation in the compressive strength for
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a 10 mm diameter specimens, which is larger than the specimens in the current study,
could reach 50% [107]. It has been proposed that leaching of Ca(OH), from the external
layers (leaching zone) of the plain cement paste specimens and the loss of Calcium [Ca]
ions content due to the progressive decalcification of the C-S-H, have a major

contribution in the degradation of the mechanical properties of the cement paste [108].

Fig. 43. SEM image showing the C-S-H and the crystalized CH of the cement paste.

Although the leaching kinetics is usually slow, but due to the special case in this
study of testing a very small specimens’ size (6.5 mm x 6.5 mm cross-section) with large
surface area to volume ratio- as in our case-, this will expedite the leaching process due to

the increase in the leaching area to total area ratio. The loss of the Calcium Hydroxide
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creates macro-voids, since the size of the Ca(OH), crystals is close to the size of the
capillary porosity, hence effectively increase the overall matrix porosity, which will
cause degradation in the mechanical properties, especially for small-sized specimens. In
addition, the decrease in the C/S ratio in the C-S-H due to the progressive decalcification
process of the C-S-H will increase the micro-voids and the porosity of the material,

hence, deterioration in the mechanical properties [109-111].

Calcium hydroxide (CH) are layered structure, the calcium atoms are octahedral
and the oxygen atoms tetrahedral in their coordinating, and the unit cell is hexagonal.
Ideally, the CH forms hexagonal plates, but the morphology of the crystallization of the
CH could vary based on the admixtures in the cement paste mix. Some studies suggested
that there is amorphous CH in the calcium silicate pastes, but there is no convincing
evidence that this is true, at least experimentally [112]. In cement pastes, TEM images
showed small portions of the CH as cryptocrystalline and tightly bounded with the C-S-H
[113, 114]. Methods used to determine the CH in hydrated cement paste include;
quantitative X-ray diffraction analysis (QXDA), Thermal Gravimetric Analysis (TG),
DTG, semi-isothermal DTG, thermal evolve gas analysis, DTA, differential scanning
calorimetry (DSC), IR spectroscopy, image analysis of back scattered electron images,
and other chemical extraction methods [112]. The dissolution of CH in water is
exothermic (AH= -13.8 kJ/mol at 25°C) [115], so with the increase of the temperature the

solubility decreases. The solubility at 25°Cis 1.13 g CaO /1[116].

During the dissolution of the C;S in cement pastes and the growth of the C-S-H,

the concentrations of the Ca®” and OH™ in the solution increases steadily until they reach
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the saturation level and then the CH precipitation starts in significant amounts, resulting
in drop in the concentrations of Ca®" and OH™. The smaller grains of C3S, generally,

react completely by dissolution and precipitation process during the acceleratory stage

[112].

Crumbie et al. [117] tested concrete specimens with w/c ratio of 0.4 and 0.6. The
specimens were cured in saturated CH solution after 24 hours of casting. The SEM back
scattered images and the methanol-exchange porosity testing confirmed that the porosity
and the permeability had increased near the surface. Also they reported that the surface
region was depleted in CH content and leaching of the CH occurred although the
specimens were immersed in saturated CH solution. When considering the leaching
process, the attack or dissolution of CH and other components depends on the type and
geometry of concrete, rate of water flow, temperature, and the concentration and types of
solutes in the water. A solution of CO, (CO, per unit volume of the solution) can
dissolve CaCO;3; or CH from the solid cement paste and free the calcium ions Ca*".
Adenot and co-workers [108, 118] reported that the CH was the first to dissolve from the
surface, after that the monosulfate and the ettringite, then the C-S-H is progressively

attacked through decalcification.

In order to investigate the leaching effects due to lime water curing on the
mechanical properties of cement paste, the author has fabricated a similar batch to the
plain cement paste tested before. The new plain cement paste batch has the same size,
geometry, procedure and components as the previous one, but this time was cured in a

moisture room (closed room with constant humidity of 95% at temperature of 23°C). The
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comparison results showed that higher strength, ductility, and toughness were obtained
for the moisture curing approach. Fig. 44 to Fig. 47 show the improvements in the
mechanical properties that reached 50% to 60% or more have been recorded for the
moisture room curing compared to the lime water curing results. These results matches

the experimental results reported by Carde, et al. [107] for similar cross-section area size.

It is noticed also how the plain cement paste batches with superplasticizer,
showed a very lower mechanical properties when compared to the plain cement paste
batches without any superplasticizer. This is could be due to the excess amount of water
available for the cement hydration due to the existence of the water reducing agent
(superplasticizer). Simard et al. [119] have tested different batches of cement paste with
fixed water/cement ratio (w/c ratio=0.35), and they used two different commercial
superplasticizers (Na-PNS and Ca-PNS) [poly-B-naphthalene sulfonates (PNS)] at
different concentrations. Their results showed that there are variations in the heat flux of
the hydration and retardation in the hydration process with the increase in the
concentration of the superplasticizers. The compression tests showed degradations in the
strength of all cement paste batches with the increase in the concentration of the
superplasticizers. This decrease in strength was also a function of cement type
(chemistry). The degradation in the compressive strength varied from 20% to 100%
depending on the type and concentrations of the cement and the superplasticizers. They
also reported that retardation in hydration was greater for cement types of low C;A
content. However, more investigations on curing methods and superplasticizer effects on

the mechanical properties of cement paste will be performed in the future.
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The reliability of the results obtained for all the ten batches (of this study) is
preserved. Since, all the ten batches have been cured for the same time in the same lime
water solution, the author believes that they all will have the same effect of the lime
water curing. Hence, the comparison between all batches is valid at least qualitatively.
However, based on this plain cement study, the author believes that if different curing
method was adopted (like moisture curing), the results will show improvements in the
mechanical properties of the nanocomposite specimens, due to the reduction in leaching,
but the relative behavior and trend of all batches will be the same. The curing method

effects need more investigations and will be studied in a future work.

45 SEM and TEM Microstructural Imaging

In order to investigate the microstructure of the MWCNTs/cement composites,
Scanning Electron Microscope (SEM) images have been taken for the fracture surface of
the nanocomposites. A very small portion cut from the fracture surface have been
mounted on SEM holder and coated with a very thin layer (3-4 nm) of
Platinum/Palladium, to enhance the images quality by improving the charge discharge on
the top of the sample under the electron beam of the SEM. A JEOL JSM-7500F
machine, an ultra-high resolution field emission scanning electron microscope (FE-
SEM), has been used in order to capture the MWCNTs within the cement paste. It should
be noticed that finding the CNTs within the cement paste is relatively very challenging,
when compared to capturing carbon nano fibers or microfibers. Two main categories

have been taken into consideration, which the author believed it has major effects on the
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mechanical properties of the CNTs nanocomposites; CNTs crack bridging (pull-out

action) and the dispersion of the CNTs within the matrix.

45.1 CNTs Pull-out and Crack Bridging

In Fig. 48 and Fig. 49, it is seen that the MWCNTs were effectively bridging
micro-cracks within the cement paste matrix. Clear evidence can be obtained from the
figures that many CNTs are stretching across the micro-crack. CNTs breakage can also
be seen for many of the CNTs bridging the micro-crack. This will imply a good bonding
between the CNTs surfaces and the surrounding cement paste. However, it was difficult

to capture a clear pull-out image and the corresponding fiber hole in the matrix.

Fig. 48. SEM image showing the micro-crack bridging and breakage of the MWCNTs within
cement paste.
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Fig. 49. SEM image showing a micro-crack bridging by few number of MWCNTs within cement
paste.

The breakage seen in the images would indicate very high stresses applied to the
CNTs. Since the theoretical tensile strength of CNTs is very high, then this means more
number of CNTs is needed in order to carry these stresses. This could imply that a very
good dispersion is the real key to improve the mechanical properties of cement
nanocomposites rather than the bonding between the CNTs and the matrix, at least in
cement paste, as breakage not pull-out is seen in the images. However, the effective
tensile strength of CNTs is affected by the amounts of defects in the atomic structure of
the CNTs walls. The increase of the defects will decrease the strength and make the
CNTs to curve and bundle. However, Musso, et al. and Tyson, et al. [62, 104] concluded
that even these defects may affects the CNTs as individual, but the overall strength of the

composite can be increased with a good dispersion.
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4.5.2 Dispersion and Agglomeration

From the previous subsection discussion, it has been proposed that dispersion of
CNTs within the cement paste matrix could be more important and critical than bonding,
since breakage of the CNTs occurred before the pull-out action. This could imply that -at
least for this study case- sufficient bonding was obtained between the CNTs and the

surrounding cement paste.

As mentioned before, a good dispersion of the CNTs within the aqueous solution
does not guarantee a good dispersion of the CNTs within the cement paste. As seen in
Fig. 50, large number of MWCNTs agglomerates and bundle within a very small area on
the fracture surface of the cement nanocomposite. Fig. 51 shows a cryo-TEM image of

MWCNTs within a thin strip of cement paste.

Based on these SEM and TEM observations of the fractured surface, two main
reasons could explain the poor dispersion obtained. The first reason is that the sonication
(dispersion) of the CNTs in the mixing water and/or the mixing of the CNTs solution
with cement powder, are not very effective, and more enhancements are needed in that
area to improve the current mixing and dispersing techniques, or to create new dispersing

techniques.

The second reason that could explain the poor dispersion is the cement grain size.
It is well known that the cement grain diameter is greater than the size of the CNTs by
hundreds of times. When mixing well dispersed CNTs solution with the cement powder,

the CNTs will be in the water surrounding the cement grains. When cement paste
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hydrates and hardens, the CNTs will be at the original location outside the original
perimeter of the cement grains. Hence, locations with agglomerations of CNTs, and
locations without any presence of CNTs (the original cement grains areas) will be
formed. During the searching process for the CNTs on the fracture surface using the
SEM, it was clearly noticed that —at the nano scale- large areas were just empty of the
CNTs, while some limited locations contain the CNTs. The second reason proposed

could be the main and the most important element to obtain a very well dispersion [49].

Fig. 50. SEM image of MWCNTs agglomerations within a small area of cement paste.



Fig. 51. A cryo-TEM iage of MWCNTSs within cement paste (picture courtesy of Bryan M.
Tyson).

As mentioned in the previous section, the excessive formation of the expansive
ettringite needles would cause micro-cracks and damage inside the cement paste matrix,
resulting in degradation of the mechanical properties of the material. Fig. 52 shows a
SEM image showing a huge formation of ettringite needles within the C-S-H of the
cement paste. It is also noticed that air voids (spaces) exist within and around the

ettringite formation within the hydrated cement paste.
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Fig. 52. SEM image showing a huge formation of ettringite needles within the C-S-H of the
cement paste. Notice the air void (space) within and surrounding the ettringite formation.
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5. CONCLUSIONS AND FUTURE WORK

5.1 Conclusion

In this study, the effects of the aspect ratio of the functionalized and the non-
functionalized multi-walled carbon nanotubes on the mechanical properties of cement
paste have been investigated. Four different types of MWCNTs have been used as nano-
reinforcements for the cement paste composite; two aspect ratio MWCNTs and two
functional groups (COOH and OH) of the MWCNTs. Ten different batches of cement
composites with different MWCNTs types and concentrations were fabricated and tested.
The mechanical properties of the MWCNTs/cement paste composites were tested by a
custom made three-point flexural test apparatus. The microstructural characteristics of
the MWCNTs/cement composites were investigated by the use of SEM and TEM

machines images.

The first step in this work was to disperse the CNTs within water with surfactant.
Then this solution was sonicated using ultrasonic wave mixer. It has been mentioned that
proper chemical surfactant has to be compatible with cement. Excessive amount of
surfactant will enhance the dispersivity of the CNTs, and reduce the amount of
ultrasonication power and time, but will have negative effects on the cement paste
hydration process. Less surfactant means more energy (sonication) needed for well
dispersion, but that will cause breakage and dissolving of the CNTs. Optimum level of

both surfactant and ultrasonication needed to be achieved.

Short MWCNTs have been acid treated (functionalized) by combination of

sulfuric and nitric acids. The obtained functionalized MWCNTs have the functional



98

group (COOH). The XPS testing has showed increase in the oxygen content ten times
more after the functionalization. The CNTs functionalization process is very important in
order to improve the dispersion and to enhance the bonding between the CNTs and the
surrounding cement paste matrix. Providing the specific type of the functional group that
will bond with the matrix, and optimizing the level of functionalization is crucial, such

that providing sufficient side functional groups without excessive damaging to the CNTs.

To investigate the mechanical properties of the MWCNTs/cement composites, ten
different batches where made, by sonicating the MWCNTs with the water and the
surfactant, then mixing this solution with cement powder using a water/cement ratio of
0.4. The specimens were casted into a small acrylic mold and have been tested under
three-point flexural testing, at ages of 7, 14, and 28 days from the casting day. Four
different mechanical properties have been measured; flexural strength, ultimate strain

(ductility), elastic modulus, and modulus of toughness.

Most of the nanocomposites show multi-peak behavior in the stress-strain
diagrams. After the first crack, the material softens or yields in some cases, and
sometimes shows gradual increase in the strength to become higher than the first-crack
strength. This behavior clearly indicates the CNTs pull-out action, which increases the

composite ductility (strain capacity) and toughness.

The mechanical testing results showed that, for flexural strength at 28 days almost
all of the MWCNTs composites have increased the flexural strength of the cement
nanocomposites. At 28 days, the long MWCNTs have increased the flexural strength

more than the short MWCNTs, although the short MWCNTSs improved the flexural
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strength more at early ages of 7 days. For the ultimate strain (ductility) of the
nanocomposite beams, show that over all ages, 7, 14 and 28 days, the ultimate strain
(ductility) of the short MWCNTs nanocomposites is more than the ultimate strain
(ductility) of the long MWCNTs nanocomposites. This could be because a better level of

dispersion has been achieved in the short MWCNTs than in the long ones.

The short 0.2% MWNT showed a significant increase in the flexural strength,
specifically increased by 269% compared to the plain cement sample. The long
0.1%MWNT has also increased in the flexural strength by 65%. The long 0.04% MWNT
(OH) showed an improvement of 83% in flexural strength at 28 days compared to the
plain cement sample. The highest ductility (strain capacity) at 28 days was for the short
0.1% MWNT and short 0.2% MWNT, with improvement of 86% and 81%, respectively.
Also, at 28 days, the short 0.2% MWNT (COOH) and the long 0.1% MWNT (OH)

ductility increased by 36% and 31%, respectively.

A general degradation in strength and toughness noticed for all specimens at age
of 28 days. The author believes that leaching of Calcium Hydroxide [Ca(OH),] from the
cement paste submerged into the lime water, would increase the porosity (capillary voids)

of the matrix and hence degrade the mechanical properties.

SEM images implied that the uniformity of the distribution of the MWCNTs
within the aqueous solution does not guarantee a uniform distribution of the nano
filaments within the cement paste composites. Agglomerations and plain cement area
without the CNTs were noticed by the SEM. However, clear evidence can be obtained

from the figures that many of the CNTs are stretching across the micro-cracks. CNTs
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breakage can also be seen for many of the CNTs bridging the micro-crack. This will

imply a good bonding between the CNTs surfaces and the surrounding cement paste.

5.2 Limitations

There are many limitations associated with the experimental work of this
research.  The first limitation is about the CNTs dispersion measurement and
optimization. The evaluation of the dispersion of the CNTs within the aqueous solution
is difficult and not accurate, since it depends on the visual evaluation, including the TEM
images, which presents limited area that might not be representative. However, it is more
difficult and complicated to measure the dispersion of the CNTs within the cement paste
composite. The SEM images would only cover a limited area and depth on the
distribution of the CNTs within the cement paste volume. The final length of the CNTs
after the ultrasonication was not measured to verify the breakage amount of the CNTs
due to the ultrasonication process. This could effectively change the actual aspect ratio

of the CNTs assumed before the ultrasonication.

Another important limitation regarding the testing is the size of the specimens
(beams). The small cross-section area of the specimens will make it very sensitive to any
micro defects, like air voids or bubbles. These micro defects will greatly affect the
strength and the mechanical behavior of the composite. Also the data collection for the
behavior after the first crack would be limited and insensitive, since the first crack
usually will fracture the specimen and end the measurement. If larger cross-section

beams were tested, the yielding behavior or the crack propagation observations will be
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more accurate. As for the nanocomposites behavior the data capturing of the pull-out
behavior after the first crack is so important to understand the micro cracks bridging

mechanism.

Finally, the three point bending test has a limitation of a peak maximum bending
moment at mid-span, which the location of the first crack might not be at mid-span.
Introducing a notch (seam) at mid-span for this size of specimens would make it more
difficult to capture any ductility and the failure will be very brittle. The four-point
bending has the advantage of constant bending moment over the mid part of the beam,

and that could reduce the errors.

5.3 Future Work

More investigations are needed in areas like optimization for the dispersion of the
CNTs within the aqueous solution, by optimization of the amount of the surfactant
needed, the concentration of the CNTs/surfactant ratio, CNTs/water ratio, and the
ultrasonication power and duration needed to maximize the dispersion without damaging

the CNTs.

On the other hand, optimization and quantification of the dispersion of the CNTs
within the cement paste composite. Measuring dispersion and the distribution of these
nano-filaments is needed in order to optimize the mixing techniques and effectively use

and utilize the CNTs within the cement paste matrix.

Further investigations are needed on the effects of the curing methods on the

hydration process, porosity and the chemistry of the cement paste composites, especially
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the curing in lime water, in order to support and verify the leaching of the Ca(OH),
hypothesis. The specimens’ geometry and size along with the saturation level of the lime
in the curing water will cause the leaching which significantly affects the mechanical

properties of the cement paste composites.

Testing larger beams size, using four-point bending testing, will provide more

details about the post first-crack behavior.

Performing finite element modeling for the CNTs/cement composites is needed to
verify and understands the mechanism of crack bridging and strengthening of the matrix

by the existence of the CNTs.
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Stress-strain diagrams for the plain cement (reference) samples:
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Stress-strain diagrams for the 0.1% Long MWCNTSs (OH)/cement composite
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Stress-strain diagrams for the 0.1% Long MWCNTSs /cement composite samples:
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Stress-strain diagrams for the 0.1% Short MWCNTs(COOH)/cement composite
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Stress-strain diagrams for the 0.2% Short MWCNTs(COOH)/cement composite
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Stress-strain diagrams for the 0.1% Short MWCNTSs /cement composite samples:
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Stress-strain diagrams for the 0.2% Short MWCNTSs /cement composite samples:
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Stress-strain diagrams for the 0.04% Short MWCNTSs /cement composite samples:
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Stress-strain diagrams for the 0.04% Long MWCNTs(OH)/cement composite

samples:
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Stress-strain diagrams for the 0.04% Long MWCNTSs /cement composites samples:

12 4
10 - ——0.04%Long MWNT
at 7 days (Samplel)
8 4
©
o
% 6 - ==0.04%Long MWNT
H / at 7 days (Sample2)
’ / "
4 /
2 " +——0.04%Long MWNT
/ at 7 days (Sample3)
e e SRy
0
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
Strain (g)
12 4
= 0.04%Long MWNT
10 - at 14 days
(Samplel)
N /
©
o
=3 =——0.04%Long MWNT
a ® at 14 days
)
= (Sample2)
(7]
4 4
//\’-’* ——0.04%Long MWNT
2 at 14 days
\ (Sample3)
0
0.0000 0.0002 0.0004 0.0006 0.0008
Strain (g)




132

Stress (MPa)

(o]
1

[e)]
|

SN
!

//

/

——0.04%Long MWNT

at 28 days
(Samplel)

0.04%Long MWNT

0
0.0000

0.0001

0.0002 0.0
Strain (g)

003 0.0004

0.0005

at 28 days
(Sample2)




Name:

Address:

Email Address:

Education:

133

VITA

Ahmad Ibrahim Ashour

Construction, Geotechnical, and Structural Division
3136 TAMU
College Station, TX 77843-3136

ahmad.ashour@tamu.edu

M.S., Civil Engineering,
Texas A&M University, College Station, 2011

B.S., Civil Engineering,
The Hashemite University, Jordan, 2007



