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ABSTRACT

SWCNTs with a cement surface.

This study is focused on the effect of adding Single-Walled Carbon Nanotubes (SWCNTs) on the rheological and
mechanical properties of cement paste, as well as its influence on porosity and microstructure of the final material.
The rheological properties were measured by rotational rheometry, while the evaluation of mechanical properties
was carried out by compression tests. Porosity was measured with a pycnometer. The microstructure of the samples
was analyzed by Scanning Electron Microscopy (SEM). Finally, this investigation includes the results of molecular
modeling. Molecular dynamics simulations were performed to study the interaction of pristine of functionalized
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INTRODUCTION

Recently, the addition of carbon nanostructures to construction
materials has been generating great interest, especially due to the
improvement of mechanical, electrical and thermal properties of
cement. The addition of the nanostructures to cement, without
a significant weight change, expands its field of use beyond
conventional construction applications since reinforced cement
presents more insulating sound capacity and higher thermal
and electrical conductivity than conventional cement. These
new cements could be used to manufacture sensors to monitor
deformations in structures, to control the corrosion of metallic
structures of reinforced concrete, as cathodic protection, as an
electromagnetic shielding material, as a protector of electrical
systems, etc [1-4].

However, because of the increased viscosity, which affects the
workability and the modification in hydration process, the
addition of carbon nanoparticles to cement based materials has
some detrimental effects [5,6]. In this context, the aim of this study
is to analyses the effect of the addition of single-walled carbon
nanotubes (SWCNTs) on the rheological behavior of cement paste,
and the effect of the reinforcement on mechanical properties,
porosity and microstructure.

The theoretical study of the properties and structure of
cementitious materials can be carried out by molecular simulation

techniques [7-10]. Among the different methods of simulation,
those that describe the interactions between the atoms that make
up the system by means of a set of equations and parameters,
the so-called force fields are the most appropriate for the study
of these materials, since they allow to manage a greater number
of atoms in reasonable computation times [11]. In particular, the
Molecular Dynamic method (MD) studies the time evolution of a
system by applying Newton's equations of motion and gives access
to calculating a great variety of properties such as structure, free
energy, viscosity, diffusion coefficients or energies of interaction
between different components among others [12-15].

EXPERIMENTAL PROCEDURE

Materials

Portland cement type II/B-L 32,5R and single-walled carbon
nanotubes (SWCNT), with 2-10 nm diameter and 1-5 pm length
(Sigma Aldrich) were used in this study.

Methods

Cement paste was prepared in a ratio 2:1 weight cementwater.
The SWCNTs were dispersed previously in water, and then added
to cement powder. Cement paste was reinforced with a 0.02% by
weight of SWCNTs. Cement paste without SWCNTs was prepared

as a control sample.
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The steps of the experimental procedure are the following

Dispersion of the SWCNTs in water: The SWCNTs were mixed
with water and the mixture was ultrasonicated in a horn sonicator

(Sonoplus HD 2070, Bandelin) for 1 h.

Mixture and specimen preparation: The SWCNTs-water
dispersion was incorporated into cement powder. The reinforced
cement paste was prepared according to the procedure UNE EN
196-1: 2005. A final high speed mixing step was implemented
(maximum speed of 18000 rpm). With the freshly prepared cement
paste, cylindrical specimens of 2 cm high and 1 cm diameter were
molded for the mechanical properties measurements.

Characterization of reinforced cement properties: The rheological
properties of cement paste were characterized by a rotational
rheometer, (Rheostress 6000), using a double-cone and plate system
(60 mm in diameter, 28 cone angle). A three-stage measuring
program was used, with a linear increase of shear rate from O to
1000 s-1 in 300 s, a plateau at 1000 s-1 for 120 s and a further
decrease to zero shear rate in 300 s. The measurements were made
at room temperature. The compressive strength was measured, with
a universal testing machine, on the test pieces after 7 days after
their preparation. Total porosity was measured by a pycnometer,
according to the standard UNE EN 1936-07. The microstructure of
materials was observed by SEM.

MD simulations to study the interaction of pristine or
functionalized SWCNTs with a cement surface: Measurement
was performed by using the Forcite module as implemented in
the Materials Studio software [16]. The adsorption process was
investigated in the NVT ensemble at 298K using a time step of
1 fs. The COMPASSII force field was used to describe energy

interactions [17].

To study the adsorption process, a pristine or functionalized
SWCNT was initially placed ~19 A apart from a (001) surface
of tobermorite (22.5 A thick). This crystalline material was used
to represent the real structure of cement paste. SWCNTs were
functionalized with carboxylic acids (CNT-COOH), carboxylate
groups (CNT-COQO) or the anionic Surfactant Dodecyl Sodium
Sulfate (SDS) (CNT-SDS). A vacuum slab of 60 A was introduced

to avoid interaction between the system and its periodic images.
RESULTS

Rheological properties

Figure 1 shows the variation of shear stress with the shear rate for
unreinforced cement and for the 0.02 wt.% SWCNT reinforced
cement paste. As can be seen, both samples show the rheological
behavior of a non-Newtonian fluid, in this case it corresponds to
the model of a pseudoplastic fluid. Figure 2 shows the dynamic
viscosity as a function of the shear rate. In both samples, dynamic
viscosity decreased with shear rate. Moreover, the addition of
SWCNTs to the cement increased its viscosity. This behavior is due
to the high specific surface of the SWCNTs, which attract water
molecules, reducing the lubrication of cement powder particles

[18].

Microstructure

The microstructure of samples 7 days after its preparation can be
observed in Figure 3. The reinforced sample showed a developed
microstructure, in which hydration products were formed. In
contrast, in the control sample it was observed that the setting
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process was less advanced.

Figure 4 shows the microstructure of control sample and the
reinforced one 28 days after its preparation. It can be seen that
both microstructures are similar.
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Figure 1: Effect of SWCNTs solid concentration (0.02 wt%) on the
shear stress of cement paste compared with the control sample.
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Figure 2: Effect of SWCNTs solid concentration (0.02 wt.%) on the
apparent viscosity of cement paste compared with the control sample.

Figure 3: SEM micrographs of control sample (left) and 0.02 wt.%
SWCNTs reinforced sample (right) after 7 days.

Figure 4: SEM micrographs of control sample (left) and 0,02 wt.%

SWCNTs reinforced sample (right) at 28 days.
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Mechanical properties and porosity

The compressive strength of the samples can be seen in Figure
5. The addition of SWCNTs increased the compressive strength
of cement. Moreover, the reinforced sample with a 0.02 wt.% of
SWCNTs showed a lower amount of porosity than the control
sample (Figure 6). The addition of SWCNTs acts as a pore filler
increasing the final density of the material [19].
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Figure 5: Compressive strength of the control sample and the 0.02
wt.% SWCNTs reinforced cement sample.
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Figure 6: Porosity of the control sample and the 0.02 wt.% SWCNTs
reinforced cement sample.

Distance between the SWCNT and the tobermorite surface is
shown in Figure 7.
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Figure 7: Time evolution of the mean distance between the tobermorite

surface and the SWCNT.

Initial (t=0 ps) and final (t=500 ps) snapshots of the simulations are
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shown in Figure 8, taking special attention on how the positions
of the SWCNT interact with the tobermorite surface. Interaction
energies are shown in Figure 9.
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Figure 8: Initial (t=0 ps) and final (t=500 ps) configurations of a)
pristine SWCNT, b) SWCNT-COOH, ¢) SWCNT-COO-, d) SWCNT-4

SDS, interacting with a tobermorite surface.
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Figure 9: Interaction energy (J/m2) between a SWCNT and the

tobermorite surface.

MD simulations show that a pristine or functionalized SWCNT
and a (001) surface of tobermorite interact, give rise to the
adsorption of the SWCNT. Figures 7 and 8 show that the distance
between the CNT and the surface decreases with time. In all cases
studied, an equilibrium situation has been reached at the end of
the simulation (500 ps). The final average distance varies between
6 and 9 A depending on the type and degree of functionalization
of the SWCNT. SWCNT functionalized with COO" groups clearly
stands out from the rest, reaching the equilibrium position at 15 ps
of simulation. Possibly, the electrostatic attraction between negative
charge of the COO" groups and positive charge of the Ca2+ ions
on the tobermorite surface is responsible for a faster interaction in
this case.

Interaction energy values (Figure 9) show that the adsorption
process is favorable except in the case of the pristine SWCNT
(slightly positive energy). This result is not surprising, since pristine
SWCNTs are highly hydrophobic, while the tobermorite surface is
hydrophilic. In the rest of the cases, the interaction energy is negative
being the adsorption process of the SWCNT functionalized with
COO groups the most favored. The introduction of carboxylic
groups or the use of SDS also improves the adsorption process.
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CONCLUSION
The addition of SWCNTs nanotubes does not modify the

pseudoplastic behavior of cement paste, but it does increase
viscosity of the material.

The addition of SWCNTs to cement paste reduces the porosity of
the material, which leads to an increase in the compressive strength
of cement.

The addition of SWCNTs does not modify the microstructure of
the final material. However, the SWCNTs accelerates the hydration
process of cement paste.

MD simulation results show that functionalizing a SWCNT with
different polar groups or an anionic surfactant improves the
interaction between cement surfaces and the SWCNT. This could
help to achieve a good dispersion of the SWCNTs in cement paste.
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