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Abstract: Over the last few years, the addition of small amounts of carbon nanotubes (CNTs) to
construction materials has become of great interest, since it enhances some of the mechanical, elec-
trical and thermal properties of the cement. In this sense, single-walled and multi-walled carbon
nanotubes (SWCNTs and MWCNTs, respectively) can be incorporated into cement to achieve the
above-mentioned improved features. Thus, the current study presents the results of the addition
of SWCNTs and MWCNTs on the microstructure and the physical properties of the cement paste.
Density was measured through He pycnometry and the mass change was studied by thermogravi-
metric analysis (TGA). The microstructure and the phases were analyzed using scanning electron
microscopy (SEM) and X-ray diffraction (XRD). Finally, the electrical conductivity for different CNT
concentrations was measured, and an exponential increase of the conductivity with concentration
was observed. This last result opens the possibility for these materials to be used in a high variety of
fields, such as space intelligent systems with novel electrical and electronic applications.
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1. Introduction

In the construction field, concrete is one of the most frequently used materials world-
wide. However, due to the emergence of porosity and cracks, the durability and perfor-
mance of the cement decreases. This situation has been overcome with the introduction
of nanomaterials within the cement paste structure, making it possible to produce more
durable and crack-free cementitious materials [1-3]. In this sense, CNTs show excellent
mechanical properties and chemical stability, promoting the enhancement of concrete per-
formance. The incorporation of small concentrations of these nanostructures is causing
a revolution in the construction industry since it is possible to increase both durability
and mechanical performance together with electrical and thermal properties. This positive
effect is making it possible to go beyond conventional construction applications due to the
higher insulating sound capacity and higher thermal and electrical conductivities. This new
family of cements would make it possible to manufacture sensors to monitor the internal
behavior of structures and to control corrosion of metallic parts in reinforced concrete.
It could also be used for cathodic protection, electromagnetic shielding or protection for
electric systems. When a certain concentration of CNTs is achieved in the cement matrix, it
easily forms conductive networks within the material, making it possible to employ them
in anti-corrosion applications or heating mechanisms [4-8].

Several studies devoted to the incorporation of CNTs in concrete and cement to
improve their structural and electrical properties have recently been carried out. Lazaros
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et al. [9] introduced semiconductor n- and p- MWCNTs to concrete in order to improve
its thermoelectrical properties and to increase its energy storage capacity. Shao et al. [10]
could enhance the dispersion ability of CNTs by using dispersants and, as a result, electrical
conductivity was improved through the formation of electrical networks in the cement-
based composite at mature stage. Elena Cerro et al. [11] researched the effects on the
strength and electrical properties when adding different concentrations of MWCNTs to
cement mortar. An increase of 10% in conductivity was observed in mortars with 0.01 and
0.015 wt.% MWCNT loading after 28- and 90-days curing, respectively. However, up to
date, in the authors knowledge, there are no studies mixing different weight concentrations
of MWCNTs with cement and reporting the average electrical conductivity for each of the
cement-based samples measured at different directions (transverse and longitudinal) of the
current flow. This gives a more general idea of the average electrical conductivity present in
the cement-based bulk material, eliminating possible spatial fluctuations of the MWCNTs
concentration inside the material volume. In this work, the average electrical conductivity
results measured at different directions is determined for samples with 0.01, 0.02, 0.05 and
0.10 wt.% MWCNTs after 1 month of curing. In addition, conductivity measurements of
samples with 0.02 wt.% SWCNTs incorporated to the cement matrix were performed. An
exponential growth in the electrical conductivity was observed when the MWCNT weight
concentration was increased. The electrical conductivity of the samples with 0.02 wt.% of
SWCNTs resulted in a very similar value to the pure cement. Its morphology and shorter
length than MWCNTs resulted in a less effective electrical conductivity.

The addition of other types of carbon-based nanostructures to the cement also modifies
its properties, but with different effects. Wang et al. [12] observed that small additions of up
to 0.3 wt.% of carbon nanofibers (CNF) have a moderate effect on the electrical resistivity
of the cement, although it decreases considerably above that content. Konsta-Gdoutos
et al. [13] observed that low contents of CNF in the cement, below 0.1 wt.%, provide higher
values of electrical resistivity than the same content of CNTs, due to the worse dispersion
in the cement paste and polarization effect.

The analysis of water absorption and the final microstructure of cement reinforced
with carbon nanotubes has been studied by some authors [3,14]. In the present work,
water absorption and observation of the microstructure of the materials during the setting
process have been carried out, comparing them with the unreinforced material, in order to
understand how the presence of carbon nanotubes affects the stages of the setting process.

Within this framework, this work proposes to analyze the formation of the microstruc-
ture during the hydration process and its achieved density, and the electrical properties
reached in the cement paste with the incorporation of both single and multi-walled CNTs.

2. Materials and Methods
2.1. Materials

Portland cement (II/B-L 32.5R grade, supplied by Cementval S.L.) was used in this
study, the chemical composition is shown in Table 1. This material acquires a high initial
strength and it shows an excellent workability due to its high plasticity. These characteristics
make it ideal to for mixing with other materials, such as carbon nanotubes. In addition,
given its good resistance, it is indicated for applications where good mechanical properties
are required. On the other hand, the characteristics of the CNTs used in this work are
shown in Table 2.

2.2. Methods
2.2.1. Samples Preparation

The CNTs were firstly ultra-sonicated in water in a horn sonicator (Sonoplus HD 2070,
Bandelin, Berlin, Germany) for 1 h and then added to the cement powder in a weight ratio
2:1 cement-water. Cement paste was reinforced with different content of CNTs according
to UNE EN 196-1:2005 [15]. A final high speed (18,000 rpm) mixing step was implemented.
The fresh cement paste was casted into cylindrical molds of 2 cm height and 1 cm diameter.
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Plain cement paste was prepared as a control sample. The optimization of the mixing
parameters of carbon nanotubes in the cement paste have been selected based on previous
studies [16,17].

Table 1. Chemical composition of Portland II/B-L 32.5R cement (provided by the supplier).

Component Amount (wt.%)
5i0, 12.59
Al,O3 3.10
Fep 03 1.94
CaO 59.04
TiO, 0.19
MnO 0.04
P,05 0.10
SrO 0.04
MgO 1.82
K,O 0.58
SO3 2.48

Table 2. Carbon nanotube characteristics.

Type of Carbon Average Average Length Purity Provider
Nanotube Diameter (nm) (um) (%)
Multi-walled _ '
(MWCNT) 12 10 >98 Sigma Aldrich
Single-walled ' .
(SWCNT) 0.78 1 >95 Sigma Aldrich

2.2.2. Microstructure, Hydration and Density

The microstructures of the samples were observed by SEM at 7 and 28 days after
their preparation. Thermogravimetric analysis (TGA) was performed in order to observe
the mass change, from room temperature to 980 °C, at a heating rate of 10 °C min~1,
under a nitrogen atmosphere. Fully setting specimens (above 30 days) were characterized
by measuring the density through He pycnometry. Moreover, diffraction patterns of the
samples were obtained using an X-ray diffractometer (Siemens D5000, Munich, Germany),
using Cu K« radiation and [15°-120°] 26 range.

2.2.3. Electrical Conductivity

Electrical conductivity measurements were carried out with a Keithley 2450 source
meter. Cement based samples had 0.00, 0.02, 0.05 and 0.1 wt.% of MWCNTs distributed
in the cement structure. In addition, one of the samples had 0.02% wt.% of SWCNTs.
These samples, which were cut in cylinders of 1.5 cm height and circular bases of 1 cm of
diameter, were stacked between two squared steel plates of area 12 x 12 cm? and 1 cm
thickness, in horizontal and vertical positions. In one of the sides of the steel plates, a
ceramic layer of 5 x 5 cm? and 5 mm thick was fixed, and a copper layer of 1 mm was
glued to this ceramic layer. Two copper-wire electrodes were attached between the plates
and the ceramic layers, and were connected to the inputs of the Keithley 2450 source meter.
With this configuration (see Figure 1), both sample sides were in contact with the electrodes.
V-I measurements were performed with the Keithley Kickstart software. Thus, the voltage
and the electrical current applied to the samples were programmed to measure in the range
10 mV-25 V and 5 nA-30 mA, respectively. Afterwards, the slopes obtained from the linear
fits corresponding to the plots V-1 were determined in order to obtain the resistance (R)
values, either for horizontal or vertical positions. Resistivity was calculated according to
these pair of resistance values and the samples geometry. When considering horizontal
positions (cylinder lying on the metal plate with only a line of contact points touching
the plate surface), resistivity was calculated by using the equation p = % where R is the
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resistance and 1 corresponds to the sample thickness. In the case of the vertical ones, the
used equation is p = R- %, A being the transversal section of the sample perpendicular
to the current flow. Once both types of resistances were calculated, their average was
estimated in the samples under study in order to obtain the final conductivity, o, by using

the expression o = %.
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Figure 1. Experimental set-up to measure the electrical conductivity in (A) transverse direction,
(B) longitudinal direction.

3. Results and Discussion
3.1. Microstructure, Hydration and Density

Figure 2 shows the microstructure of the samples 7 days after their preparation. The
reinforced specimens present a more developed microstructure than the control sample,
in which hydration products are formed. For the unreinforced sample, the setting process
is less advanced. Therefore, the obtained microstructures show a morphology consistent
with the literature. As reported by Markar et al. [18], the addition of 0.02 wt.% CNTs to the
cement paste directly affects the early hydration process, causing higher hydration rates,
since the nanotubes act as nucleation sites for hydration products. Regarding MWCNTs,
some authors have shown that there is a significant shift in the calorimetric curves, which
leads to the acceleration of the hydration process, compared to the plain cement [19,20]. As
for SWCNTs [18,21], the addition of this type of nanotubes to the cement paste also boosts
the hydration reaction of the tricalcium silicate (C3S), which become quickly coated with
calcium silicate hydrate (CSH). Further, the heat of hydration increases, since the formation
of Ca (OH); is promoted during the hydration reaction.

Figure 3 shows the weight loss curves for the samples 7 days after their preparation.
The first weight loss, around 100 °C, corresponds to the dehydration of CSH. This weight
loss is greater for the reinforced samples, due to the presence of nanotubes leading to a
greater amount of hydration products. At 450 °C, the second weight loss can be appreciated
in the graphic, which is shifted to the right for reinforced samples and corresponds to the
dehydroxilation of the portlandite. The final weight loss, over 650 °C, corresponds to the
decarbonation of the calcium carbonate. Again, the curve for reinforced samples is shifted
to the right, since the addition of both SWCNTs and MWCNTs favors the nucleation of C35
products, which are rapidly coated with CSH. Boosting of the cement hydration leads to
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several benefits, including earlier surface finishing, reduction of hydraulic pressure of the
parts and reduction of the curing time [22].

il vt
S

Figure 2. SEM micrographs 7 days after the preparation of (a) control sample, (b) 0.02 wt.% MWCNTs
reinforced sample and (c) 0.02 wt.% SWCNTs reinforced sample.
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Figure 3. Thermogravimetric curves for the control sample, the 0.02 wt.% SWCNTs and the 0.02 wt.%
MWCNTs reinforced cement samples, after 7 days of curing time.

The specimens were also investigated after 28 days of curing. Figure 4 depicts the
microstructure of the prepared samples, which contain different amounts of SW and MW
nanotubes. As it can be seen, SEM micrographs are consistent with other studies found in
the literature [23-25], showing a homogenous microstructure.

Figure 4. SEM micrographs 28 days after the preparation of (a) control sample, (b) 0.02 wt.%
MWCNTs reinforced sample, (c) 0.1 wt.% MWCNTs reinforced sample and (d) 0.02 wt.% SWCNTs

reinforced sample.

Moreover, the microstructure study was completed by XRD analysis of the specimens,
as shown in Figure 5, in which the different hydration products are detected, being possible
to observe similar patterns for all the tested conditions. Ca(OH), peak appears at 26 = 35°,
calcium carbonate at both 20 = 21°and 20 = 40°, while CSH is shown at 20 = 28°. The
intensity of Ca(OH), and CSH peaks are of huge relevance, since they allow to identify
the degree of hydration. As is noticeable in Figure 5, the peak intensity of the CSH at
20 = 28° increases in the presence of the CNTs, which means a positive effect of the CNTs
in the hydration process of the cementitious material. The enhanced performance of the
hydration reaction is a consequence of the CNTs role as nucleation sites for the hydration
products and the improvement in the bonding among the mentioned products [11,26-28].
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Figure 5. XRD spectra of (a) control sample, (b) 0.02 wt.% MWCNTs reinforced sample, (c) 0.1 wt.%
MWCNTs reinforced sample and (d) 0.02 wt.% SWCNTs reinforced sample.

The positive influence of the nanotubes on the hydration rate of the cementitious
material is also observed in the thermogravimetric graph displayed in Figure 6, being even
more significant when MWCNTs are added. This fact is related to the higher concentration
of hydration products after 28 days of curing time rather than after 7 days.

The pycnometer density values for all samples are listed in Table 3. The addition of
CNTs to the cement paste slightly decrease the density with regard to the control specimen,
due to the larger number of pores in the CSH gel [29].

Table 3. Density results of control sample and CNTs reinforced cement samples.

Control MWCNT MWCNT SWCNT
0.02 wt.% 0.1 wt.% 0.02 wt.%
Pycnometer density 258 237 247 938

(gem ™)




Materials 2022, 15, 7976

7 of 9

= Control 28 days MWCNT 0.05 wt. % 28 days MWCNT 0.1 wt. % 28 days
100
920

80

Weight (%)

70

60
0 200 400 600 800 1000

Temperature (°C)

Figure 6. Thermogravimetric curves for the control sample, the 0.05 wt.% MWCNTs and the 0.1 wt.%
MWCNTs reinforced cement samples, after 28 days of curing time.

3.2. Electrical Conductivity

An exponential growth of the electrical conductivity was observed with the increase
of the weight percentage of MWCNTs in the samples at room temperature (Figure 7). All
measurements performed on each of the samples were repeated three times and errors were
calculated by using the standard deviation for each of these groups of three measurements.
Results were obtained by calculating the average of the longitudinal and transversal
conductivities measured for every MWCNT concentration sample and including their
corresponding errors. Conductivity of the concrete without CNTs was 3.95 1071 S em 1.
When adding a concentration of 0.1% by weight of MWCNTSs, conductivity was 4.3 times
higher than the one measured in the control sample (without any amount of MWCNT).
In the current study, the relative increase in the electrical conductivity of the reinforced
samples with respect to the reference was higher than that obtained in other research [6,30].
The electrical conductivity was increased because the nanotubes forming a conductive
network allowed the movement of ions through it. Moreover, the higher the loading of
carbon nanotubes in the cement, the higher the effectiveness of the conductive network.
These results are consistent with those obtained in other investigations [31,32]. Conductivity
of the 0.02 wt.% SWCNT cement-based samples was also measured, resulting in (4.0 = 0.8)
x 1071 S m~1, which is much lower than the other ones. The morphology of the MWCNTs
seems to be more effective in improving the electrical conductivity than the SWCNTs, as
reported in different studies. In addition, the length of the MWCNT used in this study is
greater than that of the SWCNTs (see Table 2). According to the bibliography, the increase
of length of the carbon nanotubes has a positive effect on the electrical conductivity [33-35].

2E-09
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1.6E-09
1.4E-09
1.2E-09
1E-09
8E-10

Coductivity (S cm'!)

6E-10
4E-10 @
2E-10

0 0.02 0.04 0.06 0.08 0.1 0.12
wt. % MWCNT

Figure 7. Electrical conductivity of the control sample and cementitious samples reinforced with
different amounts of MWCNTs.
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4. Conclusions

As a main conclusion of the current study, it has been determined that the addition
of CNTs to the plain cement accelerates the formation of hydration products, clearly
observable at the early curing stages within the matrix (7 days). However, small variations
in the quantities of CNTs added to the cement do not significantly modify the resulting
microstructure of the cementitious material after the same curing process. In the same way,
the type of nanotube added to the cement (single or multi-walled) does not affect the final
microstructure achieved in the material. Thus, CNTs influence the hydration reaction of the
cement paste, since they positively contribute to the hydration rate of the samples, causing
the acceleration in the microstructure formation. Subsequent ideas that can be highlighted
are listed as follows:

e  The specimens reinforced with CNTs are less dense than the plain cement samples
due to the increased formation of pores in the CSH gel fraction.

e  Electrical conductivity was measured for different cement-based samples including
plain cement, 0.02%, 0.05% and 0.1 wt.% of MWCTNSs after 30 days of curing. Results
show an exponential growth with the amount of MWCNTs due to the formation of a
conductive network whose effectiveness improves with the loading of nanotubes. In
addition, electrical conductivity of cement-based samples with 0.02 wt.% of SWCNTs
was also measured resulting in a very similar value to the pure cement. The mor-
phology of MWCNTs is more effective improving the electrical conductivity than the
morphology of SWCNTs.
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