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This paper investigated the hybridization use of carbon nanotubes (CNTs) with nano-SiO, in cement
composites. The (CNTs)/SiO, composite fillers were designed and prepared by electrostatic self-
assembly technology to reinforce cement composites. The mechanical properties, microstructure and
hydration characteristics of cement composites incorporating CNTs/SiO, fillers were systematically
researched. The morphology and optical microscopy results show that the CNTs inside CNTs/SiO, fillers
tended to unwind due to the mechanical separation and steric hindrance of nano-SiO, particles with
certain size, and its agglomeration degree in the suspension greatly alleviated over time. With the
appropriate incorporation of CNTs/SiO; fillers (containing 0.10 wt% CNTs and 0.50 wt% nano-SiO,), the
flexural strength, compressive strength and flexural toughness of the cement mortar matrix were sharply
increased by 33.5%, 36.5% and 56.0% after curing for 28 days compared to the plain sample,
respectively. Microscopic observations show that appropriate nano-additives can densify and refine the
hydrated microstructure, and the crack-bridging, debonding and pull-out behaviors of CNTs were all
observed. Hydration analysis quantitatively reveals that CNTs/SiO; fillers significantly accelerated the
cement hydration process by virtue of the nano-nucleating action. The reinforcing mechanisms of
CNTs/SiO; fillers can be attributed to the proposed synergistic effects of CNTs/SiO; fillers, which mainly
include the better dispersion stability of CNTs, the nucleating effect of nano-additives and the
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1. Introduction

Cement-based composites represented by concrete have long
occupied quite important positions in military protective engi-
neering due to their low cost and superior performance, and
will continue to play an increasingly important role in the
future. However, some inherent severe drawbacks of cement-
based materials, such as remarkable brittleness, low tensile
strength and proneness to crack, largely affect the safety,
applicability and durability of the overall structure, which
struggle to meet the growing demands of protective engineering
construction. To develop high-performance or multifunctional
cementitious materials, many attempts have been carried out to
incorporate a wide range of reinforcements into the matrix,
such as steel fibers,"™* carbon fibers,”® polymer fibers®*® etc.
However, it has been proven that these traditional fibers are
more effective at the macro scale than the micro scale, which
fail to refine internal microstructure and positively regulate the
hydration process."** Therefore, given the fact that nano-sized
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pozzolanic reaction by nano-SiO,, thus positively leading to increased mechanical properties.

hydrated calcium silicate (C-S-H) gels are the main cement
hydration phases, it is more effective to improve the micro-
structure of cement-based materials at the nanoscale.

The recent development in nanotechnology renders nano-
materials attractive for their applications in improving the
performance of cement composites. Some representative
nanomaterials, such as carbon nanotubes (CNTs),"**” nano-
Si0,,**** nano-TiO,,*"** nano-Al,03,*** and so on, have brought
invaluable possibility to the reinforcement of cement matrix.
Among them, the CNTs, featuring ultra-high tensile strength
and elastic modulus, are considered as the promising and
competitive candidates for the use as nano-reinforcers in
cement composites. It is expected that CNTs can significantly
refine the microstructure of matrix as the result of nano-filling
and nucleating effects during cement hydration. Especially,
according to previous studies, CNTs can also exhibit the supe-
rior abilities of bridging cracks and mitigating cracks propa-
gation at the nanoscale due to the unique tube-shaped structure
with large aspect ratio.”>*®

Currently, achieving the efficient dispersion of CNTs and
favorable interfacial bonding strength between CNTs and
cement matrix are the still unremittingly pursuing goals, which
is expected to establish effective guidelines for the incorpora-
tion of CNTs in the specific matrix environment. Furthermore,
more systematic studies deserve to be carried out about the
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mechanical properties, durability and reproducibility of CNTs
reinforced cement composites. The hydrophobicity, high aspect
ratio, coupled with strong van der Waals forces, commonly
contribute to the inherent agglomeration bias of CNTs, which
may be a reasonable interpretation for that the final reinforcing
efficiency of CNTs is much lower than the theoretical value.
Although the initial dispersion can be obtained by combining
mechanical ultrasonication with chemical surfactants,?*-* this
equilibrium is easily broken with the extended time or varied
external environment. Additionally, the surface functional
modifications represented by strong oxidation of concentrated
acid tend to introduce damage on CNTs surfaces in addition to
operation difficulty and environment pollution.>*?** A highly
effective dispersion solution that displays practicable potential
has not yet been proposed in term of industrial preparation,
which is the imperative step towards designing the desirable
composites.

Meanwhile, nano-SiO, particles have received increasing
interests for their promising applications in cement compos-
ites. With the higher specific surface area, it has been reported
that nano-SiO, particles possess much higher pozzolanic
activity with respect to other mineral admixtures.*® According to
previous studies, nano-SiO, can promote C-S-H gels formation
and reduce crystalline calcium hydroxide (CH) content, which
substantially densify the microstructure and optimize interface
transition zone of composites.?>***** Therefore, it may be an
effective strategy to utilize nano-SiO, as spatial barrier to ach-
ieve favorable dispersion of CNTs. It is inspiring to innovatively
combine CNTs with nano-SiO, particles for achieving the
desirable synergistic reinforcing effects. Presently, few related
researches have been systematically conducted.

In this study, the CNTs/SiO, composite fillers were prepared
by the simple electrostatic self-assembly method. The
morphology and dispersion stability of the prepared composite
fillers were researched by electron microscope and optical
microscopy. The synergistic reinforcing effects of CNTs/SiO,
fillers on cement composites were investigated. Based on the
systematic analysis including mechanical properties, micro-
structure and hydration characteristics of cement mortars
reinforced by nano-additives, the reinforcing mechanisms of
CNTs/SiO, fillers were proposed. This work provides an effective
strategy for the hybridization use of nanomaterials in cement
composites.

2. Experimental methods
2.1 Materials

The multi-walled CNTs were provided by Chengdu Organic
Chemicals Co. Ltd, China, and their properties are shown in
Table 1. Amorphous nano-SiO, particles were purchased from
Shanghai Aladdin Biochemical Technology Co. Ltd, China, and

Table 1 Properties of CNTs

Diameter  Length True density Purity  Specific surface area

10-20 nm  10-30 um  ~2.1gcm °  >98%  220-300 m> g !
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Table 2 Properties of nano-SiO,

Mean particle

size True density Purity Specific surface area

~15 nm ~2.6 gcm >99.5% 150-200 m* g’

were used as received without any further treatment, and their
properties are listed in Table 2. Cationic surfactant CTAB (Cy¢-
H;;(CH3);NBr, AR), provided by Aladdin, was used to disperse
CNTs and regulate positive electricity of CNTs surfaces.
Commercially available ordinary Portland cement P.O 52.5R
and standard sand (Xiamen Aisio Standard Sand Co. Ltd, China)
was used to fabricate cement mortars in this experiment. Pol-
ycarboxylate superlasticizer provided by Sobute New Materials
Co. Ltd was used to ensure well workability of fresh paste.

2.2 Preparation of electrostatic self-assembled CNTs/SiO,
fillers

The electrostatic self-assembled technology paves an effective
and simple way for the design of excellent nano-composites. In
this study, cationic CTAB was selected as chemical modification
agent to regulate electrical properties as well as disperse CNTs.
According to other reports, cationic CTAB exhibits the prefer-
able advantage in separating CNTs owing to their preferential
attraction toward negatively charged CNTs surfaces.**** In this
research, considering the full adsorption of CTAB on CNTs
surfaces, the ratio of CTAB to CNTs was identified as 2 : 1 by
weight. To prepare CNTs suspensions, 0.40 wt% CTAB were
firstly added to 100 mL water followed by even stirring for 2 min
to promote full dissolution. Then 0.20 wt% CNTs powder were
added to the above solution and stirred until CNTs were
completely wetted. The obtained mixture was subjected to
ultrasonic vibration for 10 min at 400 W using an ultrasonic
disrupter (Scientz-1500F). The positively charged CNTs
suspensions were then obtained.

A certain amount of nano-SiO, particles were dispersed in
100 mL deionized water by ultrasonic vibration for 5 min at
400 W. To prepare self-assembled CNTs/SiO, suspensions,
nano-SiO, dispersions were mixed with the prepared CNTs
suspensions under magnetic stirring for 30 min to facilitate
sufficient interactions between positively charged CNTs and
nano-SiO,. Then the composite fillers were prepared after
centrifugation, washing with deionized water, and freeze-drying
for further characterization analysis. To determine the optimal
ratio of nano-SiO, to CNTs in CNTs/SiO, composite fillers, the

Table 3 Composition of CNTs/SiO; fillers®

Sample CNTs (wt%) SiO, (Wt%)
C,Si, 0.20 0.20
C:Sis 0.20 0.60
C1Sis 0.20 1.00

“ The percentages refer to the initial weight fractions of CNTs and SiO,
in their respective suspensions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mass ratios of CNTs to nano-SiO, in this experiment were set at
1:1,1:3and1: 5, respectively. Thus, the prepared fillers were
labelled as C;Si,, C;Siz and C;Sis accordingly, and the detailed
compositions were listed in Table 3.

2.3 Fabrication of cement mortars

The cement mortar specimens were prepared according to the
mix proportions shown in Table 4. Four kinds of specimens
were prepared in the experiment, i.e., the plain sample (without
any nano-additives), the CC sample (with CNTs only), the SC
sample (with nano-SiO, particles only) and the HC samples
(with self-assembled CNTs/SiO, fillers). The ratio of water to
cement was kept at 0.4, and the sand-to-cement ratio was 3 for
all preparations. Water used for the nano-additives suspensions
(CNTs, nano-SiO, particles, CNTs/SiO, fillers, respectively)
equaled to the total required water. In addition, considering the
influence of nano-additives on fluidity, superplasticizer was
added at amount of 0.6% by weight of cement in all specimens.
The mixing process was completed in a standard mixer.
Firstly, the suspension of nano-additives was mixed with
cement at low speed for 60 s and at high speed for 30 s. Then the
superplasticizer and sand were placed into the mixer and stirred
for 120 s at high speed. In accordance with Chinese standard
GB/T 2419-2005, the mini-slump test was conducted to test
fluidity immediately after mixing process. Then the resulting
mixture was poured into molds of 40 mm x 40 mm x 160 mm
in size, followed by vibration for compaction on a vibration
table. Specimens were removed from molds after 24 h and cured
under standard conditions until mechanical strength tests.

2.4 Characterization and testing

The prepared series of CNTs/SiO, suspensions in Section 2.2
were characterized using transmission electron microscope
(TEM, JEOL JEM-2100) operating at 200 kV. The supernatants of
suspensions were diluted 10 times and then dropped onto
copper grids. The dispersed morphology of composite fillers
was observed after drying. The morphology of electrostatic self-
assembled CNTs/SiO, fillers was also observed by scanning
electron microscope (SEM, ZEISS Gemini 300). The functional
groups characteristics of nano-additives were measured by
Fourier transform infrared spectroscopy (FTIR, Bruker TENSOR
II) and X-ray photoelectron spectroscopy (XPS, Thermo EscaLab
250X1). The dispersion state of prepared CNTs/SiO, suspensions
at different times was evaluated using a typical optical

Table 4 Mix proportions for cement mortars and fluidity results®
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microscope (ToupTek Photonics). The contact angle tests of
composite fillers were conducted on a contact angle tester
(Dataphysics OCA40). The test was repeated twice for each
sample, and the average value was taken as the final result.

Mechanical tests of cement mortar specimens include flex-
ural strength and compressive strength. The flexural strength
test was conducted on a universal electronic testing machine
(Instron 5982) at constant loading rate of 0.2 mm min~". The
compressive strength test was carried out on a compression
testing machine (Sanyu HYE-300B) at a loading rate of 2400 +
200 N s '. For morphology and microstructure analysis,
appropriate fragments in size were collected from broken
specimens after mechanical tests, and were immersed in
absolute ethanol for 24 h to hamper further hydration. The
fracture surfaces of samples were observed by SEM. Thermog-
ravimetric tests of samples were conducted by a thermal
analyzer (TG, NETZSCH TG 209F1) at nitrogen atmosphere with
the flow velocity of 100 mL min~". The temperature range was
from room temperature to 1000 °C, and the heating rate was
10 °C min~". X-ray powder diffraction (XRD, Bruker D8
Advance) was applied to determine the crystalline phase
composition in different cement mortar samples. The scanning
rate was 0.02° s in a 26 range of 10-70°.

3. Results and discussion

3.1 Characterization of electrostatic self-assembled CNTs/
SiO, fillers

Prior to the preparation experiment, the microstructure and
surface morphology of raw materials were characterized firstly.
The FTIR spectra and XRD patterns of raw materials are shown
in Fig. 1 and 2, respectively. The characteristic peaks of CNTs at
3441 and 1639 cm ' indicated the H-O-H stretching and
bending vibration modes, which can be attributed to the
absorbed H,O molecules. The FTIR spectra of SiO, clearly
revealed several absorption peaks at 1108, 977, 806 and
475 cm™ ', corresponding to Si-O-Si asymmetric stretching
vibration, Si-OH bending vibration, Si-O-Si symmetric
stretching vibration and Si-O-Si bending vibration, respec-
tively.* The peaks appearing at 3446 and 1636 cm ' were
allotted to stretching and bending vibration modes of hydrated
O-H. In Fig. 2, the distinctive diffractive peaks at 26° and 43° of
CNTs were indexed as the (002) and (100) reflections of the
hexagonal graphitic structure, and the wide peak between 15°
and 30° corresponded to the amorphous structure of nano-SiO,

Samples wic Sand (wt%) CNTs (wt%) Si0, (Wt%) Superplasticizer (wt%) Fluidity (mm)
Plain 0.4 300 0 0 0.6 175
CC 0.4 300 0.10 0 0.6 168
SC 0.4 300 0 0.50 0.6 172
HCO05 0.4 300 0.05 0.25 0.6 170
HC10 0.4 300 0.10 0.50 0.6 165
HC20 0.4 300 0.20 1.00 0.6 156

“ The percentages are calculated by weight of cement.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of CNTs and nano-SiO,.

particles.*® Furthermore, the morphology of nano-SiO, particles
is shown in Fig. 3(a) and (b). It can be found that nano-SiO,
particles severely tended to agglomerate due to the large specific
surface area, given the fact that they were observed using TEM
after ultrasonic treatment.

The surface morphologies of CNTs/SiO, fillers were observed
by SEM, as shown in Fig. 4. It can be seen in Fig. 4(a) that CNTs
tended to intertwine with each other and form bundles due to
the high surface area and strong van der Waals forces between
adjacent tubes. In contrast, CNTs were relatively uniformly
separated by varied amounts of nano-SiO, particles after elec-
trostatic self-assembled treatment. As the nano-SiO, concen-
tration increased, more nano-SiO, particles were adsorbed on
positively charged CNTs surfaces by electrostatic interaction
thus forming CNTs/SiO, fillers, which are shown in Fig. 4(b)-
(d). It is remarkable that the agglomerating and intertwining

27256 | RSC Adv, 2022, 12, 27253-27266
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Fig. 3 SEM image (a) and TEM image (b) of nano-SiO,.

degree of CNTs greatly weakened in composite fillers which is
preferably beneficial for their dispersion in matrix. FTIR and
XPS analyses were conducted to clarify the surface chemical
characteristics of composite fillers. As presented in Fig. 5, the
main characteristic absorption peaks containing Si had no
obvious location shift while their intensity sharply increased
with the increased nano-SiO, content. Noticeably, the absorp-
tion peak of H-O-H group displayed an obvious red shift from
1651 cm™ ' to 1635 cm ™', which resulted most likely from the
more structural water introduced by nano-SiO,. The weak
absorption peaks at 2926 and 2845 cm ' demonstrated the
existence of methylene groups, indicating the effective adsorp-
tion of CTAB on CNTs surfaces. The XPS spectra showed
consistent results with the FTIR results, which could be seen in
Fig. 6. The Si 2p and N 1s characteristic peaks can be clearly
found in the survey spectra of CNTs/SiO, fillers. The Si and O
content significantly increased with the decreased C content
following the sequence from C;Si; to C;Sis, indicating the
higher SiO, content in the corresponding sample, and Only C
and O can be found in the XPS result of CNTs. Furthermore, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of electrostatic self-assembled C;Si;, C;Siz and
C,Sis.

high-resolution C 1s spectra of CNTs and C;Si5s were compared
at Fig. 6(b). The two peaks appearing at 284.3 eV and 285.2 eV of
CNTs can be attributed to the chemical bonds of C-C and C-0O,
respectively. The C;Si5 exhibited the similar C 1s spectra, but
the new broad peak with low intensity appeared at 286.1 eV,
which can be assigned to C-N bonds, indeed indicating the
existence of CTAB. In addition, the high-resolution Si 2p and N
1s spectra of C;Sis were presented in Fig. 6(c) and (d). The
characteristic peak at 103.8 eV was all ascribed to Si-O bonds,
which singly resulted from the absorbed SiO,.*” For the N 1s

© 2022 The Author(s). Published by the Royal Society of Chemistry

SEM images of pristine CNTs (a) and electrostatic self-assembled C;Si; (b), C;Sis (c), C4Sis (d).

spectra in Fig. 6(d), the peaks at 399.2 eV and 401.8 eV, corre-
sponding to C-N and Br-N bonds, were considered to be from
internal bonds from CTAB. Based on the above results, it's can
be verified that there were no new covalent interactions to be
detected between CNTs and nano-SiO, nanoparticles during the
preparation process of CNTs/SiO, fillers.

3.2 Dispersion efficiency of CNTs/SiO, fillers

To further visualize the morphology and dispersion state of
CNTs/SiO, fillers with different proportions, the samples from
CNTs/SiO, suspensions were observed by TEM. As shown in
Fig. 7(a), raw CNTs intertwined severely, featuring relatively
smooth surface, which is consistent with the results shown by
SEM. In contrast, the dispersion of CNTs/SiO, fillers was more
uniform, and the well-dispersed CNTs were most likely detected
as individual tube at the same scale. The CNTs and different
content nano-SiO, spontaneously assembled into the approxi-
mate “grape string” structure, in which CNTs served as the stem
and the attached nano-SiO, acted as the grapes (Fig. 7(b)). The
amount of nano-SiO, attached on CNTSs surfaces varied with
mixing proportion changes. Especially, it can be seen from
Fig. 7(e) and (f) that considerable amounts of nano-SiO, parti-
cles uniformly and densely distributed on CNTs surfaces as the
composite fillers C;Sis possessed the highest nano-SiO,
percentage. In addition, the typical contact angles tests of
composite fillers are shown in Fig. 7(g-i). With nano-SiO,
percentage increasing, the surface hydrophilicity of CNTs/SiO,
fillers significantly increased due to the abundant presence of
hydrophilic Si-OH on SiO, surfaces, which is favourable for the
stable dispersion in aqueous solution. Given the fact that the
fillers C;Sis possess the relatively uniform nano-SiO,

RSC Adv, 2022,12, 27253-27266 | 27257
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Fig. 6
of C;Sis; (d) high-resolution N 1s spectra of C;Sis.

distribution and excellent hydrophilicity, the assembly ratio of
CNTs to nano-SiO, particles is adopted as 1 : 5 in the following
experiments.

Moreover, to better investigate the dispersion state and
stability of the composite fillers, optical microscopy observa-
tions for C;Sis and CNTs in aqueous solutions were carried out,
and the results are presented in Fig. 8. Both freshly prepared
C;Sis and CNTs suspensions exhibited effective dispersion at
initial time after appropriate ultrasonication, with a few
agglomerates being viewed, as observed in Fig. 8(a) and (c).
However, after standing for 24 h, large amounts of slight and
small C,Si5 agglomerates were observed (Fig. 8(b)), while severe
agglomeration behaviour occurred in CNTs suspension
(Fig. 8(d)). The composite fillers C;Si5 feature strong hydro-
philicity, and the CNTs inside fillers are mechanically separated
by small nano-SiO, agglomerates, thus leading to the excellent
dispersion stability of C,Si5 suspension. The microscope results
show good consistency with the TEM results, indicating the
favorable dispersion stability of CNTs can be achieved in the
aqueous solution of CNTs/SiO, fillers with the optimum
assembly ratio.

The CNTs/SiO, fillers were prepared using physical blending
technology driven by electrostatic interactions, and the

27258 | RSC Adv, 2022, 12, 27253-27266
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(a) XPS survey spectra of CNTs and CNTs/SiO; fillers; (b) high-resolution C 1s spectra of CNTs and C;Sis; (c) high-resolution Si 2p spectra

mechanism are shown in Fig. 9. As the frequently-used cationic
surfactant, CTAB is adsorbed on CNTs surfaces with the long
alkyl chains, and endow CNTs with electro-positivity as a result
of ionization in aqueous solution.*® Thus, the CNTs can be
dispersed initially by the combined electrostatic-steric
hindrance action of CTAB. The surfaces of inorganic nano-SiO,
particles are usually negatively charged due to the ionization of
hydrophilic Si-OH. Therefore, the CNTs/SiO, fillers with the
“grape string” structure can be obtained by assembling charged
CNTs and nano-SiO, particles driven by electrostatic attraction.
The nano-SiO, particles hybridized with CNTs can function as
the spatial barrier, and protect the CNTs from interwinding
with each other, thus facilitating the stable dispersion of CNTs.

3.3 Fluidity and mechanical properties

The effect of nano-additives on the fluidity of cement mortars
was investigated, as shown in Table 4. It can be found that the
fluidity decreased with the addition of nanomaterials, and
HC20 showed the poorest fluidity of about 156 mm with the
decrease of 11% compared to plain sample. The main reason
resulting in degradation of fluidity can be attributed to the fact
that the nano-additives after ultrasonication increase the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 TEMimages of pristine CNTs (a) and electrostatic self-assembled C;Si; (b), C;Siz (c and d), C;Sis (e and f); typical contact angles of C;Si; (g),

C,Siz (h) and C4Sis (i).

viscosity of cement mortars. This influence is more remarkable
with the continued increase of nanomaterials.

The flexural and compressive strengths of cement mortars
containing different nano-reinforcement after curing for 7 and
28 days are presented in Fig. 10. It can be clearly noted that the
incorporation of nano-additives all exerted positive influence on
mechanical behaviour to some extent, verifying the nano-
reinforcing effect of these nanomaterials reported previously.
For the CC and SC samples, the mechanical properties were
improved slightly compared to plain sample at 7 and 28 days.
The underlying reinforcement mechanism can be attributed to
the combination of refined microstructure and accelerated
hydration. Notably, the CNTs/SiO,, fillers displayed the similar
but stronger reinforcement effects compared to CNTs or nano-
SiO, alone. The HC10 showed the highest flexural and
compressive strengths, which were much higher than those of
cement mortars containing single-promoter (CC or SC).
Compared to plain sample, the flexural and compressive
strengths were sharply increased by 36.8% and 35.3% at 7 days,

© 2022 The Author(s). Published by the Royal Society of Chemistry

while the corresponding enhancement rates were 33.5% and
36.5% at 28 days, respectively. These results indicate that the
CNTs/SiO, fillers exerted favourably synergistic reinforcement
effects on mechanical properties, which were more prominent
in early cement hydration ages. More details about the mech-
anism will be discussed in Section 3.6. However, it is worth to
note no further increase in mechanical performance occurred
for the HC20 sample when more CNTs/SiO, fillers were added.
The higher fillers concentration may lead to the formation of
agglomerates again, which are detrimental to the fluidity and
mechanical strengths.

Moreover, the flexural load-displacement curves of samples
after 28 days curing are shown in Fig. 11, and the corresponding
test results are summarized in Table 5. Flexural toughness
refers to the energy absorption until failure, which is calculated
based on the total area under the load-displacement curves.””*
In this research, flexural toughness was presented as the relative
value to that of plain sample. The results indicate that the
flexural toughness of cement mortar all increased with the
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Fig. 8 Optical microscopy images: (a) freshly prepared self-assembled C;Sis suspension; (b) standing for 24 h of C;Sis suspension; (c) freshly
prepared CNTSs suspension with mass ratio 2 : 1 of CTAB to CNTs; (d) standing for 24 h of CNTs suspension with mass ratio 2 : 1 of CTAB to CNTs.
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Fig. 9 The schematic illustration of electrostatic self-assembled procedure for CNTs/SiO, fillers.

addition of nano-additives, and the toughening effect was more
remarkable in samples containing CNTs/SiO, fillers. The HC10
(containing 0.10 wt% CNTs and 0.50 wt% nano-SiO,) showed
the highest flexural toughness, and the increase rate reached
maximumly about 56%. Even a small fraction of composite
fillers, such as HC05 sample, was also sufficient to enhance the
toughness of cement mortar matrix by about 40%. The observed
phenomenon is closely related to the synergistic effects of
CNTs/SiO, fillers. The tube-shaped CNTs are advantageous in
bridging microcracks, and provide higher resistance to crack
propagation at the nanoscale. The nano-SiO, particles adsorbed
on CNTs surfaces further refine microstructure at the interface
between CNTs and cement matrix, thus greatly increasing the
energy consumption required for crack growth.

27260 | RSC Adv,, 2022, 12, 27253-27266

3.4 Morphology and microstructure analysis

In order to further investigate the morphology and micro-
structure of different specimens, the fracture surfaces of cement
composites reinforced by individual CNTs, nano-SiO, and
CNTs/SiO, fillers were observed via SEM, as shown in Fig. 12.

For the plain group (Fig. 12(a) and (b)), abundant amount of
flake-like CH crystals with different orientations and obvious
pores left by free water evaporation were easily observed. The
loosely stacked structure is prone to stress concentrations
under external loading, which contributes to the brittleness
nature of cement matrix.

The typical microstructure of CNTs-reinforced cement
mortar is illustrated in Fig. 12(c), indicating that the crack-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Mechanical properties of cement mortars at 7 days (a) and 28 days (b).

bridging mechanism of single nanotube is definitely effective in
inhibiting crack propagation. It has been found that before
fracture or pull-out failure of CNTs there was an intermediate
period below a critical width where bridging was effective.’®
These widths ranged from about 0.5 to 3 pm, depending on the
concentration, type and aspect ratio of CNTs, and accounted for
the aligning, stretching and slipping of CNTs between crack
surfaces.*”*® This mechanism is similar to the role of macro
fibers in fiber-reinforced concrete, such as steel fibers and
polymer fibers, which promotes strength and toughness
increase by delaying crack opening and development.

4
36 CTTTTTTTTTY i
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32 E H
Z 31 w0 H E
X H '
= 28 !
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o wpZ_ 1V | Y
(_5 2 019 020 021 022 023 024
S — Plain
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Fig. 11 Flexural load—displacement curves of samples at 28 days.

Table 5 Flexural test result of samples at 28 days and relative flexural
toughness

Maximum load Displacement Relative flexural

Sample (N) (mm) Area (J) toughness
Plain 2686 0.208 0.242 1.00
CC 3069 0.231 0.296 1.22
SC 2921 0.213 0.267 1.10
HCO05 3402 0.235 0.340 1.40
HC10 3677 0.241 0.377 1.56
HC20 3286 0.220 0.312 1.29

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 12(d) and (e) indicate the fracture features of the HC05
sample, in which many nanoscale pores and cracks can be easily
found. Some well-dispersed CNTs were embedded in hydration
products, and no CNTs agglomerates were seen during obser-
vation. For the HC10 sample containing more CNTs/SiO, fillers,
as presented in Fig. 12(f) and (g), it can be found that the
microstructure was denser and more compact with addition of
nano-reinforcers. A number of fine voids instead of big pores
distributed among compact hydrated calcium silicate phase (C-
S-H) were observed, which mainly resulted from the accelerated
hydration reactions by CNTs and pozzolanic activity from nano-
SiO,. In addition, one ends of the well-dispersed CNTs pre-
sented pull-out failure (Fig. 12(g)), and the other ends were
embedded in hydration products. As the interfacial bonding
strength between CNTs and cement matrix is generally lower
than the maximum tensile strength of CNTs, the pull-out failure
is the dominant failure mechanism.*® Nevertheless, some CNTs
agglomerates and considerable number of micro-flaws occurred
in the HC20 group as CNTs/SiO, fillers concentration continued
to increase (Fig. 12(h)). High concentrations of CNTs/SiO, fillers
are poorly dispersed of which the suspension features high
viscosity, and give rise to lower fluidity as they demand more
free water to wet their surfaces. These factors both have negative
effects on the mechanical properties of the matrix.

3.5 Hydration characteristics analysis

The hydration characteristics of cement mortar samples rein-
forced by different nano-additives were determined by TG
analysis, as illustrated in Fig. 13. All samples showed similar
trend in mass loss variety, and there were four obvious
decomposition peaks at corresponding DTG curves. According
to other reports, the mass loss below 105 °C is attributed to free
water evaporation.®>*> The mass loss at about 100-200 °C is due
to the removal of physically bound water during thermal
decomposition of C-S-H gel and ettringite (AFt). The mass loss
at about 400-500 °C and 600-700 °C is caused by thermal
decomposition of CH and CaCO; crystals, respectively. Two
typical indexes, i.e., the non-evaporable water content and the
CH content are commonly employed to estimate the hydration
degree of cement, which are calculated based on the following
equations.*

(1)

Mnon-water = Mios:c — Mioooec

RSC Adv, 2022, 12, 27253-27266 | 27261
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Fig. 12 SEM images of samples at 28 days: (a and b) plain sample; (c) CC; (d and e) HCOS5; (f and g) HC10; (h) HC20.

74 74
Mcy = 5 x MLcy + — X MLc,co,

18

44

(2)

where Myon-water 1S Mmass percentage of non-evaporable water,
Miosoc and Migg0oc represent the mass percentage of cement
composites heated to 105 °C and 1000 °C, respectively. In eqn
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(2), Mcp represents the CH content in percentage, and ML¢y is
mass loss from CH dehydration. MLgaco, represents mass loss
caused by CaCO; decomposition. In addition, 74, 18 and 44
correspond to the molecular weight of CH, H,O and CO,,

respectively.
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Fig. 13 TG and DTG curves of samples: (a and b) curing for 7 days; (c and d) curing for 28 days.
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Table 6 Non-evaporable water and CH content (%) of samples

7d 28d
Sample MNon-water MCH MNon-water MCH
Plain 8.26 9.07 1.20 13.98
CC 9.99 9.76 13.72 15.74
SC 8.76 8.80 12.06 12.91
HC10 10.12 10.54 13.79 13.70

As shown in Table 6, the non-evaporable water contents of
cement mortar samples reinforced by nano-additives were
significantly higher than that of plain sample after curing for 7
and 28 days. These nanoparticles with high specific surface area
tend to serve as nucleation sites preferentially for hydration
products during the cement hydration, thus imposing positive
effects in accelerating hydration process. Noticeably, the HC10
sample displayed the highest non-evaporable water content at
all ages, indicating the highest hydration degree brought by
CNTs/SiO, fillers. Meanwhile, the CH content is a comprehen-
sive reflection of hydration process and pozzolanic reaction by
nano-SiO, in this paper. It is found that the CH content in HC10
was higher than that of other samples at 7 days. This may be
attributed to that the nucleating effects of well-dispersed CNTs/
SiO, fillers are quite dominant at early ages, and simultaneously
a few nano-SiO, participate in pozzolanic reaction. After curing
for 28 days, the SC and HC10 samples both showed lower CH
contents with respect to those of plain and CC samples. It is
expected that nano-SiO, particles can consume certain amount
of CH generated from cement hydration reactions, which are
beneficial for refining internal microstructure and enhancing
strengths.

Furthermore, the crystalline phases of four kinds of samples
during hydration were studied by XRD analysis, and the results
are shown in Fig. 14. It deserves to be noted that the C-S-H
phase, the main hydration product, featuring low crystallinity
like gels, cannot be identified by XRD. Within the detected
range by equipment, portlandite (CH), tricalcium silicate (C3S)
and dicalcium silicate (C,S) are typically selected to analyze
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Fig. 15 Comparison results of reinforcement effects on cement
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and 58) (b). Relative flexural strength was calculated with the plain
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Fig. 14 XRD patterns of samples: (a) curing for 7 days; (b) curing for 28 days.
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hydration reaction process, which have been marked at the
corresponding diffraction peaks. As the most representative
crystalline phase, the peaks of CH were clearly sharper and
stronger in the HC10 sample in comparison to others at 7 days,
indicating the higher phase content and crystallization. After
curing for 28 days, the corresponding peak intensities of CH in
SC and HC10 samples were found to be weaker than those of the
other samples, especially with respect to the CC sample con-
taining only CNTs, suggesting the effective role of pozzolanic
activity by nano-SiO,. These results are favourably consistent
with the TG conclusions discussed above. Therefore, it can be
verified that the synergistic effects imposed by CNTs/SiO, fillers
on cement matrix are definitely effective, including the signifi-
cant accelerated hydration process by nano-additives and the
pozzolanic activity consuming CH by nano-SiO,.

3.6 Reinforcing mechanisms of CNTs/SiO, fillers

The cement composites are more vulnerable to defects when
subjected to tension failure, and tend to possess lower flexural
strength compared to compressive performance. As shown in
Fig. 15, the reinforcing effects on flexural strengths of different
nano-additives vary greatly according to previous reports, which
are closely related to lots of factors, such as physicochemical
features of CNTs, preparation conditions, substrate types, etc.
Xu et al. reported the flexural strengths of cement paste were
increased by 30% and 40% with 0.1 wt% and 0.2 wt% CNTs
relative to the control.* The CNTs were dispersed by an effective
surfactant combined with ultrasonication, and the uniform
suspension was obtained. In another report, Konsta-Gdoutos
et al. found that the fracture properties of cementitious matrix
greatly improved with incorporation of small amounts of
different aspect ratio CNTs.*® The increase rates on flexural
strength with similar CNTs content are slightly lower than that
by CNTs/SiO, fillers used in this work. More visibly, the lower
amounts of nano-SiO, employed here still achieve favorable
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reinforcing effects compared to the dosages proposed by other
reports. The maximum increase is performed with addition of
0.5 wt% nano-SiO, assembling with 0.1 wt% CNTs, which is
only a fourth of dosages used by Liu et al.*® and Zhang et al.**
when they achieve the maximum enhancement results
similarly.

The reason which is responsible for above comparison
results can be attributed to the synergistic actions of CNTs/SiO,
fillers, which include the better dispersion stability of CNTs, the
nucleating effect of nano-additives and the pozzolanic reaction
by nano-SiO,, thus commonly leading to increased mechanical
behavior. The adsorbed nano-SiO, particles with certain size on
CNTs surfaces alleviate the agglomeration degree of CNTs in
aqueous solution, and provide more active sites on CNTSs
surfaces, as discussed in Section 3.2. With the precondition of
stable dispersion, the CNTs/SiO, fillers preferentially act as
nucleation sites for the growth of hydration products, and then
the hydration reactions continue to take place at the growth
points at early hydration ages, which has been illustrated in
Fig. 16. This greatly promote cement hydration process and
improve internal microstructure mainly for C-S-H gels.*
Meanwhile, the nano-SiO, particles with high pozzolanic
activity are believed to react with randomly oriented CH crystals,
and produce desirable plenty of C-S-H gels, which are greatly
beneficial for refining microstructure especially for interfacial
area between CNTs and cement matrix. Thus, the hydration
products can be bridged by unform CNTs to form a cross-
linking structure, resulting in the denser microstructure and
higher mechanical properties (Fig. 16(b)). In addition, it should
to be noted that the nano-SiO, can absorb lots of water to wet
their surfaces due to large specific surface area and strong
hydrophilicity. Excess amounts of nano-SiO, tend to agglom-
erate again, and increase the viscosity of suspensions of CNTs/
SiO, fillers. These are detrimental to the fluidity of fresh cement
pastes and final strengths (the HC20 sample in this paper), so
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Fig. 16 Schematic illustration of hydration process: (a) traditional cement; (b) the cement reinforced by CNTs/SiO; fillers.
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determining the appropriate amount of nano-SiO, mixing with
CNTs is quite important for achieving desirable effects.

4. Conclusions

In summary, this study investigated the hybridization use of
CNTs with nano-SiO, in cement composites. The CNTs/SiO,
composite fillers were prepared by electrostatic self-assembly
technology. The nano-SiO, assembled on positively charged
CNTs surface driven by electrostatic interactions, thus forming
the approximate “grape string” structure. After examination, it's
found that the CNTs inside the fillers tended to unwind due to
the mechanical separation and steric hindrance of nano-SiO,
particles with certain size, and its agglomeration degree in the
suspension greatly alleviated over time with enhanced disper-
sion stability. The optimum assembly ratio of CNTs to nano-
SiO, was adopted as 1 : 5 by weight.

The synergistic reinforcing effects of the prepared CNTs/SiO,
composite fillers on cement composites were researched. With
the incorporation of CNTs/SiO, fillers (0.10 wt% CNTs and
0.50 wt% nano-SiO, in the HC10 sample), the flexural and
compressive strengths of cement mortars were sharply
increased by 33.5% and 36.5% after curing for 28 days
compared to the plain sample. Meanwhile, the HC10 sample
also showed the highest flexural toughness, and the increase
rate reached maximumly about 56.0% with respect to the plain
sample. This reinforcing effect by CNTs/SiO, fillers was much
higher than that of the individual addition of nanomaterials
(either CNTs or nano-SiO,). However, it is worth to note that the
continued increasement of the CNTs/SiO, fillers content resul-
ted in reduced strengths of cement mortar. The higher fillers
concentration could lead to the formation of agglomerates
again, which are detrimental to the fluidity and mechanical
strengths.

The reinforcing mechanisms of CNTs/SiO, fillers were
further researched and proposed by means of SEM, TG and XRD
analysis. The synergistic effects of CNTs/SiO, fillers play an
important role in the experiment, which include the improved
dispersion stability of CNTs, the nucleating effect of nano-
additives and the pozzolanic reaction endowed by nano-SiO,,
thus positively leading to increased mechanical properties. Our
work paves an efficient way to take full advantages of nano-
materials in cement composites. In the future, the effects of
CNTs assembling with other emerging nanoparticles deserve
further investigation to endow cement composites with distinct
properties.
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