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An appropriate dispersion of carbon nanotubes (CNTs) is a prerequisite for their use in improving the
mechanical properties of cement-based composites. In this study two types of carbon nanotubes (CNTs)
having different morphologies were investigated. To obtain a uniform distribution of CNTs in the cement
matrix, the effect of sonication on the deagglomeration of CNTs in combination with anionic and nonionic
surfactants in varying concentrations was quantitatively investigated when preparing aqueous disper-
sions of CNTs for the subsequent use in cement paste. The relationships between the quality of CNT-dis-
persion on the one hand and the sonication time and surfactant concentration on the other were
determined using UV–vis spectroscopy. After dispersion, nitrogen-doped CNTs were found mostly as
individual, broken CNTs. In contrast, after the treatment of the mixture of single-, double-, and multi-
walled CNTs, a net-like distribution was observed where destruction of the CNTs due to sonication could
not be distinguished. Modification of the cement pastes with dispersions of CNTs led to a pronounced
increase, up to 40%, in compressive strength and, in some cases, to a moderate increase in tensile strength
under high strain-rate loading. However, no significant improvement in strength was observed for quasi-
static loading. Microscopic examination revealed that the bridging of the C–S–H phases differed depend-
ing on the type of CNT. This explained, at least partly, the observed effects of CNT-addition on the
mechanical properties of hardened cement pastes.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) possess unusually high strength and
stiffness and are chemically stable and electrically conductive as
well. These properties make the use of CNTs attractive in the de-
sign of composite materials based on different matrices [1–6].
Since the first report on CNTs by Iijima in 1991, numerous at-
tempts have been made to strengthen materials (especially poly-
mer-based materials) with nanotubes [7–9]. In the last few years,
the effect of CNT-additions to cement-based materials has also
been investigated. However, some of the findings reported in the
literature are contradictory.

According to Konsta-Gdoutous et al. [10], the addition of short,
multi-walled CNTs (MWCNTs) (l/d = 700) in a concentration of
0.08% led to a 35% increase in flexural strength and Young’s mod-
ulus of the cement paste matrix. Using long MWCNTs (l/d = 1600),
a similar improvement of the mechanical properties could be
ll rights reserved.

echtcherine).
achieved with an even lower CNT content. According to Li et al.
[11], the use of chemically functionalized CNTs in a concentration
of 0.5% by weight of cement led to an increase in compressive and
flexural strength of the mortar of 19% and 25%, respectively. Makar
et al. [12] observed an acceleration in cement hydration as a result
of a CNT addition (2% by mass of cement) at a young age. However,
after longer hydration, almost no differences between the mechan-
ical parameters of the reference samples and the samples modified
with CNTs were observed. According to Musso et al. [13], the mod-
ification of mortar with functionalised CNTs (0.5% by mass of ce-
ment) caused a reduction of approximately 80% in the
compressive strength and a reduction of approximately 60% in
the modulus-of-rupture.

The widely-differing effects of CNT additions on the mechanical
performance of cement materials can likely be explained by the
different choices of type and quantity of CNTs and in the methods
of dispersing the nanotubes. The published data is insufficient to
come to a satisfactory conclusion on this topic.

It has been emphasized repeatedly in the literature [14–16] that
CNTs tend towards agglomeration, which impedes their uniform
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distribution within a matrix. Non-uniformly distributed CNTs can-
not form a fine, continuous network within a matrix to support
load transfer or mitigate the development of cracks. Furthermore,
the CNT agglomerates could function as local defects due to their
low strength in the direction normal to the tubes’ axes. Sàez de
Ibarra et al. [17] demonstrated that with the use of the emulgator
gum arabic, the deagglomerated CNTs exerted a more positive
influence on the mechanical properties of cement paste. Konsta-
Gdoutos et al. [14] achieved the best results in terms of strength
for the cement paste doped by CNTs which were dispersed in water
using sonication and surfactant-to-CNTs weight ratio of 4. Further-
more, the quality of dispersion was estimated by testing rheologi-
cal behaviour of fresh cement paste and by electron microscopy.
Luo et al. [15] showed that the quality of the dispersion of CNTs
in water and subsequently the effect of CNTs on mechanical prop-
erties depends on the type of surfactant. However, the authors
failed to investigate and discuss possible effects of the surfactants
as such, i.e., without the addition of CNTs.

There are still many open questions, such as: (a) how to test
the compatibility of particular CNTs and surfactants, (b) how the
duration and intensity of sonication affect the dispersion of
CNTs, and (c) how to avoid the rupture of CNTs during sonica-
tion. There are no systematic investigations of this issue yet. Fur-
thermore, there is little knowledge of the shape and length of
CNTs in the hardened cement paste, as well as what is their po-
sition relative to voids and hydration products. Finally, it is still
to be clarified to which extent the strength and stiffness of CNTs
have a direct effect on improvement of mechanical properties of
hardened cement paste and what are other effects like, e.g. trig-
gering of the formation of high-density C–S–H phases in pres-
ence of CNTs.

The purpose of this paper is to clarify some of the above-men-
tioned open questions. In particular, the effects of sonication and
two different surfactants are investigated with respect to the dis-
persion of two different CNTs in water. Another focus is on charac-
terising the degree of dispersion and the condition of the CNTs in
water. Furthermore, the influence of the addition of dispersions
with different types of CNTs on the mechanical properties of ce-
ment paste under static and dynamic tensile and compression
loading is studied. Additional information is provided by morpho-
logical investigations of the cement paste, which, in addition to the
other results, form the basis for discussion.
2. Materials and methods

2.1. Materials

For this study, two types of CNTs were chosen, whose lengths
differed by one order of magnitude.

The first type was a mixture of single-, double-, and multi-
walled CNTs (hereinafter ‘‘mixed CNTs’’). The fixed-bed chemical
vapour deposition (CVD) method utilized for synthesis of the
mixed CNTs led to their agglomeration in bundles; cf. Fig. 1a and
b. The ratio of single- and double-walled CNTs to multi-walled
CNTs was approximately 1:1. The mixed CNTs measured approxi-
mately 20 lm in length at a diameter of approximately 1–15 nm.
Fig. 1b shows that the single-wall CNTs form intertwining strands
with a diameter of up to approximately 20 nm, resulting from the
agglomeration. The mixed CNTs have a typical tubular structure
[18]; cf. Fig. 1c.

As the second type, aligned, nitrogen-doped, multi-walled CNTs
(hereinafter: N-CNTs) were used. As a result of their synthesis via
an aerosol-assisted CVD method, blocks of aligned CNTs were
formed; cf. Fig. 1d and e. The length typically measured 100–
300 lm at a diameter of approximately 15–40 nm. The application
of acetonitrile as a feedstock caused the incorporation of nitrogen
into the shells of the CNTs. This led to the formation of internal
partition walls within the central core and consequently a bam-
boo-like structure [18]; cf. Fig. 1f.

In order to remove the solid catalyst material (MgO and free
metal catalysts), the mixed CNTs were sonicated for 30 min in
hydrochloric acid diluted with distilled water at a ratio of 1:1. After
20 min the CNTs were filtered with a vacuum filtration system and
rinsed with distilled water until they reached a pH-neutral value of
7. As the catalyst was fully covered by carbon (in the case of aero-
sol-CVD), the N-CNTs could be used without chemical treatment
(no MgO-support was used). However, they were pre-treated in
the same way as the mixed CNTs to ensure the same surface
properties.

Because of their strongly hydrophobic surface, CNTs are difficult
to disperse in water. In order to reduce the surface tension and to
improve the wetting of the CNTs, two different surfactants known
from earlier studies [19–21] were used: an anionic sodium dodecyl
sulfate (SDS, MW = 288.38 g/mol) and a nonionic polyoxyethyl-
ene(23) laurylether (denoted below as Brij 35, MW = 1198 g/
mol). One of the selection criteria for the surfactants was, in addi-
tion to their good dispersive capacity, their complete dissolution in
water at room temperature.

2.2. Preparation of CNT dispersions

Aqueous dispersions were produced with 0.5 wt.% of CNTs re-
lated to distilled water. The choice of surfactant contents was
based on the optimal CNT-to-surfactant mass ratios given in the
literature. For the system CNTs/SDS they were 1:1.5 [22], 1:2
[23], 1:4 [19], 1:520 [24]. Brij 35 reached sorption maximum on
the CNT surface at a concentration of approximately 100 mg L�1,
while the amount of CNTs in the solution measured 100 mg L�1

[21]. For this study the following CNT-surfactant ratios for disper-
sion of CNTs were initially chosen: 1:0, 1:1, 1:2. The minimum
CNT-to-surfactant ratio for N-CNTs was set at 1:0.24 for SDS and
1:0.02 for Brij 35. In the Results section, the surfactant contents
are converted into molarity.

The dispersion of the CNTs in water containing surfactant was
accomplished using sonication by means of a cup-horn high inten-
sity ultrasonic homogenizer (SONOPULS) with a cylindrical tip. The
sonicator was operated at an amplitude of 70% of the maximum
(one of which was 210 micrometer). The durations of sonication
were 30, 150, and 210 min. Sonication lasting less than 30 min
was unsatisfactory with regard to the quality of the dispersions
(since the large agglomerates of CNTs scattered light, no clear
absorption peak on the UV–vis spectra was observed; cf.
Section 2.3) and was accordingly not considered further. To avoid
evaporation of the water during sonication, the glass container
was covered and cooled.

2.3. Characterisation of the degree of dispersion of CNTs

The extent of CNT-dispersion in water relative to the varia-
tion of the duration of sonication and surfactant concentration
was evaluated using ultraviolet–visible spectroscopy (UV–vis
spectroscopy). In the UV–vis measurements, the CNTs display
the characteristic peaks in the ultraviolet spectral region
[22,23] (in this case, at a wavelength of 260 nm for both kinds
of CNTs). According to the Beer–Lambert Law, the absorbance
of a solution A is directly proportional to its molar concentration
c at a constant layer thickness d and subject as well to the mate-
rial-specific constant e, the molar extensity coefficient [in cm2/
mmol] (Eq. 1):

A ¼ � logðI=I0Þ ¼ e � c � d; ð1Þ



Fig. 1. Scanning electron microscope images of agglomerates of (a and b) mixed CNTs and (d and e) N-CNTs; transmission electron microscope images of (c) the tubular
structure of mixed CNTs and (f) the bamboo-like structure of N-CNTs.
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where Io und I are the intensity of the incident light and the trans-
mitted light, respectively,

Fig. 2 clearly shows that absorbance increases with increasing
sonication time, which can be traced back to the dissaglomeration
of CNTs and their finer dispersion in water. Accordingly, the absor-
bance value was used to quantify the degree of dispersion of the
CNTs.

The solutions were prepared by diluting the sonicated disper-
sions with distilled water in a ratio of 1:300 shortly before taking
measurement. Since overlappings of the bands of surfactant and
CNT were possible in the UV–vis measurements, the spectra of sur-
factant solutions were measured and baseline corrections
performed.

A relationship among the influence factors (i.e., surfactant con-
centration x1 and sonication time x2), and the absorbance of aque-
ous CNT dispersions y was established with the help of the
approximation method, namely the design of experiment (DOE)
[25–27]. In order to describe the correlation among the variables
and so replicate a linear model, the following regression was used:
Fig. 2. UV–vis spectrum of aqueous dispersions of the CNTs subject to sonication
time; SDS was used as surfactant.
yi ¼ b0 þ b1x1i þ b2x2i þ b3x2
1i þ b4x1ix2i þ b5x2

2i þ b6x2
1ix2i

þ b7x1ix2
2i; ð2Þ

where b0 – regression constant; b1, b2. . .b7 – regression coefficients;
i = 1, 2. . .n, n – number of tests. The agreement between the model
functions and the real measurement data was verified with the F-
test. The obtained Fischer criteria did not exceed the critical value
of 18.5, which corresponded to the 5% level of significance. Interpo-
lating, the DOE made possible the estimation of values for various
combinations of the influence factors for which measurements were
not performed. It should be underlined that the DOE method was
used here for the clear display of the tendencies only. No general-
ised predictions of the effect of individual parameters were
envisaged.

The condition of the CNTs after sonication was studied by
examinations of dispersion films using scanning electron micros-
copy (SEM, here: FEI NOVA NANOSEM-200 at an acceleration volt-
age of 15 kV). The surfactant adsorption layer on the CNT surface
was examined by means of transmission electron microscopy
(TEM, here: FEI Tecnai T20, an acceleration voltage of 200 kV was
used).

2.4. Production and testing of the CNT-modified cement paste samples

The mixtures were produced using a basis of Portland cement
CEM I 42.5 R. The CNT contents (solid matter) were set at 0.05%
and 0.25% by cement weight. The CNTs were added to the cement
as dispersions within the mixing water. On the basis of the CNT-
dispersion results established by UV–vis spectroscopy, DOE, CNT-
to-surfactant ratio of 1:1, and a sonication time of 120 min were
used to prepare all dispersions used with cement paste. The
amount of water contained in the dispersion was considered in
the water-to-cement value, which was 0.50 for all mixtures. To ob-
serve the influence of surfactants on the properties of cement
paste, additional reference samples with a surfactant concentra-
tion of 0.25% by weight of cement were prepared. Because the
use of Brij 35 and especially SDS was accompanied by the
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substantial production of foam, a foam-reducing agent was added,
measuring half of the surfactant mass.

After mixing, dumbbell-shaped cylinders with diameters of 2
and 4 mm were produced for compression and tension tests,
respectively (Fig. 3a). The forms were filled with cement paste
using a syringe and were compacted within 1 min using a vibrating
table. After demoulding at an age of one day, the specimens were
stored for 27 days in water. Subsequently, uniaxial quasi-static
(strain rate 2 � 10�5 s�1) and dynamic (50 s�1) compression and
tensile tests were performed with the equipment based on pie-
zoactuators (Fig. 3b). The choice of dynamic testing regime addi-
tional to the quasi-static one should provide information of
possible different effects of CNTs on the mechanical performance
of hardened cement paste at different strain rates. At least ten
specimens were tested for every parameter combination.

The hydration of the cement was stopped after 3 and 28 days
with isopropanol. The structure of the cement paste was examined
with the SEM with the NANOSEM from FEI using a Helix detector,
which enabled the study of hydrated cement samples without dry-
ing and altering their microstructures by coating them. The poros-
ity of the hardened cement paste was determined using mercury
intrusion porosimetry.

3. Results and discussion

3.1. Investigation of the properties of the aqueous CNT-dispersion

Fig. 4 shows the absorbance measured for the dispersions of
mixed CNTs and its relationships to the molar concentrations of
the surfactants and sonication time as determined by the DOE.
The data yield few differences between the dispersions containing
SDS and Brij 35. The diagrammes can be divided into three areas. In
Area I, the extension of sonication time from 30 to 210 min had al-
most no influence on the absorbance of dispersions which con-
tained little surfactant in molar concentrations of up to
approximately 6 mM of SDS (Fig. 4a) and 1.5 mM for Brij 35
(Fig. 4b). An increase in the concentration of the surfactants was
accompanied by a rise in absorbance. In Area II, i. e., molar concen-
trations of up to approximately 20 mM for SDS and 5 mM for Brij
35, the absorbance (and therefore deagglomeration of CNTs)
clearly increased, from approximately 0.4–1.1, with increasing
sonication time. However, for sonication times beyond 120 min,
no further improvement worth considering could be observed.
An increase in the concentration of surfactants also led to an in-
crease in absorbance. In Area III, a further increase in surfactant
concentration did not lead to an increased amount of absorbance
by the samples; however, the effect of the increasing sonication
time on absorbance remained pronounced.

The behaviour described can be explained by the theory of mi-
celle formation [28]. Fig. 5 shows the schematic arrangement of the
adsorbed molecules of a surfactant on the CNT surface with
Fig. 3. (a) Samples for tensile test (left) and compression test (right). (b)
increasing concentrations of surfactant. The hydrophilic head
groups are pointed outwards and the remainder of the hydrocar-
bon inwards. In the case of low surfactant concentrations, the
quantity of surfactant is not sufficient to coat the surface of the
CNTs evenly; cf. Fig. 5-I, which leads to strong surface effects be-
tween the CNTs. This complicates the dispersion and allows CNT-
agglomerations to persist. After reaching a critical concentration,
the surface of the CNT is completely covered with surfactant mol-
ecules, which in turn stops the interactions between individual
CNTs; cf. Fig. 5-II. The rod-like micelles formed in this process
are impeded from forming new agglomerates by their mutual elec-
trostatic repulsion or steric hindrance. A further increase in surfac-
tant content leads to the formation of multilayers of surfactant
molecules on the surface of the CNT, which does not improve the
CNTs’ dispersion in water and can even lead to CNT-flocculation
[24].

The critical concentration which scarcely leads to any further
improvements in the deagglomeration of the mixed CNTs
amounted to approximately 20 mM for SDS and 5 mM for Brij 35,
which significantly exceeded the critical concentration of micelle
formation (CMC) (8.1 mM for SDS; 0.06. . .0.1 mM for Brij 35) de-
scribed in the literature [29,30]. This can be explained by the in-
crease in specific CNT surfaces during dispersion, and for very
thin CNTs with large length-to-diameter ratios more surfactant
molecules must be available for complete saturation than would
be necessary for the aggregation of a ball-like micelle in water.
According to [31], in a binary system surfactant micelles tend to
dissociate, preferring to associate with the solid phase. The degree
of saturation was reached on the CNT surface with SDS molecules
at a molar concentration approximately four times higher than was
the case with Brij 35. This is due to the small size of the SDS mol-
ecules in comparison to Brij 35. For this reason a large number of
molecules are necessary to cover the surface completely.

Fig. 6 shows the changes in absorbance of the N-CNT disper-
sions. The diagrammes can likewise be distinguished by the three
areas of change in absorbance already described. The N-CNTs show
higher absorbance in the dispersions with Brij 35 than in the dis-
persions with SDS. For example, at the CNT-to-surfactant ration
of 1:1, samples containing Brij 35 have the same absorbance after
30 min of sonication reached by samples containing SDS only after
150 min. This may be traced back to the better deagglomeration of
the N-CNTs using Brij 35, in turn due to the better affinity of Brij 35
molecules and N-CNT surfaces. To investigate this assumption
more closely, the surfaces of N-CNTs in dispersions were character-
ised using transmission electron microscopy.

Fig. 7 shows the TEM images of the N-CNTs in dispersions with
both surfactants in varying concentrations. The images show that a
rise in surfactant content increases the adsorption layer on the sur-
face of the CNT. For low surfactant concentrations (0.1 mM for Brij
35 and 4.2 mM for SDS; cf. Fig. 7a and d), only local areas where the
thickness of the adsorbed surfactant reaches several nanometers
Arrangement of samples in the equipment based on piezoactuators.



Fig. 4. Change of absorbance in the dispersions of mixed CNTs in dependency on variation of surfactant concentration and sonication time: the cursive numbers are the
experimentally obtained absorbance values; the respective CNT-to-surfactant weight ratios are given in parentheses.

Fig. 5. Schematic representation of the arrangement of adsorbed surfactant
molecules on the CNT surface: I – low surfactant concentration, formation of
adsorption layers on the CNT surface; II – condition of equilibrium, adsorption layer
saturated with surfactant molecules, i.e. formation of rod-like micelles; III –
oversaturated surfactant concentration, formation of multiple layers of surfactant
molecules on the CNT surface.

1108 A. Sobolkina et al. / Cement & Concrete Composites 34 (2012) 1104–1113
can be distinguished. Increasing the Brij 35-content to 4.2 mM
(Fig. 7b) leads to complete coverage of the N-CNTs and the forma-
tion of an adsorption layer measuring 5–10 nm. In contrast, a
selective adsorption is evident in the case of SDS. At a molar
concentration of 17.3 mM (Fig. 7e), an uncovered surface of the
N-CNTs is present next to the areas with an adsorption layer
measuring over 10 nm. SDS molecules gather between the N-CNTs
instead of associating with the solid phase. A further increase in
surfactant content up to a CNT-to-surfactant ratio of 1:2 leads to
the formation of multiple Brij 35 adsorption layers on the inter-
face; cf. Fig. 7c. No direct, even adsorption was observed with high
concentrations of SDS; cf. Fig. 7f.

The poor affinity between SDS and N-CNTs can likely be ex-
plained by their mutual electrostatic repulsion. According to
Fig. 6. Change of absorbance in the dispersions of N-CNTs in dependency on variatio
experimentally obtained absorption values; the respective CNT-to-surfactant weight rat
[32,33] nitrogen atoms incorporated in the graphite lattice of N-
CNTs indicate an enhanced reductive effect, which is due to the
free electron pairs of the pyridic groups in neutral or alkaline envi-
ronments. Negativity of the N-CNT surface associated with this ef-
fect might cause electrostatic repulsion of SDS molecules.

To determine the state of CNTs after sonication, the dispersion
films put on the sample holder and dried were examined using
scanning electron microscopy (SEM). In comparison to initial
observations SEM images show an obvious reduction in length of
the N-CNTs due to sonication; cf. Fig. 8a and b. After 30 min of son-
ication, the large share of the agglomerations was still identifiable
where N-CNTs remained relatively long. In addition, individual
short N-CNTs with lengths up to several micrometers were found.
The portion of these short N-CNTs grew as the duration of sonica-
tion increased. Thus, ultrasonication at the amplitude of 147 lm
used leads not only to a disentanglement of the N-CNT agglomer-
ates, but also to ruptures in the CNTs. This can likely be traced back
to the low flexibility and high brittleness of N-CNTs due to their
relatively large diameters and the presence of internal partition
walls [34–36].

During the dispersion of the mixed CNTs, a finely distributed
CNT network was formed (Fig. 8c and d), whose density increased
during extended sonication. Due to their intertwining and their
formation of nets, the destruction of these CNTs by strong cavita-
tion could not be observed.

3.2. Investigation of the CNT-modified, hardened cement paste

In the next step the influence of CNTs on the mechanical prop-
erties of hardened cement paste was investigated. Fig. 9a and c
shows the results for quasi-static loading. The application of SDS
as a surfactant led to a severe drop in the strength of the hardened
n of surfactant concentration and sonication time: the cursive numbers are the
ios are given in parentheses.



Fig. 7. TEM images of N-CNTs in dispersions after 150 min of sonication using Brij 35 in concentrations of (a) 0.1 mM, (b) 4.2 mM, (c) 8.4 mM; using SDS in concentrations of
(d) 4.2 mM; (e) 17.3 mM and (f) 34.7 mM.

Fig. 8. SEM images of the dispersion films of N-CNTs (a and b) and mixed CNTs (c and d) after sonication for 30 min (a and c) and 150 min (b and d); CNT-to-SDS weight ratio
1:1.
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cement. This can be explained by the high porosity of the samples
containing SDS (Fig. 10a), caused by the formation of foam. In con-
trast, Brij 35 had significant influence neither on strength nor on
porosity. No distinct increases in compressive and tensile strengths
were observed after modifying the cement paste with CNTs in a
concentration of 0.05% by weight of cement in comparison with



Fig. 9. Compressive and tensile strength of hardened cement paste at an age of 28 days subjected to quasi-static (a and c) and dynamic (b and d) loading. The indicators
represent standard deviations.

Fig. 10. Cumulative pore volume of hardened cement paste at an age of 28 days determined by mercury intrusion porosimetry.
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the reference sample. These results are in disagreement with the
findings of some previous investigations, e.g. [10,11]. The reduced
negative effect of SDS in combination with mixed CNTs, which may
be explained by its adsorption on the CNT surface, is worthy of
note. Due to the adsorption the concentration of free surfactant
molecules in the water is reduced; thus, the tendency towards mi-
celle or foam formation is likewise reduced. In contrast, the selec-
tive adsorption of SDS on N-CNT surfaces gives rise to a high
concentration of surfactant in water, which leads to foam forma-
tion and, consequently, high porosity of the cement paste. An in-
crease in the CNT content of up to 0.25% by cement weight
demonstrates no positive influence on strength, although the
porosity is only slightly altered; cf. Fig. 10.

At a high strain rate, the negative influence of SDS on compres-
sive strength is reduced; cf. Fig. 9b. The pore volume of the hard-
ened cement paste was filled with water absorbed in the storage
of samples in water prior to testing. According to [37,38], the water
in pores contributes considerably to an increase in compressive
strength in the case of dynamic loading. The capillary pressure in-
creases with increasing strain rate, and a uniform stress state
develops volume in the hardened cement. In this way the incom-
pressible free water contributes to the load-bearing capacity of
the hardened cement paste. The strength-increasing effect of CNTs
in low concentrations is particularly noteworthy. The compressive
strength of the hardened cement paste containing Brij 35 was im-
proved by 40% using the mixed CNTs and by 30% using the N-CNTs.
The increase in strength in the samples where SDS was used to-
talled 35% and 12% for the mixed and nitrogen-doped CNTs,
respectively. An increase in CNT content to 0.25% by weight of ce-
ment had no clear positive influence. It should be noted that due to
the small specimen sizes the standard deviation in the results was
relatively high. However, since at least ten specimens were tested
for each parameter combination, the average values can be consid-
ered trustworthy.



Fig. 11. ESEM images of hardened cement paste at an age of 3 days: cement paste modified with 0.05% of mixed CNTs (a–c); modification with 0.05% of N-CNTs (d–f); Brij 35
was used as surfactant.
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Fig. 9d shows the results of tensile-strength testing at a high
strain rate. The values of dynamic tensile strength were found to
be generally higher that those measured under quasi-static load-
ing, but no clear effect of the individual CNT types and contents
on the dynamic tensile strength could be observed. However, the
dynamic stress increase factor (the quotient of the dynamic and
quasi-static tensile strengths), increased for the cement paste with
mixed CNTs, especially at a high concentration of 0.25%.

The characterisation of the hydrated cement paste structure
was performed with an environment scanning electron microscope
(ESEM) using a Helix detector. Due to the dense arrangement of the
hydration products at an age of 28 days, the CNTs in the cement
matrix could barely be distinguished. Accordingly, fractured sur-
faces of the hardened cement paste were investigated at an age
of three days in order to observe the distribution and condition
of CNTs. Fig. 11a shows mixed CNTs in a net-like arrangement lo-
cated at the tips of cement hydration products (C–S–H phases). The
network formed of mixed CNTs is only capable of bridging dis-
tances smaller than 1 lm between C–S–H phases. Larger hollow
spaces between hydration products could not be bridged; cf.
Fig. 11b and c. In the case of the samples with N-CNTs, no net-like
arrangement was observed. Only isolated CNTs which bound to-
gether individual C–S–H clusters were found; cf. Fig. 11d. As a re-
sult of ruptures during dispersion and bending, the majority of the



Fig. 12. Schematic representation of the arrangement of CNTs in a cement matrix: advantageous (a and c) and disadvantageous (b and d) distribution of the mixed CNTs and
N-CNTs, respectively.
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CNTs were not long enough to bridge the large distances between
C–S–H phases. Furthermore, the bowing of the CNTs contributed to
the reduction of their effective length (Fig. 11e).

Based on the results of the mechanical tests and microscopic
investigations of the hydrated cement paste, it can be assumed that
the network formation of mixed CNTs can bridge small distances of
approximately 1 lm between the C–S–H phases and thus strength-
en the interlocking of needle-like C–S–H crystals; cf. Fig. 12a.
When hardened cement paste is slowly loaded, a crack originates
in the place of the lowest resistance, which is generally located
in the contact zone between the C–S–H phases and develops over
a mainly tortuous path of low resistance. At a higher strain rate,
however, due to limited time, the crack has to go straight through
the CNT-reinforced area of the interlocking C–S–H formations. As a
result of the greater strength and elasticity modules of the CNTs
there, it meets greater resistance. Accordingly, higher stress is
needed for the development of the crack and fracture of material.
The concentration of the CNTs as well as the size of voids between
the neighbouring C–S–H clusters seem to play a significant role
here; cf. Fig. 12a and b. Furthermore, the storage of CNTs between
the C–S–H needles can also impede interlocking. Due to the short-
ening of N-CNTs during dispersion, two neighbouring C–S–H clus-
ters could be bound together (cf. Fig. 12c) in few cases only, such
that no increase in tensile strength was observable. Mainly short
and bowed CNTs were found, which exercised no strengthening ef-
fect (Fig. 12d).

The schematic presentations in Fig. 12 should provide a first
general idea of the working mechanisms of the investigated types
of CNTs in hardened cement paste. Here it should be underlined
again that the foregoing discussions are based on the investigation
of cement paste samples at an age of 3 days. Due to the densifica-
tion of the matrix during the continuing cement hydration, the de-
gree and possibly even the mode of interaction between the
cement matrix and CNTs at greater ages might change signifi-
cantly. There is a need for further research in this field. Accord-
ingly, not all findings with respect to mechanical properties as
presented in this report can be discussed in detail and explained
at this stage. Furthermore, additional efforts should be focused
on improving the dispersion methodology. In order to ensure the
initial length of the N-CNTs, either another dispersion method or
ultrasonication at lower amplitudes must be explored.
4. Conclusions

To make use of the positive effects of CNTs on the mechanical
properties of cement-based composites, an appropriate dispersion
of CNTs is mandatory. Preparation of CNT-dispersions is a challeng-
ing task since CNTs agglomerate both strongly and readily. In this
paper, the dispersibility in water of two different types of CNTs was
investigated by sonication in the presence of surfactants. The most
advantageous dispersions could be produced with a CNT-to-surfac-
tant ratio of 1:1–1:1.5 and a sonication time of 120 min. For the
nitrogen-doped CNTs a combination with the surfactant Brij 35
led to a particularly intensive deagglomeration, which can be
attributed to the good affinity between the Brij 35 molecules and
the surfaces of the N-CNTs and consequently a homogeneous coat-
ing of CNT-surfaces. However, the N-CNTs tended to rupture with
increasing sonication time. In contrast, no failure of the mixed
CNTs could be observed, likely due to the formation of a fine
CNT-network during dispersion, which prevented destruction by
strong cavitation. For the mixed CNTs, no clear difference in disper-
sibility was observed between the use of SDS and the use of Brij 35
as surfactants.
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For hardened cement paste modified with the CNTs, a pro-
nounced increase in its compressive strength was determined un-
der high strain rate loading. However, no significant improvement
in strength was observed for quasi-static loading. The use of SDS as
a surfactant had a negative effect on strength due to foam forma-
tion during the mixing of the cement paste. Microscopic examina-
tion of the hydrated cement paste structure showed the CNTs,
depending on their type, to be arranged either as a discontinuous
network or as individual fibres. Due to their insufficient length
caused by fracturing during sonication and by misalignment attrib-
utable to twisting and curling, CNTs were mostly unable to satis-
factorily bind neighbouring C–S–H clusters and to bridge the
voids between them. This might explain the lack of improvement
in the tensile strength of the cement matrix. Further research
should be focused on achieving particular configurations of CNTs
in the hardened cement paste, which would assure considerable
improvements in its mechanical performance.
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