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Improvement of Cementitious Binders by
Multi-Walled Carbon Nanotubes
T. Kowald and R. Trettin1
Abstract. To improve the mechanical properties of building materials carbon
nanotubes (CNTs) were incorporated into normal concretes, high and ultra-high
performance concretes as well as into model systems. Besides their outstanding
mechanical properties CNTs are a very promising reinforcement material for
composites because of their high aspect ratio, high resistance to corrosion and low
specific weight. Multi-walled carbon nanotubes (MWCNTs) showed an influence
on the hydration of binders and their macro- and microscopic mechanical properties. The effects of the nanostructures on the hydration, the composition and the
micro- and nanostructure of the composite were investigated by the use of the in
situ x-ray powder diffraction, isothermal calorimetric measurements, an ultrasonic
method, imaging methods and the grid nanoindentation technique. The results
show that the MWCNTs influence the hydration, the microstructure and are leading to improved mechanical properties of the composite. This presentation shows
thermal analysis and porosimetry data of samples prepared with MWCNTs.
1 Introduction
The brittle nature of high performance concrete (HPC) and ultra-high performance
concrete (UHPC) is a weakness of modern building materials. To overcome this
problem and to improve certain characteristics of the materials fibres are very often used and are mainly utilized to improve the flexural strength, the ductility or
the fire resistance.
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Since carbon nanotubes (CNTs) were discovered in 1991 [1] the nanostructures
are well known for their outstanding mechanical properties. Additionally certain
other characteristics of the CNTs make them a very promising reinforcement material for composites. These are their high aspect ratio, high resistance to corrosion
and low specific weight which is only 1/6 that of steel. When CNTs were incorporated into different binder systems like normal concretes, high and ultra-high
performance concretes as well as into model systems they led to improved mechanical properties. The known effects of the CNTs on the building materials are
summarized below. Prior to a successful application of the CNTs some key issues
have to be addressed.
• The first point is the strong agglomeration of the tubes due to van der Waals
forces between the nanoparticles. So the CNT-bundles have to be dispersed
prior to their application for a good separation and a homogeneous distribution
of the individual tubes within the composite.
• The second point is the linkage between the CNTs and the binder matrix. This
is a key factor for the improvement of the resulting material.
The dispersion of the CNTs and their linkage to the binder matrix has to be optimized to advance the mechanical properties of the nanocomposites. Further a
deeper understanding of how the CNTs interact with the binder is needed to improve the performance of the resulting composite. In plain cement pastes multiwalled carbon nanotubes (MWCNTs) as well as single-walled carbon nanotubes
(SWCNTs) were used and led to an increase in the compressive strength by 30%
and 6%, respectively [2]. Considering the correct handling of the CNTs in cementbased binders their application may lead to an improvement of the mechanical
properties [3-5]. Using tricalcium silicate (C3S) as a model system for cementitious binders and 0.5 ma.% of different carbon nanostructures an improvement of
up to 45% in the flexural strength of a sample could be achieved [5].
Additionally to the improved mechanical characteristics systems with CNTs also showed a different hydration behavior and a changed microstructure. The observations on the hydration were done by a complementary usage of x-ray powder
diffraction (XRPD) and isothermal calorimetric experiments. The results showed a
clear influence on the reaction kinetics particularly regarding the crystallization of
the portlandite (Ca(OH)2) and point to an accelerating effect with a crystallization
of fewer and smaller portlandite crystals [5]. The formation of finer reaction products when using CNTs could also be determined by investigating the microstructure by scanning electron microscopy. A chemical interaction of the COOH
groups present on the surface of the CNTs with the hydrating binder could be
illustrated by spectroscopic investigations by Li et al. [6]. Considering the experimental data it seems that the functional groups act as crystallization seeds resulting in a chemical link between the CNTs and the reaction products resulting in an
increased number of finer reaction products.
The analysis of the distribution of the elastic modulus and the indentation
hardness from grid nanoindentation experiments showed that the MWCNTs
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incorporated to a C3S model system seem to lead to an increased quantity of
C-S-H with higher E-modulus and hardness [7].
2 Experimental Part
For the thermal analysis prisms of pure tricalcium silicate (C3S) and with
MWCNTs were prepared to minimize the complexity of the binder system. The
mercury intrusion porosimetry was done on samples consisting of very fine cement and precipitated silica.
For each experiment two types of samples were prepared. The reference samples were made of C3S respectively cement, superplasticizer and water. The
MWCNTs samples also contained 1.0 ma.% MWCNTs referred to the binder.
In case of the prisms prepared for the thermal analysis pure triclinic C3S had
been synthesized from a stoichiometrical mixture of calcium carbonate and silicon
dioxide at a temperature of 1450°C. The purity of the C3S was controlled by
XRPD and when the free lime content determined by the Rietveld method was below 0.5 ma.% it was controlled by the Franke method, additionally. A final free
lime content of 0.18 ma.% was reached, the specific density was 3.12 g/cm³ and
the d50-value of the ground C3S was 4 µm as determined by lasergranulometry.
MWCNTs purchased from Sun Nanotech Co. Ltd. were used for the experiments and had the following specifications: purity > 80 %, free amorphous content
< 10 %, diameter 10 – 30 nm and length 1 – 10 µm. The dispersion of the
MWCNTs was done by sonification within the mixing water for 28 minutes. Afterwards a polycarboxylate-based superplasticizer (1 ma.% by binder content) was
added and the dispersion sonificated for 2 minutes, additionally. A water to binder
ratio of 0.22 had been used.
The pastes were moulded into prism-shaped forms and compacted by applying
a pressure of 125 N/mm² for 30 minutes. The dimension of the prisms were
8 mm · 8 mm · 30 mm. The samples were demoulded after 2 days of storage at a
relative humidity of >90 % and 20°C. Then the prisms were cured 5 d storing
them under water at 20 °C.
The samples prepared for the mercury intrusion porosimetry consisted of a
CEM II / B-S 52.5 R (d50 = 4.4 µm), 1 ma.% precipitated silica, 1 ma.% superplasticizer and a water to cement ratio of 0.22. The dispersions of the MWCNTs were
prepared like it was done in the case of the C3S samples. The pastes were cast into
prism forms with a dimension of 15 mm · 15 mm · 60 mm. The prisms were taken
out of the molds after one day and put back into the climate-chamber for 27 days.
Thermogravimetry analysis (TGA) were conducted to quantitatively estimate
the Ca(OH)2 using a STA 449 C Jupiter by Netzsch. The TG and the DSC data
were stored simultaneously. As purge gas nitrogen and as reference for the DSC
Al2O3 were used. The measurement conditions were as follows: starting temperature 38°C, heating rate 10 K/min, max. temperature 1000°C, purge gas N2, reference material Al2O3 and crucible material Pt.
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The mercury intrusion porosimetry (MIP) was used for assessment of porosity
and pore size distribution of the specimens. Prior to the measurement with an Autopore 9220 (Micrometrics Instruments Corp.) the samples were broken to dimensions between 2 mm and 4 mm and dried for one week at 35°C.
3 Results
In this chapter the results of the TGA and the MIP are shown. By x-ray powder
diffraction a lower amount of the crystalline Ca(OH)2 was found when MWCNTs
were used in a C3S model system. The TGA should give information if there is also an influence on the total amount of Ca(OH)2 produced when MWCNTs are incorporated into the samples. Additionally the effect of the MWCNTs on the pore
size distribution of samples consisting of finely ground cement, precipitated silica
and superplasticizer were analyzed by MIP.
In Fig. 1 the TG and DSC data for the C3S samples with 1 mass.% MWCNTs
and without MCNTs are shown. The straight lines are showing the TG results and
the dashed ones are showing the DSC results. The data for the C3S sample is
drawn in red and the data for the C3S sample with the MWCNTs in black. The decomposition of the Ca(OH)2 is typically found between 450 and 550 °C. Looking
at the TG and DSC graphs in Fig. 1 the influence of the decomposition
(Ca(OH)2 Æ CaO + H2O) can be seen.
Fig. 1 Combined TG and DSC results for the C3S samples with 1 mass.% MWCNTs and
without MCNTs
Comparing the TG of the two samples it can be seen that the total amount of
Ca(OH)2 is nearly the same. In the case of C3S the loss of water from the decomposition was 2.9% and in the case of C3S+MWCNTs 2.79%. Having in mind that
the x-ray powder diffraction showed a lower amount of crystalline Ca(OH)2 when
Improvement of Cementitious Binders by Multi-Walled Carbon Nanotubes
265
the MWCNTs were used but the TG showed nearly the same total amount of
Ca(OH)2 the conclusion is that there is an amount of x-ray amorphous Ca(OH)2 in
the samples with MWCNTs. Another indicator for the disordered or smaller
Ca(OH)2 crystals is the shift of the onset of the C3S+MWCNTs to lower temperatures which is 440°C instead of 450°C for the C3S. Comparing the TG at lower
temperatures it can also been seen that there is higher amount of physically bound
water in the C3S+MWCNTs sample.
In Fig. 2 the pore size distributions for the cement samples without (CEM, red
line) and with MWCNTs (CEM+MWCNTs, black line) are shown. In this work
the pore size classification by Smolcyk (Table 1) was chosen for the interpretation
of the MIP data.
Comparing the MIP data for the two samples it can be seen that in the region of
the micro- or gel pores there was an increase when the MWCNTs were used and
in the region of the meso- or capillary pores there was a slight decrease.
Fig. 2 Pore size distribution for the CEM
samples with 1 mass.% MWCNTs and
without MCNTs
Table 1 Pore sizes classifications
Macropores or air pores
Smolcyk
Setzer
IUPAC
> 10 µm
50 µm – 2 mm
50 nm – 2 µm
Mesopores or capillary pores
0.03 – 10 µm
2 – 50 µm
2 nm – 50 nm
Micropores or gel pores
< 0.03 µm
< 2 µm
< 2 nm
4 Summary and Conclusions
CNTs improve the mechanical properties of building materials [2-5] but additionally the CNTs seem to influence the hydration [5, 6]. XRPD, the isothermal calorimetry and the nanoindentation method were used to study the influence of
MWCNTs on the hydration of C3S and the micromechanical properties as well as
the surface fractions of the hydration products. Like already shown in [5] and [6]
the MWNTs have an influence on the hydration and the resulting microstructure
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of the binder. The analysis of the distribution of the elastic modulus and the indentation hardness showed that the MWCNTs seem to lead to a higher quantity of CS-H with higher E-modulus and hardness [7].
The results in this work show that the MWNTs are not changing the total
amount of Ca(OH)2 built during hydration but seem to have an influence on their
crystallinity. Also a higher amount of micro- and gel pores have been found when
MWCNTs were used.
Acknowledgments. The authors like to thank the DFG for financially supporting this work.
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