
1 
 

Microstructure and Mechanical Properties of Carbon Nanotube 1 

Reinforced Cementitious Composites Developed Using a Novel 2 

Dispersion Technique 3 

Shama Parveen1, Sohel Rana1*, Raul Fangueiro1 and Maria Conceição Paiva2 4 

1Fibrous Materials Research Group (FMRG), School of Engineering, University of Minho, 5 

Campus de Azurém, 4800-058 Guimarães, Portugal 6 

2Institute for Polymers and Composites (IPC), University of Minho, Campus de Azurém, 7 

4800-058 Guimarães, Portugal 8 

 9 

ABSTRACT 10 

The present paper reports the first attempt of developing carbon nanotube (CNT) reinforced 11 

cement composites through a short dispersion route using Pluronic F-127 as a novel 12 

dispersing agent. Optimum concentrations of Pluronic for various types of CNT were 13 

determined, and the influences of Pluronic and CNT on the microstructure and mechanical 14 

properties of cementitious composites were thoroughly investigated. Pluronic with optimized 15 

defoamer concentration significantly improved the bulk density and mechanical properties of 16 

cement mortar. Further, dispersion of 0.1% single walled nanotube (SWNT) improved 17 

flexural modulus of mortar by 72% and flexural and compressive strengths by 7% and 19%, 18 

respectively after 28 days of hydration. Flexural and compressive strengths with 19 

functionalized SWNT increased with the hydration period up to 17% and 23% after 56 days, 20 

respectively. All CNT reinforced samples exhibited significantly higher stiffness, fracture 21 

energy and ductility as compared to plain mortar and composite samples prepared using a 22 

common surfactant.  23 
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1. Introduction 33 

Concrete is the most frequently used construction material all over the world. However, its 34 

major drawback is the brittleness and susceptibility to crack formation and growth that 35 

reduces its performance and durability. The concept of dispersing nanomaterials within 36 

concrete in order to develop crack free and durable construction materials has been realized 37 

in recent times [1-4] Carbon nanotubes (CNTs) are getting tremendous attention for this 38 

purpose in order to develop high performance and piezoresistive cementitious composites [5-39 

10]. Although CNTs possess exceptional physical and chemical properties, the successful 40 

transfer of these properties into composite materials is strongly dependant on the state of 41 

CNT dispersion within the matrix. Due to their strong agglomeration tendency, it is 42 

extremely challenging to obtain a homogeneous CNT dispersion, which is, however, a 43 

prerequisite for successful utilization of CNT in most of the applications including composite 44 

materials. The approach of dispersing CNTs directly within cement paste during mixing is 45 

not feasible, as the thickening of cement paste begins within a short period after addition of 46 

water. The mixing process using a Hobart mixer, commonly used to prepare mortar paste 47 

cannot ensure proper dispersion of CNT within cementitious matrix [11]. To overcome this 48 

problem, the strategy commonly employed for mixing CNTs with cementitious matrices is to 49 

disperse these nanomaterials first in water, followed by mixing of nanomaterial/water 50 

suspensions with cement using a conventional mixer. Various physical and chemical 51 

techniques have been tried to prepare homogeneous aqueous dispersion of CNT such as 52 

ultrasonication, mechanical stirring, using surfactants, polymers, CNT functionalization, 53 

etc.[12-22]. CNT suspensions prepared using these various techniques can be subsequently 54 

mixed with the cement mixtures to prepare cementitious composites [23-29]. However, these 55 

dispersion routes should be carefully selected so that they do not interfere with the processing 56 

of cementitious composites. Many surfactants that are successfully used to disperse carbon 57 

nanomaterials in polymeric matrices have been reported to create problems in cement 58 

hydration, entrap air in the cement paste or react with the water reducing admixtures [5]. 59 

Alternative ways to improve dispersion of CNT within cementitious matrices are to use of 60 

chemical admixtures during mixing process [30, 31] or through fabricating cementitious 61 

composites by directly growing CNTs on the cement particles [32]. 62 

 63 

Among the various carbon nanotubes, single walled nanotubes (SWNTs) are considered as 64 

the best reinforcement for different matrices due to their huge surface area and exceptional 65 

mechanical properties [5]. However, these nanotubes are expensive and obtaining 66 
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homogeneous dispersion is a highly challenging task due to their strong agglomeration 67 

tendency. More often, they are dispersed using a very long dispersion route involving 68 

physical and chemical treatments, which either leads to nanotube’s damage or make the 69 

process unsuitable for industrial application. Due to these reasons, only a few research studies 70 

have been conducted till date on utilizing SWNTs within cementitious matrices, most of 71 

which are for developing piezoresistive composites [33]. However, research studies by Makar 72 

et. al demonstrated that SWNTs can accelerate the hydration reaction of tricalcium silicate 73 

(C3S) in the OPC and show strong effect on the morphology of the hydration products [34, 74 

35]. Evidence of classical reinforcing behaviour such as crack bridging and fibre pullouts as 75 

well as strong adherence between C-S-H and SWNTs, as observed in their study, indicated 76 

high potential of SWNT for developing high strength cementitious composites. Nevertheless, 77 

development of a short and efficient route for SWNT dispersion is highly essential for 78 

developing such composites.       79 

 80 

As compared to other routes for preparing aqueous CNT suspensions, the non-covalent 81 

functionalization technique is better in the sense that it does not alter the inherent electrical, 82 

optical or mechanical properties of CNT. In this route, CNTs are commonly dispersed using 83 

various surfactants, such as etyltrimethylammonium bromide, Triton X-100, sodium 84 

dodecylbenzene sulfonate (SDBS), Pluronic F127, etc. [12-22], with the help of 85 

ultrasonication process, which breaks down or de-bundles the CNT aggregates. The treatment 86 

time or energy of the ultrasonication process has strong influence on CNT dispersion and 87 

within limits, the longer is the treatment time (and higher is the ultrasonication energy), the 88 

better is the CNT dispersion [15]. However, a longer ultrasonication treatment or higher 89 

ultrasonication energy may also reduce the aspect ratio and lead to CNT damage. From this 90 

point of view, a short and mild dispersion process is always favourable. On the other hand, 91 

among the various surfactants, currently Pluronic block copolymers are finding a special 92 

attention due to its biocompatibility and lower toxicity as compared to other surfactants [13-93 

15]. A few research studies have been carried out on the aqueous dispersion of CNT at very 94 

low concentrations using Pluronic for biomedical applications [13-15]. However, according 95 

to author’s knowledge, no attempt has been made to use Pluronic F-127 to disperse CNT for 96 

cementitious matrices. The chemical structure of Pluronic F-127 contains polyethylene oxide 97 

side (PEO) chains, similar to the polycarboxylates used as superplasticizer in cementitious 98 

composites [36]. Although the use of polycarboxylates was not much effective for SWNTs 99 

[36], MWNTs were successfully dispersed using this surfactant for developing cementitious 100 
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composites and the main factors contributing towards good CNT dispersion were the 101 

electrostatic (due to carboxylate groups) and steric repulsions (due to long lateral ether 102 

chains) [30]. However, in case of Pluronic F-127, only steric stabilization is possible due to 103 

absence of ionic groups and the dispersion behaviour of CNT (any type) and cement particles 104 

in such system is completely unknown. Therefore, an in-depth investigation is necessary to 105 

apply this new dispersant for cementitious composites, in which the challenge is to disperse 106 

relatively higher CNT concentrations without affecting the hydration behaviour of cement. 107 

So, in the present study, CNT reinforced cementitious composites were developed using 108 

Pluronic F-127 as the dispersing agent. Optimum concentrations of Pluronic to achieve 109 

homogeneous and stable dispersions of various types of CNT (SWNT and MWNT, both 110 

pristine and carboxyl functionalized) at high concentrations were determined, and the 111 

influence of Pluronic and CNT on the microstructure and mechanical properties of 112 

cementitious composites were thoroughly investigated. In addition, the results obtained in 113 

case of optimum samples have been compared with those obtained using a common 114 

surfactant (Sodium Dodecylbenzene Sulfonate or SDBS). 115 

 116 

2. Materials and methods 117 

2.1 Raw Materials 118 

Different types of CNTs (SWNT, MWNT, functionalized SWNT or f-SWNT and 119 

functionalized MWCNT or f-MWNT) were purchased from Nanostructured & Amorphous 120 

Materials, Inc. (Houston, USA). The morphology of these CNT, as characterized by Scanning 121 

Electron Microscope (SEM) is shown in Fig. 1 and their properties are listed in Table 1. 122 

Impurity (wt.%) was determined using Energy Dispersive X-ray (EDX) analysis (using Si(Li) 123 

detector and an acceleration voltage of 5 kV). Except pristine SWNTs, other CNTs contained 124 

negligible quantity of impurities and the impurities present in the pristine SWNTs were 125 

mainly metal catalyst particles (Ni, Fe, etc.) and a small amount of other types of CNT. The 126 

metal particles were embedded within the structure of SWNTs. Aqueous suspension of these 127 

CNTs was prepared using two different types of surfactant, namely Pluronic F-127 and 128 

SDBS, both purchased from Sigma Aldrich. Chemical structure of these surfactants is shown 129 

in Fig. 2. To reduce the generation of foam during dispersion process, tributyl phosphate 130 

(mol. wt. 266.31), purchased from Sigma Aldrich, was used as the defoaming agent.  131 

 132 



5 
 

 133 

Fig. 1 SEM micrographs of CNT powder: (a) MWNT, (b) f-MWNT, (c) SWNT and (d) f-134 

MWNT 135 

 136 

Table 1 Physical properties of various types of CNT used in this study 137 

Type of CNT Diameter (nm) Length (µm) Surface Area 

(m2/g) 

Purity (Wt. 

%)* Inside Outside 

SWNT 1-2 5-30 300-380 ~ 4 

SWNT-COOH 1-2 5-30 300-380 ~ 0 

MWNT 2-5 <8 10-30 350-420 ~ 0 

MWNTCOOH 2-5 <8 10-30 350-420 ~0 

Source: Nanostructured & Amorphous Materials, Inc. 138 

* From EDX analysis. 139 

 140 

 141 

Fig. 2 Chemical structure of (a) Pluronic F-127 and (b) SDBS 142 
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 143 

2.2 Preparation of CNT aqueous suspensions 144 

To prepare CNT suspensions, defoaming agent (1/3 or ½ of the surfactant weight) was first 145 

added to water, followed by addition of surfactant and magnetic stirring for 10 minutes for 146 

proper mixing. To disperse both 0.1% and 0.2 wt. % of CNT in water, 3% and 5% of 147 

Pluronic F-127 was used, in order to study the influence of surfactant concentration. On the 148 

other hand, a fixed surfactant to CNT weight ratio of 4:1 was used in case of SDBS, based on 149 

previous literature [23].The CNT suspensions were then subjected to ultrasonication for 1 150 

hour in a bath sonicator (CREST Ultrasonicator, CP 230T) operated at 45 kHz frequency and 151 

80 W power.  152 

 153 

2.3 Characterization of CNT suspensions 154 

Microscopic and visual observation 155 

The freshly prepared CNT suspensions were observed visually for any noticeable 156 

sedimentation. Further, CNT suspensions were subjected to ultracentrifugation at 3000 rpm 157 

for 20 minutes and noticed for any settling down of CNT at the bottom of centrifuge tubes. 158 

Also, freshly prepared CNT suspensions were characterized by optical microscopy to 159 

investigate the dispersion homogeneity and presence of CNT clusters or agglomerates. 160 

Further, area % of CNT agglomerates(the ratio of CNT cluster’s area to the total area 161 

scanned, expressed in %) was calculated from the microscopy pictures using an image 162 

analysis software (Image J). Long term stability of CNT suspensions was also studied 163 

through visual observation of sedimentation after standing for more than 2 years. 164 

 165 

Measurement of extractability 166 

The extractability% of prepared CNT suspensions indicates the concentration of individually 167 

dispersed nanotubes expressed in percentage with respect to total CNT concentration (Eq.1) 168 

Concentration of individually dispersed CNTs was calculated using UV-vis spectroscopy 169 

(UV 2401 PC, Shimadzu) from their characteristic absorption peak near 253 nm [37]. For this 170 

purpose, calibration curves between absorption and concentration for both SWNT and 171 

MWNT were determined and concentrations were calculated using these calibration curves. 172 

 173 

Extractability = 100 ∗ (
Conc.of individully dispersed CNT

Original conc.of CNT
)    (1) 174 

 175 
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2.4 Preparation of plain mortar and CNT/mortar composites 176 

Plain mortar and CNT/mortar samples were prepared through mixing of prepared CNT 177 

suspensions with Ordinary Portland Cement (OPC) and standardized sand in a Hobart mixer. 178 

A cement to water ratio of 0.5 was used in all samples. Samples were prepared in rectangular 179 

moulds with dimensions of 160 mm× 40 mm× 40 mm. The moulds were kept in a moist 180 

atmosphere for 24 h and then the samples were de-moulded and kept under water for 28 days 181 

to carry out hydration or setting. The samples containing NDBS were kept in the moulds for 182 

48h, since it was not possible to de-mould them without breakage after 24h. This was 183 

probably attributed to the delayed hydration in presence of SDBS and the resulting specimens 184 

were not strong enough in 24 hours to be removed from the moulds with breakage. Some 185 

selected samples were kept in water for 42 and 56 days also in order to investigate the 186 

influence of hydration period on mechanical properties.  187 

 188 

2.5 Characterization of plain mortar and CNT/mortar composites 189 

Consistence of freshly prepared mortar pastes was evaluated using a flow table according to 190 

EN 1015-3 standard. Consistence is a measure of the fluidity and/or wetness of the fresh 191 

mortar and gives a measure of the workability of the fresh mortar paste. The diameter of 192 

mortar paste at two perpendicular directions was measured, as shown in Fig. 3 and reported 193 

as flow values. Compressive and flexural testing was carried out according to BS EN 196-194 

1:1995 standard. In addition, dry bulk density of plain mortar and samples containing only 195 

surfactant (without CNT) was evaluated according to BS EN 1015-10:1999 standard using 196 

the following equations: 197 

 198 

𝐴 =
Ms,dry

Vs
           (2) 199 

Vs =
Ms,sat−Ms,i

ρw
          (3) 200 

Where Ms,dry is the oven dry mass of specimen of hardened mortar (kg), Ms,sat is the mass of 201 

saturated wet specimen of hardened mortar (kg) measured after removing the specimen from 202 

water, Ms,i is the apparent mass of saturated specimen of hardened mortar measured in the 203 

immersed position (kg), ρw is the density of water (kg/m3) and V
s 
 is the volume of specimen 204 

of hardened mortar (m3). 205 

 206 
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 207 

Fig. 3 Determination of flow diameter 208 

 209 

The fracture surfaces of plain mortar and CNT/mortar samples were characterized by SEM 210 

(FEG-SEM, NOVA 200 Nano SEM, FEI) using secondary electron mode and acceleration 211 

voltage of 10kV) after coating with a thin film (30 nm) of Au-Pd in a high resolution sputter 212 

coater (208HR Cressington) in order to investigate the microstructure. To further investigate 213 

the fracture behavior, flexural tests were also performed on plain mortar and CNT/mortar 214 

samples containing a notch of 6 mm. The flexural load-displacement curves were analyzed to 215 

understand the pre and post-peak behavior and ductility and to calculate the fracture energy 216 

using the area under the load-displacement curves. 217 

 218 

Plain mortar and CNT/mortar composite samples were analyzed using Fourier Transform 219 

Infrared Spectroscopy (FTIR, 4100 Jasco), in order to detect any influence of CNT on the 220 

hydration behavior of cement.  For FTIR study, thin pellets were prepared through mixing of 221 

plain mortar or CNT/mortar powder with KBr and applying pressure. The same type of 222 

samples were also characterized using Thermogravimetric Analyzer (TGA, Perkin Elmer) in 223 

nitrogen atmosphere at healing rate of 10°C/min up to 900°C. Derivative thermogravimetry 224 

(DTG) curves for these specimens were studied to obtain quantitative estimation of different 225 

products formed due to hydration such as C-S-H, Ca(OH)2, CaCO3, etc. 226 

 227 

3. Results and Discussion 228 

3.1 Homogeneity of CNT dispersion 229 

It can be observed from Fig. 1 that nanotubes were highly agglomerated in the powder stage. 230 

However, as compared to pristine nanotubes, functionalized CNTs appeared to be cleaner and 231 

slightly more separated due to removal of impurities during acid treatment.  232 

 233 

Optical micrographs of 0.2 % MWNT suspensions prepared using Pluronic are presented in 234 

Fig. 4. It can be observed that suspensions prepared using 3% Pluronic contained some 235 

visible agglomerates. However, at this magnification level, no noticeable agglomeration was 236 
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present in the suspensions prepared using 5% Pluronic, which therefore, can be considered 237 

optimum for dispersing 0.2% of both pristine and functionalized MWNTs. This was also 238 

evident from significantly lower area % of CNT agglomerates in case of 5% Pluronic (Table 239 

2).  Similar observations were also made with SWNTs, except the fact that functionalized 240 

CNTs showed much lower agglomeration (Fig. 5c) as compared to pristine SWNTs (Fig. 5a) 241 

at 3% Pluronic concentration. The dispersion of f-SWNTs using 3% and 5% Pluronic was 242 

almost similar. Optical micrographs as well as % area of CNT agglomerates both revealed 243 

that higher surfactant concentration and functionalization showed positive influence on 244 

dispersion of CNT using Pluronic. Aqueous suspensions containing lower CNT 245 

concentrations showed slightly better homogeneity and lower CNT agglomeration. From the 246 

area of agglomerates of 0.1% CNT suspensions (prepared using 0.4% SDBS), it is clear that 247 

the use of SDBS resulted in more agglomerates, even at lower CNT concentration as 248 

compared to the suspensions prepared using optimum Pluronic concentrations. This indicates 249 

more effectiveness of Pluronic in reducing the size of CNT clusters, if used in optimized 250 

concentrations. 251 

 252 

 253 

Fig. 4 Aqueous suspension of 0.2% MWNT with 3% Pluronic (a), 5% Pluronic (b), f-MWNT 254 

with 3% Pluronic (c) and f-MWNT with 5% Pluronic (d) 255 
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 256 

Fig. 5 Aqueous suspension of 0.2% SWNT with 3% Pluronic (a), 5% Pluronic (b), f-SWNT 257 

with 3% Pluronic (c) and f-SWNT with 5% Pluronic (d) 258 

 259 

Table 2 Area % of CNT agglomerates calculated from optical microscope images 260 

Sample Area of CNT agglomerates (%) 

0.2%MWNT3% Pluronic 9.6 

0.2%MWNT5% Pluronic 0.12 

0.2%f-MWNT3% Pluronic 5.3 

0.2%f-MWNT5% Pluronic 0.01 

0.2%SWNT3% Pluronic 1.95 

0.2%SWNT5%P Pluronic 0.05 

0.2%f-SWNT3% Pluronic 0.01 

0.2%f-SWNT5% Pluronic 0.05 

0.1%MWNT0.4%SDBS 3.8 

0.1%f-MWNT0.4%SDBS 3.6 

0.1%SWNT0.4%SDBS 4.7 

0.1%f-SWNT0.4%SDBS 3.6 

 261 

Visual observations of freshly prepared CNT suspensions, as shown in Fig. 6a, b, c, d, also 262 

revealed very good dispersion homogeneity and no visible sedimentation. It was also noticed 263 

that the CNT suspensions exhibited no sedimentation even after ultracentrifugation for 20 264 

minutes at 3000 rpm, as shown in Fig. 6a1, b1, c1 and d1. Therefore, CNTs suspensions 265 

prepared using Pluronic had excellent stability.  266 
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 267 

 268 

Fig. 6 Visual observation of CNT suspensions before (a, b, c, d) and after ultracentrifugation 269 

(a1, b1, c1, d1): MWNT, f-MWNT, SWNT and f-SWNT 270 

 271 

Good dispersion ability of Pluronic was also confirmed from extractability % which 272 

represents the weight percentage of individually dispersed CNTs. The values of % 273 

extractability are listed in Table 3. It is clear that the percentage of individually dispersed 274 

CNTs was higher in case of SWNT as compared to MWNT and functionalization of SWNT 275 

led to higher quantity of individually dispersed nanotubes in water. This finding was in 276 

agreement with the microscopy study. Extractability% was slightly lower in case of higher 277 

CNT concentrations (0.2%) and found to be slightly higher with SDBS. 278 

 279 

Table 3 Extractability of CNT suspensions 280 

CNT suspensions Extractability (%) 

0.1%MWNT3% Pluronic 20 

0.1%f-MWNT3% Pluronic 10 

0.1%SWNT3% Pluronic 40 

0.1% f-SWNT3% Pluronic 50 

 281 

It was also observed that SWNT suspensions prepared with Pluronic and stored in glass 282 

beakers for more than 2 years showed excellent homogeneity similar to the freshly prepared 283 
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suspensions and no CNT clustering, as can be seen from Fig. 7b. On the other hand, SWNT 284 

suspensions prepared using SDBS showed formation of dense CNT clusters, which were 285 

clearly visible at the bottom of the beakers (Fig. 7a). Therefore, it can be commented that 286 

SWNT suspensions prepared using Pluronic had much better long term stability as compared 287 

to SDBS. Based on the observations of dispersion study, for CNT concentrations of 0.2 wt.% 288 

or more both 3% and 5% Pluronic has been tried to prepare cementitious composites; 289 

however, for concentrations lower than 0.2 wt.%, only 3% Pluronic has been used. 290 

 291 

 292 

Fig.7 Long term stability of SWNT suspensions prepared with SDBS (a) and Pluronic (b). 293 

 294 

It has been reported that the efficiency of surfactant assisted dispersion of CNT in aqueous 295 

solution strongly depends on several factors such as type of CNT, diameter, surface 296 

functionalization, type of surfactant, surfactant structure, solution pH, etc [38]. Very good 297 

CNT dispersion capability of Pluronic is due to the presence PEO and PPO (polypropylene 298 

oxide) groups in its structure [39]. The separation of individual CNTs (unzipping) occurs due 299 

to adsorption of Pluronic molecule on the CNT surface, assisted by the ultrasonication 300 

energy. The hydrophobic PPO chains facilitate the adsorption of Pluronic molecule on to the 301 

CNT surface [40]. On the other hand, aggregation of CNTs is prevented due to steric 302 

stabilization owing to the hydrophilic PEO side chains which extend into water [39]. It is 303 

believed that Pluronic molecule wraps the CNT structure, once it is adsorbed on the CNT 304 

surface and probably, the wrapping process occurs more effectively in case of SWNTs than 305 

MWNTs due to its smaller diameter and higher surface area. This explains better 306 

effectiveness of Pluronic in case of SWNTs in reducing agglomerate size or improving 307 

extractability, as observed in the present research. Although functionalization of CNT may 308 

help in its stabilization due to electrostatic repulsion, it may also hinder the surfactant 309 
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adsorption and wrapping. Therefore, the dispersion behaviour observed in case of 310 

functionalized CNTs is governed by these two factors. Research studies have been conducted 311 

to understand the effect of Pluronic structure on its dispersion ability [39]; however, besides 312 

the initial study performed by the authors [41] no study has been reported till date comparing 313 

the dispersion behavior (mechanism, homogeneity, long term stability, etc.) of SWNT and 314 

MWNT (both pristine and functionalized) using Pluronic F-127 or their comparison with 315 

SDBS. The type of CNT, its concentration as well as functionalization can strongly influence 316 

the two mechanisms (unzipping and steric stabilization) and resulting dispersion behaviour of 317 

CNT in Pluronic solution and therefore, the initial studies performed in this research should 318 

be extended further to fully understand these effects. 319 

 320 

3.2 Consistence of mortar paste 321 

Flow values of plain mortar, mortar containing Pluronic and defoamer and different types of 322 

CNT are listed in Table 4. It can be noticed that all samples showed similar consistence to 323 

that of plain mortar samples, indicating that addition of CNT, surfactant or defoamer did not 324 

have much influence on the workability of mortar. 325 

 326 

Table 4 Consistence of plain mortar and CNT/mortar pastes 327 

Samples* Pluronic 

% 

Defoamer: 

Pluronic 

Flow values 

(mm) 

Plain Mortar - - 189,187 

Mortar 5%P1/3D 5 1:3 182, 183 

Mortar 5%P1/2D 5 1:2 194, 190 

0.1 %MWNT5%P1/3D 5 1:3 185,183 

0.1 %MWNT5%P1/2D 5 1:2 183, 177 

0.1 %MWNT3%P1/2D 3 1:2 183, 184 

0.08% MWNT3%P1/2D 3 1:2 190, 185 

0.1% SWNT5%P1/2D 5 1:2 176, 175 

0.1 %SWNT3%P1/2D 3 1:2 177, 179 

0.08 %SWNT3%P1/2D 3 1:2 177,176 

0.1 %f-SWNT5%P1/2D 5 1:2 175,172 

0.1% f-SWNT3%P1/2D 3 1:2 192,187 

0.08% f-SWNT3%P1/2D 3 1:2 193,191 
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0.1% f-MWNT5%P1/2D 5 1:2 181,182 

0.1% f-MWNT3%P1/2D 3 1:2 190,191 

0.08% f-MWNT3%P1/2D 3 1:2 186,185 

*P and D denote Pluronic and defoaming agent, respectively 328 

 329 

3.3 Effect of Pluronic on dry bulk density 330 

Table 5 lists the dry bulk density of plain mortar and mortar containing 5% Pluronic and 331 

defoamer. It can be observed that density of mortar slightly increased due to addition of 332 

Pluronic F-127. This indicated lower porosity and formation of denser microstructure in 333 

presence of this surfactant. It can be observed from Fig. 2 that the chemical structure of 334 

Pluronic F-127 contains polyethylene oxide (PEO) side chains similar to commonly used 335 

polycarboxylate super plasticizers. PEO side chains are reported to be the main chemical 336 

components of these superplasticizers responsible for the dispersion of cement particles and 337 

the fluidity of mortar [42]. The presence of similar PEO side chains in the structure of 338 

Pluronic F-127 in our study is probably the main factor that improved the cement particle 339 

dispersion and microstructure. This observation has been made for the first time in the 340 

present research and will be further investigated. Therefore, Pluronic has chemical structure 341 

suitable for dispersing both cement particles (PEO chains) and CNTs (both PEO and PPO 342 

chains) and seems to be an ideal surfactant for developing CNT reinforced cementitious 343 

composites. 344 

 345 

Table 5 Dry bulk density of plain mortar with and without Pluronic 346 

Samples Dry bulk density (Kg/m3) 

Plain mortar 2012.4 

Mortar with 5% Pluronic 

and defoaming agent 
2020.8 

 347 

3.4 Mechanical properties 348 

3.4.1 Effect of surfactant and CNT type on flexural properties 349 

Flexural stress-strain curves of plain mortar and CNT/mortar samples after setting for a 350 

period of 28 days are shown in Fig. 8. It is very interesting to note that addition of Pluronic 351 

(containing ½ defoaming agent of Pluronic weight) within mortar led to improvement of 352 

flexural strength and stiffness.  This was attributed to the formation of denser microstructure 353 
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formed in presence of Pluronic, as discussed in section 3.3. However, it was also evident that 354 

addition of Pluronic with 1/3 defoaming agent led to significant reduction in both flexural 355 

strength and stiffness. Therefore, an optimized quantity of defoamer was extremely important 356 

to suppress the formation of froth due to use of Pluronic. If generation of froth is not 357 

suppressed, its presence leads to increase in porosity of mortar samples resulting in lower 358 

mechanical properties. It can be also clearly observed from Fig. 8 that flexural stress-strain 359 

curves for CNT reinforced samples were much steeper as compared to the stress-strain curves 360 

of plain mortar samples. This indicated significantly higher flexural modulus of CNT/cement 361 

composites as compared to plain mortar. It is also clear that some of the CNT/mortar samples 362 

presented better flexural strength as compared to plain mortar, while flexural strength of 363 

some samples was inferior to plain mortar’s strength. Flexural modulus of plain mortar and 364 

CNT/mortar composites are provided in Table 6. It can be observed that addition of Pluronic 365 

(with optimum defoamer ratio) within mortar led to improvement in flexural modulus by 366 

about 15%. Further enhancement of flexural modulus was noticed upon reinforcement with 367 

CNTs.  The improvement in modulus was quite high reaching up to 72% in case of SWNT 368 

reinforced samples. In general, flexural modulus improved more through reinforcement with 369 

SWNTs as compared to MWNTs due to the better mechanical properties of SWNTs, unless 370 

they were dispersed using lower concentration of Pluronic.  371 

 372 

Fig. 8 Flexural stress-strain curves of plain mortar and CNT/cement composites after 28 days 373 

of hydration 374 
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 375 

Table 6 Flexural properties of plain mortar and CNT/mortar samples after 28 days of hydration 376 

Samples Flexural Modulus 

(GPa) 

% 

Improvement 

Flexural 

Strength (MPa) 

% 

Improvement 

Plain Mortar 15.0 ± 0.7* - 7.15 ± 0.25* - 

Mortar 5%P 1/3D 10.9 ± 0.5 - 27 6.96 ± 0.07 -2.7 

Mortar 5% P 1/2D 17.3 ± 0.5 15.3 7.41 ± 0.24 3.6 

0.1%MWNT5%P1/3D 10.2 ± 0.8 -32 5.21 ± 0.14 -27.1 

0.1%MWNT5%P1/2D 23.8 ± 0.7 58.7 6.35 ± 0.49 -11. 2 

0.1%f-MWNT5%P1/2D 22.5 ± 0.9 50.0 7.09 ± 0.21 -0.8 

0.1%MWNT3%P1/2D 21.3 ± 0.3 42.0 6.00 ± 0.35 -16.0 

0.1%f-MWNT3%P1/2D 23.8 ± 0.8 58.7 7.09 ± 0.37 -0.8 

0.08% MWNT 3%P1/2D 23.5 ± 0.5 56.7 7.37 ± 0.28 3.1 

0.08% f-MWNT 3%P1/2D 23.1 ± 0.8 54.1 6.71 ± 0.29 -6.1 

0.1%SWNT5%P1/2D 24.9 ± 0.6 66.0 7.59 ± 0.30 6.2 

0.1%f-SWNT5%P1/2D 25.8 ± 0.7 72.0 7.09 ± 0.21 -0.8 

0.1%SWNT3%P 24. ± 5 0.9 63.3 7.63 ± 0.36 6.7 

0.1%f-SWNT3%P 22.3 ± 0.4 48.7 6.69 ± 0.25 -6.4 

0.08% SWNT 3%P 24.3 ± 0.9 62.0 7.55 ± 0.29 5.6 

0.08% f-SWNT 3% P 22.9 ± 0.7 52.7 6.42 ± 0.23 -10.2 

* ± values are the 95% confidence intervals calculated from the modulus and strength data. 377 

 378 

Fig. 9 shows the comparison between the experimental values of flexural modulus of selected 379 

SWNT and MWNT reinforced samples (0.08%SWNT3%P, 0.1%SWNT5%P, 0.08% MWNT 380 

3%P, 0.1%MWNT5%P) and predicted values calculated using the properties of CNT and 381 

mortar (modulus of plain mortar, SWNT and MWNT are 17.3 GPa, 1500 GPa and 1000 GPa, 382 

respectively) applying rule of mixtures [23]. It can be noticed that the experimental values 383 

were always higher than the predicted modulus indicating that there were other factors 384 

besides reinforcing effect (such as improvement of microstructure), which has also played a 385 

vital role in enhancing the modulus of cementitious composites.  386 

 387 
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 388 

Fig. 9 Comparison between predicted and experimental values of flexural modulus 389 

 390 

Similar observations were also made by Konsta-Gdoutos et al. in case of cement reinforced 391 

with MWNTs. Through the nano-indentation test, it was observed that MWNTs could 392 

increase the formation of higher amount of high stiffness C-S-H gel and reduced nano 393 

porosity due to filling of gaps between C-S-H gels by MWNTs [23, 43]. These factors may 394 

be responsible for much higher increase in modulus with CNT addition than that predicted 395 

based on only the reinforcement effect. Flexural strength of plain mortar and CNT reinforced 396 

mortar samples are listed in Table 6. It is clear that use of Pluronic with non-optimized 397 

defoamer concentration resulted in deterioration of flexural strength. This case was even 398 

worse when CNTs were dispersed using Pluronic with non-optimized defoamer concentration 399 

(0.1% MWNT 5%P 1/3D), leading to significant deterioration of flexural strength. However, 400 

similar to flexural modulus, flexural strength also improved to some extent using Pluronic in 401 

combination with defoaming agent at optimized concentration. As mentioned previously, this 402 

reflected better microstructure and lower porosity of mortar containing Pluronic.  Among the 403 

various nanotubes, it can be observed that flexural strength was higher in case of SWNTs as 404 

compared to MWNTs. Highest improvement of ~7% was achieved in case of SWNTs 405 

dispersed using 3% Pluronic. On the other hand, dispersion of MWNTs led to deterioration of 406 

flexural strength, except lower concentration (0.08%) of MWNT which resulted in slight 407 

improvement of flexural strength (3.1%). Further, functionalization of MWNT helped to 408 

improve the flexural strength of MWNT/mortar composites to the level of unreinforced 409 

cementitious composites, as can be commented from the mechanical properties of 0.1% f-410 
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MWNT5%P and 0.1% f-MWNT 3%P. Better mechanical properties at lower concentration 411 

and with functionalized MWNTs indicates that some CNT clusters were still present at higher 412 

concentration dispersion of non-functionalized MWNTs deteriorating the mechanical 413 

properties. On the contrary, although some agglomerates could also be present in case of 414 

SWNTs, their size was too small (due to small dimensions of SWNTs) to significantly 415 

influence the mechanical properties. In this case, use of higher CNT concentration led to 416 

slightly higher flexural strength and unlike MWNTs, functionalization resulted in reduction 417 

of flexural strength. Deterioration of mechanical performance of CNT/cement composites 418 

using functionalized CNTs has been reported by other researchers also [29] and may be 419 

attributed to the retention of water by functional groups impairing the cement hydration 420 

process. For both SWNTs and MWNTs, the influence of chosen surfactant concentration (3% 421 

and 5%) on the flexural strength was not observed to be so significant.  422 

 423 

Compressive strength of plain mortar and CNT/mortar samples are listed in Table 7. 424 

Compressive strength was also influenced by different parameters similar to flexural strength. 425 

Highest compressive strength was also achieved in case of 0.1% SWNTs dispersed with 3% 426 

Pluronic. The maximum improvement of compressive strength was 19.1%. On the contrary, 427 

addition of MWNTs to mortar led to deterioration of compressive strength. However, 428 

functionalization showed positive influence on compressive strength in case of MWNTs, 429 

whereas an opposite trend was noticed in case of SWNTs similar to flexural strength.  430 

 431 

Table 7 Compressive strength of plain mortar and CNT/mortar composites after 28 days of 432 

hydration 433 

Samples Compressive strength 

(MPa) 

Improvement of 

compressive strength (%) 

Plain Mortar 35.6 ± 1.6* 0 

Mortar + 5% P+ 1/3 D 32.7 ± 1.3 -8.1 

Mortar + 5% P + 1/2D 35.7 ± 1.0 0.2 

0.1% MWNT 5%P1/3D 20.4 ± 0.8 -42.7 

0.1% MWNT5%P 30.1 ± 2.0 -15.5 

0.1%MWNT3%P 32.4 ± 1.1 -8.9 

0.08% MWNT3%P 35.0 ± 1.4 -1.7 

0.1% f-MWNT5%P 32.0 ± 0.9 -10.1 



19 
 

0.1% f-MWNT3%P 35.4 ± 0.7 -0.6 

0.1% SWNT3%P 42.4 ± 1.5 19.1 

0.1% SWNT5%P 39.1 ± 1.5 9.8 

0.08% SWNT3%P 41.1 ± 1.0 15.4 

0.1% f-SWNT 5%P 36.0 ± 1.7 1.1 

0.1% f-SWNT3%P 32.4 ± 1.5 -8.9 

08% f-SWNT3%P 31.1 ± 2.1 -12.6 

* ± values are the 95% confidence intervals calculated from the strength data. 434 

 435 

3.4.2 Effect of hydration period on mechanical properties 436 

Flexural strength 437 

Flexural strength of plain mortar and CNT/mortar samples at different hydration periods (28, 438 

42 and 56 days) are graphically presented in Fig. 10.  For this study, only SWNTs at lower 439 

concentration (3%) dispersed using 3% Pluronic have been used, as these samples showed 440 

better flexural and compressive properties as compared to higher nanotube concentration 441 

samples. In addition, flexural strength of mortar/CNT samples prepared using SDBS at 442 

optimum concentration (according to Ref. 23) have been measured for comparison. It can be 443 

noticed that the difference in flexural strength at different hydration periods was not so 444 

significant or did not show clear trend, except for the samples prepared using functionalized 445 

CNTs. It was noteworthy that mortar/CNT samples containing functionalized SWNTs 446 

showed gradual increase in flexural strength with the hydration time. This was true for both 447 

Pluronic and SDBS, although the change in flexural strength with hydration period was more 448 

prominent in case of Pluronic. The highest improvement in flexural strength (17%) was 449 

achieved with Pluronic for hydration period of 56 days. 450 
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 451 

Fig. 10 Comparison of flexural strength of plain mortar and CNT/mortar samples at different 452 

periods of hydration 453 

Compressive Strength 454 

Compressive strength of plain mortar and CNT/mortar samples at different hydration periods 455 

(28, 42 and 56 days) are graphically presented in Fig. 11.  Similar to flexural strength, the 456 

difference between compressive strength at different hydration periods was not significant 457 

except for the samples prepared using functionalized CNTs with Pluronic. Similar to flexural 458 

strength, compressive strength of functionalized SWNT/mortar samples also showed sharp 459 

increase with hydration period and an improvement of 23% was achieved after 56 days of 460 

hydration.  461 

 462 

Fig. 11 Comparison of compressive strength of plain mortar and CNT/mortar samples at 463 

different periods of hydration 464 
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 465 

The reason of increase in mechanical properties with hydration period in case of 466 

functionalized CNT was probably the release of water bound by CNT functional groups with 467 

time, resulting in slow progress in the cement hydration process. Moreover, this fact was 468 

more evident in case of Pluronic, may be due to retention of water also by Pluronic molecules 469 

(through hydrogen bonding) which released water slowly as the hydration process proceeded.  470 

 471 

Cement hydration is a very complex process involving severe reactions and is not fully 472 

understood till now. Cement hydration rate changes with the presence of foreign ions, 473 

clinkers and the additives present in cement during hydration process. C-S-H gel formed 474 

during hydration of cement is an amorphous two component solid solution consists of 475 

hexagonal crystals of Ca(OH)2 and calcium silicate hydrate. FT-IR spectra (Fig. 12) exhibited 476 

characteristic difference in the hydration behaviour of plain mortar and SWNT reinforced 477 

mortar samples. FT-IR peak at 3645cm-1corresponds to stretching vibration of O-H of 478 

Ca(OH)2 which was formed along with calcium silicate hydrate during cement hydration [10]. 479 

In SWNT reinforced cementitious composites, this peak was slightly enhanced showing 480 

marginal increase in the formation of crystalline Ca(OH)2. Therefore, the presence of CNT 481 

did not retard the hydration of cement. FT-IR peak at 1650 cm-1 corresponds to the bending 482 

vibration of irregularly bound water [44]. As the hydration proceeds, this peak becomes more 483 

prominent due to formation of C-S-H phase which holds the bound water. In case of CNT 484 

reinforced cementitious composites, the peak of bound water was more intense, especially in 485 

case of functionalized CNT reinforced samples, probably due to retention of water by 486 

Pluronic and also by –COO- groups in functionalized CNTs. Peak at 1417 cm-1 corresponds 487 

to the formation of asymmetric stretching vibration of CO3
2-, which was formed due to 488 

absorption of atmospheric CO2 during air hydration of samples [44].  In case of CNT 489 

reinforced samples this peak was more prominent and intense, probably due to presence of 490 

more Ca(OH)2 forming CaCO3. The region between 970 cm-1 to 1100 cm-1corresponds to the 491 

stretching vibration of polymerized silica during cement hydration [44]. In case of plain 492 

cement mortar this region was stronger suggesting formation of more calcium silicate hydrate 493 

in plain cement mortar as compared to CNT reinforced samples.  494 

 495 

 496 
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 497 

Fig. 12. FTIR curves of plain mortar and CNT/mortar samples 498 

 499 

 500 

 501 

Fig. 13. DTG curves of plain mortar and CNT/mortar composites 502 

 503 

Similar comments can also be made from the DTG curves of plain mortar and CNT/mortar 504 

specimens, as presented in Figure 13. The peak A represents the quantity of loss of water 505 

from C-S-H gel layers [29]. Both in plain mortar and CNT reinforced mortar samples, the 506 

height of peak A was nearly same confirming that CNT did not reduce the quantity of C-S-H 507 

phase or strength determining phase of cement, unlike the observations made in Ref 29 which 508 

reported lower quantity of C-S-H formation in case of MWNT reinforced cement specimens. 509 

Peak B in the DTG curves was attributed to the decomposition of Ca(OH)2 [29]. Higher 510 
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height of peak B in case of CNT reinforced composites demonstrated the formation of higher 511 

amount of Ca(OH)2,as also observed from FTIR analysis. Although peak C represents the 512 

quantity of calcium carbonate present in all samples [45]., its amount can not be quantified 513 

reliably from DTG, as it strongly depends on storage conditions (i.e. availability of 514 

atmospheric CO2 for formation of CaCO3 from Ca(OH)2) as well as due to overlapping of 515 

peaks from mass loss of structural OH groups of C-S-H phase around this temperature range 516 

[45].  517 

 518 

3.5 Microstructure  519 

Scanning electron micrographs of fracture surface of plain cement and mortar/CNT samples 520 

are shown in Figure 14. Presence of CNT all over the fracture surface (Fig. 14b and 14c) was 521 

identified indicating their homogeneous distribution within the cementitious matrix It was 522 

also observed that CNTs were very tightly inserted between the hydration products of cement 523 

(C-S-H phases), as shown in Fig. 14(d). This was due to the fact that CNTs acted as the 524 

nucleating agent for C-S-H gel which formed as a coating along the CNT bundles, as 525 

observed in the previous studies [34, 35].  526 

 527 

 528 

Fig. 14 Fracture surface of plain mortar (a) and CNT/mortar samples (b, c, d, e, f) at different 529 

magnifications 530 
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It showed that CNTs were well wetted by cement forming a dense reinforcing network. 531 

Additionally, the presence of CNTs within the cracks of cementitious matrix should be noted, 532 

as indicated in Fig. 14(e). At higher magnification it was possible to identify CNTs bridging 533 

the micro cracks within cementitious matrix, as shown in Fig. 14(f). Crack bridging 534 

mechanism offered by CNTs is possibly the primary reason for better mechanical strength of 535 

CNT reinforced cementitious composites. 536 

 537 

3.6 Fracture behaviour 538 

Flexural load-displacement curves of plain mortar and SWNT/mortar samples containing a 539 

notch of 6 mm are presented in Figure 15. It can be observed that the behaviour of 540 

CNT/mortar composites was completely different from the behaviour of plain mortar 541 

samples, mainly the post-peak behaviour. It can be commented that in CNT reinforced 542 

cementitious composites propagation of crack was much slower as compared to plain mortar, 543 

leading to higher fracture energy and better ductile behaviour. This was attributed to the 544 

crack bridging mechanism, as observed in the previous section. Nucleation of C-S-H by 545 

CNTs and resulting strong interfacial bonding between C-S-H and CNTs [34, 35] resulted in 546 

bridging of cracks, restricting their fast propagation and brittle fracture of the cementitious 547 

composites. This mechanism could take place even when CNTs were present in bundles as 548 

the strong adhesion between the individual CNTs within bundles could restrict their 549 

separation during the formation and growth of cracks [36]. This type of post peak behaviour 550 

and ductility in cementitious composites was previously achieved only with micro-sized 551 

fibres such as PVA [46], but not with CNTs, although they could improve the flexural 552 

strength and modulus of cement significantly [46]. Fracture energy of plain mortar and CNT 553 

/mortar samples determined from this test is provided in Table 8. It can be noticed that all 554 

mortar samples containing CNT have significantly higher fracture energy as compared to 555 

plain mortar samples. The present results, therefore, demonstrate the possibility of increasing 556 

ductility and fracture energy of cementitious composites through homogeneous dispersion of 557 

very small quantity of CNTs. 558 

 559 
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 560 

Fig. 15 Flexural load-displacement curves of noticed specimens of plain mortar and 561 

CNT/mortar composites 562 

 563 

Table 8 Fracture energy of plain mortar and CNT/mortar samples 564 

Sample Fracture energy (J) CV (%) % Improvement 

Plain Mortar 0.058 3.8 - 

0.1%SWNT3%P 0.122 0.3 109 

0.1%f-SWNT3%P 0.088 5.1 52 

0.15%SWNT5%P 0.093 3.2 60 

0.15%f-SWNT5%P 0.086 2.8 48 

0.1%MWNT3%P 0.061 4.2 5 

0.1%f-MWNT3%P 0.081 3.2 39 

0.15%MWNT5%P 0.072 3.5 24 

0.15%f-MWNT5%P 0.114 4.1 96 

 565 

 566 

4. Comparison with previous studies 567 

Table 9 lists the main findings of previous studies carried out on CNT/reinforced 568 

cementitious composites prepared using alternative surfactants and compared with our 569 

results. It is clear from Table 9 that these studies were mainly carried out using MWNTs  [10, 570 

23, 26, 28, 29, 47, 48] since it is relatively easier to disperse MWNTs using conventional 571 

dispersion routes and also due to their lower cost. The extent of improvement in mechanical 572 

properties was also different in different studies depending on the dispersion route, type and 573 



26 
 

concentration of CNTs and other parameters. It is also noteworthy that in some cases 574 

dispersion of CNT (more frequently functionalized CNTs) in cementitious composites 575 

resulted in considerable deterioration in mechanical properties, as also observed in the 576 

present study. In our studies, Pluronic has been used for the first time to disperse SWNTs 577 

within cementitious composites. It was possible to disperse both MWNTs and SWNTs using 578 

a short dispersion route (only 1 hour), but achieving very good dispersions in terms of both 579 

homogeneity and stability. This novel dispersion route provided enhanced mechanical results 580 

for composites with SWNT and lower improvement for MWNT composites. Nevertheless, 581 

the later presented improved elastic modulus and fracture energy. With SWNTs, the 582 

reinforced composites showed significant improvement in terms of elastic modulus, flexural 583 

and compressive strengths, microstructure and also ductility and fracture behaviour. The 584 

optimized samples developed within the present research showed much better mechanical 585 

properties as compared to those prepared using SDBS at optimum concentrations. Another 586 

important advantage of the dispersion route investigated in this research is the non-toxicity 587 

and bio-compatibility of Pluronic and its ability to prevent CNT agglomeration (which in turn 588 

reduces its toxicity) for very long time period. As a result, the developed dispersion route 589 

may prove to be more suitable for practical applications. 590 

 591 

 592 

Table 9 Comparison of our results with those of CNT/cement composites prepared using 593 

other dispersion routes 594 

Paper Reference 

No. 
Dispersion technique Improvement in mechanical properties 

10 
CNTs were directly mixed with 

mortar paste using a rotary mixer 

Flexural strength of mortar improved by 25% 

using 0.5% MWNT 

26 
Ultrasonication in presence of 

polymers 

Flexural strength of cement paste improved by 

10% using 0.042% MWNT 

23 Ultrasonication with surfactant 
Flexural strength of cement improved by 25% 

using 0.08% MWNTs 

28 
Ultrasonication of CNT/water 

suspension for 10 mins 

With 0.5% MWNT and fly ash: decrease in 

compressive strength by 2% 

With 1% MWNT and fly ash: decrease in 

compressive strength by 1.4% 
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29 
Using acetone and ultrasonication 

for 4 hours 

With 0.5% pristine and annealed MWNT, 

compressive strength improved by 11% and 

17%. With functionalized MWNT compressive 

strength reduced by 86%  

47 
Ultrasonication of CNT/water 

suspension for 5 mins 

Compressive strength of Portland cement 

improved by 17% using 1% MWNTs 

48 Direct mixing 
Compressive strength of white Portland 

cement improved by 10% using 1% MWNTs. 

Present study 
Ultrasonication in presence of 

Pluronic F-127 for 1 hour 

Flexural modulus improved up to 72% with 

0.1% f-SWNT and improved strongly with all 

types of CNT. Flexural and compressive 

strengths improved up to 7% and 19% with 

SWNTs after 28days of hydration and 17% 

and 23% after 56 days of hydration, MWNTs 

resulted in slight deterioration of both flexural 

and compressive strength. Fracture energy 

improved significantly with all types of CNT 

with maximum improvement up to 122% with 

SWNTs. Improvement in mechanical 

properties of optimum samples were 

significantly higher than the samples prepared 

with optimized conc. of SDBS 

 595 

 596 

Conclusions 597 

Following conclusions can be drawn from the present study: 598 

(1) Pluronic F-127 can be successfully used to disperse both MWNTs and SWNTs (up to 599 

0.1wt.%) within cementitious matrix using a short ultrasonication process (1hour). The 600 

prepared dispersions showed very good homogeneity as well as long term stability. 601 

(2) Use of Pluronic along with optimized concentration of defoaming agent led to 602 

improvement of cement microstructure, density and mechanical properties. This was 603 

probably attributed to the presence of PEO side chains in the structure of Pluronic which 604 

helped in proper dispersion of cement particles improving the microstructure of 605 

cementitious composites. 606 
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(3) All CNT reinforced cement composites showed significantly higher flexural modulus 607 

as compared to plain mortar. Among various nanotubes, pristine SWNTs showed 608 

maximum improvement in flexural modulus (72%), flexural strength (7%) and 609 

compressive strength (19%) after 28 days of hydration. On the contrary, although MWNTs 610 

led to significant enhancement of stiffness, their incorporation led to slight deterioration in 611 

mechanical strength. Functionalized CNTs showed gradual increase in flexural and 612 

compressive strengths with hydration period reaching up to 17% and 23%after 56 days. 613 

The improvement in mechanical properties using Pluronic was much higher as compared 614 

to the improvements using SDBS at optimized concentration. The fracture surface of 615 

CNT/mortar samples showed the evidence of crack bridging mechanism which was 616 

responsible for higher strength and fracture energy. 617 

(4) Flexural testing of notched specimens showed much better ductile behaviour in case 618 

of CNT reinforced composites as compared to plain mortar. The fracture energy of all 619 

SWNT and MWNT reinforced samples was significantly higher than plain mortar 620 

samples. 621 

 622 

Therefore, it can be concluded that the novel CNT dispersion route developed in this research 623 

using Pluronic F-127 can greatly enhance the mechanical performance and ductility of 624 

concrete and also has huge potential for practical application due to a short processing time 625 

and use of non-toxic biocompatible dispersing agent. This dispersion route can be 626 

successfully used for MWNT reinforced concrete to improve both stiffness and ductility 627 

without much alternating mechanical strengths, and to enhance stiffness, ductility as well as 628 

strength in case of SWNT reinforced concrete. 629 

 630 

References 631 

1. AmirpashaPeyvandi, ParvizSoroushian, Nastran Abdol, Anagi M. Balachandra, Qing 632 

Y, Zenan Z, Deyu K. Surface-modified graphite nanomaterials for improved 633 

reinforcement efficiency. Carbon (2 0 1 3) 175 –186. 634 

2. Qing Y, Zenan Z, Deyu K. Influence of Nano-SiO2 Addition on Properties of 635 

Hardened Cement Paste as Compared With Silica Fume. Constr Build 636 

Mater2007;21:539-45. 637 

3. Li H, Xiao H-G, Yuan J and Ou J. Microstructure of cement mortar with 638 

nanoparticles. Composites Part B: Engineering. 2004; 35(2):185-9. 639 



29 
 

4. Lee BY, Kurtis KE. Influence of TiO2 Nanoparticles on Early C3S Hydration. J Am 640 

Ceram Soc 2010;93(10):3399-405. 641 

5. S. Parveen, S. Rana, R. Fangueiro. A review on nanomaterial dispersion, 642 

microstructure and mechanical properties of carbon nanotube and nanofiber based 643 

cement composites, Journal of Nanomaterials, Vol. 2013, 710175, 1-19 644 

6. Chen SJ, Collins FG, Macleod AJN, Pan Z, Duan WH, Wang CM. Carbon nanotube–645 

cement composites: A retrospect. The IES Journal Part A: Civil & Structural 646 

Engineering 2011;4(4):254-65. 647 

7. Pacheco-Torgal F, Jalali S. Nanotechnology: Advantages and drawbacks in the field 648 

of construction and building materials. Constr Build Mater 2011;25(2):582–90. 649 

8. Avanish Pratap Singh, Bipin Kumar Gupta, Monika Mishra, Govind, Amita Chandra, 650 

R.B. Mathur, S.K. Dhawan. Multiwalled carbon nanotube/cement composites 651 

withexceptional electromagnetic interference shielding properties. Carbon (2013) 86 –652 

96. 653 

9. Shu Jian Chen, Bo Zou, Frank Collins, Xiao Ling Zhao, MainakMajumber, Wen Hui 654 

Duan, Predicting the influence of ultrasonication energy on the reinforcing efficiency 655 

of carbon nanotubes. Carbon 2014 (Article in press) 656 

10. Li GY, Wang PM, Zhao XH. Mechanical behavior and microstructure of cement 657 

incorporating surface-treated multi-walled carbon nanotubes. Carbon 658 

2005;6(43):1239–45. 659 

11. Cota FP, Panzera TH, Schiavon MA, Christoforo AL, Borges PHR, Bowen C, Scarpa 660 

F. Full Factorial Design Analysis of Carbon Nanotube Polymer-Cement Composites. 661 

Mater Res 2012; 15(4):573-80. 662 

12. Linda Vaisman, Gad Marom, H. Daniel Wagner. Dispersions of Surface-Modified 663 

Carbon Nanotubes in Water-Soluble and Water-Insoluble Polymers. Adv. Funct. 664 

Mater. 2006, 16, 357–363. 665 

13. J.-P. Piret, S. Detriche,  R. Vigneron, S. Vankoningsloo, S. Rolin, J. H. Mejia 666 

Mendoza, B. Masereel, S. Lucas,  J. Delhalle, F. Luizi, C. Saout, O. Toussaint. 667 

Dispersion of multi-walled carbon nanotubes in biocompatible dispersants. J Nanopart 668 

Res (2010) 12:75–82.  669 

14. Jinyu Pang, Guiying Xu, Yebang Tan, Fang He. Water-dispersible carbon nanotubes 670 

from a mixture of an ethoxy-modified trisiloxane and pluronic block copolymer F127. 671 

Colloid Polym Sci (2010) 288:1665–1675. 672 



30 
 

15. Gianni Ciofani , VittoriaRaffa , Virginia Pensabene , Arianna Menciassi& Paolo 673 

Dario (2009) Dispersion of Multi‐walled Carbon Nanotubes in Aqueous Pluronic 674 

F127 Solutions for Biological Applications, Fullerenes, Nanotubes and Carbon 675 

Nanostructures, 17:1, 11-25, DOI: 10.1080/15363830802515840. 676 

16. N.R. Arutyunyan, D.V. Baklashev, and E.D. Obraztsova, Suspensions of single-wall 677 

carbon nanotubes stabilized by pluronic for biomedical applications, Eur. Phys. J. B 678 

75, 163–166 (2010). 679 

17. M. Bystrzejewski, A. Huczko, H. Lange, T. Gemming, B. B¨uchner, and M. H. 680 

R¨ummeli, “Dispersion and diameter separation of multi-wall carbon nanotubes in 681 

aqueous solutions,” Journal of Colloid and Interface Science, vol. 345, no. 2, pp. 682 

138–142, 2010. 683 

18. J. Pang, G. Xu, S. Yuan, Y. Tan, and F. He, “Dispersing carbon nanotubes in aqueous 684 

solutions by a silicon surfactant: experimental andmolecular dynamics simulation 685 

study,” Colloids and Surfaces A, vol. 350, no. 1-3, pp. 101–108, 2009. 686 

19. Y.V.Lavskaya, L. G. Bulusheva, A. V. Okotrub, N. F. Yudanov, D. V. Vyalikh, and 687 

A. Fonseca, “Comparative study of fluorinated single- and few-wall carbon nanotubes 688 

by X-ray photoelectron and X-ray absorption spectroscopy,” Carbon, vol. 47, no. 7, 689 

pp. 1629–1636, 2009. 690 

20. Y.Wang, Z. Iqbal, and S.Mitra, “Rapidly functionalized, waterdispersed carbon 691 

nanotubes at high concentration,” Journal of the American Chemical Society, vol. 692 

128, no. 1, pp. 95–99, 2006. 693 

21. J. U. Lee, J. Huh, K. H. Kim, C. Park, and W. H. Jo, “Aqueous suspension of carbon 694 

nanotubes via non-covalent functionalization with oligothiophene-terminated 695 

poly(ethylene glycol),” Carbon, vol. 45, no. 5, pp. 1051–1057, 2007. 696 

22. E.Nativ-Roth,R. Shvartzman-Cohen, C. Bounioux et al., “Physical adsorption of 697 

block copolymers to SWNT and MWNT: a nonwrapping mechanism,” 698 

Macromolecules, vol. 40, no. 10, pp. 3676–3685, 2007.  699 

23. Konsta-Gdoutos MS, Metaxa ZS, Shah SP. Highly dispersed carbon nanotube 700 

reinforced cement based materials. CemConcr Res 2010;40(7):1052–1059. 701 

24. Nasibulina LI, Anoshkin IV, Nasibulin AG, Cwirzen A, Penttala V, Kauppinen EI. 702 

Effect of carbon nanotube aqueous dispersion quality on mechanical properties of 703 

cement composite. J Nanomater 2012;169262:1-6. 704 



31 
 

25. Luo J, Duan Z, Li H. The influence of surfactants on the processing of multi-walled 705 

carbon nanotubes in reinforced cement matrix composites. Phys Status Solidi A 706 

2009;206(12):2783–2790. 707 

26. Cwirzen A, Habermehl-Cwirzen K, Penttala V. Surface decoration of carbon 708 

nanotubes and mechanical properties of cement/carbon nanotube composites. 709 

AdvCem Res 2008;20(2):65–73. 710 

27. Metaxa ZS, Seo JWT, Konsta-Gdoutos MS, Hersam MC, Shah SP. Highly 711 

concentrated carbon nanotube admixture for nano-fiber reinforced cementitious 712 

materials. CemConcr Res 2012; 34(5):612-17. 713 

28. Chaipanich A, Nochaiya T, Wongkeo W, Torkittikul P. Compressive strength and 714 

microstructure of carbon nanotubes-fly ash cement composites. Mater Sci Eng A 715 

2010; 527(4-5):1063–67. 716 

29. Musso S, Tulliani JM, Ferro G, Tagliaferro A. Influence of carbon nanotubes 717 

structure on the mechanical behavior of cement composites. Compos Sci Technol 718 

2009; 69(11-12):1985–90. 719 

30. Collins F, Lambert J, Duan WH. The influences of admixtures on the dispersion, 720 

workability, and strength of carbon nanotube–OPC paste mixtures. CemConcr 721 

Compos 2012;34(2):201–7 722 

31. Sanchez F, Ince C. Microstructure and macroscopic properties of hybrid carbon 723 

nanofiber/silica fume cement composites. Compos Sci Technol 2009; 69(7-8):1310–724 

18. 725 

32. Nasibulin AG, Shandakov SD, Nasibulina LI, Cwirzen A, Mudimela PR, Habermehl-726 

Cwirzen K, et al. A novel cement-based hybrid material. New J Phys 2009; 727 

11:023013. 728 

33. Mohamed Saafi, Wireless and embedded carbon nanotube networks for damage 729 

detection in concrete structures. Nanotechnology 20 (2009) 395502 (7pp). 730 

34. Makar J M, Margeson JC, Luh J. Carbon nanotube/cement composites-early results 731 

and potential applications. In Proc. of: 3rd International Conference on Construction 732 

Materials, Vancouver, B.C., August 22-24, 2005, pp.  1-10. 733 

35. Makar JM,Gordon WC. Growth of cement hydration products on single‐walled 734 

carbon nanotubes. J. Am. Ceram. Soc. 2009; 92(6): 1303-1310. 735 

36. MakarJ. The effect of SWCNT and other nanomaterials on cement hydration and 736 

reinforcement. Nanotechnology in Civil Infrastructure. Springer Berlin Heidelberg, 737 

2011,pp. 103-130.  738 



32 
 

37. Linqin Jiang, Lian Gao, Jing Sun, Production of aqueous colloidal dispersions of 739 

carbon nanotubes, Journal of Colloid and Interface Science 260 (2003) 89–94. 740 

38. RichaRastogi, Rahul Kaushal, S.K. Tripathi, Amit L. Sharma, Inderpreet Kaur, Lalit 741 

M. Bharadwaj. Comparative study of carbon nanotube dispersion using surfactants. 742 

Journal of Colloid and Interface Science 328 (2008) 421–428. 743 

39. Moore VC, StranoMS ,Haroz EH, Hauge RH , Smalley RE. Individually suspended 744 

single-walled carbon nanotubes in various surfactants. Nano Lett. 2003; 3 (10): 1379–745 

1382. 746 

40. Vaismana L,Wagnerb HD, Maroma G. The role of surfactants in dispersion of carbon 747 

nanotubes. Adv. Colloid Interface Sci. 2006; 128–130: 37–46. 748 

41. Sohel, R., Parveen, S., Fangueiro, R., & Paiva, M. C. Aqueous dispersion of various 749 

types of carbon nanotubes at high concentrations using Pluronic F127. NanoPT2013, 750 

Porto, 13-15 February, Portugal. 751 

42. Kazuo Yamada, Tomoo Takahashi, ShunsukeHanehara, Makoto Matsuhisa, Effects of 752 

the chemical structure on the properties of polycarboxylate-type superplasticizers, 753 

Cement and Concrete Research 30 (2000) 197–207. 754 

43. Konsta-Gdoutos MS, Metaxa ZS, Shah SP. Multi-scale mechanical and fracture 755 

characteristics and early-age strain capacity of high performance carbon 756 

nanotube/cement nanocomposites. Cem. Concr. Compos.2010; 32(2): 110-115. 757 

44. Ylmén R, Jäglid U, Steenari BM, Panas I. Early hydration and setting of Portland 758 

cement monitored by IR, SEM and Vicat techniques. Cem. Concr. Res. 2009; 39(5): 759 

433–439. 760 

45. Gabrovšek R, Vuk T , Kaučič V. Evaluation of the hydration of portland cement 761 

containing various carbonates by means of thermal analysis. Acta Chim. Slov. 2006; 762 

53: 159–165 763 

46. Metaxa ZS, Konsta-Gdoutos MS, Shah SP. Mechanical properties and nanostructure 764 

of cement-based materials reinforced with carbon nanofibers and polyvinyl alcohol 765 

(PVA) microfibers. Am ConcrInst, SP 2010;270:115-24. 766 

47. T. Nochaiya, P. Tolkidtikul, PisithSingjai, ArnonChaipanich. Microstructure and 767 

Characterizations of Portland-Carbon Nanotubes Pastes. Advanced Materials 768 

Research, 55-57, 549, 2008. 769 

48. Torkittikul, P., Chaipanich, A. Bioactivity and mechanical properties of White 770 

Portland cement paste with carbon nanotubes. Proceedings of INEC 2010 3rd 771 

International Nanoelectronics Conference, 2010, 838 – 839. Hong Kong. 772 


