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Application of nanoscale science to construction material has already begun. In recent times, various nanofibers have raised the
interest of researchers due to their exceptional mechanical properties and high potential to be used as reinforcement within cement
matrix. Carbon nanotube (CNT) is one of the most important areas of research in the field of nanotechnology. The size and
exceptional mechanical properties of CNT show their high potential to be used to produce high performance next generation
cementitious composites. In this study, an attempt has been made to investigate the effect of size of CN'Ts on compressive strengths
of CNT reinforced cement composites. Seven different sizes of multiwalled nanotubes (MWNTs) were used to produce MWNT-
cement composites. A trend was observed regarding the effect of nanotube size on compressive strength of composites in most cases.
MWNT with outside diameter (OD) of 20 nm or less exhibited relatively better performance. Smaller MWNT can be distributed
at much finer scale and consequently filling the nanopore space within the cement matrix more efficiently. This in turn resulted in

stronger composites.

1. Introduction

In the field of nanotechnology, carbon nanotube (CNT) has
the prime focus as one of the most major and significant areas
of research. There is particular interest in developing nan-
otechnology for cement and concrete. Not only the chemistry
that forms cement hydration products but also the physical
behavior of those products is acquiescent to manipulation
through nanotechnology. The mechanical properties of CNT
depict their immense potential for use as reinforcements in
composite materials. In addition to their high strength and
elastic constant, CNTs have extremely high aspect ratios,
with values typically higher than 1000:1 and reaching as
high as 2,500,000:1 [1]. The size and aspect ratios of CNT
mean that they can be distributed on a much finer scale
than commonly used reinforcing fibers [1]. Cracks can be
interrupted much more quickly during propagationina CNT
reinforced matrix. This bridge coupling effect of CNT in turn
assures lower crack widths and eventually guarantees the load
transfer across voids and cracks. These mechanical properties

of CNT reflect its prospect as reinforcement within the matrix
of cementitious composites.

In recent times, various nanofibers have raised the interest
of researchers due to their exceptional mechanical properties
and high potential to be used as reinforcement within cement
matrix. Carbon nanotube (CNT) is one of the most important
areas of research in the field of nanotechnology. CNTs have
already proven their reinforcing performance in polymer
based materials [2, 3]. The size and exceptional mechanical
properties of CNT show their high potential to be used
to produce high performance next generation cementitious
composites. It has already been found by various researches
that addition of nanotubes improved various mechanical
properties of cementitious composites. A study by Makar et
al. [1] shows that addition of SWNT accelerates the hydration
process at early age. Another study by Makar and Chan [4]
explained in detail the hydration process of cement reinforced
with nanotubes. It was found that presence of nanotubes
affected the morphology of cement hydration products, both
the initial C;A and the C;S hydration products. It was
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TABLE 1: Properties and composition of untreated MWNTTs.

Types of MWNT and properties M1 M2 M3 M4 M5 M6 M7
Outside diameter (nm) >50 20-30 10-20 <8 8-15 20-40 30-50
Length (ym) 10-20 10-30 10-30 10-30 10-30 10-30 10-20
Purity (wt%) >95 >95 >95 >95 >95 >95 >95
Ash (wWt%) <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5
Specific surface area, SSA (mz/g) >40 >110 >233 >500 >233 >110 >60
Electrical conductivity, EC (s/cm) >1072 >1072 >1072 >1072 >1072 >1072 >1072

also observed that CNT accelerated the rate of hydration
process by acting as a matrix for the development of C-S-H
and Ca(OH), produced during the hydration. CNT acts as
nucleating agent during cement hydration by providing more
sites for the reaction to occur and encourage the formation
of reaction products. In CNT reinforced cement composites,
the nucleation of the C-S-H on nanotubes slowed the devel-
opment of C-S-H coating on the surface of cement grains
and eventually accelerated the dissolution and nucleation and
growth of hydration products as compared to normal cement
paste. The performance of nanotubes as nucleating agent has
also been observed for other materials like nanodiamonds
grown on SWNT [5], zirconium oxide grown on MWNT
[6], silicon nitride grown on MWNT [7], calcium carbonate
grown on MWNT [8], and so forth. An increase in compres-
sive strengths at early age was obtained by Agullo et al. [9]
through the addition of low concentration of MWNT. They
[9] also found that composites with medium concentration of
nanotubes achieved less compressive strength as compared to
normal cement samples at day 28. Li et al. [10] found that an
addition of 0.5% MWNT increased both the 28-day cement
mortar compressive and flexural strength as compared to
Portland cement composite. Cwirzen et al. [11] obtained an
increase of 10% in flexural strength of MWNT reinforced
composites in comparison with plain cement mortar. They
[11] also studied 15 different combinations of nanotubes
concentration, water content, and admixture amount for
compressive strengths and only one combination yielded
significant improvement as compared to control samples.
The results of the experimental study conducted by Konsta-
Gdoutos et al. [12] show that cement composites reinforced
with short and long MWNT exhibited better performance in
flexure and Youngs modulus as compared to plain cement
paste. Addition of MWNTs can also reduce both water
sorptivity and coefficient of permeability by improving the
microstructure of cementitious material [13]. Therefore, it is
evident that addition of nanotubes within cement matrix has
potential to produce cementitious composites with improved
mechanical properties. However, results of past researches
have been quite variable. A recent article by Parveen et al.
[14] also shows such inconsistent improvement of mechanical
properties of nanotube reinforced cementitious composites
for different mixing process and concentration of CNT. It
is, therefore, imperative to verify rigorously the effect of
different parameters of nanotubes on mechanical properties
of nanotubes reinforced cement composites in order to
achieve more uniform results. In lieu of this, the effect

of nanotubes size on the compressive strength of MWNT-
cement composites is discussed in this study. Initially, seven
different types of commercially available untreated MWNT
were used to produce composites. Different mix proportions
and concentrations of MWNT were utilized. It was found
that size of MWNT influenced the compressive strengths
of composites. A particular trend was observed in most of
the cases. Four different types of surface treated MWNTs
were also used in the later phase of the study. Similar
phenomena were also found in case of treated MWNTs
reinforced composites.

2. Material Used

Ordinary type II Portland cement was used as cementitious
material in this study. Special graded sand according to
ASTM C109 [15] test requirement was utilized. The seven
types of untreated MWNT and their properties and compo-
sition are shown in Table 1. Commercially available MWNT
were collected in powder form. The homogenous suspension
of MWNT is of high importance to achieve the desired level
of reinforcement within the composite. However, due to van
der Waals forces resulting from large surface area of MWNT,
they tend to adhere together and are extremely difficult to
separate. Manual stirring of MWNT within water is not
suitable to suspend nanotubes as this process is not capable
of producing required energy to break the agglomeration of
MWNT which in turn produce an unstable mix. Therefore,
ultrasonic vibration was utilized to exfoliate and distribute
the MWNT bundles across the cement grains. Another
effective way to enhance dispersion is functionalization
of nanotubes by adding polar impurities like hydroxyl or
carboxyl end groups to the outer surface of MWNT. In this
method of functionalization, the MWNT is oxidized in a
mixture of nitric and sulfuric acids and then the acid treated
MWNT is heated and sonicated. This acid treatment results in
more soluble nanotubes than pristine CNT. Table 2 provides
the properties of surface treated MWNT used in the later
phase of the study.

3. Mixing Method and Experimental Setup

A MISONIX 4000 sonicator was used for mixing the MWNT
within cement matrix. The uniform dispersion of nanotubes
is extremely important to achieve adequate reinforcement
within the composite. However, as already mentioned, large
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TABLE 2: Properties and composition of surface treated MWNTs.

Types of MWNT and properties M2 M3 M4 M5
Outside diameter (nm) 20-30 10-20 <8 8-15
Length (ym) 10-30 10-30 10-30 10-30
Purity (wt%) >95 >95 >95 >95
Ash (wWt%) <15 <1.5 <15 <15
Specific surface area, SSA (m?*/ g) >110 >233 >500 >233
Electrical conductivity, EC (s/cm) >1072 >1072 >1072 >1072
COOH content (wt%) 1.23 2.00 3.86 2.56

EHT=10.00 kv Mag= 323K X Date :6 Jun 2009

2pm
I WD= 70mm StageatT= 00° SignalA=SE2  Time :19:08:34

FIGURE 1: SEM images of crushed cement sample (MWNTs are
indicated by arrows).

surface area of MWNTs causes high van der Waals forces
which in turn results in high tendency of nanotubes to
adhere together. Mixing of nanotubes within water by manual
stirring is not appropriate and ultrasonic vibration was
utilized to distribute the MWNTs across the cement grains.
A parametric study regarding sonication was carried out and
asuitable technique was suggested [16]. In a typical procedure
of this study, MWNT suspension was prepared by sonicating
them into water. This water was then used as mixing agent to
prepare the composite mortar. SEM images were taken and it
was observed that MWNT can be distributed fairly uniformly
through the sonication process. Figure 1 shows SEM image of
a crushed sample at day 28.

Compressive strengths of the samples were determined
according to ASTM C109 [15]. Cube specimens of 50 mm size
were prepared. The sand to cement ratio was used as 1:2.75.
A rotary mixer with flat beater was used for mixing. MWNTs
were first mixed with water and stirred by hand. Afterwards,
sonication was done for 40 minutes in sequence. Cement,
sand, and nanotubes were then mixed in the mixer for about
6 minutes as per ASTM C109 requirements. After pouring the
mixes into oiled molds (50 x 50 x 50 mm), the specimens
were surface smoothed and covered with wet clothes. All
the cubes were then kept in the mold for one day in the
moisture room and then were demolded and immersed in
the lime water until tested. Compressive strength tests were
conducted at the ages of 7 and 28 days. An MTS machine
was used to apply compressive load on the specimens and the
results were obtained through a data acquisition system. The
experimental setup for compressive strength test is shown in
Figure 2.

FIGURE 2: Compressive strength test of mortar cube using MTS.

4. Experimental Results and Discussion

Both control samples (no MWNT) and composite samples
were prepared for testing and comparison purposes. A w/c
ratio of 0.485 was initially used to prepare composites. Due
to the strong capillary forces of the nanotubes, water was
drawn into them, effectively sequestering them from the rest
of the mixture and causing workability to decrease. This
in turn prevented the fluid cement from completely filling
the mold, resulting in large bubbles being trapped in the
cement. These bubbles and corresponding voids produced
samples with uneven sides and surfaces that significantly
reduced the strengths of composites. To avoid this problem, a
superplasticizer was used to increase the workability in some
cases. Workability of mixes was evaluated through flow table
tests [17]. Flow values are good indicator of workability as
well as quality of nanotubes dispersion within cement matrix
[18]. Also w/c ratio was increased in other cases. Different mix
proportions having w/c ratio ranging from 0.485 to 0.60 were
used. Composites were also made with plasticizer addition
keeping w/c ratio at 0.485. Plasticizer was added to increase
the workability of the mixes without increasing the water
content. Since no significant effect of plasticizer addition
was found on composites’ strengths versus size of nanotubes,
this part is excluded from the current paper. Seven different
types of MWNT based on outside diameter were used in
the experiment. It was already mentioned that the diameters
ranged between 50 nm and 8 nm. Samples were then tested
at days 7 and 28 to measure the compressive strengths.
Control samples were made with w/c ratios of 0.485, 0.55,
and 0.60. Since control samples having w/c ratio of 0.485
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FIGURE 3: Compressive strength for different 0.3% MWNT-cement
composites with w/c 0.60.
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FIGURE 4: Compressive strength for different 0.2% MWNT-cement
composites with w/c 0.60.

produced the maximum compressive strength both at days
7 and 28, these strengths were used for comparison with
composites reinforced by nanotubes. Composites with higher
w/c (w/c rato of 0.60) achieved higher strengths since more
aqueous solution available within these composites provides
more spaces for MWNT to disperse through sonication that
eventually result in uniform dispersion. Musso et al. [19] also
obtained higher strengths by increasing w/c ratio from 0.40
to 0.56 for CNT-cement composites.

Figure 3 shows the compressive strengths at days 7
and 28 of 0.3% MWNT reinforced composites having w/c
ratio of 0.60. It is apparent that the size of nanotubes has
significant effect on the compressive strengths of composites.
An upward trend in the compressive strength was found

Journal of Materials
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FIGURE 5: Compressive strength for different 0.1% MWNT-cement
composites with w/c 0.60.
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FIGURE 6: Compressive strength for different 0.5% MWNT-cement
composites with w/c 0.60.

with the decrease in MWNT size. The maximum 28-day
compressive strength was achieved by M4 addition which is
the smallest in size. Both M1 and M7 produced the lowest
compressive strengths at day 28 which was about 5% less
than that of M4-composite. M1 and M7 have the larger
outside diameters among the used MWNT. In case of 7-day
compressive strength, a slight eccentricity was observed. M1
produced the lowest 7-day compressive strength as in the case
of day 28, but the highest compressive strength was achieved
by the addition of M2 and M6. However, the difference
between 7-day compressive strengths of M2 and M4 added
composites was only 1.5%.

Variations in compressive strengths at the ages of 7 and
28 days for seven different types of MWNT with dosage rates
of 0.2%, 0.1%, and 0.5% are provided in Figures 4, 5, and 6
having w/c ratio of 0.60. It was observed that, with the
decrease in MWNT size, an increase in compressive strength
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was achieved for both 0.2% and 0.1% of nanotubes addition.
This pattern of behavior is predictable and matched with
the hypothesis that nanotubes act as nucleating agent during
hydration. Therefore, proper sonication of smaller size nan-
otubes ensures more spaces for hydration products to develop
which in turn results in greater amount of high stiffness C-S-
H phase. It was also found that composites with nanotubes
achieved relatively higher 7-day compressive strengths than
28-day strength, as compared to control samples in all
instances. This is due to the fact that presence of nanotubes
affects the morphology of both C;A and C;S hydration
products at the initial stage and eventually accelerates the
hydration process at early stage. For 0.2% dosage rate, the
highest compressive strength was gained by M4 and the
minimum compressive strength was attained by M1 at the age
of 28 days. The difference between these two extreme cases is
about 8%. Identical phenomena were also observed for 0.1%
concentration of MWNT and the maximum compressive
strength was 5% higher than the lowest one. Similar upward
trends in compressive strengths were observed for 0.1%
dosage rate of MWNT at the age of 7 days. In case of 0.2%
dosage rate, the behavior analogues to 0.3% dosage rate
was found. From the obtained test data, it can be inferred
that for 0.1%, 0.2%, and 0.3% amount of MWNT addition,
the differences in compressive strengths for samples with
MWNT having OD between 20 and 8 nm are minute. It is also
observed that the composites producing the maximum 7-day
compressive strengths did not always attain the peak strength
at the age of 28 days but was able to produce comparable
strengths similar to the highest one.

Addition of 0.5% MWNT in all cases produced com-
pressive strengths lower than that of control samples and no
particular trend was evident. It was found that any dosage
rate greater than 0.3% yielded lower compressive strength at
the age of 28 days. This is due to inadequate dispersion of
MWNT resulting from agglomeration of nanotubes which
in turn produces less workable and unstable mixes. It is
extremely difficult to attain homogenous distribution of
higher amount of nanotubes even with sonication process.
In this case of higher dosage rate of nanotubes, it was found
that the compressive strength was lower for smaller size
of MWNT at day 28. Greater surface area of smaller size
MWNT causes more nanotubes to adhere to each other if
not properly dispersed and eventually attracts more water on
their larger surface areas. Water also gets entrapped within
the agglomerated nanotubes. This behavior also suggests
that an optimum dosage rate exists to produce desirable
composites for a given mixing technique and mix proportion.

In Figures7,8,9,10,and 11, compressive strengths for
samples reinforced with seven different types of MWNT for
mix proportions with w/c ratio of 0.55 and 0.485 are shown.
For composites containing w/c ratio of 0.55, a rising trend was
found with decreasing size of MWNT having dosage rates of
0.2% and 0.1%. Dosage rates of 0.3% MWNT yielded almost
equal compressive strengths for M6, M2, and M3 reinforced
composites at the ages of both 7 and 28 days. Addition of M4
produced a bit lower compressive strength in this case. No
particular trend was observed for dosage rate of 0.3% with w/c
ratio of 0.55. The workability in this case (0.3% dosage rate

Compressive strength (MPa)

MMllNIHINNY

e e

%

7777777

7777777/

I - -

N VAN

Days of strength measurement

0.3% M3: w/c 0.55
8B 0.3% M5: w/c 0.55
= 0.3% M4: w/c 0.55

Control sample: w/c 0.485
0.3% M7: w/c 0.55
0.3% M6: w/c 0.55
0.3% M2: w/c 0.55

=]
m
=

FIGURE 7: Compressive strength for different 0.3% MWNT-cement
composites with w/c 0.55.

it

D777

Compressive strength (MPa)

LLHIMIMHIHTTITIINY

A SN

N
[\ ]
[}

Days of strength measurement

0.2% M3: w/c 0.55
8B 0.2% M5: w/c 0.55
= 0.2% M4: w/c 0.55

& Control sample: w/c 0.485
m 0.2% M7: w/c 0.55
0.2% Me6: w/c 0.55
= 0.2% M2: w/c 0.55
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and w/c ratio of 0.55) was also found as fairly low. Composites
having w/c of 0.485 produced lesser compressive strengths
than control samples for all dosage rates and, similar to 0.5%
dosage rate with w/c ratio of 0.60 and 0.3% dosage rate with
w/c ratio of 0.55, no definite pattern was apparent. These
composites have relatively low workability and in turn fail to
achieve sufficient strength. Water was drawn into nanotubes
due to the strong capillary forces and effectively sequestering
them from the rest of the mixture. This phenomenon caused
workability to decrease. Consequently unstable cement mixes
are produced with large bubbles being trapped within the
mix and eventually resulted in weaker composites. Therefore,
adequate amount of water is also required to produce stable
composites reinforced with nanotubes. It is therefore obvious
that a particular trend is only found when relatively adequate
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dispersion of nanotubes is achieved and relative stable mixes
are produced.

From the test data of untreated MWNT reinforced com-
posites, it became obvious that MWNT with OD smaller than
20 nm resulted in higher compressive strength in comparison
with composite reinforced with nanotubes having OD greater
than 20-30 nm. Therefore, for later phase of the study, acid
treated M2, M3, M4, and M5 were selected as reinforcing
agents. Acid treatment is an effective way to enhance disper-
sion of nanotubes. This functionalization process was done
by adding polar impurities like hydroxyl or carboxyl end
groups to the outer surface of MWNT. In this method of
functionalization, the MWNT was oxidized in a mixture of
nitric and sulfuric acids and then the acid treated MWNT
was heated and sonicated. This acid treatment resulted in
more soluble nanotubes than pristine CNT. Mix proportion
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FIGURE 12: Compressive strength of different acid treated 0.3%
MWNT reinforced composites with w/c ratio of 0.60.

containing w/c ratio of 0.60 was selected as it yielded
relatively higher compressive strength in majority of cases of
untreated MWNT composites. Three dosage rates of 0.3%,
0.2%, and 0.1% were utilized based on the previous results.
In Figure 12, the compressive strengths of 0.3% surface
treated M2, M3, M4, and M5 reinforced composites at the
ages of 7 and 28 days are presented. In all cases, w/c ratio
was kept at 0.60. At day 28, all four MWNT added com-
posites produced similar compressive strengths, though some
deviations were observed at day 7. The highest compressive
strength was achieved by M4 reinforced composites at day
28 (about 13% higher than the control samples). For M3
addition, this increment was a little greater than 12%. At the
age of 7 days, the highest compressive strength was achieved
by M3 addition. Compressive strengths of composites with
0.2 dosage rate of four different sizes of treated MWNT are
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FIGURE 13: Compressive strength of different acid treated 0.2%
MWNT reinforced composites with w/c ratio of 0.60.

shown in Figure 13. Relatively greater compressive strengths
were achieved at day 7 than that of day 28, as compared
to control samples. Identical compressive strengths were
obtained at day 28 for 0.2% addition of M2, M3, and M5
added composites, which was about 11.5% higher than that of
control samples. Similar pattern was also observed for 0.1%
dosage rate of treated MWNTs.

5. Conclusions

The effect of various nanotubes size was investigated in the
present work in terms of compressive strengths. A trend
was observed in most of the cases. It has been found that
MWNT with OD 20 nm or less obtained similar compres-
sive strengths, with the highest compressive strength being
achieved by the smallest size of MWNT having OD smaller
than 8 nm in majority of cases. The minimum compressive
strength was obtained by the composites reinforced with
the largest nanotubes. Smaller MWNTs are distributed at
much finer scale and consequently filling the nanopore
space within the cement matrix more efficiently. In addition,
they act as nucleating agent during cement hydration and
encourage the formation of higher stiffness C-S-H phase.
Also, more interfacial bonding can be achieved between
nanotubes and cement matrix. Therefore, it can be concluded
that smaller MWNT has beneficial effect on the strength
properties of cementitious mortar. It was also observed that
mixes with low workability failed to achieve any particular
pattern of behavior and mostly these composites yielded no
significant increase in compressive strengths. Moreover, in
some instances, the compressive strengths were less than
that of control samples. Less workability reflects inadequate
dispersion of nanotubes and it is apparent that the trend of
strength increment with the decrease in nanotube size was
only observed when fairly adequate distribution of nanotubes
was achieved within the cement matrix. Similar pattern was
observed in cases of treated MWNTs. It was also found that

composites with treated MWNT yielded higher compressive
strengths than that of untreated ones. Acid treatment makes
the MWNT more soluble to the solution by hindering
their agglomeration. As a result, MWNT can be uniformly
dispersed and eventually produced strong composites. There-
fore, it became obvious that dispersion of nanotubes was the
key to develop nanotubes reinforced cement composites.
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