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Abstract: Two types of multi-walled carbon nanotubes (MWCNTs), powder and liquid, were added
to cementitious composites to build self-sensing concrete. To properly evaluate and quantify the effect
of MWCNTs on electrical resistance, various tests, including isothermal conduction calorimetry, were
carried out. One of primary issues of self-monitoring concrete is dispersion, so ultrasonication was
used to properly mix the CNTs in the dispersion solution, and silica fume was employed to make the
specimens. Scanning electron microscopy (SEM), Raman spectroscopy, and porosity analyses were
performed to investigate the physical properties of the composites and to confirm uniform dispersion.
The distance of the electrical resistance was also measured, and the dosages and types of MWCNTs
were analyzed.

Keywords: dispersion; multi-walled carbon nanotube (MWCNT); porosity; scanning electron;
self-sensing concrete; silica fume

1. Introduction

Concrete is being employed to build engineering infrastructure, causing energy and environmental
issues (e.g., carbon dioxide emissions). However, compared with other materials in the construction
industry such as steel, metal, and even polymers, it is better than others in terms of energy consumption
and environmental problems. This is a primary reason why concrete is used for most infrastructures.
The increasing demand of health-monitoring concrete is a critical global challenge of twenty-first
century. In the early 1990s, many researchers and scholars experimented with self-sensing concrete by
mixing functional fillers with concrete composites, including carbon fiber, graphite powder, steel slag,
carbon nanotubes, carbon blocks, or a hybrid of multiple fillers [1-18].

The carbon nanotube (CNT) has been utilized in a variety of industrial fields due to its outstanding
mechanical properties, high thermal conductivity, low unit mass, and exceptional corrosion resistance.
In the field of construction, CNTs have been added in concrete composites to create smart materials
(called self-monitoring concrete) due to their excellent electrical conductivity. In general, the CNT
exhibits a considerably low density of 1.3-1.4 g/cm® and, when added to cement concrete mixtures,
the amount of CNTs does not exceed a binder weight of 2.0%. In addition, the effective dispersion
of CNTs in the composites is very difficult to obtain due to van der Waals forces acting between
the CNT particles. If CNTs are not properly dispersed, they are also known to limit improvements
in the mechanical properties of cement composites. In order to ensure homogeneous dispersion
in cement composites, there are various techniques to apply, such as ultrasonication, silica fume,
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admixtures, surface modification of CNTs, and minimizing the water-to-binder ratio. An ultrasonic
disperser was used as the most common tool [19]. The vibration caused by the ultrasonic device
resulted in high local shear on the end of CNTs and an increase in pores between particles, and it
then achieved the proper dispersion of CNTs [20,21]. Makar et al. [22] demonstrated that the use
of ethanol in combination with ultrasonic treatment techniques was effective for CNT dispersion.
However, the CNT dispersion solution prepared using ethanol was not suitable because it delayed
condensation and hydration when added to the cement composite. Konsta-Gdoutos et al. [23] carried
out experimental studies on the dispersion of CNT in cement mixtures by using both surfactants and
ultrasonication, and they concluded that ultrasonic energy of 70 Pa was necessary for homogenous
dispersion. Sanchez and Ince [24] found that the proper use of silica fumes as a dispersion agent was
effective at dispersing CNTs in cement composites. Luo et al. [25] conducted experiments on pastes
using cement, silica fumes, carbon nanotube powders, and a CNT dispersion solution prepared using
surfactants, and they revealed that the use of surfactants contributed to improving the compressive
and flexural strengths. Kim et al. [26] used scanning electron microscopy (SEM) analysis to investigate
the dispersion of CNT-embedded cementitious composites with silica fume, and they demonstrated
that the spherical shape of silica fume was still found in the composites after hydration, the CNT
agglomeration spaces were filled with it, and size reduction of the agglomeration eventually occurred.
Collins et al. [27] conducted an experimental study on cementitious mixtures with CNTs added,
with admixtures including air entrainment, styrene butadiene rubber, polycarboxylates, calcium
naphthalene sulfonate, and lignosulfonate, to investigate the dispersion of CNTs in composites. Ha and
Kang [28] found that it was best to use polycarboxylic, acid-based, high-performance water-reducing
agents for CNT dispersion. Li et al. [29] investigated the mechanical response of cement composites
added with modified, multi-walled carbon nanotubes (MWCNTs). H,SO4 and HNOj; had been
used treat the surface of the CNTs, which had higher dispersion characteristics in cement mixtures.
Cwirzen et al. [30] concluded from their experimental investigation that the CNTs modified by a
polyacrylic polymer in an aqueous solution was suitably dispersed in more than two months. Nochaiya
and Chaipanich [31] performed mercury intrusion porosimetry and scanning electron microscopy in
order to investigate the behavior of MWCNTs, in terms of porosity and microstructures, and found that
the water-to-binder ratio influenced the dispersion degree in cementitious composites. In spite of these
numerous publications and studies, there are few works on the effect of MWCNT types on the electrical
resistance of cementitious composites. In particular, to the best of the authors” knowledge, there is no
publication related to composites of up to 2% MWCNTs. Therefore, a comprehensive investigation of
cementitious composites containing 2% MWCNT types (powder and liquid) needs to be studied.

In this study, in order to investigate the effects of MWCNT types (powder and liquid types) in
composites, several experiments were conducted. To understand the heat of hydration released in
the paste containing MWCNTs, isothermal conduction calorimetry was employed. The compressive
strengths of the composites were measured. Analyses of porosity, Raman spectrometry, and SEM were
carried out to investigate the homogenous dispersion of MWCNTs in cementitious composites. Finally,
the electrical properties of MWCNTs embedded in cementitious composites were analyzed from the
experimental data.

2. Experimental Programs

2.1. Materials and Mixture Proportions

Ordinary Portland Cement (OPC, Type I KS L 5201 [32]) and silica fume were employed, and their
chemical compositions and densities are summarized in Table 1. Two types of MWCNTs (powder and
liquid) were considered, as presented in Figure 1. Tables 2 and 3 show the composition of the liquid
type (mass fraction) and the physical properties of the MWCNTs, respectively. Ultrasonic waves with a
frequency of 20,000 kHz were used for an hour to ensure the proper dispersion of CNTs in the solution.
The water-to-binder ratio (w/b) was set as 20%, and the polycarboxylate-based, high-performance,



Appl. Sci. 2020, 10, 7948 30f13

water-reducing agent (KS F 2560 [33], Chemical Admixtures) was added to the cementitious composites
Detailed information on the mixture proportions used in all tests is demonstrated in Table 4.

Table 1. Chemical compositions and densities of cement and silica fume.

Chemical Composition (%) Density
Si0, ALO; Fe03 CaO  MgO  (g/em?)
Cement 2223 521 3.38 64.58 2.3
Silica Fume  99.61  0.03 0.05 0.03 0.02

3.15
2.12

(a) (b)
Figure 1. Pictures of (a) powder type and (b) liquid type multi-wall carbon nanotubes.

Table 2. Composition of liquid multi-wall carbon nanotubes (MWCNTs) (mass fraction).

Water MWCNT Surfactant
90% 6% 4%

Table 3. Physical properties of MWCNTs.

Item MWCNT
Diameter (nm) 5~100
Length (um) 10
Tension (GPa) <50
Electrical Resistance (()-m?) 5.1 %1076
Thermal Conductivity (W/m-K) max. 3000
Specific Surface Area (m?/g) 130~160

Table 4. Mixture proportions (mass fraction).

W/B  Water Liquid MWCNT Powder MWCNT Binder (%) Admixture
(%) (%) (%) (%) Cement SF (%)

20 - 0.0 2

20 - 1.0 7
20 o 2.0 %0 10 12

- 20 - 5

2.2. Experimental Methods

Figure 2 displays the experimental equipment. To measure the heat of hydration, a cylindrical
specimen with a diameter of 100 mm and a height of 200 mm was fabricated, and a thermocouple was
then embedded. It was stored in an insulated cuboid box with dimensions of 300 x 300 x 400 mm?
and the heat of hydration was recorded for 72 h at one-minute intervals.
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Figure 2. Experiment equipment. (a) Heat of hydration; (b) electrical resistance; (c¢) Raman
spectrophotometer; and (d) mercury porosimeter.

Isothermal conduction calorimetry analysis was conducted to measure the rate of heat evolution
of the cement paste for 36 h. The compressive strength of the cementitious composites was measured
as per KS L ISO 679 [34] at 3, 7, 14, and 28 days. After finishing the measurements of the compressive
strength tests at the age of 28 days, SEM analysis was performed with a sample collected from the
specimen tested. For SEM analysis, the sample was dried at 50 °C for four hours, and the specimen was
kept in a vacuum state for two hours before the test. For Raman spectroscopy analysis, a cylindrical
specimen with a diameter of 70 mm and height of 10 mm was fabricated, and a Raman spectrometer
(NRS-3200) was used. In order to measure the pore sizes of the composites, the method of mercury
intrusion porosimetry was employed, and a sample at the age of 28 days and dried for four hours at
50 °C was employed by using the Autopore 96001V (measurement range of 0.003-900 um), presented in
Figure 2d. The cylindrical specimen for the porosity test was 10 mm in diameter and 10 mm in height
(see Figure 3). Figure 4 demonstrates the schematic of the cementitious materials for the measurement
of electrical resistance. Copper plates were installed at 20 mm intervals to investigate the effect of
distance. Specimens were demolded 24 h after casting. After demolding, all specimens were curried as
per KS L ISO 679 [34] at a room temperature of 20 + 1 °C and a relative humidity of 60%. Moreover,
SEM and Raman spectroscopy were conducted to investigate the physical properties of the composites.

1

@ (b)

Figure 3. Schematic of cementitious composites for porosity. (a) Side view and front view, and (b)
plan view.
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Figure 4. Schematic of cementitious composites for electrical resistance test. (a) Side view and front
view, and (b) plan view.

3. Experimental Results and Discussion

3.1. Heat of Hydration

Figure 5 presents the heat of hydration curve. Since the MWCNTs were added, regardless of
whether they were powder or liquid, it was observed that the heat of the hydration decreased by
approximately 10 °C to 14 °C compared with the plain cement paste. In Figure 4, MW-P1.0, MW-P2.0,
and MW-L signify the powder MWCNTs, with a 1.0% mass fraction of cement and silica fume for
the powder MWCNTs and a 2.0% mass fraction of cement and silica fume for the liquid MWCNTs,
respectively. The primary reason for the rapid shift of the heat of hydration to the right was the high
thermal conductivity of the MWCNTs. In addition, the maximum values of the heat of hydration for
the plain, MW-P1.0, MW-P 2.0, and MW-L MWCNTs were measured at 14, 30, 46, and 26 h, respectively.
This is not due to the direct impact of the MWCNTs, but because of condensation delay, as the amount
of the chemical admixture was excessively added at 5-12%.



Appl. Sci. 2020, 10, 7948

|
(=]
]

=)
(=]
]

Heat of hydration (°C)
-~ 9]
(—] (—]
L L

PLAIN

MW-P 1.0

'
'
'
“
o
3
[y

JNWMW-P20
[y \

MW-L

Seo
~a
S.eo

3.2. Heat Flow

24

36 72

Age (hour)

Figure 5. Heat of hydration.

6 of 13

Figure 6 describes the heat flow as a function of age for four different composites. In general, as
the MWCNTs were added, the cumulative heat of the composites tended to decrease slightly compared
with the plain cement paste. The cumulative heat decreased with the increasing amount of powder
MWCNTs because the heat generated during hydration was released by the MWCNTs. However, the
reduced heat was approximately 4~12 Joule/g, denoting no significant difference, and there was no
effect of the MWCNTSs on the strength due to their chemical reactions in the composites.
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3.3. Compressive Strength
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Figure 6. Rate of heat evolution.

The compressive strengths of four different composites are shown in Figure 7. Similar to the
findings of previous research conducted by Oh et al. [35,36], the decreasing trend of compressive
strength was exhibited as the MWCNTs were added, and the strength further decreased as the addition
ratio increased. The compressive strength decreased by 10 to 16 MPa, compared with the plain cement
paste at 28 days. The chemical reaction of the MWCNTs did not occur in the cement composite as it did
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in the heat flow results because the decrease in compressive strength resulted from the intorsion and
agglomeration of the MWCNTSs, caused by the van der Waals forces in the cement composite. It was
suggested that if the nano-sized MWCNTs do not achieve homogeneous dispersion, they cannot lead
to densification due to the micro-filler effect in the cement composite. However, the MW-L case was
relatively dispersive compared with MW-P1.0 or MW-P2.0, so the decrease in strength of the liquid
type was not greater than the powder type.

60 1 1 1 1

P (9]
= =
L L

Compressive strength (MPa)
w
<
L

20 T T ) J
0 3 7 14 28

Age (days)
Figure 7. Compressive strength.

3.4. Porosity

Figures 8 and 9 show the cumulative pore volume and pore size distribution, respectively,
measured by mercury intrusion porosimetry. In Figure 8, the pore volume in the cement composites
increased with the addition of MWCNTs. In theory [35,36], MWCNTs in the size range of 5-100 nm
reduced the pore volume due to the filling effect of the composites. However, if homogeneous
dispersion was not achieved, the pore volume increased. In particular, the pore size distribution in
Figure 9 revealed that the amount of relatively large micro-pores increased with the MWCNTs, while
that of small micro-pores decreased as the MWCNTs were added. This implies that the intorsion
and agglomeration of the MWCNTs occurred due to van der Waals forces, and thus the compressive
strength of the cement composite incorporating the MWCNTs decreased as large micro-pores appeared.
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Figure 8. Cumulative pore volume.
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Figure 9. Pore size distribution.

3.5. Raman Spectroscopy

Figure 10 shows the Raman spectroscopy specimens, and the results of the spectrum analysis
using the Raman spectrometer are provided in Figure 11. The MWCNT-added specimen exhibited a
peak at 1350 cm™!, which was the same as in the graphite spectrum (called G band, with a range of
1330-1360 cm™) [37]. The intensity of the spectrum was the highest (about 78) in the MW-L MWCNTS,
indicating that relatively homogeneous dispersion was achieved in the cement composite, compared
with the powder MWCNTs.

© @

Figure 10. Specimens for Raman spectroscopy. (a) Plain; (b) MW-P1.0; (c) MW-P2.0; and (d) MW-L.
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Figure 11. Raman spectrum.

3.6. SEM Analysis

Figure 12 presents the SEM images of the MWCNT composites. In the powder type specimen, it
was obviously observed that the intorsion and agglomeration of MWCNTs took place because of van
der Waals forces. In MW-P 1.0, MWCNTs were not found in the SEM image due to agglomeration,
while intorsion and agglomeration, like a ball of thread, was clearly identified in the SEM image of
MW-P 2.0. However, in the MW-L type, there was the small amount of MWCNT agglomeration, which
was relatively dispersed within the structure. This indicates that the liquid MWCNTs can ensure better
dispersibility in cement composites than the powder type.
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Figure 12. SEM images. (a) MW-P1.0; (b) MW-P2.0; and (c) MW-L.
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3.7. Electric Resistance

The electrical resistance values, according to the measurement distance, are demonstrated in

Figure 13. It was found that (1) as the addition ratio of the MWCNTs increased, the electrical
resistance value decreased, and (2) the shorter the measurement distance, the smaller the electrical
resistance value. Even though MWCNT agglomeration occurred in the cement composites, it spread
throughout the entire structure, reducing the electrical resistance value. Furthermore, the electrical
resistance decreased even in the liquid state specimen, denoting relatively good dispersion. This
finding implies that the MWCNT-added cement composite exhibits electrical conductivity, regardless
of homogeneous dispersion.

400 . 4 1 .

MW-P 1.0

Electrical resistance (k)

............

" -

0 20 60 100 140 160
Copper spacing (mm)

Figure 13. Electrical resistance values according to measurement distance.

4. Conclusions

From the investigation of the effects of MWCNT properties on dispersion in cementitious

composites, the following findings and conclusions were obtained:

1.

The heat of hydration decreased with an increase in the addition ratio of the MWCNTs because
retardation occurred, due to an excessive amount of the chemical admixture. In addition, as the
amount of MWCNTs increased, the amount of the chemical admixture increased, because the
powder volume increased in the specimen. On the other hand, the liquid MWCNT showed further
improvement in workability compared with the powder MWCNT, thus reducing the amount of
the chemical admixture, and the hydration delay was not as great as that in the powder MWCNT.
The heat flow decreased slightly with the addition of MWCNTs, but the degree of the decrease
was not significant. The MWCNTs exhibited no chemical reactions in the composites. Therefore,
it was concluded that the decrease in the mechanical performance of the cementitious composite
was not due to the chemical reaction, but due to the physical properties. In particular, it was due
to the MWCNT agglomeration caused by van der Waals forces.

The compressive strength tended to decrease as MWCNTs were added. In particular, the powder
type showed a greater reduction than the liquid type, and it was found that the MWCNTs did not
obtain the micro-filler effect in the mixtures, but rather acted as a strength reduction factor.

The porosity analysis indicated that the porosity increased as MWCNTs were added, because the
MWCNT agglomeration occurred due to failure to secure uniform dispersion in the cementitious
composite. Thus, it existed in the form of large capillary pores, which resulted in an increase in
the porosity, leading to a decrease in compressive strength. However, when the liquid MWCNT
was added, the porosity further decreased compared with the powder type, which implies that
the liquid type was advantageous in terms of dispersibility.
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5. Through Raman spectroscopy analysis, it was revealed that the MWCNTs showed G bands (1350
cm™!) in their Raman spectra of graphite. This confirmed the presence or absence of MWCNTs in
the composite, and the strength of the peak was highest in the liquid type of MWCNTs, presenting
more homogeneous dispersion than the powder MWCNT.

6. Inthe SEM analysis, agglomeration was clearly observed in the powder MWCNT, and the form of
a skein of thread existed. It failed to disperse as it separated from the hydrates in the composite,
which resulted in a decrease in strength, due to the presence of pores. However, the liquid
MWCNT was relatively well dispersed in the overall zones.

7. The electrical resistance value decreased as the addition ratio of MWCNTs increased. The electrical
conductivity also increased and was expected to help achieve self-sensing abilities.

In relation to the degree of dispersion, according to the types of MWCNTs, the liquid type was
found to be superior to the powder type. It can be confirmed that improvement in the mechanical
performance of cement composites incorporating MWCNTs is determined by the degree of dispersion,
and it is appropriate to use liquid MWCNTs in all areas, including workability, hydration performance,
and the compressive strength of the composite. However, when the liquid MWCNT was used, the
composites turned black in color. This problem requires further examination. In addition, it is necessary
to address the limitations of mass production technology for dispersion and the limits of the current
technology capable of dispersing the powder MWCNT up to 7%.
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