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Abstract

Following the evolution of currently enforced Performance Based Design stan-
dards of reinforced concrete (RC) structures for durability, the designer, ra-
ther than complying with given prescriptive limits, may instead specify a ce-
mentitious mix design that is proven to exhibit a code prescribed resistance
level (class) to a given exposure environment. Such compliance will lead to
the protection of the steel reinforcement from corrosion and the cementitious
mortar from degradation, during the design lifespan of the structure, under
aggressive environmental exposure conditions such as, marine or deicing salts
and carbonation. In this context, the enhancement of the physical and dura-
bility properties of common cement-based mortars under chloride exposure
are experimentally investigated herein. In particular, the experimental pro-
gram reported herein aims to evaluate the influence of incorporating mul-
ti-walled carbon nanotubes on the physical and mechanical properties of rein-
forced mortars against chloride ions. Furthermore, the anticorrosion protec-
tion of cementitious composites prepared with nanomaterials at 0.2% w/w is
further investigated, by comparing all test results against reference specimens
prepared without any additive. Electrochemical (Half-cell potential, corrosion
current) and mass loss of reinforcement steel measurements were performed,
while the porosity, capillary absorption and flexural strength were measured
to evaluate the mechanical and durability characteristics of the mortars, fol-
lowing a period of exposure of eleven months; SEM images coupled with
EDX analysis were further recorded and used for microstructure observation.
The test results indicate that the inclusion of the nanomaterials in the mix
improved the durability of the mortar specimens, while the nano-modified
composites exhibited higher chloride penetration resistance and flexural strength
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than the corresponding values of the reference mortars. The test results and
the comparison between nanomodified and reference mortars showed that the
use of CNTs as addition led to protection of steel reinforcing bars against pit-
ting corrosion and a significant improvement in flexural strength and porosi-
ty of the mortars.

Keywords

Cement Mortars, Steel Reinforcing Bars, Corrosion, Chloride Ingress,
Flexural Strength, Porosity, Capillary Absorption, Electrochemical Properties,
Carbon Nanotubes

1. Introduction

Fundamental research undertaken in recent years focuses on the design and de-
velopment of modified cementitious materials with improved mechanical and
durability properties. With the development of nanotechnology, cement-based
materials can now also be modified at the nanoscale with suitable nanoscale ad-
ditions, taking advantage of their superior properties, such as, among others, car-
bon nanotubes (CNTs). Results from recent experimental studies on CNTs rein-
forced cementitious composites confirmed that their mechanical properties were
markedly improved, paving the way to the introduction of these additives in or-
dinary concrete construction.

Concrete using cements with different cementitious admixtures is the most
common building material in the construction industry. The most important
factors of its widespread use are the relatively low production costs, the ease of
production at the place of use using locally available aggregates, its high com-
pressive strength, and the ease of shaping the form due to its young thixotropic
characteristics. At the same time, concrete has low tensile strength and, there-
fore, works in most practical cases in cooperation with reinforcement; due to its
porous structure, it allows the diffusion of corrosive ions and gaseous pollutants
through its mass, which act corrosively on the reinforcement. Furthermore, its
modulus of elasticity, which, like strength, is also directly related to the quality of
the concrete (porosity), may also be low due to improper mix design, poor or
insufficient curing and/or poor compaction during concreting.

Further to that, the exposure of concrete to carbon dioxide (carbonation of
concrete) reduces the alkalinity (pH) of the concrete: due to the hydrated lime
Ca(OH),, the pH of the concrete, which initially ranges between 12.5 and 13.9,
drops to values below 9.0. As a result, the embedded steel corrodes strongly, as it
switches from passive to active state [1].

Corrosion products of steel reinforcement, due to the larger volume that they
have compared to steel, exert internally tensile stresses on the concrete that re-
sult in the creation initially of internal cracks, gradually propagating to cover

concrete spalling, while reducing the reinforcement/concrete bond. It should be
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noted that the action of chlorides and carbon dioxide (CO,) is synergistic. Thus,
in the case of coastal structures, while an amount of Cl” is bound by AFM phase
to form chloride salts and reduce the permeability of the concrete, CO, reacts
with the hydrated lime (CH) to form calcium carbonate CaCO; with the direct
effect of pH reduction and, consequently, corrosion of the reinforcement [1].

From the above, it is obvious that in concrete works that are exposed to strongly
chloride and carbonate corrosive environment, such as sea water, antifreeze salts,
corrosive soils, industrial areas, etc., it is necessary and, nowadays, mandatory in
currently enforced design [2] and product standards [3] to improve the physi-
cal-chemical properties of concrete and its corrosion protective role of the rein-
forcement. So far, the main methods of protection of RC elements include the
use of coatings, cathodic protection, corrosion inhibitors, addition of finer poz-
zolanic materials, etc. The above methods have several disadvantages such as 1)
the high maintenance costs of electrochemical methods, 2) the possible toxicity
of corrosion inhibitors, and 3) the relatively slow effectiveness regarding the use
of pozzolans. Following the evolution of nanomaterials, nanotechnology can also
be used to produce new composite mortars with significantly increased strength
and durability properties, for use in RC structures exposed to highly corrosive
environments and/or extreme operating conditions.

There are two different structures of CNTs, the monofilament carbon nano-
tubes (SWCNTSs) [4] [5] and the multilayer carbon nanotubes (MWCNTs) [6] [7].
Monofilament carbon nanotubes consist of a graphite sheet wrapped in a specified
direction in a cylindrical shape. SWCNTs can be closed at their ends by “caps”
with a hemispherical structure; their diameter does not exceed 2 nm, while their
length often reaches 5 pm. Multilayer carbon nanotubes consist of a series of gra-
phite sheets, which are wrapped concentrically into each other. The diameter of
MWCNTS usually ranges between 3 nm and 250 nm. The distance between their
walls is close to the distance between two graphite sheets (0.335 nm). Of particu-
lar research interest in recent years are MWCNTSs comprising two graphite sheets
(Double-Walled Carbon Nano-Tubes—DWCNTSs) whose properties are similar to
those of monofilament CNTs. They have the advantage that they are more chemi-
cally modified than monofilaments, to which some double bonds need to be broken
in order to, chemically, add a group. In this way gaps are created in the structure
of monofilament CNTs and therefore their electrical and mechanical properties
are changed, in contrast to DWCNTs in which only the outer wall is modified.

Carbon nanotubes, in addition to their excellent electrical/thermal properties,
exhibit very high tensile strength [8] and modulus of elasticity [9] [10] due to the
covalent bonds (sp2 bonds) between the carbon atoms embedded in their grid. It
has been reported [11] that the modulus of elasticity of CNTs exceeds 1 TPa
while, in comparison, steel (high strength) reaches a maximum of 200 GPa. In
addition, the tensile strength of CNTs is between 65 to 93 GPa, compared to that
of conventional high strength structural steel ranging between 1 to 2 GPa [12].
Therefore, by mixing carbon nanotubes in the mortar mix, a significant improve-

ment in the tensile strength of the mortar would be expected, which, in conven-
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tional mortar is extremely low (approximately = 1:10 of the corresponding com-
pressive strength); such an increase will also enhance the resistance in other ten-
sion related modes of failure, such as bending [13].

MWCNTSs have a specific gravity of =0.18, a specific surface area > 200 m?/g
and are added to the mortar mixture in small dosages [14]. The improvement of
the mechanical properties of nanomodified mortar is due to the development of
Van Der Waal forces between the nanomaterial and the hydration products (C-S-H
and C-H) that prevent the material from breaking during tensile rupture through
bridging between the cracked surfaces [15]. But apart from the excellent me-
chanical properties, carbon nanotubes have the ability to fill the gap between the
hydration products and the unhardened cement grains, thus reducing the poros-
ity at the micro- and nano-scales, as well as the permeability of the mortar.
These factors above lead to an increase in the density of the structural material
and a corresponding reduction in the corrosion of the reinforcement [16].

However, the experimental results in the literature on the effect of introducing
CNTs on the corrosion rate of steel embedded in mortar samples, are contradic-
tory. The addition of CNTs caused higher corrosion intensities for cement mor-
tars with up to 0.5% CNT subject to simulated sea water and accelerated carbo-
nation exposure [17]. On the other hand, Gdoutos et a/ [18] reported that the
inclusion of 0.1 wt% CNTs decreased the corrosion rate and significantly in-
creased the resistance to corrosion by delaying the onset of the corrosion reac-
tion (initiation period). The authors further studied the influence of high CNTs
content (0.5 wt%) on the corrosion behavior of mortars and showed that by
adding higher amounts of CNTs, the reinforced mortars exhibited higher corro-
sion rate compared to that of mortars with 0.1 wt% CNTs. According to the au-
thors, the observed delay in the onset of corrosion was due to a marginal de-
crease in permeability, leading to a reduction in the ingress of aggressive agents.
It was concluded, however, that this increased tendency to corrosion needed
further investigation. Hassan ef al [19] also showed that the corrosion of rein-
forcing steel embedded in CNT mortars was affected by its diameter: more spe-
cifically, steel reinforcement of 16 mm diameter had a lower corrosion resistance
than that of steel reinforcement of diameter 12 mm. It should be noted, however,
that the behavior of CNT modified mortars also depends on the physio-me-
chanical characteristics of the CNTs, something which is investigated herein by
using CNTs with different mechanical characteristics compared to Gdoutos et al.
/18], as described further on.

Consequently, the main objective of the present experimental investigation is
the study of the utilization of multi-walled carbon nanotubes (MWCNTs) for the
production of high-performance cementitious mortars with improved physical-

mechanical properties and chloride penetration resistance.

2. Experimental Set-up

In order to investigate the physical-mechanical properties and chloride penetra-
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tion resistance of nano modified mortars, a comprehensive test program was es-
tablished by the Laboratories of Reinforced Concrete and Materials Science &
Engineering of the Schools of Civil and Chemical Engineering at the National
Technical University of Athens, respectively, under European Union research
grant OPS ESPA 2014-2020. The scope of the program comprised physical-me-
chanical as well as durability tests, as subsequently described, to compare the ex-

perimental response of both nano modified and reference materials.

2.1. Materials, Chemical Properties, and Specimen Preparation

CEM I 42.5N cement was used as a binder, while calcareous fine aggregates (0 -
4 mm) and water from the potable supply network were utilized in the prepara-
tion of the mixtures. In all mixture groups a constant ratio of raw material weights
was used, namely cement: sand: total water = 1:3:0.65, which, for the aggregate
used, corresponded to an active water cementitious (w:c) ratio of 0.59. The
choice of a relatively high w:c ratio was intentional, so as to produce relatively
low strength and high porosity mortars, representative of common mortar pro-
duction, which would highlight the effect of CNTs in this type of common struc-
tural material. The steel reinforcement bars to be concreted were cleaned ac-
cording to ISO/DIS 8407.3 with a solution of hydrochloric acid (HCI) containing
an organic inhibitor for a period of twenty (20) minutes in order to remove the
oxides and impurities on their surface. The bars were then immersed in deio-
nized water and acetone to remove grease and oil from their surface and were
subsequently placed in a glass desiccator up to concreting to prevent corrosion
by atmospheric air. Finally, the reinforcement steel bars were weighed on a digi-
tal balance (0.1 mg) and connected with a copper wire so as to ensure the elec-
trical continuity. The specimens were removed from the molds after 24 hours,

remained in water for seven (2) days and were then partially immersed in 3.5

wt% solution.

For the physico-mechanical tests and the electrochemical measurements the
following specimens were constructed in the lab:

o Halfcell potential (HCP): 100 mm reinforced mortars with a diameter of
$50 mm in which a $10 mm diameter, 100 mm long Tempcore B500C rein-
forcing steel bar was axially secured.

e Corrosion current. 100 mm reinforced mortars with a diameter of $50 mm
in which a $10 mm diameter, 100 mm long Tempcore B500C reinforcing steel
bar was axially secured.

o Flexural strength: Prismatic specimens with dimensions 40 X 40 x 160 mm”.

e Capillary porosity: Cubic specimens with dimensions 50 X 50 x 50 mm”.

In the mix design of reinforced cement mortars two (2) groups of specimens
were constructed (Figure 1): 1) Eighteen (18) specimens reinforced with the ad-
dition of 0.2% by weight CNTs (designated CNT), and 2) and Eighteen (18) ref-
erence specimens without addition of nanomaterials (designated as REF). The
nanomaterials being supplied by SAT nano Technology Material Co. Ltd; in Ta-
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ble 1 the physical properties of CNTs are summarized, while the mix characte-
ristics of the two specimen groups are given in Table 2. As can be seen, the na-
nomaterials used in the present study are shorter and have higher surface specit-
ic comparing to Gdoutos et al [18] research; this is beneficial to fill the cracks
and pores in cement matrix thus resulting a solid mortar with increased density
and reduced porosity. For compaction, mechanical vibration was performed dur-
ing casting to reduce the air content of the mixtures. The reinforcing bars were
20 mm away from the base of the mold so as not to be directly exposed to corro-
sion conditions (Figure 1(b)). The surface on the top of the mortar specimens
and the protruding part of the reinforcement were then covered with Araldite
epoxy resin to prevent galvanic corrosion. The specimens were water-cured for
seven days with relative humidity RH = 99% * 1% and temperature T = 25°C +

1°C to avoid cracking due to hydration heat release.

Table 1. Physical properties of CNTs used in the study and in Gdoutos et al [18] re-
search.

Physical properties of CNTs

CNTs used in the study Gdoutos et al. [18]
Diameter 2-10 nm 20 - 40 nm
Length 10 - 30 pm 210 um
Color Black powder

Surface specific area

(a)

Bar diameter
Cement mortar @10

. Steel
Epoxy resin !
N
20 mm
100 mm I‘ s 20 i
) 1
L 100 mm o Mortar specimen
diameter

(®)

Figure 1. Mortar test specimens prepeared in the lab; (a) photos; and
(b) sectional details.
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Table 2. Mixture quantities (g) of raw materials for mortars preparation.

Mix design of the mortars

CNT REFERENCE

0.65
Cement 1900 1900 Total w: ¢ ratio (0.59 active
Fine aggregates (0 - 4 mm) 5700 5700 wic)
Water 1235 1235
Cement: limestone sand 1:3
CNTs 3.8 0

2.2. Description of the Test Methods and Techniques
2.2.1. Three-Point Bending Test

The bending strength of nanocomposite and conventional mortars was meas-
ured by loading prismatic beams of dimension 40 x 40 x 160 mm’® (Figure 2)
with a span length 120 mm, namely three times of the width (40 mm). The flex-
ural strength of the mortar was obtained using Equation (1):

3FI

~20d? W

Oy

where, oy is the flexural strength (MPa), Fis the maximum force at fracture
(N), Lis the span length (mm) and b, d are the width and the height (mm) of the

specimen.

2.2.2. Porosity and Capillary Absorption Measurements
The apparent density and open porosity of mortars were estimated using va-
cuum saturation; for the tests, cubic specimens with dimensions 50 x 50 x 50
mm’ were used, as depicted in Figure 3. The test samples were full-dried in an
oven at 110°C £ 5°C, before being subjected to vacuum saturation with water for
24 h. Following, the open porosity (P) was determined using Equation (2) below:
W, W,

P(%)= W, —W,

)
where, W, is the liquid-saturated mass of sample (g), W, the oven dried mass (g)
and W, the mass of the immersed liquid-saturated sample (g).

The capillary absorption is considered as a function of the density, the viscos-
ity, and the surface tension of the liquid used for the test, and the pore structure
of the test sample. In the present experimental study, the sorptivity was meas-
ured on cubic specimens 50 X 50 X 50 mm’ using the method proposed by Gum-
merson ef al. and Hall et al [21] [22]. During the test, the level of methanol was
constantly 2 - 3 mm over the bottom side of the specimens, while the specimen’s
temperature was continuously recorded. The volume of liquid absorbed per
square unit of absorbing surface area 7 was estimated using Equation (3) below.
The sorptivity (S of the specimens was estimated as the slope of the corres-
ponding 7vs Jt graph, in accordance with Equation (4), below:

d

i=— (3)
a-d
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/2

2 |

(b)

Figure 2. Three-point bending test following EN 12390-5 [20]: (a) schematic
representation; and (b) flexure test set-up.

Figure 3. Experimental set-up for the capillary absorption measurements at the
building materials. Laboratory of the University of Cyprus.
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=St (4)

where, d,, is the mass gain in g, a is the surface area of the immersed specimen

side in mm® and d'is the density of absorbing liquid in g/mm”.

2.2.3. Half-Cell Potential Measurements

Half-cell potential measurements were conducted for a period of 11 months ac-
cording to ASTM C-867 [23], in order to evaluate the corrosion rate of steel
reinforcing bars. The half-cell potential difference was measured using a high-
impedance voltammeter and a reference electrode (Ag/AgCl), using the test se-
tup shown in Figure 4.

In Table 3 the corrosion potential against the probability of the steel for cor-
rosion are summarized. Monitoring of reinforcement corrosion was affected by
recording the corrosion potential of the open circuit as a function of the expo-
sure time to chloride solution every 7 days, according to the standard ASTM
C876-87 [23]. The value of the corrosion potential of the reinforcement in con-
crete as a function of time is an indication of the state of the reinforcement in

the concrete, i.e., whether the steel reinforcement is in active or passive state.

2.2.4. Corrosion Current Measurements
A Potensiostat/Galvanostat Model 263A from EG&G Princeton Applied Re-
search was used for the test, with the associated software for data acquisition and

analysis, in order to analyze the test data. The potential scan range was £10 mV

Figure 4. Icorr measurements (a) and Potentiostat/Galvanostat Model 263A (b) used for
the experiments [24].

Table 3. Possibility of corrosion for steel reinforcing bars embedded in cement mortars
using HCP method according to ASTM C 876-87 [23].

Corrosion risk of steel

Cu/CuSO, Ag/AgCl (4M KCl) Corrosion condition
E>-200mV E>-106 mV Low (<10% risk)
-350 mV to-200 mV -106 mV to-256 mV  Uncertain (intermediate risk)
E<-350mV E<-256 mV Very high (>90%)
E<-500mV E<-406 mV Severe
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from the open circuit and the scan rate was 0.1 mV/s. The experimental set-up
comprised the steel reinforcement bars that represented the working electrode, a
Ag/AgCl electrode which represented the reference electrode, and a carbon bar
as a counter electrode.

The Linear Polarization Resistance (LPR) Technique is a rapid and non-de-
structive electrochemical method for monitoring corrosion rate in real time. In
LPR measurements the reinforcing steel is perturbed by a small amount from its
equilibrium potential. This can be accomplished potentiostatically by changing
the potential of the reinforcing steel by a fixed amount, A4E, and monitoring the
current decay, A7 after a fixed time [25].

Based on the Stern-Geary method, the polarization resistance is calculated
using Equation (5).

=22 )

From Equation (5), the corrosion rate 7_,,. can be calculated by Equation (6):

1
Icorr = LX_ (6)
23038, +4.] R,
where S B.are the anodic and the cathodic Tafel slopes, respectively.
The current (/) was calculated using Equation (7), where A is the surface area

of steel that has been polarized.

|
I — corr 7
e (7)

The mass loss was calculated by Equation (8):

IMt
,3—1+? (8)

where fis the mass loss of the steel rebar (g), /is the corrosion rate (A), Mis the
atomic mass of the metal (equal to 56 g for Fe), tis the time of exposure (s), zis
the ion chance (=2 for Fe > Fe2" + 2¢7), and Fis the Faraday’s constant 96.500
(Axs).

2.2.5. Scanning Electron Microscopy (SEM)

The microscopical analyses were caried out on the fresh fractured prismatic spe-
cimens after the flexural strength test. As a final means of investigation of the
nano modified mortars, and in order to establish the suitability of the CNT dis-
persion method and the progress of the hydration products with time, portions
of the mortar samples after strength testing were obtained and analyzed visually
using a JEOL, JSM-6610 LV SEM with a maximum resolution of 3.0 nm at 30 kV
(in the high vacuum mode) and a magnification of 5x - 300.000x. The optical
observations were performed using a Backscattered Electron Detector (BSE).
Prior to the analysis, the samples were sputter coated with gold (50 nm thick) to
make their surface conductive. The size, shape and morphology of the crystals
were observed, and the structure of samples was investigated. The comparisons
of the two mortar groups are given in the subsequent section.
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3. Results and Discussion
3.1. Porosity and Sorptivity Measurements

The results of the porosity measurements performed on cement mortars using
vacuum saturation at 7, 28, 120 and 240 days are shown in Figure 5, where it can
be seen that both examined groups exhibit a gradual reduction in their porosity
from 7 to 240 days. From the results it is also evident that the initial capillary
porosity of the nano modified composites is lower than that of the REF mortars
without any addition, in agreement with test results reported for different mor-
tar mixes and CNT concentrations by other investigators. The influence of CNTs
in the porosity of the mortars was more pronounced at 7 days, while it was ob-
served that the mixtures tend to have equal porosity values at later ages. In par-
ticular, the nano-modified mortars demonstrated around 3% lower value of po-
rosity than the reference mixture at 7 days, while the corresponding difference is
reduced to 0.8% at 28 days. It was therefore observed that the addition of CNT's
acts as a filler in the cementitious mixtures, thereby reducing further the pore
size of the hardened composite and generating more nucleation sites to accele-
rate hydration reactions (see also the SEM analysis further on).

The influence of CNTs on the physical properties of mortars has been studied
by several researchers [26] [27], who observed that the incorporation of nano-
materials can reduce significantly the mortar porosity, thereby potentially im-
proving the durability of cement-based materials. This was further corroborated
by microscopy analyses, that reveal a denser microstructure and a bridged net-
work in the voids and cavities present in mortars containing CNTs; the latter
was attributed to the length-to-diameter ratio of carbon nanotubes used in these
studies, which effectively fill the cracks and pores in cement matrix thus result-
ing a solid mortar with increased density and reduced porosity. This increase in
the density of the CNT modified mortars, relative to the plain REF specimens
was also depicted in the relatively low strength REF mortar of the present study
(Figure 5, Figure 6), where an increase in the density of the two mixtures was
obtained from the 7™ day, consistently increasing with time to 240 days after
casting (Figure 6).

Figure 7 depicts the progress of capillary absorption over time, for all mortars
tested. In general, low capillary absorption in nanocomposites indicate that the
adhesion of CNTs is strong, and no capillary voids were generated on the inter-
facial transition zone (ITZ) of the specimens [28] [29]. As can be observed, the
sorptivity is strongly affected by the carbon nanotubes addition and the curing
time. The results suggest that the sorptivity of mortars incorporating CNTs de-
creased throughout the curing time in atmospheric air. From the test results, the
CNT group demonstrated lower absorption values compared to the CNTs-free
analogue by 22.9%, 21.8% and 22.1% at 7, 28 and 120 days, respectively. The re-
sults are broadly in agreement with the porosity results reported in this study;
nanomaterials are in fact finer than cement grains, and therefore fill the pores of

mortar, decreasing its sorptivity.
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Figure 5. Average porosity (%) values of mortars with and without
CNTs.
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Figure 6. Densities (kg/m’) of cement mortars with and without
CNTs at times: 7, 28, 120 and 240 days.
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Figure 7. Capillary absorption (mm/min) for the CNT and REF mortars at times: 7, 28
and 120 days.

DOI: 10.4236/msce.2022.101001 12 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2022.101001

N. Chousidis et al.

This finding is also corroborated by the few available related studies found in
the literature, where it was demonstrated that the addition of MWCNTSs im-
proved the physical properties of mortar [30] [31] [32], whereby, according to
the test parameters reported, relatively low amounts of CNTs (0.015% - 0.2%
wt.% by cement weight) were added in the mortar. The studies reported that: 1)
the physical properties of mortar can be enhanced when carboxyl MWCNTs
were used in concrete production, while 2) the dispersion method also played a
significant role on the properties of the hardened end product. In general, dif-
ferent methods were used to achieve a uniform distribution of CNTs in the ce-
ment matrix, such as using surfactants, treatment with acids, grinding, sonica-
tion etc. [33] [34] [35]. Konsta-Gdoutos ef al. and Wang et al [36] [37] reported
that when the nanomaterials were added without using surfactant, MWCNTs
exhibited poor dispersion in the mixture and large agglomerates and bundles
were observed. Since the CNTs have strong tendency to agglomerate due to the
presence of van der Waals forces, the use of MWCNT' dispersed by applying ul-
trasonic energy in combination with surfactant produced concrete with a dense

structure and developed physical-mechanical properties.

3.2. Flexural Strength

The average bending strength values of mortars and their standard deviations
are illustrated in Figure 8. The test results showed that the addition of CNTs in
the mortar mixtures resulted in a consistently monotonic increase in the flexural
strength of the mortar in all ages tested, compared to the REF group. More spe-
cifically, considering the measured evolution of o, from Equation (1), it can be
seen that at 7 days the mortars with added CNTs exhibited an increase in the
flexural strength of 8.3%, while, at a more mature age of 28 days, the strength
gain was maintained at 7.6%. Furthermore, a small content of CNTs in the mor-
tar has a major effect on the strength at 120 days; in this case, the strength of

composites increases by 8.5% compared to the REF mortar.

12.00 4
10.18

=

m7

10.00 9.385
g84g 870 i

8.00 - w28

6.00 - @120

4.00 A

flexural strength (MPa)

2.00 4

0.00 -

REF CNT

Figure 8. Average values of flexural strength (MPa) for mortars pre-
pared in the study.
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The strength improvement in flexure may be the evidence of an improved
bonding and cohesion between CNTs and the cement matrix. In addition,
CNTs additions in mortar enhance its resistance through initial and gradual
micro-cracking limitation; at the same time, the nanomaterials bridge the
macro-cracks, thus delaying the crack propagation and improving the tough-
ness [38] [39] [40] of the hardened paste. CNTs due to their chemical compo-
sition and surface area most probably interact with cement, leading to the
observed strength enhancement. In addition to the above, due to its fineness
(>500 m’/kg), CNTs probably act as a filler in the mixture, thus further re-
ducing the pore size of the hardened composite and generating more nuclea-
tion sites to accelerate hydration reactions [41]; this nucleation effect influ-
ences the hydration process of the mortar by enhancing the crystallinity of the
cementitious materials and leads to improved mechanical properties of the
nanomaterial enriched cement composites. Makar et al. [42] [43] in their ex-
perimental study reported that the incorporation of CNTs in concrete accele-
rated the hydration process at early age. The authors considered that the latter
effect was attributed to the polarization and adsorption between cement par-
ticles and CNTs, where the nano-size effect of CNTs provided the nucleation
points for the hydration products. The researchers also proved the CNTs’ ad-
dition effect on the hydration process and the morphology of hydration prod-
ucts (C,S and C,A).

These findings are also corroborated in the common mortar strength mod-
ified with CNTs of the present study: in Figure 9, the microscopy images by
SEM of the microstructure of the nanocomposite mortars obtained on flat, po-
lished surfaces of the CNT mortars used in this study, are depicted. These SEM
analyses indicate that the nanomaterials demonstrate a network structure that
can allow the bridging between narrow cracks in mortar (Figure 9(c)); in addi-
tion, it is clearly evident that the interfacial transition zone (ITZ) between ce-
ment and aggregates fills with CNTs resulting in a dense and solid structure of

cement mortar (Figure 9(a)).

3.3. Corrosion Measurements

3.3.1. Half-Cell Potential (HCP)

The diagram in Figure 10 illustrates the half-cell corrosion potential (HCP) mea-
surements, using a Ag/AgCl reference electrode for both test specimen groups
(REF and CNT) under investigation. As mentioned above, each group consists
of eighteen (18) reinforced mortars partially immersed in sodium chloride (NaCl)
solution, and, therefore, each value shown in the diagram below is the average of
those 18 test samples. The measurements were carried out over a period of ele-
ven (11) months. From the results, it is observed that the groups under investi-
gation are in an active state with increased possibility of pitting corrosion. Fur-
thermore, it should be noted that the mortar specimens were immersed in NaCl

3.5 wt% after 48 hours from demolding.
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Figure 9. SEM images of the CNT mortars: (a) dense structure of mortar, b) ITZ between
cement-aggregates; (c), (d) crack bridging due to the presence of CNTs. The SEM images
also depict the proper dispersion of CNTs in the mixes.

. Time (day)
20 40 60 80 100 120 140 160 180 200
-100
-200
- ¢ REF B CNT —— Linear (REF) —— Linear (CNT)
-400
-500

-600

Half -cell potential (mV)

-700

-800

-900

-1000

Figure 10. Half-Cell Potential (mV) measurements using a Ag/AgCl reference electrode against exposure
time in 3.5 wt% NaCl solution.

The results of the HCP on the CNT specimens in the present study were com-
pared in Figure 10 with the corresponding HCP measurements on the REF spe-

cimens, established previously in [44], where mortar specimens with the same
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reference mix design were exposed to similar wet-dry cycles. From the compari-
son of the two, it is evident that with the addition of CNTs in the mortars, the
values of the corrosion potentials are more electropositive than those of the REF
specimens throughout the measurement period. More specifically, it is observed
that, during the first 7 days of partial immersion in sodium chloride solution, the
steel reinforcement embedded in mortars without CNTs are more corroded, be-
cause the values of the corrosion potentials measured are about 150 mV more
electronegative than the values of the potentials for corrosion of the group con-
taining CNTs as additive. As the test progressed, after a period of 14 days in a
corrosive environment, it was observed that both groups have moved towards
more electronegative values of potentials, but the difference of about 150 mV
remained, implying that the reinforcement in the CNT group was relatively
more protected than that of the REF group. Overall, the potential values of the
specimens with CNTs are systematically more electropositive than the REF spe-
cimens, with the relative difference between the two types varying gradually with
time.

After an elapsed period of 6 months, it was observed that the REF group
moved to more electropositive values, something which may be attributed to the
presence of corrosion products that temporarily protected the surface of the
reinforcement. However, when these corrosion products dissolved, the potential
values return to the levels expected, as shown by the corrosion potential values
after a period of 11 months. In contract, the CNT group remained relatively sta-
ble between the time from 150 and 330 days, yielding an exponential decay fac-
tor for the half cell potential which was less than 50% of the REF mortar mix. It
can be also observed that for the groups under investigation (CNT and REF), the
HCP ranges between 700 - 830 mV from 50 days onwards; this is attributed to
the presence of sodium chloride, in which the mortars were partially immersed,
resulting to the pitting corrosion on the steel’s surface. This is in agreement with
the findings of other studies, see [45] [46] [47] [48].

3.3.2. Corrosion Current

Figure 11 shows the corrosion current (/) for the two mortar groups under
investigation; from the beginning of the immersion in NaCl 3.5 wt%, the rein-
forcement bars seem to be in an active state of corrosion, being in the depassiva-
tion region of the reinforcement corrosion state (Table 3). The measurements of
corrosion current show that both types of reinforced mortar specimens were cor-
roded when exposed to Cl™ ions. Furthermore, during the period of 11 months
of measurement, it was observed that the REF group had the highest values in
the corrosion current, compared to the CNT mixture. In particular, during the
aforementioned period, the corrosion current of the REF specimens was 17%
higher than that of CNT specimens. It is worth noting that the higher percentage
change between the two groups tested was observed at 240 days, with a value of

around 41%.

DOI: 10.4236/msce.2022.101001

16 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2022.101001

N. Chousidis et al.

45
OREF ® ONT
°
4 °®
i 35 L
°
N .
g 3 U
=4
3 2.5 ° °® °
§ 2 S °
@» o
215 ® o ®
S °
°
0.5 e
0e $
0 50 100 150 200 250 300 350
Time (day)

Figure 11. Corrosion current for the two mortar groups against time of exposure in
NaCl.

The addition of carbon nanotubes to mortars affects the durability of mor-
tars in several ways [49]: the conductivity of mortar increases, the contact of
steel with carbon leads to a galvanic element leading to increased oxidation of
steel, the diameter of the mortar pores is reduced, and the mortar cracks are
reduced and bridged and, generally, the micromorphology of the mortar is
smoothed.

In terms of corrosion of the reinforcement, the conductivity of the mortar is
also affected. When the CNT's are properly bonded with the reinforcement they
can restrain crack formation, thereby improving load transfer and increased
ductility of the composite structural material. However, the corrosion of the steel
reinforcing bars embedded in cement mortars increases, especially when the
CNT concentration is above a limit and percolation initiates, changing drasti-
cally the material properties. In the experimental investigation of Hall ez al [19],
it was proven that, when the concentration of CNTs in the mortar exceeds the
value of 0.5% by weight of cement, cement, corrosion increases dramatically. For
this reason, a concentration of CNTs 0.2% by weight of cement was chosen in
this study.

3.3.3. Chloride Content in Mortars

From the results illustrated in Figure 12, the REF and CNT specimens have sim-
ilar chloride content values, measured by titration of AgNO,. In addition, after 9
months of partial immersion in chloride salt, there is a slight increase in the
amount of total chlorides. In particular, the REF group exhibits 7.4% higher val-
ue of CI” content than that of the CNT group at 9 months, while the corres-
ponding value at 6 months was 8%. At the same time, it can be seen from the test
results that the chloride content has increased from 6 to 9 months for the two
mixtures; more precisely, the relative increase of the REF specimens at 6 months

was 3.1%, while for the CNT's specimens was 3.6%.
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Figure 12. Total chloride contents (wt%) in mortars partially immersed in
3.5 wt% NaCl solution for 9 months.

3.3.4. Mass Loss of the Steel Reinforcing Bars

Figure 13 depicts the average mass loss of three (3) steel reinforcing bars after
exposure in chloride salt at 6 and 9 months. It is observed that the REF speci-
mens have a higher mass loss than the CNT mortar specimens at both ages con-
sidered, while, it is important to notice that the average mass loss of the REF
specimens was twice that of the CNT specimens. In addition to the gravimetric
measurements, values of the electrochemical mass loss were also calculated ac-
cording to Faraday’s law [50] [51], using the measurements of the corrosion
current (Z,,,), and are also reported in Figure 13.

It can be seen from both measurements of mass loss (Gravimetric/Electro-
chemical) that the REF specimens are more corroded than the CNT speci-
mens. For the 6-month period in a corrosive environment, the mass loss of
the REF specimens was 50% greater than the mass loss of the CNT speci-
mens. At the same time, for the period of 9 months exposure in NaCl, the
mass loss of the reinforcement was 28% higher in the REF group compared
to the CNT group.

The corrosion behavior of the specimens is similar when calculating the elec-
trochemical loss based on the Faraday law. The electrochemical mass loss com-
pared to gravimetric mass loss differs in the result by about 15 mg, being greater
than the gravimetric mass loss (9 months, Figure 13). This is systematic between
these two types of measurements of the mass loss, and within the limits obtained
in similar mass loss comparisons between Faraday’s law and the gravimetric
measurement.

The electrochemical measurements and gravimetric measurements of the mass
loss are also confirmed by the total chloride content test results shown in Figure
12. The total chlorides in the REF specimens are higher than those of the CNT
specimens, confirming the reduction of the diameter of the mortar pores with

CNTSs compared to the reference specimens.
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Figure 13. Gravimetric and electrochemical mass loss (mg) vs time, of the steel
reinforcing bars embedded in mortars and partially immersed in NaCl for 9 months.

In conclusion, both the mass loss measurements shown in Figure 13 are and
the chloride content measurements of the two types of mortars in Figure 12,
demonstrate systematically that the steel reinforcing bars embedded in the CNT
mortars exhibit higher chloride penetration resistance than the conventional
reinforced specimens. Therefore, the addition of 0.2 wt% in the mortar mix also

provides anticorrosion protection in the mortar reinforcement.

4. Conclusions

The results of an experimental study of the physical-mechanical and durability
properties of common strength mortars with and without the inclusion of CNTs
were presented and compared. Based on the findings of the tests and the discus-
sion of the results, the following can be summarized in conclusion:

1) The addition of multi-walled CNT's improves the porosity and capillary ab-
sorption of cement mortars with time after immersion in NaCl solution.

2) In terms of measured half-cell potential, the introduction of CNTs on the
mortars resulted in a reduction of 50% in the exponential decay factor of the
measured half-cell potential.

3) The increase in the flexural strength (Figure 8) against time of exposure in
corrosive environment is attributed to the change in the density of test specimens
and the porosity (Figure 6). Electrochemical (corrosion current and half-cell po-
tential) and chloride content measurements indicate the chloride penetration re-
sistance and durability of CN'T's mortars comparing with OPC specimens.

4) The mass loss of steel bars embedded in CNT-modified mortars is reduced,
compared to those in the reference specimens; this confirms the anticorrosive
effect of CNTs used at 0.2 wt% content in reinforced CNT modified mortar

composites.
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