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Abstract:Theuse ofmulti-walled carbonnanotubes (MWC-
NTs), as excellent mechanical and conductive fibers,
for making self-sensing cementitious composites has at-
tracted great interest. However, few researches have fo-
cused on the durability of mortar with MWCNTs. This pa-
per attempts to explore the corrosion of embedded steel
rebar in cement mortar with different contents of MWC-
NTs. Tests for compressive strength, chloridemigration co-
efficient, conductivity, and corrosion behaviors ofMWCNT-
cement mortar were carried out. The results show that the
addition of MWCNTs to the cement mortar accelerated the
development of the steel corrosion under chloride environ-
ment. The migration behavior of chlorine ions and steel
corrosion rate were related to the carbon nanotube con-
tent. The increase in carbon nanotube content resulted in
higher steel corrosion intensities. Moreover, the rates of
chloride transport into the mortar increased with the nan-
otube content under both accelerated andnatural chloride
conditions.
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1 Introduction
Carbon nanotubes (CNTs) is one of the strongest and
stiffest nanomaterials with excellent physical properties.
Both theoretical and experimental results have shown that
the bending modulus is extremely high, larger than 1 TPa
(as strong as diamond), and the tensile strength of an indi-
vidual CNT fiber can reach 100 GPa [1, 2]. Therefore, CNTs
can be used to enhance the fracture properties of cement-
based composites and to reduce or prevent crack initia-
tion [3] in concrete structures where cracking should be
limited, such as dams, tunnels and nuclear plants. Addi-
tionally, the specific surface area of CNTs is extraordinarily
large, with a value of up to 1,000m2·g−1 [4]. Indeed, owing
to the good electrical conductivity of carbon fibers [5, 6],
their addition to concrete is one possible solution to pro-
ducing a composite material with stress-resistance sensi-
tivity, which acts as a smart material in construction for
strainmonitoring and electromagnetic interference shield-
ing applications [7].

The durability of reinforced concrete structure is a sig-
nificant issue considering its service life. Chloride penetra-
tion is one of themost concerned factors causing the corro-
sion of reinforced concrete. Moreover, the periodic drying-
wetting conditions in tidal zones accelerate the chloride
penetration and shortens the service life of reinforced con-
crete structures significantly. Therefore, designers should
be aware of the durability characteristics of cement-based
materials with the addition of any novel material (e.g.,
CNTs) before they are applied to concrete structures in
chlorine salt environments.

Chloride-induced steel corrosion is one of the most
important durability issues in concrete structures [8, 9].
Chloride ions from the exposed surface transport through
the concrete cover and reach the steel surface. When the
chloride content near the steel exceeds a threshold value,
the passive film of the steel will be damaged and initia-
tion of steel corrosion will possibly occur [10]. The chlo-
ride threshold ranges from0.03% to 4% free chloride by ce-
ment mass [11]. The large variation of the threshold value
is possibly due to thematerialmix, the environment condi-
tions andmonitoringmethod for passivation. It was found
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that the assessment of corrosion initiation was highly sen-
sitive to the uncertainty in the chloride threshold level [12].
On the other hand, systematic studyhas not been foundon
the chloride-induced corrosion of embedded steel rebars
in CNT-cement composites exposed to a chlorine salt envi-
ronment. Previous studies have shown that the dispersion
of fibers in reinforced cement-based material had an im-
portant effect on the levels of corrosion wherein corrosion
rates were slightly higher due to a better conductivity of
the composite with super conductive CNTs [13–17]. Konsta-
Gdoutos and Aza [18] proved well that dispersed CNTs and
carbonnanofibers decreased the electrical resistance of ce-
ment paste under loading. Li et al. [19] discovered that the
electrical resistance of cement-based materials decreased
as treated (SPCNTs) or untreated CNTs (CNTs) were added.
Del et al. [20] studied the corrosion development of the
steel reinforcement with the addition of CNTs, and the re-
sults showed that a higher content of CNTs resulted in a
higher corrosion rate due to the higher conductivity. Luo et
al. [21] tested the electrical resistance of the cement-based
composites with 0.1 and 0.5 wt%multi-walled CNTs (MWC-
NTs), and found that the addition of 0.5 wt%MWCNTs had
better electrical properties.

The purpose of this paper is to clarify the behavior of
chloride migration and corrosion kinetics of reinforced ce-
ment mortar with different MWCNT contents under chlo-
ride environment. To this end, rapid chloride penetration
tests were conducted to obtain chloride migration coeffi-
cients of the cementmortar. Additionally, the chloride pen-
etration depths under natural conditions were tested by
chloride penetration tests. The conductivity of the mortar
with MWCNTs, the corrosion potential, corrosion rate and
electrochemical mass loss of steel rebar embedded in the
mortar were also tested.

2 Experimental work

2.1 Materials and specimen preparation

Type I 42.5 Portland cement by the Guangzhou Xinhe Co.,
Ltd (Guangdong, China) and sandwith standard gradation
by the China ISO Standard Sand Co., Ltd (Fujian, China)
were used. The multi-walled carbon nanotubes (MWCNTs)
were provided by Chengdu Institute of Organic Chemistry
Research Institute (Sichuan, China). The morphology and
physical properties of MWCNTs are shown in Figure 1 and
Table 1, respectively. The dispersant used in this study
is polyvinylpyrrolidone (PVP) with a chemical formula of

(C6H9NO)n, produced by the Shanghai Jingchun Biochem-
ical Technology Co., Ltd.

Samples with four different weight percentages of
MWCNTs, viz. 0%, 0.02%, 0.1% and 0.2% by cement
weight, two different water to cement ratios (w/c), viz. 0.4
and 0.5 were used. They were denoted as “w/c+CT” and
“w/c+C+wt% of MWCNTs”, respectively, where the former
indicated control sample and the latter indicated speci-
mens with two different w/c ratios and four different con-
tents of MWCNTs. The detailed mix proportions are listed
in Table 2.

Figure 1: Scanning electron microscopy image of MWCNTs

MWCNT dispersion directly influences the properties
of the cement composite and thus is an essential procedure
for a proper use of MWCNTs in cement-based materials.
Currently, surfactants and sonication are commonly used
to disperse MWCNTs into water. During sonication, the en-
tangled MWCNTs can be dispersed by the bubbles created
by waves through releasing high levels of energy. Besides,
surfactant can be adsorbed on the MWCNTs surface and
protects MWCNTs from agglomeration. In this study, PVP
was selected as surfactant mainly because previous ex-
perimental research [22] showed that PVP can effectively
disperse carbon nanotubes in aqueous solutions. When
the content of PVP is less than 1% (relative to the weight
of cement), the PVP influence on the mechanical proper-
ties and durability of cement-based materials can be ne-
glected [23, 24]. Therefore, the maximum content of PVP
used in this studywasbelow0.8%.During thepreparation,
a designated amount of PVP and MWCNTs was added to
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Table 1: Properties of the MWCNTs used in this study.

Type Diameter Length Purity Specific surface area Electric conductivity
MWCNTs 10-20 nm 10-30 µm >95% >150 m2/g 100 S/cm

Table 2:Mix proportions of specimens

Specimens w/c Cement (g) Sand (g) MWCNTs (g) MPVP/MMWCNTs
0.4CT 0.4 1 1 0 0

0.4C0.02 0.4 1 1 0.02 0.08
0.4C0.1 0.4 1 1 0.1 0.4
0.4C0.2 0.4 1 1 0.2 0.8
0.5CT 0.5 1 1 0 0

0.5C0.02 0.5 1 1 0.02 0.08
0.5C0.1 0.5 1 1 0.1 0.4
0.5C0.2 0.5 1 1 0.2 0.8

Figure 2: SEM image ofMWCNTs after dispersion

the water, and the composite was mixed with a magnetic
stirrer at a constant low speed for 15 mins. A JY92-IIN Ul-
trasonic Cell Disrupter (Ningbo Scientz Biotechnology Co.,
Ltd., Ningbo, China) was used for successive sonication of
the aqueous suspension of MWCNTs for 20 mins. During
the sonication process, the energy output was controlled
at 125 kJ/mL, and it was set in a duration of 3 s cyclic stir-
ring and 3 s standing regime [25]. The resulted dispersion
in Figure 2 indicates an excellent dispersion performance
of carbon nanotubes after sonication.

The aqueousMWCNTsuspensionwas thenmixedwith
water, and they were poured into a standard mortar mixer,
followed by mixing cement and sand for 1 min. To test
the compressive strength of mortar samples with 0.4 and
0.5 water-cement ratios, fresh specimens were cast into
steel molds with dimensions of 160 × 40 × 40 mm. Further-
more, samples with a diameter of 100 mm and lengths of

50 and 100 mm were made for rapid chloride ion migra-
tion tests and for natural chloride ion penetration tests, re-
spectively. All samples were cured under a standard cur-
ing condition until used. After curing for 28 days, the com-
pressive strength tests were conducted according to ASTM
C349. The samples with a water-cement ratio of 0.5 were
tested for corrosion potential, corrosion current, conduc-
tivity, and mass loss of steel rebar based on the limit size
ofΦ20.8mm× 70mm,which needed better fluidity to com-
pact well.

2.2 Rapid chloride ion migration tests

After curing for 28 days, the cylindrical samples with di-
mensions of 100mm indiameter and 50mm in lengthwere
used to test the migration coefficient of chloride ions for
theMWCNTmortar. First, the cylindrical sampleswere vac-
uum saturated by distilled water. Then, a 3.0% NaCl so-
lution was applied on one side of the cylinder samples,
and the other side was exposed to a 0.3 mol/L NaOH so-
lution [26]. During the rapid chloride penetration test, the
ambient temperature of the specimens was controlled at
20∘C. Based on the test results, the chloride migration co-
efficient was calculated as follows [27]:

DRCM = 0.0239 × 273+T)L
(U − 2)t

(︃
Xd (1)

− 0.0238
√︂

(273 + T)LXd
U − 2

)︃
where DRCM is the unsteady chloride migration coefficient
of concrete, m2/s; U is the absolute voltage, V; T is the av-
erage of the initial and end temperatures of the anodic so-
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lution, K; L is the thickness of sample, m; Xd is the average
penetration depth of chlorine ions, m.

2.3 Natural chloride diffusion tests

Three cement mortar specimens of 100 mm in diameter
and 50 mm in length were prepared for testing the perfor-
mance of chloride diffusion under natural conditions. The
bottom and side faces of the concrete were sealed with
epoxy resin on all their surfaces except the top surface
as an exposed surface. According to NT Build 443, the ex-
posure time was set as 35 d, 45 d, 55 d, and 65 d. The
mean penetration depth of chloride ions was obtained af-
ter spraying with silver nitrate solution on the specimen
section.

2.4 Conductivity measurements

In this study, the resistivity performance of MWCNT-
reinforced mortars after 28 d-curing were determined us-
ing an alternating-current (AC) power, following the two-
pole method, wherein two titanium electrical contacts
were embedded in the two parallel planes of mortar. The
electrical resistance was measured with a Galvanostat 283
potentiostat at a 100 kHz frequency [26]. The amplitude of
the sinusoidal voltage was chosen to be 2 V. To fully under-
stand the nature and geometry of the mortar containing
with MWCNTs, the resistance measurement was converted
to resistivity and calculated as resistance per unit length:

ρ = RSL (2)

where R is the resistance of the cement mortar; S is the
cross section of the sample; and L is the distance between
the two inner electrodes.

2.5 Electrochemical corrosion tests

Cylindrical specimens of Φ20.8 mm × 70 mm were pre-
pared for corrosion potential and corrosion rate tests. Each
specimen contained a 6 mm-diameter cylindrical steel
electrode in the middle and a stainless-steel counter elec-
trode beside it. The exposed steel covered an area of 17.27
cm2. Figure 3 shows the layout of the specimens used in
the corrosion test, which is similar to that used in previ-
ous study [28–32]. Corrosion potential (Ecorr) and corro-
sion rate (Icorr) weremeasured on each steel electrode and
two electrodes were measured on each sample.

Figure 3: Dimensions of corrosion test specimen

After curing for 14 days under a standard curing condi-
tion, the samples were taken into an electrochemical work-
station. The stainless-steel bar was used as counter elec-
trode and saturated calomel was used as reference elec-
trode. The potentiostatic/galvanostatic meter was used to
measure the first polarization curve near the corrosion po-
tential of the steel reinforcement. After curing for 28 days,
the marine tidal environment was simulated. The speci-
mens were placed in a chloride environment under pe-
riodic drying and wetting conditions. In the first curing
setup with a temperature of 40∘C, the samples were dried
for two days in the drying oven; then, they were moved to
a vat with saline solution with a salt content of 3.5% (rel-
ative to the weight of the water) and remained immersed
in the water for 3 days. After one drying-wetting cycle, the
sampleswere removed from the saline solution andmoved
to the electrochemical workstation where the polarization
curve was measured. After that, the samples were put into
a drying oven to start the next drying and wetting process.
The samples were tested using the polarization resistance
method, and the instantaneous corrosion rate Icorr was cal-
culated using Geary and Stern’s equation [33]:

Icorr = B/Pr (3)

where Icorr is the corrosion rate, µA/cm2; Pr is the polariza-
tion resistance, kΩ·cm2; B is a constant, and is assumed
to be 26 mV of the steel-cement system [33]. Icorr and Ecorr
were tested regularly. All potential values were referenced
to the saturated calomel electrode (SCE).
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Before the corrosion test, each steel bar was weighed,
and after the tests, the internal bar was taken out from
the split specimens. The rust on the rebar surfaces was
cleaned immediately with a hydrochloric acid solution us-
ing an ultrasonic cleaning instrument; then, the cleaned
rebar was weighed. Finally, the original weight of the rein-
forcement minus the residual weight after de-rusting was
equal to the specimen’s mass of corrosion on the steel bar
reinforcement.

3 Results and Discussion

3.1 Compressive Strength

The compressive strength of specimens after 28 days of
standard curing is shown in Figure 4. The results showed
that the addition of MWCNTs increased the compressive
strengths for mortars with w/c ratios of 0.4 and 0.5. For the
samples with 0.5 w/c, the strength improvement was ob-
served in the 0.5C0.2 specimens, whose average strength
was 26.8% higher than the control sample 0.5CT. For the
sampleswith 0.4w/c, the greatest improvementwas found
for 0.2wt%MWCNTs. The results also indicated that higher
water-cement ratios led to lower compressive strength at
different contents of MWCNTs. The results proved that
the ultrasonication incorporating surfactant dispersion
method is an effective alternative for MWCNTs dispersion
in the cement mortar. The compressive strength of cement
mortarwas enhancedby the addition ofMWCNTs, possibly
because the internal stress was redistributed and the prop-
agation of microcracks was inhibited due to the bonding,
bridging and filling effects of MWCNTs [34–36].

Figure 4: Compressive strengths of samples

3.2 Electrical resistance

The tested electrical resistance of the cement mortar with
0.02 wt%, 0.1 wt%, and 0.2 wt% MWCNTs is shown in Fig-
ure 5. The results showed that the addition of MWCNTs
to the cement mortar significantly decreased the electrical
resistivity, even with a very low amount of addition (0.02
wt%), which was similar to the previous results [37]. The
sample with 0.2 wt% MWCNTs showed the lowest resistiv-
ity compared to the other samples with different contents
of MWCNTs. Indeed, the resistivity of the cement mortar
decreased with the increasing content of MWCNTs. The in-
creasedMWCNTcontent allowed thepresenceofmore elec-
tric channels in themortarmatrix with bridging and filling
effects of MWCNTs, which in turn benefit the mortar’s elec-
trical conductivity as the same way it improved the com-
pressive strength.

Figure 5: Electrical resistivity of specimens

3.3 Chloride ion migration coeflcient

The results in Figure 6 show that the incorporation ofMWC-
NTs in mortar increased the chloride migration coefficient
significantly even with the smallest MWCNT content. The
chloride migration coefficient of the mortar with a slight
MWCNT content (0.02 wt%) was 3.4 times of that for the
control specimen without any MWCNTs. The migration of
chloride ions in cement-based materials is essentially the
conduction of chargedparticles in cement-basedpore solu-
tion. Themovement promotionof chargedparticles inpore
solution was due to the presence of unevenly distributed
particle chemical potential field and the directional attrac-
tion of direct current field to charged particles [18]. The
incorporation of MWCNTs, as excellent conductive materi-
als, led to the formation of numerous small electrical path-
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ways between the pore solution and hydration products in
the cement mortar, thus reducing the degree of electrical
polarization and resulting in the increase of the chloride
migration coefficient. Similarly, due to the continuous ap-
plication of the electrified direct current electric field, the
increase of the MWCNT content reduced the degree of elec-
tric polarization of cementmortarmore significantly. More
frequent the electromigration within the cement mortar
caused more significant directional movement of chloride
ions, which eventually led to the increase of chloride mi-
gration coefficient. Therefore, the chloridemigration resis-
tance of samples is not expected to take advantage of the
bonding, bridging and filling effects provided by MWCNTs.

Figure 6: Chloride migration coeflcient of the mortar with MWCNTs

3.4 Chloride ion diffusion under natural
conditions

Chloride ions mainly transport into the cement-based ma-
terials bymeansof diffusion, capillary absorptionandelec-
tromigration. Chloride ion transports usually in one or
more means. The chloride diffusion depth was obtained
at different diffusion periods by the natural chloride dif-
fusion tests. In this case, chloride transport in the mortar
was in the formof pure diffusiondue to thewater saturated
state. The results in Figure 7 show that the chloride ion
penetration depth was significantly larger in the mortar
with MWCNTs compared to the control sample. It was also
found that the chloride ion penetration depth increased
with the MWCNT content. The increase was possibly due
to the additional diffusion paths provided by the MWCNTs.
The inside of the MWCNTs was filled with water molecules.
The diameter of the water molecules is 0.4 nm, and the

carbon atoms on the surface of the MWCNTs are predom-
inantly sp2 hybridization. Moreover, the hexagonal grid
structure has a certain degree of bending and form space
topology, which can form a certain sp3 hybridization key
[38]. In other words, most of the carbon-carbon bonds be-
tween the perfect six-carbon ring structure of carbon nan-
otubes are tightly connected in the form of C=C or C≡ C.
Therefore, the diagonal length d(MWCNTs) = d(C≡ C) ×2 ~
d(C=C) ×2 = 0.120×2 ~ 0.134×2 = 0.240 ~ 0.268 nm, and the
diameter of chloride ion is 0.099 nm. The size of the diag-
onal length, and diameters of water and chloride ions fol-
low: d(Cl−) < d(MWCNTs) < d(H2O), as shown in Figure 8.
The water molecules inside the carbon nanotube cannot
enter or leave thewall of the carbon nanotube from the car-
bon six-element ring; yet, it has become the effective car-
rier of chloride ions for the diffusion. Moreover, the bridg-
ing effect of carbon nanotubes in mortar drove the chlo-
ride ions into the interior of the mortar matrix by direc-
tional movement, which resulted in an increase of diffu-
sion depth with the carbon nanotube contents. However,
it was difficult to confirm the theoretical explanation by
experimental methods. Further microscopic observation
needs to be conducted to explain the results for chloride
diffusion by using advanced experimental tools in the fu-
ture.

Figure 7: Penetration depth of mortar by natural chloride diffusion
tests

Figure 8:Microstructure diagram of carbon nanotubes
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3.5 Corrosion behavior of embedded steel
bars in MWCNT mortar

When the chloride concentration around the steel reaches
the critical concentration, the thin passive film on the
steel surface will be damaged and the steel corrosion oc-
curs. To investigate the corrosion behavior in the mortar
with MWCNTs, two typical nonintrusive measurements—
the half–cell potential measurement and the linear polar-
ization technique—were applied in this study to test corro-
sion potential and corrosion rates, respectively.

Figure 9 shows the development of the corrosion po-
tential (Ecorr) and the corrosion rate (Icorr) of the reinforc-
ing rebars embedded in the mortar containing 0.02, 0.1
and 0.2 wt% MWCNTs as well as the control sample. As
expected, a slight increase in the steel corrosion potential
was found during the 28-day curing period, as it consis-
tently forms a passivating layer on the steel rebar surface.
A substantial decrease in corrosionpotentialwas observed
when the chloride penetration and the depassivation of
the steel surface began. Once the passive film of steel was
destroyed, no significant differences in corrosion potential
were found. The results in Figure 9(b) show that the cor-
rosion rate increased as the corrosion potential decreased.
The addition of MWCNTs increased the corrosion rate of

Figure 9: Changes in (a) corrosion potential (Ecorr) and (b) corrosion
rate (Icorr) of steel rebars buried in MWCNTs cement mortar under
chloride erosion environment

Figure 10: Corrosion condition of reinforcement

the steel, and the increase in MWCNTs contents led to
higher final corrosion rates. This was possibly because the
addition of MWCNTs accelerated the chloride penetration
through the mortar cover and thus the destruction of pas-
sive films on the steel surface and later pitting corrosion
were more severe. Additionally, galvanic corrosion might
formbetween steel reinforcement andMWCNTs,where cor-
roded spots on the steel rebar acted as anode andMWCNTs
acted as cathode [39, 40]. These two conductors formed a
macro battery, which generated an electric couple current
that increased the dissolution rate of the lower potential
steel rebar (anode) and decreased the dissolution rate of
the higher potential MWCNTs (cathode). As a result, the
increase of MWCNTs accelerated the corrosion rate of steel
rebar.

After the corrosion test, the cement mortar cover was
removed in order to directly observe the corrosion degree
of the reinforcement. The specific images of the corroded
reinforcements in cement mortar are shown in Figure 10.
As shown in Figure 10, as more carbon nanotubes were
used, the corrosion on the surface of steel reinforcement
became more serious. The plain bar surface of 0.5CT had
a small patch of white area at the bottom of each bar with
more of grayish area above, but with little rust. The steel
bar’s surface of 0.5C0.02 had a little rust and its color was
darker than 0.5CT. As the content of WMCNTs increased,
the steel bars had more distinct rust spots on its surface.
Themass loss of the steel in Figure 11 showed that themass
loss increased with the addition of MWCNTs in the cement
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Figure 11:Mass loss of steel

mortar. The result agreed with the results obtained from
the electrochemical measurements, showing the addition
of MWCNTs presented a promoting effect on the steel cor-
rosion.

4 Conclusions
In this study, the influence ofMWCNTaddition on the dura-
bility of cement mortar was analyzed. Both rapid chlo-
ride migration and natural chloride diffusion tests were
conducted to clarify the chloride transport properties of
MWCNTmortar. Moreover, the corrosion potential and cor-
rosion rates of steel rebars embedded in MWCNT cement
pastes were studied. Based on the experimental results,
the following conclusions can be drawn:

• The addition of MWCNTs increases the compressive
strength of Portland cement mortar after 28-day cur-
ing.

• The addition of MWCNTs to cement mortar dramat-
ically increases the chloride transport rates both in
the rapid migration and natural diffusion tests.

• The electrical resistivity of themortar decreaseswith
the addition of MWCNTs mainly because of their ex-
cellent conductivity.

• The incorporation of MWCNTs into the cement mor-
tar causes the development of higher levels of em-
bedded steel corrosion in the chlorine environment,
and the corrosion rate increases with the MWCNT
content. The mass loss of the steel due to the cor-
rosion agrees with the trend that the addition of
MWCNT enhances the steel corrosion.
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