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In this paper, an embedded ultrathin-film iron (Fe) corrosion sensor passivated with an anion-exchange
membrane is developed to reveal the extent of corrosion tendency in reinforced concrete. Rebar in rein-
forced concrete is mainly corroded due to penetration of chloride ions which are one of the most dom-
inant degradation factor for reinforced concrete. An effective method to monitor the extent of corrosion is
to determine the positions where the chloride ions are present beyond the chloride threshold level (CTL).
The sensors consist of ultrathin-film iron (Fe) layers deposited on the PET substrate, Au lines as electrode
connection lines, and anion exchange membrane encasing the sensor. As the chloride ions exist near Fe
layer of sensors, as if rebar has been corroded in reinforced concrete, the macro cells which occur rela-
tively low anode and high cathode with somehow distance between them are made up and pitting cor-
rosion accelerates. The pitting corrosion on the Fe layer of sensor induces the variation of electrical
properties, which indicates the corrosion level using variations of resistance (R) and electrical response
(R/R0). To protect the sensor from mechanical and chemical stimuli in a concrete, sensors are encapsu-
lated with an anion exchange membrane that functions not only as a protector, but also as a selector
of anions including chloride ions among degradation factors. Therefore, by embedding sensors at every
10 mm depth from the surface of reinforced concrete, we can monitor the corrosion tendency causing
penetration of chloride ions with respect to depth. Through the variation of electrical properties in sen-
sors, the velocity of corrosion ðDR � R�1

0 � t�1Þ is suggested as a new parameter, which shows the tendency
for corrosion under the surrounding conditions. To confirm the relationship between corrosion velocity
as determined by the sensor and the concentration of diffused chloride ions, the chloride concentration
in mortar is measured. The developed sensors in this paper are effective to sensitively and accurately
monitor the corrosion level of concrete.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Reinforced concrete has been applied toward improving the
durability of structures and buildings. As the reinforcement mate-
rial possesses a high tensile strength, the concrete provides a
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higher stability to compression and tensile stresses. Due to this sta-
bility to external stresses, reinforced concrete is widely used as a
framework for buildings, bridges, and massive structures. While
rebar presents concrete with high structural stability, it can cause
several problems, such as delamination and pitting corrosion [1,2].
Therefore, to monitor degradation factors for rebar are essential
and indispensable.

The chemical property of reinforced concrete involves a strong
alkaline environment with pH values as high as 12.5; rebar is sur-
rounded with an oxide layer that creates a neutral shell to prevent
rebar corrosion [2,3]. As time passes, the diffusion of degradation
factors can change the environment of the reinforced concrete
[4]. Chloride ions are largely proportional and the most dominant
factors among the degradation factors affecting the induction of
pitting corrosion on the surface of rebar within concrete [2,4,5].
Although the alkaline environment remains within concrete, corro-
sion can occur due to the diffusion of chloride ions into concrete. If
diffused chloride ions exceed the chloride threshold level (CTL), the
local part of the oxide layer can begin to be eroded. Due to the dif-
ference in electrical potential, electrochemical cells are produced
on the rebar surface, initiating pitting corrosion [3,5–7]. Pitting
corrosion of rebar is a major factor reducing the strength and
life-time of reinforced concrete. Therefore, it is necessary to mon-
itor the diffusion behavior of chloride ions that can initiate corro-
sion of rebar within reinforced concrete [8].

In the field, chloride monitoring is largely divided into two
methods: destructive monitoring and the non-destructive moni-
toring [9]. Destructive monitoring is destroys specimens and
directly analyzes their components within the pore solutions of
reinforced concrete. However, the destructive method can overes-
timate or underestimate the amount of chloride ions extracted
within the pore solution, these errors can result in inefficient and
inaccurate monitoring results. To overcome these limitations,
non-destructive monitoring systems have been developed [5–7].
In the case of non-destructive monitoring, sensors are directly
embedded within the concrete and the possibility for error is rela-
tively reduced. Several electrochemical techniques are used in
non-destructive monitoring, such as potentiometric measurements
with embedded electrodes, a chronopotentiometric approach
[3,10] with embedded electrodes, and electrical resistivity and
impedance measurements. Among these methods to monitor cor-
rosion states induced by the diffusion of chloride ions, the simplest
and easiest method is the electrical resistance (ER) method, con-
sisting of a metal component as a reactive channel to corrosion,
which has been chosen and widely studied [11–13]. ER sensors
are relatively simple compared to other electrochemical methods
and are easy to fabricate with a highly competitive price. Besides,
ER sensors can be directly embedded and used to detect the pene-
tration of chloride ions within reinforced concrete, showing the
variation in metal mass and resistance. The resistance of the metal
within the sensors can indicate certain properties, such as the
intrinsic resistivity, geometry, mass, and corrosion velocity. As
the magnitude of the metal resistance increases, the mass of the
metal decreases [12–15]. However, ER sensors also possess several
limitations, including low sensitivity and unreliability [12]. The
sensitivity of ER sensors can be related to the thickness of the
metal used as the sensor channel. If the metal thickness increases,
the life-time of the sensor increases, at the same time, the response
time will increase as well [11,16]. Therefore, it is complicated to
produce sensors that satisfy both an adequately high life-time with
a high sensitivity to corrosion spontaneously.

To overcome the limitations of the prior corrosion sensors, ion
exchange membranes (IEMs) are a possible candidate; herein, a
novel integration between IEMs and corrosion sensors is
attempted. IEMs are semi-permeable membranes that filter speci-
fic charged molecules [17,18]. Numerous applications exist includ-
ing electro-dialysis, the production of acids and bases, desalination
of sea water, removal of heavy metals from industrial waste water,
and the collection of organic acids and amino acids within the fer-
mentation industry [17–22]. The charged ion selectivity of IEMs
corresponds to the existence of functional groups with specific
charged ions on the membrane surface. The specific charge of the
membrane interacts electrically with mobile ions in the solution
[17,22]. If the membrane is positively charged by functional groups
on the surface, a repulsive force emerges with positively charged
mobile molecules, and an attractive force is created with nega-
tively charged molecules. Molecules that are attracted to the mem-
branes can permeate through the membrane; repetition of this
process results in the separation of molecules in the solution by
the IEM. Depending on the surface charge of the IEMs, they can fall
into the category of either anion exchange membranes (AEM) or
cation exchange membranes (CEM). These membranes can be
selectively used according to their application.

In this paper, we demonstrate an ultrathin-film iron (Fe) sensor
surrounded with an AEM to achieve a highly reactive and stable
sensor to monitor extents of corrosion. Compared to prior studies,
the sensors exhibited high corrosion reactivity through an ultra-
thin Fe layer with a thickness of 500 nm and improved mechanical
and chemical stability through encapsulating AEM. As chloride ions
existed near the Fe layers within sensor, if the rebar was corroded
within the reinforced concrete, pitting corrosion occurred and
accelerated, causing the electrical properties of the sensors to
change. The sensors can monitor the corrosion levels within mor-
tar, by measuring the variation in electrical resistance (R) and
response (R/R0) of the sensor. Through variation in electrical prop-
erties, a corrosion velocity (DR � R�1

0 � t�1) term was defined, which
was a novel parameter used to indicate the extent of corrosion
regardless of experiment circumstances. Additionally, to confirm
the relationship between corrosion velocities determined by the
sensor and the concentration of diffused chloride ions, the chloride
concentration within mortar was measured through destructive
methods. The rest of the paper is classified as followings: Section 2
describes the experimental setup including materials, analysis
tools, the fabrications of sensors, the preparation of mortar speci-
mens, and the chloride penetration profile. Section 3 discusses
the experimental results and Section 4 presents the conclusion.
2. Experimental setup

2.1. Anion exchange membrane (AEM)

The AEM was composed of a strong base on a polypropylene-
based heterogeneous membrane with the Cl ion form. Its thickness
was 0.03175–0.03429 cm in the dry status. The AEM was chemi-
cally stable between a pH of 0–14 and could avoid osmotic shock
in an 8% NaOH solution.

2.2. Analysis of the AEM

The AEM was analyzed via scanning electron microscopy (SEM)
and Fourier transform infrared spectroscopy (FT-IR). SEM analysis
proceeded via 10.00 kV EHT at 1.50 K magnification and FT-IR
spectroscopy (Spectrum One System, Perkin-Elmer) yielded a reso-
lution better than 0.5 cm�1 for absorptions between the frequency
range of 4500–400 cm�1 and in the surrounding air.

2.3. Fabrication of the sensors

The entire structure of the sensor can be seen in Fig. 1. The entire
fabrication process can be largely divided into three parts: prepara-
tion of the sensor, preparation of the electrode connection lines, and



Fig. 1. Structure of ultrathin-film iron (Fe) sensor. (Inset: the photograph of ultrathin-film Fe sensor unwrapped by anion exchange membrane (AEM)).

Table 1
Composition of the pH 12 solution.

[Cl�]/[OH�] D.I. water (mL) Ca(OH)2 (g) NaCl (g)

0.00 100 0.34 0.00
0.15 100 0.34 0.04
0.30 100 0.34 0.08
0.45 100 0.34 0.12
0.60 100 0.34 0.16
0.75 100 0.34 0.20
0.90 100 0.34 0.24

Table 2
Mix proportion of the mortar.

Water to Cement
Ratio

Sand to Cement
Ratio

The mass of materials

Water (g) Cement (g) Sand (g)

0.485 2.75 514 1060 2915
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wrapping sensor and lines in the anion exchange membrane. With
regard to the sensor preparation, pre-cut and a ladder-like pat-
terned Polyethylene terephthalate (PET) film consisted of 6 hori-
zontal lines and 2 vertical lines used as the substrate. The entire
substrate was 20 mm and 14 mm in the horizontal and vertical
directions, respectively. The width of the horizontal line was
1.5 mm and the gap between lines was 1 mm. The width and length
of a vertical line were 1.5 mm, respectively. After patterning of the
substrate, metals were deposited in two steps; active matrix depo-
sition and electrode deposition. The first active matrix deposition
step was an iron (Fe) deposition. Fe, which was used to sense corro-
sion as an active matrix, was deposited by an electron-beam evap-
orator. Fe is deposited in the form of a 500 nm ultrathin-film onto
the substrate which afforded high sensitivity to monitor chloride.
Prior to the second deposition, a shadowmask was used to prevent
titanium (Ti) and gold (Au) from being deposited onto the channels
of the corrosion sensor. The second deposition step involved the Ti
and Au depositions. Ti was used as an adhesion layer between Fe
and Au due to the lack of adhesion between them, and Au was used
as a contact pad for anisotropic conductive film (ACF) bonding. Ti
and Auwere deposited onto two vertical lines of the substrate, with
thicknesses of 10 nm and 100 nm, respectively.

With regard to preparation of the electrode connection lines, a
solution of polyimide (PI) was spin-coated onto glass, soft-baked
at 90 �C for 5 min, and baked in an oven for over 6 h. The PI film
deposited with 10 nm Ti and 100 nm Au was removed from the
glass and cut to an appropriate size. The line width was 1.5 mm,
and the film length was up to 80 mm. The contact pads of the sen-
sor and electrode connection lines were integrated through ACF
bonding. The electrode connection lines were sealed with another
film to protect from physical stress during the concrete embedding
process. Prior to wrapping, the AEM was cut to 30 mm in each
direction. The AEM enclosed the sensor side of attachment except
for the electrode connection lines in order to prevent the Fe layer
from peeling off of the PET due to weak adhesion between the
ultrathin Fe layer and the PET substrate in highly alkaline
solutions.

2.4. Solution preparation and the solution test method

[Cl�]/[OH�] was chosen as a representation of the CTL in this
study and indicated that chloride ions and hydroxyl ions were fac-
tors affecting corrosion and corrosion inhibition, respectively. In
order to adjust the solution condition to be as close as possible
to the concrete environment [23], Ca(OH)2 was added. Table 1
shows the solution composition of the test solution. The hydroxyl
ion was fixed to 0.046 M and the amount of NaCl (s) was adjusted
to prepare various [Cl�]/[OH�] ratios from 0.15 to 0.90 in solution.

The solution test was considered to be an accelerated experi-
ment because the solution conditions were more severe to induce
corrosion on the ultrathin Fe layer compared to normal concrete
conditions. To investigate the sensor responses to corrosion, each
sensor was directly exposed to measure the electrical response
(R/R0) and corrosion velocity (DR � R�1

0 � t�1).
In this research, the solution test proceeded by three methods.

First, the sensor enclosed by the AEM was exposed to distilled
water to determine its life-time and stability. Second, to confirm
the functions of the AEM, sensors with and without an AEM were
immersed into various solutions; this was referred to as the AEM
effect test. Finally, to quantify the corrosion behaviors of the sen-
sors, each sensor encased with an AEM was immersed within a
solution with a certain ratio of chloride to hydroxyl ions. Then,
the electrical resistance of the sensors was measured every 1 h
within the solution, without exposure to air. The electrical resis-
tance was directly measured from the electrode connection lines.

2.5. Mortar specimen preparation and the mortar immersion test in
solution

Table 2 shows the material quantities and ratios for mortar
preparation based on ASTM C109/C109 M. Ordinary Portland
Cement (OPC) was used as the cement, with distilled water. In
addition, the sensors were embedded within the specimen, which
didn’t affect the strength of the mortar [13]. The preparation pro-
cess for the mortar and mortar test can be described as follows:

(1) Cement, sand, and water are mixed together.
(2) The mix, which is called mortar, is poured into a mold with

sensors. The mold is used as a formwork for casting of the
mortar. As shown in Figs. 2 and 3, the mold possesses 3 sec-



Fig. 2. Design of mold structure of mortar specimen.

Fig. 3. Photo of mold structures of mortar specimen.
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tions where sensors are attached and its size is 40 mm �
40 mm � 160 mm. The closest section from the surface is
located 10 mm from the surface and the interval between
sections is 10 mm.

(3) The mortar is held at room temperature for 24 h.
(4) All mortar specimens are cured within a humidity chamber

at 20 �C under RH 60% for 5 days.
(5) The specimens are coated with epoxy except the surface in

the direction of chloride ion penetration, as can be seen in
Fig. 4.

(6) The specimen is immersed in a solution with a chloride ion
concentration of 1.9 wt%.
(7) The electrical resistance of the embedding sensors in the
solution is measured every day and is never removed from
the water. The electrical resistance is directly measured from
the Au line.

2.6. Chloride penetration profile in the mortar specimen

In order to accurately predict corrosion within the mortar, it
was necessary to confirm and understand the chloride profile
within the mortar. The chloride content within the mortar could
be measured directly although destructive methods at each depth.
To obtain the standard chloride profile in this work, we analyzed
the chloride profiles of the mortar whose mixture proportions
are shown in Table 2. The size of the mortar was 50 mm �
50 mm � 50 mm. The mortar surfaces were coated with an epoxy
resin, excluding the surface in the direction of diffusion. The mor-
tar specimens were separated into 3 groups: initial condition, 14-
day exposure and 42-day exposure. The initial condition group
was to confirm the initial chloride content without immersion or
chloride diffusion in the mortar. The other groups represented
mortars that were immersed in a chloride solution and remained
immersed for the specific exposure period. After the exposure per-
iod, the mortars were removed from the solution. Mortar speci-
mens for both groups were cut at 7 mm intervals, and the pieces
were pulverized and passed through 850 lm (No. 20) sieved. Then,
the chloride content was analyzed via a silver nitrate potentiomet-
ric titration method in accordance with ASTM C1218. Based on the
results, the diffused chloride content could be obtained and com-
pared with the results for each group at every depth.

3. Results and discussions

3.1. SEM/FT-IR analysis of the AEM

Fig. 5 shows SEM images of the AEM; Fig. 5(a) is a top-view and
5(b) is a side view. The AEM was heterogeneous and contained
many uneven open pores with diameters of approximately 10–
40 lm. Close inspection of the pores on the surface of the AEM
showed that they were randomly arranged at the micro scale.



Fig. 4. Epoxy-coated mortar specimen. (a) top side (b) back side (c) front side.

Fig. 6. FT-IR analysis of AEM.
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The side-view of the AEM in Fig. 5(b) shows irregular paths created
by overlapping pores penetrating through the membrane. The
diameter of the irregular paths was less than 30 lm. Fig. 6 shows
the FT-IR spectra of the AEM. With regard to alcohols and phenols,
free OAH groups usually appear as sharp peaks from 3580 cm�1 to
3650 cm�1, broad absorption peaks are consistent with the charac-
teristic NAH or OAH stretching vibrational bands from 3200 cm�1
Fig. 5. SEM image of AEM; (a
to 3550 cm�1. The presence of a characteristic signal for the
hydroxide anion (OAH stretching at approximately 3500 cm�1)
indicated complete ion exchange. Alkanes have three major peaks
for C@C bonds, which are symmetric and show reduced intensity
and stretch asymmetry of peaks, compared to @CAH and @CH2

bonds, whose peaks are intense. In this case, the infrared spectra
results of the AEM exhibited a typical broad CAH alkyl stretching
band from 2850 cm�1 to 3000 cm�1. Peaks at 2949, 2916, 2867,
and 2837 cm�1 could be assigned to the CAH band, while the band
at 2950 cm�1 could be attributed to saturated hydrocarbon. The
reflected C„C bond absorption peaks in the wavelength range
from 2000 cm�1 to 2400 cm�1 could be attributed to instrument
error caused by the diamond mirror of the FT-IR spectrum analysis
equipment. The peak at 1450 cm�1 was assigned to CH2 bonds, and
ACH3A bands were shown between the range of the 1450–
1370 cm�1. The CAH band has out of plane bending (oop) absorp-
tion at 1000–650 cm�1; the presence of 1,2-disubstituted (trans)
groups produced a band near 970 cm�1, and the 1,1-
disubstituted groups produced a strong band near 890 cm�1.

3.2. Solution test

3.2.1. Stability test
Fig. 7 shows the stability of the thin-film Fe sensor encapsulated

by the anion exchange membrane in distilled water to confirm the
stability of the sensor. The AEM encased thin-film Fe sensor was
immersed in the solution at room temperature. The initial electri-
cal resistance of the Fe sensor was 50 ohms as shown in the inset of
Fig. 7; the value was then measured once a day for 25 days. In
order to generalize the change of electrical resistance, the electrical
response (R/R0) was obtained by an increase in resistances and
electrical response from 1 to 1.2.
) top-view (b) side-view.



Fig. 7. Stability of ultrathin film Fe sensor encased with AEM in distilled water.
(Inset: distribution of initial resistances.)

Fig. 8. Electrical response of sensors with respect to [Cl�]/[OH�] after 7 days
immersing.
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As shown in Fig. 7, the resistance and response increased
slightly. Although there were no chloride ions, a natural electrical
potential difference occurred at the surface of the Fe layer in the
solution condition [2,6,16]. The potential difference at the surface
of the Fe layer induced corrosion of the Fe layer and generated fer-
ric oxide (Fe2O3) as a product of corrosion on the Fe channel sur-
face. Due to the production of ferric oxide, the electrical
resistance increased, the mass of metal decreased, and the charge
on the surface of the AEM corroded the Fe layer. Therefore, the
electrical resistance and response increased slightly.

The electrical resistance and response from 12 to 14 days were
scattered due to variations in measurements through two different
contact resistance; contact between an electrode of the sensor and
the electrode connection lines, and contact between the Au line
and the measurement equipment. Although this study used ACF
bonding to stabilize the contact resistance without variation, vari-
ation still occurred due to contact resistance between the elec-
trodes and the measuring equipment. Although there was a life-
time limitation due to a thin Fe layer [16], the sensor enabled sim-
ilar maintenance of the resistance and response. Therefore, the life-
time of the sensor was maintained without dramatic reduction in
the reactivity of the sensor [12].

3.2.2. AEM effect test
The AEM effect was investigated by using encased and exposed

sensors. Fig. 8 shows the electrical response (R/R0) of both sensors
with respect to [Cl�]/[OH�] after immersion for 7 days in a pH 7
solution. As the thin-film Fe layer peeled off the PET substrate
without an AEM in a pH 13 solution, the two types of sensors could
not be compared at pH 13 and were instead compared at pH 7. In
Fig. 8, the orange and green lines represent the electrical responses
of the exposed and encased types after immersion for 7 days,
respectively. The response of both sensors in distilled water was
almost similar, indicating no effect of the AEM in distilled water.
However, depending on the existence of the AEM, the response dif-
fered as a function of the extent of chloride within the solution. In
the case of the exposed type, despite an increased responses with
an increase in [Cl�]/[OH�], there was no linear relationship
between the concentration of chloride ions and the electrical
response. With an increase in [Cl�]/[OH�], the response continued
to dramatically change to 3.759, 17.857, 11.331, 15.657, 22.269,
and 16.75 at [Cl�]/[OH�] ratios of 0.15, 0.30, 0.45, 0.60, 0.75, and
0.90, respectively. Even though the highest level of salinity in the
solution is 0.90, the response was lower in this solution than the
response at 0.75 and was similar to the response at 0.60. However,
the encased type sensor had a tendency to exhibit a quasi-linear
response as shown in Fig. 8. Compared to the exposed type, the
change in response was initially much more stable. Despite a low
response of only 4.4625 at the 0.90 ratio, it is similar to that of
the exposed type at the 0.15 ratio. This indicated that the encased
type had more time to corrode and showed better linearity early
on.

If a sensor was exposed to a solution, numerous chloride ions in
the solution rapidly approached and affected the channel Fe layer.
These chloride ions induced a pitting corrosion explosively to the
channel Fe layer and the critical corrosion could occur anywhere
on the sensor [16]. There were several possibilities which experi-
enced serious corrosion near junctions with the contact pads and
electrode contact lines or far from the junction on the channel Fe
layer. Thus, the rapid and explosive approaches of chloride ions
cause poor linearity of electrical responses change. In the case of
the encased type, the AEM acted as an obstacle to chloride ion pen-
etration through the membrane to interact with the sensor chan-
nel. Most ions were interrupted by the AEM and only anions
passed into the interior of the AEM [17,22] such that irregular pit-
ting corrosion could be reduced at the surface of the Fe layer. The
AEM induced a positive effect to enhance the linearity between the
change in response and [Cl�]/[OH�].

3.2.3. Electrical response and corrosion velocity
Fig. 9 shows the solution test for monitoring the tendency of

electrical response (R/R0) of the encased type sensor with respect
to [Cl�]/[OH�] under highly alkaline conditions. The electrical
resistance and response indicate the corrosion of the Fe layer in
the sensor. As the AEM chemically and physically stabilized at
pH 1–13, it was assumed that the conditions had no effect on
changes in the AEM. Prior to immersion, the initial electrical resis-
tance of the sensors ranged from 50 to 80 ohms as shown in inset.
Before 8 h, the response in distilled water was 1.2875, and the
response at 0.15 was 1.2467, which shows that the responses
changed irregularly with the ratio of chloride ions to hydroxyl ions.
After 8 h, the responses exhibited quasi-linear behavior with time,
and the responses dramatically changed over a [Cl�]/[OH�] of 0.6
which was known as the CTL [6,24]. In the solution with a ratio
of 0.45, the response was 11.876 after being immersed for 50 h,
and this response was similar to that of the response after immer-
sion for 10 h in the 0.90 ratio solution. This was because the
increased range of responses was different at specific ratios and
was quantized with respect to [Cl�]/[OH�] according to exposure
time. The slopes shown in Fig. 9 saturated after initial unstable
states and showed that sensors immersed in particular solution
salinities tended to be corroded at certain increasing ranges after



Fig. 9. Electrical response of encased type formwith respect to [Cl�]/[OH�] in pH 13
solution. Fig. 11. Electrical response with respect to depths from the surface in the mortar.

(Inset: the optical image of mortar specimen.)

512 H. Im et al. / Construction and Building Materials 156 (2017) 506–514
certain periods of time. Therefore, we defined the slope as the gen-
eralized the corrosion velocity. Eq. (1) is a function of the corrosion
velocity in the solution. In this equation, the units of R and R0 are
ohms, the units of t and t0 are hours, and t0 is the exposing
moment.

Corrosion velocitysolution ¼ DElectrical response
Dt

¼
ð R
R0
� R0

R0
Þ

t � t0
¼ DR

R0 � t
ð1Þ

Using Eq. (1), the corrosion velocity was calculated as shown in
Fig. 10. Each column indicated a corrosion velocity in accordance
with [Cl�]/[OH�]: 0.0104, 0.0368, 0.0968, 0.1255, 0.1541, 0.1828,
and 0.2255, respectively. The corrosion velocity could be used as
a novel parameter to compare to the salinity in the concrete. If
the embedded sensors in the concrete show a specific corrosion
velocity, it could be assumed that the sensor was corroded as if
it was immersed in a solution with conditions of a specific [Cl�]/
[OH�] ratio with the same corrosion velocity.

3.3. Mortar immersion test

3.3.1. Electrical response and corrosion velocity
Fig. 11 shows the variation in electrical response (R/R0) with

respect to the depth from the surface where chloride ions of the
Fig. 10. Corrosion velocity encased type form with respect to [Cl�]/[OH�] in pH 13
solution.
external solution penetrate through mortar. To examine experi-
ments under the conditions experienced by structures near the
sea, the external solution was adjusted to 3 wt% NaCl to simulate
sea water and sensors were selected based on their resistance
between a range of 50–60 ohms. The resistance of the sensors
increased from 50–60 ohms to 100–120 ohms due to external
stresses during the embedding process. After the sensors were
embedded within the mortar, they were very stable and experi-
enced little pitting corrosion due to the near absence of water
and air within the mortar, and measurements were also performed
once per day.

However, after the mortar was exposed to the solution, chloride
ions diffuse toward the opposite side of the specimen perpendicu-
lar from the surface. As the diffusion of chloride ions occurred
rapidly early on, the embedded sensor exhibited an increase in
resistance and after sufficient time to stabilize, the increase in
resistance was stabilized. The resistance of the sensors located
10 mm from the surface increased to 194 ohms and slowed down
after immersion for 11 days. Additionally, the closer the sensor
was located to the surface, the longer it took for the sensor to sta-
bilize [2,4]. The increased response range from the start to 10 days
was 0.59 (from 1 to 1.59) and was more than twice as large as the
increased response range from 11 days to 40 days, which was 0.27.
The electrical resistance of the sensor placed 20 mm from the sur-
face became saturated at 152.5 ohms after 9 days, while the elec-
trical resistance and response of the sensor located 30 mm from
the surface increased to 120 ohms and 1.081, respectively. In short,
sensors closed to the surface were more affected by the diffusion of
chloride ions.

Because the diffusive behavior of chloride through mortar is dif-
ficult to investigate without destructive processes, the mortar
immersion test should be compared to a condition with the known
specific chloride ion diffusion. In this study, the corrosion velocity
determined from the solution test was the known condition. When
the corrosion velocity in the solution was defined, the condition
within the solution was quite harsh to the sensors. The electrical
responses of the sensors increased rapidly within a matter of
hours; therefore hours were selected as the designated units for
the response time. To compare the corrosion velocity in solution
and through mortar, the corrosion velocity units for both experi-
ments in mortar must be the same; the units were h�1. In the mor-
tar test, the interval between measurements was 1 day; 24 h were
substituted for 1 day in Eq. (1). Therefore, the corrosion levels
within mortar could be compared to the corrosion velocity in the
solution.



Fig. 13. Chloride penetration profile in the mortar after 14 days and 42 days.
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Fig. 12 shows the corrosion velocity with respect to the sensor
depth from the surface calculated in hours. The corrosion velocities
of distilled water and a 0.15 ratio solution are depicted by blue
dashed lines in Fig. 12. The corrosion velocities were 0.0104 and
0.0368 in distilled water and the 0.15 solution, respectively. In
the case of the sensor located 10 mm from the exposed surface,
the corrosion velocity increased rapidly for 10 days prior to reach-
ing the corrosion velocity noted in distilled water after 5 days.
After 10 days, the corrosion velocity increased, although the
increase was less than the increase that occur during the previous
10 days. The corrosion velocity increased gradually and reached
the measured corrosion velocity in the 0.15 ratio solution after
approximately 40 days. After 40 days, the sensor was dramatically
corroded as if it was immersed under rapidly accelerated condi-
tion, which was over 0.15 of [Cl�]/[OH�]. The sensor located
30 mm from the surface exhibited a tendency to gradually increase
after immersion and barely reached the corrosion velocity in dis-
tilled water after approximately 40 days. When the sensor located
at 10 mm was corroded like it was immersed in a [Cl�]/[OH�] ratio
of 0.15, the sensor located at 30 mm began to corrode as if it were
immersed in distilled water. In summary, because the corrosion
behaviors due to chloride ions penetration was different depending
on the depth a single specimen [4], each embedded sensors indi-
cated a different corrosion velocity.

3.3.2. Chloride penetration profile within the mortar specimen
Fig. 13 presents the chloride penetration profile for mortar after

immersion for 14 days and 42 days. Because the corrosion velocity,
as shown in Fig. 12, is related to the corrosion tendency of a certain
environment, it was proportional to the concentration of diffused
chloride ions within the mortar, which should be a factor of the
environment. To compare with the electrical result from the sen-
sors with the real diffusion behavior of chloride ions within mortar,
the concentration of chloride ions diffused through the concrete
were obtained via a destructive method. The mortar under natural
diffusion conditions was the same as the conditions of the mortar
test. There were several factors that affected the diffusive tendency
of chloride ions within the mortar: the ratio of water to cement,
humidity within the mortar, and the temperature; however, the
exposure time was selected as a parameter within this study. The
chloride concentration was calculated from the actual chloride
mass obtained within the mortar by depth. In Fig. 13, the symbols
are the experiment results and the lines are fitting values. The
result after 14 days of immersion is shown in green, and the result
after 42 days of immersion is shown in red. The red dashed line,
orange dashed line, and yellow dashed line indicate distances of
Fig. 12. Corrosion velocity with respect to depths from the surface in the mortar.
10 mm, 20 mm, and 30 mm from the exposure surface,
respectively.

Prior to immersing the specimens in solution, the initial chlo-
ride concentration in the mortar was less than 0.0069 wt% [6] in
all parts. After immersing the specimens in solution, the initial
chloride concentration was not maintained and chloride diffusion
exhibited an exponential rate of decrease by depth. Near the sur-
face of the mortar, the chloride concentration was approximately
0.16 wt% and was nearly unaffected by the exposure duration since
there was limited chloride diffusion, which was saturated near the
surface [24]. The longer the specimen was immersed in solution,
the greater the amount of chloride penetrated the mortar. If the
specimen was immersed in solution for 14 days, chloride ions dif-
fused to 20 mm from the surface. The chloride concentration
change at 3.5 mm was the largest variation in calculated mass
and the range of increase was smaller at greater depths. The chlo-
ride concentration increased from 0.0069 wt% to 0.06488 wt% at a
depth of 3.5 mm and by 0.013% and 0.007% at depths of 11.5 mm
and 19.5 mm, respectively. The concentration difference between
3.5 mm and 11.5 mm was approximately 0.05%, and the difference
between 11.5 mm and 19.5 mm was approximately 0.005%. After
the mortar was immersed in solution for 42 days, the concentra-
tion further increased, as did the difference in the chloride concen-
tration. The chloride concentration at 3.5 mm increased by 0.088%
and was more than 12 times greater than the initial chloride
concentration.

After the specimen was immersed in solution for 42 days,
according to Figs. 12 and 13, the corrosion velocity at 30 mm in
mortar was larger than the corrosion velocity in distilled water
and the level of corrosion velocity was similar to the corrosion
velocity in distilled water. It could be assumed that the corrosion
tendency of the sensor in distilled water was similar to the corro-
sion tendency in mortar with a chloride concentration of 0.015 wt%
which shows corrosion velocity at 30 mm. This chloride concentra-
tion is higher than that obtained after being immersed for 14 days
at 10 mm. This provides the result that the corrosion velocity of
distilled water was higher than the corrosion velocity obtained at
10 mm after immersing for 14 days. The corrosion velocity at
20 mm is greater than the corrosion velocity in distilled water
but lower than 0.015 wt%. This result implied that the amount of
diffused chloride ions near 20 mm was low.

From the overall results, the specific corrosion velocity could
represent certain conditions within the mortar, and if the critical
standard of chloride content was decided [24], the corrosion veloc-
ity at that condition could be calculated. In other words, observers
could monitor the corrosion behavior from the corrosion velocity



514 H. Im et al. / Construction and Building Materials 156 (2017) 506–514
determined through sensors embedded within certain locations of
the mortar. Thus, the sensors could be a simple and effective
method to non-destructively monitor chloride diffusion within
mortar.

4. Conclusions

In this paper, a thin-film Fe sensor surrounded with an AEMwas
developed to monitor the penetration of chloride ions as a corro-
sion indicator for reinforced concrete. An ultrathin Fe layer of the
sensor was deposited at a thickness of 500 nm and was signifi-
cantly thinner than channel layers in prior studies, allowing for a
highly sensitive response as a function of chloride ions. The AEM
surrounded the whole channel, thereby affording a strong linear
response and high stability within the mortar during embedding.
When the sensor was exposed to an environment with chloride,
chloride ions corroded the Fe layer, and the electrical resistance
and response of the sensor increased. From these results, the cor-
rosion velocity was newly defined and applied as a novel parame-
ter to confirm the corrosion tendency of the condition where the
sensor was imbedded. Our sensor exhibited high reactivity, relia-
bility, and stability in mortar; observers could monitor the diffu-
sion behavior of chloride in mortar using the corrosion velocity.
Enhancements developed through this study were as follows:

(i) An ultrathin Fe layer was used as the active matrix of the
corrosion sensors, enhancing their reactivity to be corrosion
as compared to prior studies.

(ii) An AEM was applied for the passivation layer of sensor to
protect from mechanical and chemical stresses during mor-
tar embedment.

(iii) Through the capability for anions to permeate the AEM, the
sensors exhibited high linearity as a function of [Cl�]/[OH�]
in the solution.

(iv) A newly defined corrosion velocity term was a simple and
effective candidate to indicate the corrosion tendency of
the surroundings including solution and mortar.

However, there are the challenges and hurdles that need to be
overcame. Mortar usually consists of sand and cement roughly
yet concrete also includes chippings of stones and rocks. Owing
to its added elements, strength of concrete enhances relatively lar-
ger as compare to that of mortar. But there are also side effects
such as a large mechanical stress, unexpected ions injection and
so on. If the ultrathin Fe sensor is embedded in the concrete, the
sensor should stand against much bigger mechanical stresses
including irregular scratches and impacts by chippings. Also, many
negative ions can make influences to the Fe channel by passing
through AEM. The hurdles from differences between concrete
and mortar are supposed to overcome for applying to real con-
struction sites.
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