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Multi-electrode technique named as wire beam electrode (WBE) was used to study pitting corrosion of rebar
under concrete cover. When WBE embedded mortar sample was immersed in NaCl solution, uneven distri-
butions of galvanic current and open circuit potential (OCP) on the WBE were observed due to the initiation
of pitting corrosion. The following oxygen depletion in mortar facilitated the negative shift of the OCP and the
smoothing of the current and potential distributions. Wetting–drying cycle experiments showed that corro-
sion products instead of oxygen in wet mortar specimen sustained the propagation of pitting corrosion due to
Fe (III) taking part in cathodic depolarization during oxygen-deficient wet period, which was confirmed by
micro-Raman spectroscopy. In addition, new pitting corrosion occurred mainly near the corrosion products,
leading to preferentially horizontal propagation of rust layer on theWBE. A localized corrosion factorwas further
presented to quantify the localised corrosion based on galvanic current maps.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon steel rebar embedded in concrete is passive by forming a
thin layer of hydroxides due to the concrete alkalinity [1,2]. Considering
marine exposure conditions and extensive use of de-icing salts inmany
countries, chloride induced corrosion is one of themost common causes
of degradation of reinforced concrete structures [3,4]. In the presence of
aggressive ions (mainly chlorides), the passive film on steel is damaged
and the corrosion rate become significant [5]. On the other hand, CO2

reacts with the alkaline compounds in the pore solution of concrete
leading to pH decrease and consequent loss of passivation of the rebar
[6,7].

The corrosion of carbon steel in concrete is highly heterogeneous in
the initial period of corrosion. As one of the most common corrosion,
pitting corrosion (a type of localized corrosion) is prone to take place
in the area with sufficient chloride ions and low pH or physical hetero-
geneities such as inclusions, lattice or mill-scale defects and grain
boundaries [8]. In addition, the concrete compactness and some envi-
ronmental factors (natural environment such as oxygen content,
humidity, temperature, acid rain or even microorganisms, etc.) can
influence the initiation of pitting corrosion. Once a pit initiates, it may
propagate rapidly [9].

Electrochemical methods such as half-cell potential, linear polari-
zation resistance (LPR) and electrochemical impedance spectroscopy
(EIS) were introduced for corrosion monitoring of rebar underneath
concrete cover. However, these conventional methods could only
.
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provide general information of rebar corrosion rather than the initia-
tion andpropagation information of the localized corrosion on the rebar
surface. A multi-electrode technique (also called wire beam electrode,
WBE) composed of a large number ofwire electrodes arranged together
compactly was successfully applied in studies of heterogeneous corro-
sion [10]. WBE can simulate the electrochemical processes on a one-
piece electrode by continuously mapping the potential and galvanic
current on the surface of WBE [11], it can provide clear potential and
current distributions, indicating the local cathodic and anodic areas on
WBE under concrete cover.

Corrosion products of steel in concrete is a complex mixture of
goethite (α-FeOOH), magnetite (Fe3O4), wustite (FeO), maghemite
(γ-Fe2O3) and/or oxyhydroxide (lepidocrocite, γ-FeOOH) [12,13].
The balance between iron oxides mainly depends on the accommoda-
tion of local oxygen content, Cl− and moisture [13,14]. Wang et al.
found that the β-FeOOH in corrosion products could be reduced into
FeO by consuming electrons from the anodic dissolution of carbon
steel [15]. Wong et al. [16] found that corrosion products could accu-
mulate at the steel/concrete interface as well as penetrate cement
paste. Depending on levels of oxidation, corrosion products have spe-
cific volumes ranging from about two to six times that of the iron con-
sumed [17]. Due to the expansive stress of rust layer, long and wide
cracks can be formed in concrete, facilitating the ingression of Cl−

and CO2 and accelerating the corrosion of rebar. Particularly, dense
rust layer on rebars could hinder corrosion inhibitors to migrate and
adsorb on the surface of rebars, leading to a significantly decrease of
inhibitive efficiency [18].

However, there are few studies on the propagation of corrosion
products and the diffusion of corrosion inhibitors along the interface
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of rebar/mortar. Therefore, this work aims at in-situ tracking the
initiation of pitting corrosion and the propagation of corrosion prod-
ucts based on the potential and current distributions on WBE. In
addition, the compositions of corrosion products were confirmed by
micro-Raman spectroscopy [19–21].
Fig. 2. Schematic circuits of a multichannel zero resistance ammeter (ZRA) applied to
map the potential and current distributions of WBE embedding in mortar.
2. Experimental

2.1. Material and methods

AWBE was fabricated of 100 identical wires (1.4 mm diameter) of
Q345Bmild steel with a total working area of 1.54 cm2, all wires were
arranged regularly as 5 × 20 rectangle array and embedded in epoxy
resin with an interval of 0.3 mm from one another for electric insula-
tion (Fig. 1) [22,23]. The rectangle WBE was adopted for studying
the lengthwise diffusion process of chloride ions. The chemical com-
position of Q345B steel (wt.%) is: C 0.18, Mn 0.42, Si 0.30, P ≤ 0.035
and S ≤ 0.035, Fe balance. The exposed face of WBE was polished
subsequently with 400, 800 and 1000 grit SiC paper and cleaned
with deionised water and ethanol.

Fig. 2 shows schematically the electric circuits for the measurement
of potential and galvanic current distributions on WBE via a multi-
channel zero resistance ammeter (ZRA) (CST520, Corrtest). The poten-
tial distribution of WBE is mapped by measuring sequentially the
open circuit potential (OCP) of a chosen wire electrode (Wj) against a
saturated calomel electrode (SCE) as reference, with Wj temporarily
disconnected from the WBE. The current distribution is mapped by
measuring the galvanic current between Wj and all other inter-
connected wire electrodes, with Wj and all other interconnected wire
electrodes being connected to the positive and negative poles of the
ZRA, respectively. During non-test period, all wire electrodes in the
WBE were interconnected together so electrons could move freely
between wires to simulate electrochemically a conventional one-piece
electrode.

The mortar specimens were cast with ordinary Portland cement/
standard sand (ISO679 EN 196-1)/water at a mass proportion of
1/2.5/0.5 [24]. Fresh mortar was compacted by a lab vibrator, with
the WBE being mounted at the centre of a 60 × 40 × 40 mm rectan-
gular mortar specimen, as shown in Fig. 3. After 24 h setting time, the
mortar specimen were de-moulded and cured in water for 28 days.
The WBE embedded mortar specimen was then inserted in the mid-
dle of a 150 × 40 × 40 mm glass fibre reinforced epoxy resin con-
tainer, and the gap between the lateral sides of mortar specimen
and the container was sealed by epoxy resin paste to ensure that
Cl− ions in the left bath only diffuse through the mortar specimen
to the right bath without any leakage through gaps. Prior to measure
the potential and current maps of WBE, both baths of the container
Fig. 1. 5 × 20 rectangular shape wire beam electrode (WBE).
(Fig. 3) have been full of saturated Ca(OH)2 solution for 3 days to
ensure that the mortar was fully saturated with Ca(OH)2.

Two routines were employed to accelerate corrosion of the WBE.
The one was conducted with the left bath filled with 3% NaCl solution
and the right bath with saturated Ca(OH)2 solution during whole test.
Another routine was carried out under wetting–drying cycle with
drying to wetting period at 24 h: 24 h at 50 °C in a test chamber.
During drying period, the mortar specimen was put into the chamber
after solutions in the two baths drained off. During wetting period,
the left and right baths were refilled with 3% NaCl and saturated
Ca(OH)2 solutions respectively, and 2 h later the potential and cur-
rent distributions of WBE were mapped by ZRA.

After electrochemical tests were completed, the WBE-embedded
mortar specimens were broken apart to expose corrosion products,
and then the WBE samples were immediately transferred into a
nitrogen-filled container to prevent oxidation of corrosion products.
The corrosion products were analyzed by a DXR laser Raman micro-
scope (Thermo scientific, USA) in 24 h. The spectra were excited
with 532 nm radiation from a 35 mW air-cooled He-Ne laser and the
laser beam was focused on the sample by an × 80 lens to give a spot
size of ca.1 μm. The laser power was always kept below 0.7 mW to
avoid sample degradation.
Left bath 
Right bath

Fig. 3. Configuration of electrolytic container and installation of WBE-embedded mor-
tar sample with the working surface of WBE facedown, RE represents saturated calo-
mel electrode (SCE).
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2.2. Analysis on the galvanic current of WBE

Galvanic current between wire electrodes is indicative of localized
corrosion [25]. According to Evan diagram [8], Fig. 4 shows schemat-
ically the galvanic current between the jth (j = 0–99) wire electrode
(Wj) in the WBE and the rest wire electrodes (WR) interconnected
through the ZRA, and the dependence of the general potential Eg of
WBE on the OCP of the jth electrode Wj (Ej,corr). The anodic and
cathodic current of each wire electrode can be expressed as Eq. (1).

Ij;a ¼ Ij;corr exp
Eg;j−Ej;corr

βj;a

 !
; Ij;c ¼ Ij;corr exp −

Eg;j−Ej;corr
βj;c

 !
ð1Þ

where Ij,a, Ij,c are the anodic and cathodic currents from Wj, βj,a, βj,c

the Tafel slopes of anodic and cathodic reactions on Wj, Ij,corr, Ej,corr
are the corrosion current and corrosion potential of Wj, respectively.
Eg represents the general potential of the WBE with all wires
interconnected together. The measured galvanic current Ig,j is the
difference of the Ij,a and Ij,c, i.e. Ig,j = Ij,a − Ij,c. In addition, the mortar
resistance forms an Ohmic (IR) drop between the potentials ofWj and
WR, i.e. Eg,R − Eg,j = Ig,j × R.

According to Eq. (1), the galvanic current Ig,j is actually equal to
the polarization current just like that potential Eg,j was applied on
the wire electrode Wj. The direction of potential difference between the
wire electrode Wj and the rest wire electrodes of WBE determines the
galvanic polarity ofWj (anode or cathode) [26].

2.3. Quantification of Localized corrosion

WBE technique has been applied to study heterogeneous corrosion
beneath coating [27], biofilms [10,28], soils [29], etc. However, most
researches merely provided qualitative descriptions on the localized
corrosion but failed to give a quantitative estimate on it. To describe
the degree of localised corrosion based on the current statistics of
wire electrodes, we prefer a so called “localized corrosion factor (LF)”,
as shown in Eq. (2).

LF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNa

j¼1

Iaj;g
� �2= X100−Na

i¼1

Ici;g
� �2vuut � Nc

Na
ð2Þ
Fig. 4. Schematic formation of galvanic current between wire electrodes in WBE by Evans
diagram. Wj, WR represent the jth wire and the rest wires in WBE, Eg, Eg,R and Eg,j are the
coupled potential of the whole WBE,WR andWj, respectively. ER and Ej are the OCPs of the
WR andWj, Ij,a, Ij,c, IR,a and IR,c are the anodic and cathodic current ofWj andWR, respectively.
Where Na, Nc are the total number of wire electrodes with anodic
and cathodic current values, respectively. The sum of Na and Nc is
apparently the total number of wire electrodes in the WBE. Ij,ga , Ii,gc are
the galvanic values corresponding to the jth anodic and the ith cathodic
wire electrodes, respectively. As mentioned before, the sum of anodic
currents is equal to that of cathodic currents in theWBE, but the anodic
regions may occupy less area compared to the cathodic regions when
localized corrosion occurs. Thus the higher anodic density and lower
cathodic density lead to a higher LF value, and the LF index would be
therefore a good indication to the degree of localized corrosion.

2.4. EIS measurement for WBE

Electrochemical impedance spectrum (EIS) measurement was
conducted to obtain exact corrosion information of each single wire
in the WBE. EIS were measured by CS350 electrochemical worksta-
tion (Corrtest, China) with SCE as RE and a 40 × 60 mm stainless
sheet as counter electrode (CE) installed in the left bath. A 10 mV
sinusoidal signal over frequencies ranging from 100 kHz to 10 mHz
was applied to the wire electrode around the OCP after it was discon-
nected from the WBE.

3. Results

3.1. Corrosion behaviour of WBE in 3% NaCl solution

3.1.1. Potential and galvanic mapping
Fig. 5 shows the potential and current maps of the WBE with time

after Ca(OH)2 solution in the left bath of the container (Fig. 3) was
replaced by 3% NaCl solution. In the beginning (0 day), the mortar
was free of Cl− ions, the uppermost map in Fig. 5a shows that all
wire electrodes are completely passivated, the potential distributions
(−213.6 mV to −205.5 mV) are almost homogeneous, except that
potential values at the WBE margins are slightly more positive due
to higher oxygen content in the periphery of specimen.

Generally, the presence of chloride ions will shift the OCP of mild
steel negatively [6]. After the solution in the left bath was replaced
by 3% NaCl, several negative potential peaks appear in 3 days, along
with a negative shift of the general OCP of the WBE from −210 mV
to −250 mV, as shown in Fig. 5a. Meanwhile, anodic current
was found on the wire electrodes with more negative potential.
Since the OCP values of each wire electrode is more positive than
−250 mV, the whole WBE should be passivated, which is confirmed
by the weak galvanic current fluctuation in the upper plot of Fig. 5c.
During the first 15 days, it is seen that the amplitude and frequency
of the anodic current peaks increase with time and decease with dis-
tance from the NaCl containing bath (Fig. 3). Particularly, the left side
in Fig. 5c has statistically more frequent and stronger anodic current
peaks than the right side due to the left bath contains higher Cl−

ions concentration than the right one. These strong current peaks
suggest that pitting corrosion possibly initiates on the WBE. Never-
theless, there is still an exception that a stronger anodic current
emerges on the wire electrode at column 15 row 4 on day 3, which
might be attributed to that the surface defects or inclusions (MnS or
carbide) other than chloride ingression induce pitting corrosion on
this wire electrode.

However, after 17 days, the general OCP of the WBE shifts nega-
tively to ~−513.0 mV, suggesting that the WBE could be deprived
of passivity. With the negative shift of the general OCP, the potential
differences among all wire electrodes deceases (from top to bottom of
Fig. 5b). Meanwhile, the anodic current peaks in Fig. 5d also attenuate
after 17 days. As a matter of fact, since the dissolved oxygen diffuses
through micro pores much slower than gaseous oxygen [30], once
the mortar specimen was immersed in NaCl solution, water would
penetrate and suffuse the micro pores in the mortar, thus the diffu-
sion rate of oxygen in the mortar could fail to match the consumption
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Fig. 5. Time dependence of the potential (a,b) and galvanic current (c,d) distributions on the WBE surface, the corresponding days of immersion (such as 15 d) and potential
extreme values (such as −492.5 mV to −450.2 mV) are listed at the right side of every subplot.
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(reduction) rate of oxygen, resulting in a severe depletion of oxygen
in the mortar. Meanwhile, the anodic current of wire electrodes was
mainly maintained by the cathodic reduction of residual oxygen in
the mortar. After the dissolved oxygen in the mortar was exhausted,
the anodic current attenuates quickly and the general OCP of the
WBE moves negatively. Notice that the centre of the WBE has a
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stronger negative shift of OCP than the edges, indicating that the cen-
tral region of the mortar specimen has lower oxygen content due to
longer diffusion distance. After 25 days of immersion, the general
OCP of the WBE moves negatively to −572 mV and the potential dif-
ference among wire electrodes decrease quickly (Fig. 4b), suggesting
that the oxygen in the mortar could be completely depleted, which
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not only smoothen both the potential and galvanic current maps, but
also decrease the current amplitude dramatically.

In order to quantify the intensity of localized corrosion of rebar
in mortar, LF values are calculated based on the current distribution
in Fig. 5. The LF values and the general OCP of the WBE are plotted
versus time in Fig. 6. It is seen that the LF value increases to its
maximum (6.0) in 12 days, suggesting that the localized corrosion
aggravates with time. However, after 12 days, the LF value gradually
decreases to ca. 1, indicating that the heterogeneous corrosion
Fig. 8. Evolution of potential (a, c) and current (b, d) distrib
mitigates. In the later stage of immersion, the depletion of oxygen
in the mortar leads to a strongly negative shift of the general OCP
and the attenuation of the anodic current, leading to the remission
of the localised corrosion of WBE. Furthermore, Fig. 6 can be divided
into three zones according to the general OCP value based on the
ASTM-876C standard [31]. When the OCP is higher than −250 mV, no
apparent corrosion occurs, when the OCP fluctuates between−250 mV
and −500 mV, localized corrosion initiates. When the OCP is
lower than −500 mV, it is believed that cathodic depolarization is
utions of WBE in mortar during wetting–drying cycle.
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remarkably inhibited due to oxygen depletion, resulting in the neg-
ative shift of OCP.

3.1.2. EIS of wire electrodes
Considering the emerging time and amplitude of anodic current in

Fig. 5c, all electrodes inWBE can be classified as stably corroding elec-
trode Wst (anodic current arising early), incipiently corroding elec-
trode Win (anodic current arising lately) and passive electrode Wpa

(no anodic current throughout the test). For example in Fig. 5c, the
wire electrode W5,3 (representing the two-dimensional coordinate
at column 5 row 3 in the WBE) can be regarded as Wst in view of
that its anodic current emerged early on day 3. Similarly, the elec-
trode W10,3 can be regarded as Win in view of its lately emerging
anodic current.

In order to clarify the difference of corrosion behaviours of Wst,
Win and Wpa at the end of mapping test of 30 days, three wire elec-
trodes representing Wst, Win and Wpa were chosen for EIS measure-
ment. EIS of each wire electrode was conducted just around its OCP
other than the general OCP of WBE. Fig. 7 shows that Wst has the
smallest impedance circle at high-frequency region and exhibits the
characteristics of oxygen diffusion control due to the linear Warburg
impedance at low-frequency region, indicating that Wst suffers seri-
ous corrosion, which is proven by the severely rusty wire electrode
after the mortar cover was removed. On the other hand, the passive
wire electrode Wpa has a large impedance circle, suggesting that
the passive film on this electrode exhibits good corrosion resistance
although its OCP below −600 mV. As expected, the corrosion resis-
tance of the wire electrode Win is just between Wst and Wpa. In addi-
tion, when all wire electrodes in WBE are interconnected together to
form a one-piece working electrode, EIS of the WBE is also character-
istic of typical Warburg diffusion impedance, further confirming that
the WBE is under oxygen diffusion control.

3.2. Corrosion behaviour of WBE during wetting–drying cycle

3.2.1. Potential and galvanic mapping of WBE
Wetting–drying cycle has been widely applied to accelerate corro-

sion of rebar [32]. Generally, the diffusion of oxygen in water is much
slower than in air. During wetting period, the oxygen content in the
pore solution of mortar will decrease due to the cathodic reduction
of oxygen, but during the drying period, the decreasing water content
in the mortar would facilitate oxygen diffusion process [30]. Thus, the
increasing oxygen could react with steel and rebuild the passive film
of rebar in case that Cl− content in mortar is lower than a threshold.
If the Cl− content exceeds the threshold, higher oxygen level may
accelerate the localized corrosion of rebar during the following wet-
ting period.

Fig. 8 shows the evolution of heterogeneous corrosion on the WBE
embedded in mortar during wetting–drying cycle. In the first wetting
period (24 h), an anodic zone (corresponding to more negative
potential in Fig. 8a and more positive anodic current in Fig. 8b)
emerges at the wire electrode W6,3. On day 3, the anodic current
zone shifts to W7,3 from W6,3. From day 3 to day 13, the anodic zone
expands gradually, indicating a slow propagation of rust layer. How-
ever, after the 19th day, the successive current maps in Fig. 8d
show that the earlier formed anodic zone (including wire electrodes
W6,2, W6,3, W7,2, W7,3) gradually turn into cathodic zone, and a new
anodic zone forms at the nearby electrodes W4,3, W5,3, W5,2. Based
on the current maps, this polarity conversion seemingly suggests
that the corrosion on the early corroded zone is inhibited in view of
its cathodic current. Nevertheless, the potential maps in Fig. 8c
reveal that the “cathodic zone” exhibit more negative OCP than
other zones, indicating that the anodic zone according to potential
maps is inconsistent with that according to current maps. For in-
stance, the wire electrode W7,3 exhibits stronger cathodic current,
but its potential is more negative than others. This conflict suggests
that the early formed corrosion products (Fe2O3) covering the wire
electrodeW6,2,W6,3,W7,2,W7,3 could take part in the cathodic reduc-
tion as electron acceptor. Interestingly, from Fig. 8d, it is also seen
that the strongest anodic zone is always adjacent to the strongest
cathodic zone in the current maps, which is possibly attributed to
that the high ohmic resistance of mortar limits the further transfer
of current flow. Therefore, the anodic current is generally consumed
by the cathodic reduction of O2 on the wire electrodes nearby the
corroded wire electrodes.

In order to verify the conversion of current polarity of the corrod-
ed zone, the WBE-embedded mortar sample was again immersed in
3% NaCl solution for 200 min and then dried naturally in air, the
galvanic currents from thewire electrodeWin andWstwere successively
monitored during this wetting–drying process, the time-dependent
current curves are shown in Fig. 9. It can be seen that both current
curves start at higher anodic currents in the beginning of immersion
and then decrease gradually with the depletion of dissolved oxygen in
the mortar. Interestingly, the galvanic current from the Wst even turns
into cathodic after 100 min of immersion.

Galvanic current generally reflects the net result of anodic and
cathodic reactions on a single wire electrode. In the presence of oxygen,
the anodic dissolution of rebar could produce FeOOH (lepidocrocite)
according to Eqs. (3) and (4). However, when the sample was im-
mersed in NaCl solution, FeOOH could be reduced into Fe3O4 (magne-
tite) due to the lower oxygen level according to Eq. (6) [33]. Once the
reduction current from the corrosion products covering Wst (Eq. (6))
exceeds the dissolution current of Wst (Eq. (3)), the measured current
from Wst will become cathodic, as shown in Fig. 9.

Oxidation : Fe→Fe2þ þ 2e− ð3Þ

2Fe2þ þ 1=2O2 gð Þ þH2O lð Þ→2FeOOH sð Þ þ 4e− ð4Þ

Reduction : O2 gð Þ þ 2H2O lð Þ þ 4e−→4OH− ð5Þ

8FeOOH sð ÞþFe2þ þ 2e−→3Fe3O4 sð Þ þ 4H2O lð Þ ð6Þ

On the other hand, the net current from Win is always anodic,
which is possibly attributed to that the reduction current from iron
oxides (FeOOH or Fe2O3) is less than the anodic current from the dis-
solution of Win due to no enough reducible corrosion products on the
surface of Win.

After the WBE has been taken out and dried in air for 60 min, the
wire electrodeWst recovers its anodic polarity, suggesting that the re-
duction of replenished oxygen on other wire electrodes predominates

image of Fig.�9
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again over that of the corrosion products on Wst in the WBE. Mean-
while, Fe2+ ions of corrosion products will be oxidised into Fe3+

ions according to Eq. (4), i.e. the corrosion products on Wst will
restore their oxidability and act as cathodic depolariser during next
wetting period.

Fig. 9 also shows that both anodic currents from Win and Wst in-
crease with time during the following drying period, indicating that
the increasing oxygen level promotes the dissolution of the corroded
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diameter) of micro Raman analysis. The Raman spectra of corrosion products on the corres
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electrodes. The higher anodic current from Wst than that from Win is
also consistent with the lower impedance of Wst in Fig. 7. In addition,
along with the current polarity inversion ofWst, the LF value increases
quickly to the highest in the wetting period, which is possibly due
to that the anodic current becomes more concentrated on the Win,
as shown in Fig. 8b. However, during the drying period, the LF value
decreases with time and stabilizes eventually, suggesting that the
current distribution on the WBE becomes uniform due to that the
increase in the overall anodic currents of WBE reduces the fluctuation
range of current. Thus, the LF index may reflect the heterogeneity of
apparent anodic current.

3.3. Analysis of corrosion products

Fig. 10 shows the distribution of corrosion products on wire elec-
trodes after mortar layer on the WBE was removed. Fe2+ ions from a
corroding wire electrode (such as W6,3) diffuse out through pores in
the mortar, then react with OH− ions and O2 in pore solution, forming
insoluble corrosion products [16]. Corrosion products accumulate
mainly in the micro pores along the steel/mortar interface, the
resulting volumetric expansion gives rise to the propagation of cracks
and a further inclusion of aggressive species [34], which would exac-
erbate the corrosion of rebar. According to our previous work [35],
when corrosion products spread to a vicinal uncorroded (passive)
wire electrode (such as W5,3, W4,3 in Fig. 8), it would initiate pitting
corrosion of the passive wire electrode due to the high Cl− ion level
around it, since the corrosion products have a strong Cl− ions adsorp-
tion and cathodic depolarization ability.

Raman spectroscopy has been widely applied to analyse corrosion
products [19,36]. Fig. 11a and b shows the laser focus areas for
micro-Raman spectra analysis on the wire electrodes Win (i.e. W5,3)
1500 2000
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b1:α-Fe2O3

a2:Fe3O4
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d wire electrode Wst (b) on the WBE. The arrowed mark indicates the focus (ca. 1 mm
ponding wire electrodes are showed with a1, a2 and b1, b2 representing the analytical



Fig. 12. Equivalent circuit of the WBE-embedded in mortar, each wire electrode
(W1,W2,Wj) is represented by a subcircuit, where Zw,j, Rct,j,HCj and Cdlj are the Warburg
component, charge transfer resistance, half cell and double layer capacitance in the jth
subcircuit, respectively. RH,j, CH,j and Rs are the mortar resistance, mortar capacitance
and solution resistance respectively.
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and Wst (i.e. W6,3). It is seen that the corrosion product on Win looks
like black but that on Wst looks like yellowish, suggesting that the
latter could be further oxidised into hematite (Fe2O3). The micro-
Raman spectra are shown in Fig. 11c, where the intense band at
1320 cm−1 is assigned to a two-magnon scattering arising from
anti-ferromagnetic structure of hematite [36]. Characteristic peaks at
665–680 cm−1 are attributed to the magnetite, and low intensity
bands (124, 225, 292, 405 and 463 cm−1) are attributed to the hematite
phase. It confirms that the main composition of rust layer is α-Fe2O3

on Wst, and Fe3O4 on Win.

4. Discussions

The mismatch of potential and current maps in Fig. 8 was rarely
reported because most researches about WBE technique focused
only on the corrosion in electrolytic solution [29]. However, the cor-
rosion behaviour underneath concrete cover is totally different due
to the high diffusion resistance and heterogeneity of cement phase.
Fig. 13. The schematic diagram of spreading corrosion products in a wetting–drying cycle, th
symbols of “+” and “−” representing the anodic and the cathodic current, respectively.
Fig. 12 shows an equivalent circuit for the coupled WBE, where
each wire electrode is represented by a subcircuit and all subcircuits
are interconnected parallelly through ZRAs. A half-cell HCj is intro-
duced to represent the electrochemical half reaction on jth wire elec-
trode. The driving force of the current flows in/out a wire electrode
depends on the potential difference between half-cells and the
impedance of each subcircuit. During the anodic dissolution of Wj,
electrons will flow out of Wj to other wire electrodes having a lower
loop ohmic resistance (RH,j) to Wj. Generally, the ohmic resistance
through mortar determines how far the current flow travels. There-
fore, wire electrodes very close toWj often consume much more elec-
trons from Wj via oxygen cathodic reduction, as shown in the current
maps of Fig. 8d. However, during the wetting period, oxygen deple-
tion not only makes the general OCP of WBE shift negatively
but also inhibits the cathodic reaction of corrosion. Then FeOOH or
Fe2O3 in corrosion products instead of oxygen will take part in the
cathodic reaction as reducer. If the cathodic current from the reduc-
tion of Fe (III) oxides exceeds the anodic current from the dissolution
of a wire electrode, the wire electrode would exhibit net cathodic
current, as shown in Fig. 8d.

Fig. 13a proposes a model for the corrosion propagation on WBE.
During the drying period, micro pores in mortars will lose partially
water and be refilled with air. Increasing oxygen content then accel-
erates the corrosion of both Wst and Win and the oxidization of
Fe (II) oxides of corrosion products. By using the isotopic tracer
method (18O), Burger et al. also demonstrated that 18O were mainly
enriched at the metal/corrosion product interface, indicating the
oxidation of magnetite at the inlayer of corrosion product [13]. Dur-
ing the wetting period (Fig. 13b), the micro pores are saturated by
water, resulting in the depletion of oxygen at the interface of mor-
tar/steel. Thus, Fe (III) oxides (FeOOH) covering the wire electrodes
Wst replace oxygen as a cathodic depolariser to maintain the corro-
sion. Furthermore, an occluded zone may form between the accumu-
lated corrosion product layer and the steel base during wetting–
drying cycle [37]. Hence, the so-called “auto-acidulation effect” will
accelerate corrosion of the wire electrodes Win.

Fe2+ ions can spread out along the micro pores of mortar, and
then react with dissolved oxygen or OH− ions to form corrosion pre-
cipitate. Considering that the corrosion products have strong Cl− ion
absorbability [35], once the concentration ratio of enriched Cl− to
OH− ions exceeds a threshold around the corrosion products, it pos-
sibly initiates new pitting corrosion on the passive wire electrodes
in touch with the corrosion products [35]. Thus, new corrosion site
grows and merges with the old corrosion sites, resulting in horizontal
expansion of corrosion area along the interface of mortar and rebar,
as shown in Fig. 10.
e arrow representing direction of electron transfer during the redox of Fe(III)/Fe(II), the

image of Fig.�12
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5. Conclusion

A wire beam electrode (WBE) technique was applied to study the
localized corrosion of rebar under mortar cover. The immersion test
showed that the general OCP of wire electrodes embedded in mortar
shifted negatively with time due to the oxygen depletion. Meanwhile,
potential and galvanic current distributions of the WBE also tended to
be flat due to the attenuation of the cathodic depolarization in wet
mortar. In addition, a lower LF value deduces that the heterogeneity
of rebar corrosion in underwater concrete may be mitigated due to
the limited oxygen content.

Wetting–drying cycle can promote the corrosion of WBE in mor-
tar. FeO or Fe3O4 in corrosion products can be oxidised to FeOOH by
oxygen in the drying period and then be reduced into Fe (II) oxides
in the wetting period, i.e. the corrosion products can replace partially
dissolved oxygen to maintain rebar corrosion in oxygen-deficient wet
mortar.

Corrosion products can initiate new pitting corrosion on the sur-
face of passive wire electrodes, but the high ohmic resistance of mor-
tar limits the galvanic current travelling to farther wire electrodes,
leading to that the strongest anodic zone often emerges nearby the
strongest cathodic zone along the interface of rebar and mortar.
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