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The reinforced concrete structure in marine environment suffered from serious chloride-induced
corrosion, which resulted in the reduction in the design life of structure. With the requirement of
ultralong service life of Hong Kong-Zhuhai-Macao Bridge (120 years), stainless (SS) and epoxy coated
rebar (ECR) instead of steel were used in infrastructure typically corresponding to the splash zone.
However, the long-term corrosion performance of different steel in high pressure concrete under chloride
attack was rare reported. Herein, both SS, EC and steel after exposed to marine environment for 3 and 7
years were comparative studied. The electro-chemical tests indicated that EC exhibited the best anti-
corrosion performance with the positive open circuit potentials (OCP, -0.02 V vs CSE), lowest corrosion
current density (icorwr, 4.41x10° pAcm™) and highest polarization resistance (100834 Q). With the
increasing exposed time, the OCP of steel was slightly decreased, it is probability due to the penetration
of sea water to concrete. Inversely, the OCP of SS and ECR was increased. An abnormal phenomenon
of SS in electrochemical impedance spectrum (EIS) was observed, the impedance of SS was much lower
than that of ECR, even lower to steel. The passivation behaviors of SS and steel in concrete were further
compared.
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1. INTRODUCTION

The reinforced concrete are the most common structures that used in marine engineering, due to
the good strength, versatility, durability and economy [1]. While, the corrosion behaviour of
reinforcement always been observed on ports and bridges, especially in marine environment [2, 3]. The
reinforcement concrete suffered with corrosion media always resulted in corrosion of steel and concrete
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crack, which lead to the deterioration of structural performance directly [4]. Hong Kong-Zhuhai-Macau
(HZM) sea link project as a huge concrete structure serviced in aggressive marine environment, which
has ultra-long working life of 120 years [5, 6]. In order to maintain the requirement of service life, many
assistant measures such as high-performance concrete [7], stainless steel [8], epoxy coated steel [9] have
been used in this concrete project.

It is well known that the corrosion resistance of rebar in concrete is based on the passivation film
formed during the hydration reaction. Over past years, the corrosion and passivation behaviors of steel
in concrete under corrosion media have been reported in previous studies [10, 11]. Shi [12] and Lollini
[13] have also studied the corrosion performance of ECR and SS in marine environment, while, these
papers mainly focused on the short-term corrosion performance that resulted from accelerated corrosion
test. The effect on corrosion behavior of the ECR and SS rebars by single factor resulted from the
accelerated corrosion test cannot reflect the actual marine environment. Herein, the same HZM high
performance concrete with steel, SS and ECR are exposed to HZM service environment for 3 and 7 years.
Electrochemical technologies including open circuit potential (OCP), potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) are conducted to study their long-term corrosion
performances. The Mott-Schottky test and X ray photoelectron spectroscopy are used to detect the
characteristic of the passivation film on rebar.

2. EXPERIMENT

2.1. Materials

The detailed information of concrete material and rebar were shown in Table 1, the parameters
of different steels reinforced concrete samples were set as follow: the dimension of sample was 150mm
X 150mm X 300mm, the cover thickness was 30 mm. The element composition (wt.%) of steel (HRB400)
is C, 0.25; Si1, 0.35; Mn, 1.36; P, 0.031; S, 0.018 and Fe balance. The element composition (wt.%) of
stainless steel is C <0.08; Si <1.00; Mn <2.00; S <0.045; P <0.030; Cr, 16.00~18.00; Ni, 10.00~14.00;
Mo 2.00~3.00 and Fe balance. The rebar was connected with a cooper wire in order to test conveniently,
all the concrete samples were coated with epoxy resin except for the expose surface, which was expose
to the marine environment (Fig. 1a and b).

Table 1. Mixture proportion and rebar type of different steels reinforced concrete samples

No. Types Rebar w/c Ce(f;ze):nt Fl(}:, /zl )Sh Slag (%) S(f,l/?)d Ag(ggr/erﬁ?)t ¢
Steel-3a C45 Steel 0.35 40 25 35 40 2395
Steel-7a C45 Steel 0.35 40 25 35 40 2395

SS-3a C45 Stainless 0.35 40 25 35 40 2395
SS-7a C45 Stainless 0.35 40 25 35 40 2395
Epoxy
ECR-3a C45 coated 0.35 40 25 35 40 2395
steel
Epoxy
ECR-7a C45 coated 0.35 40 25 35 40 2395

steel
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2.2. Corrosion performance

The corrosion parameters of the marine environment around Hong Kong-Zhuhai-Macao Bridge
was shown in Table 2. The annual average temperature and average humidity were between 22.3~23.1°C
and 77~80%, respectively. The corrosion media mainly included chloride ion (CI") and sulphate ions
(SO4*) with the concentration range of 10700~17020 mg/L and 1140~2260 mg/L, respectively. In
addition, the pH values of sea water were varied with season, which range from 6.41 to 8.83. According
to the Chinese design code GB/T50476 (CNS 2008), herein the marine environment of exposure test
was classified as III-E. All the concrete samples were exposure to this environment for 3 and 7 years.

Table 2. The main characteristics of the marine environment

Temperature (°C) Humidity (%) Corrosion media (g/L)
. : - > 7— CO2(gL)  pH
Average High Low Average High Low Cl SO4 Mg
223~ 284~ 148~ 77~80 100 10 37~ 0.5~ 0.2~ 0.00~ 6.41~
23.1 28.8 159 17.9 2.2 1.2 36.35 8.83

120mm 30mm

Electrochemical
workstation

@ ®)

WE CE RE

Figure 1. Geographical location of marine exposure stations in HZM (a), splash environment (b) and
corrosion test illustration (c).

The concrete samples were taken back to the lab for further corrosion test after exposure for 3
and 7 years. The corrosion performance of the different steel in high pressure concrete were determined
by OCP, potentiodynamic polarization and EIS in an electrolyte cell (sea water as the electrolyte). The
cell consisted of a working electrode (rebar), a counter electrode (Pt) and a reference electrode
(Cu/CuS0s4, CSE) with a PARASAT 2273 electrochemical workstation operated at room temperature.
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The OCP measurement time was set as 600s. Potentiodynamic polarization tests were carried out at a
scan rate of 0.167 mV s™. The corrosion potential (Ecorr) and the corrosion current density (icor) Were
calculated using the Tafel extrapolation method. The EIS spectra were measured in a frequency range
from 10 mHz to 100 kHz with a sinusoidal AC perturbation with an amplitude of 10 mV. An ac signal
with a frequency of 1000 Hz and a peak-to-peak magnitude of 10mV was superimposed on the scanning
potential. The capacitance (C) was calculated from the imaginary component of the impedance (Z*)
using the relationship Z” = 1/2zfC, where fis the frequency. The surface morphologies of different rebar
were observed by optical microscope after electrochemical test. Passivation film of SS was invested by
X ray photoelectron spectroscopy.

3. RESULTS AND DISCUSSION
3.1. Corrosion performance

3.1.1 Open circuit potential

The OCP of different rebars were tested firstly. As shown in Fig. 2, after 3 years, the OCP curves
of steel and ECR samples were nearly to a value of -100 mV. While, the SS exhibited a more negative
OCP of -253 mV than other samples. The low OCP of SS was caused by the slowly passivation process
on the surface of stainless steel [14]. It is well known that the stainless would form an oxide film
spontaneous in the air environment. So, the passivation film of stainless steel formed in cement will take
a much longer time than steel. After exposure for 7 years, the OCP of SS was significantly increased to
-136 mV. And the OCP of ECR was also exhibited a much positive performance, inversely, the OCP of
steel was slightly decreased to -184 mV. The potential change was corresponding to the passivation
behavior. The ECR could not been passivated due to the epoxy coating, but the pore on epoxy coating
will saturated with hydration products such as Ca(OH), and enhance the barrier effect. The long-term
passivation of SS was contributed to the positive OCP after 7 years. The negative change of the OCP of
steel from 3 to 7years was due to the penetration of corrosion media.
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Figure 2. The OCP curves of the different steels reinforced concrete samples in marine solution at room
temperature.
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Table 3. Potentiodynamic measurement data of the different steels reinforced concrete samples in marine

solution
Samples OCP (V) Ecorr (V) icorr (WA/CM?)
Steel-3a -0.124 -0.152 0.162
Steel-7a -0.184 -0.167 0.084
SS-3a -0.253 -0.216 0.218
SS-7a -0.136 -0.145 0.342
ECR-3a -0.108 -0.224 4.41%107
ECR-7a -0.013 -0.079 2.37X107

3.1.2 Potentiodynamic polarization test

The potentiodynamic polarization curves of the different steels reinforced concrete samples were
shown in Fig. 3. The ECR samples exhibited the best corrosion resistance with the lowest icorr 0£4.41x10°
> nAcm? and 2.37X 10 nAcm™ respect to 3 and 7 years among all the samples. As revealed in OCP,
the intact and insulating epoxy coating was a better barrier to corrosion media than the formed
passivation film both in SS and steel. The corrosion performance of SS was similar to that of steel both
in Ecorr and icorr. However, the icorr of SS was slight high than that of steel, it mainly due to the slow
passivation process on the SS surface. As we see, the passivated film of steel will form during 28 days.
Therefore, the passivation film of steel was more thickness. According the ASTM C876 standard, the
above calculated data of potentiodynamic curves indicated that all the rebar samples were in low
corrosion risk.
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Corrosion current (Acm'z)

Figure 3. The potentiodynamic polarization curves of the different steels reinforced concrete samples in
marine solution at room temperature.
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3.1.3 The semiconductor characteristics of passivation film

In order to compare the corrosion resistance of the passivation film in steel and SS, test was
applied to detect the property of passivation film [15]. The corrosion resistance of passivated film is
related to its semiconductor properties, therefore, the smaller the point defect density of the passivation
film is, the more difficult it is for the aggressive anions (chloride ions, etc.) to adsorb into the surface
vacancy. Fig. 4 shows the Mott-Schottky curves of steel and SS rebars in high performance concrete
after exposure for 7 years. The positive slope of steel indicated that the passivation film of steel was
charactered with n type [16]. On the contrary, the slope of SS was negative, which indicated the
passivation film was p type [17]. The Np or Na of passivation films was also calculated, the value of SS
was one order of magnitude larger than that of steel, it indicated that the p type passivation film was

much more stable in this environment.
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Figure 4. The Mott-Schottky plots of steel and SS in concrete after exposure for 7 years

3.1.3 Electrochemical impedance spectrum

Fig. 5 and table 4 show the EIS spectrum and fitting data of the different steels reinforced
concrete samples, where R is the solution resistance, R; is the charge transfer resistance, Qt (or Ct) is
the constant phase element (or capacitance), Ry is the passive film resistance or the coating resistance,
Qr is the capacitance between passive film (or coating) and concrete pore solution. The impendence of
ECR was much higher than other samples, as analysed in OCP and polarization curves. As revealed in
Table 4, both the steel and SS samples were exhibited a lower charge transfer resistance R and lower
passivation film (or coating) Ry than that of the ECR samples both after 3 and 7 years. Moreover, there
was a Warburg resistance occurred in the EIS spectrum of ECR samples. The EIS spectrum indicated
the epoxy coating can provide a much better protection than the passivation film. Even though the
impendences of SS and steel was below 10* Q, the formation of passivation films was still enhance the

corrosion resistance of rebars [15].
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Figure 5. The EIS of the different steels reinforced concrete samples in marine solution at room
temperature

Table 4. EIS fitting results of different steels in in marine solution

Rt Qt Rt Qr

Samples R n¢ nf  Chisq
(Qecm?)  (Qem?) (Q1cm?s?) (Qem?)  (QLcm?s?t)
Steel-3a 100 200 1.260E-9 091 11892 3.614E-6 1 1.07E-4
Steel-7a 182 577 6.206E-10 0.93 9438 6.308E-7 0.96 1.21E-3
Rs Rt Ct Ry Qf .

Samples o0y (@em?)  (@Lem?sl)  (Qem?) (Q@lcomzsly M Chisq
SS-3a 100 521 4.515E-7 23651 8.618E-9 1 3.91E-3
SS-7a 100 638 5.728E-7 34352 6.214E-9 1 4.68E-3

ECR-3a 100 3786 1.198E-6 2.846E7 1.044E-9 1 2.54E-3

ECR-7a 122 4865 1.241E-9 2.986E7 5.533E-10 1 6.23E-3

3.2. Surface morphology and chemical composition

The surface morphologies of different rebars after corrosion test were further observed by optical
images. As shown in Fig. 6, the corrosion products were observed on the black steel, it is contrary to the
passivation behaviour revealed in polarization curves. These conflicting results were due to the anode
polarization during the electrochemical test. The SS sample exhibited a stable morphology on the surface,
no corrosion phenomenon was occurred, it may contribute to the stable passivation film. The surface of
ECR was much more stable than other samples, the epoxy coating was still kept well gloss and intensity.
However, the small crack and black site were observed on the epoxy coating after carefully detected. It
is probably due to the high temperature produced by cement hydration reaction in the casting process
[18]. The small crack will degrease the barrier effect of epoxy coating as the second protective film,
because the bar under coating could not been passivated in concrete [19]. After exposure to marine
environment for 7 years, all the rebars exhibits good anti-corrosion behaviour. both steel and SS were
well passivated on the surface of rebar, the passivation film of SS was much more stable than that of the
steel.
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Figure 6. Surface morphologies of the different steels reinforced concrete samples after electrochemical
test
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Figure 7. The X-ray photoelectron spectra of the Fe 2p, Cr 2p, Ni 2p and O 1s (b) for the passivation
film of SS sample.

As illustrated in Fig. 7, Fe element was both existed in metal, oxides and hydroxides, the peaks
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with binding energies of 711.6 eV are corresponding to the components of hydroxides. The other two
peaks with binding energies of 710.2 eV and 709.3 eV corresponding to the Fe oxides [20], respectively.
The Cr also exhibited the similar oxidation behavior on the passivation film of SS sample, as we can see
in the Fig. 7b, two peaks on behalf of Cr**ox and Cr’**hy were both observed [21]. In addition, a small
amount of Ni oxides was also observed. It is well known that the Cr and Ni oxide helps to enhance the
density and intensity of the passivation film when exposure to the aggressive chloride solution [22].

4. CONCLUSIONS

The passivation and corrosion behaviours of different rebars in high performance concrete under
marine environment were comparative studied. The results indicated that the OCP and Ecorr of rebars
were slightly shift to more positive with increasing the exposure time from 3 to 7 years. The ECR
exhibited the best anti-corrosion performance with the much lower icor of 10° pAcm? than steel and
stainless steel. The passivation behaviour of steel was in contrast with that of SS, which characterized
with a p type passivation film. The oxide and hydroxide of Cr formed in SS help to make a more stable
passivation film than that of Fe.
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