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The general corrosion processes of mild steel causeldebytroduction of chloride ions and sulfate

ions in simulated marine environment were studied by the measurements of open circuit potential
(OCP), linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS)
methods. Moreover, warbeam electrode (WBE) was employed to evaluate the action effects of both
sulfate and chloride ions for the propagation of localized corrosion in the simulated pore solution.
OCP, LPR and EIS measurement results indicated that in simulated marine eewircuifate ions

only had slight influence for the passive film compared to chloride ions which could rapidly destroy
the passive film on the steel surface. Meanwhile, sulfate ions could also decrease the corrosion rate o
the steel in chloridénduced carosion process. Furthermore, WBE test results revealed that localized
corrosion behavior was mitigated by the introduction of sulfate ions in simulated marine environment.
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1. INTRODUCTION

Concrete is one of the most widely consumed construction material in the world. Steel
reinforcements in concrete struct uffesris oxige layeru s u e
due to the high alkalinity of the pore solutiff]. Consequently, the corrosion rate of the steel in
concrete is always quiet low. However, failures of the steel in various concrete structures such as
tunnels, bridges and dams have been detected due to the ingression of pollution ions which are usuall
introduced by the acid rain or overuse ofideg salts[2]. In particular, the steel in the concrete
structures which are under marine environment may suffer higher corrosion risks due to the high
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concentrations of the pollution ions such as chloride ionssaifdte ions in sea water. The passive

film on the steel surface will be damaged by the aggressive ions and localized corrosion will initiate on

the steel surfaci8-7]. Once localized corrosion attacks occur, pits or crevices on the steel surface may

propagate rapidly and eventually leads to the failure of the struf@ur&herefore, it is important to

know the effect of aggressive ions in the seawater on the corrosion behavior of the steel reinforcement.

Traditional methods of studying the corrosionhé#gor of reinforcement include liner
polarization resistance (LPR), electrochemical impedance spectroscopy (EIS) acellhadtential
techniques [A4]. For instance, LPR method has been applied to determine corrosion current density
of buried electrod. EIS has also become an effective technique for the evaluation of the steel
corrosion and its inhibition in concrete condition based on equivalent circuit analysisceHalf
potential measurements are always used in the anodic sensor ladder systecawimnap corrosion
potential of the steel embedded in different locations of the concrete structure. Although these
electrochemical measurements are useful and having rapid response to the corrosion monitoring o
buried steel, they are often hard to perfadue to the high electrical resistance of the thick concrete
layer on the steel surface. As LPR and EIS can only provide general corrosion information due to their
measurement principle, localized corrosion caused by the degradation of the passivdifiloulisto
be evaluated based on these traditional methods. In recent res¢bbeP@f the wire beam electrode
(WBE) has been applied for the study of localized corrosion behavior in various tests. WBE can
simulate the corrosion processes on a sitedlanepiece electrode by continuously mapping the
potential and galvanic current on the surface of WBE. Because no polarization was applied on the
WBE surface, it can be used as arsiitn technique for the monitoring of localized corrosion in
concrete suctures.

Based on the electrochemical techniques mentioned above, the corrosion behaviors of
reinforcement steels caused by chloride and sulfate ions have been studied in considerable tests. |
Kastur i e §2§], bare seel xoupohs were directiyniersed into the solution contained with
sulfate ions and chloride ions, respectively, without prepassivation. Serious pitting corrosion patterns
were observed on the surfaces of the steel coupons exposed to both solutions. It was also found thz
adding slfate ions into the chloride ions contained pore solution could further enhance the corrosion
rate. Haleenj22] even found that the sulfate ion was more aggressive than the chloride ion through the
monitoring of open circuit potential (OCP) in differentuidmn conditions. However, a different result
was obtained in the test conducted byAkhoudi [23] who mounted a concrete specimen in the
solution only contained with sulfate ions. The hadfl potential of the steel in the concrete was still
above-200mV after exposed to the solution for 500 days, indicating sulfate ions have no aggressive
effect on passivated film in pore solution. Furthermore, the breakdown of the passive film was delayed
over double period in the solution contained with both chlaaitt® sulfate ions compared to that in the
solution only contained with chloride ions. The test results were further verified by using different
kinds of concretes in the other tests completed bjbudi[24]. In addition, AtTayyib [25] found
the same ntigation effect of the sulfate ions on the corrosion behavior of steels in chloride ions
contained solution and ascribed it to thfaenation of a sulfate film layer on the steel surface. In
recent studies, ieonompetitive adsorption of sulfate ions acldoride ions on the metal surface was
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found which could further explain the inhibition of pitting corrosion in some conditions with the
introduction of sulfate iongR6].

Though plenty of studies were concerned on the corrosion of steels in concrebaraemi,
controversy is still exit on the corrosion processes caused by the pollution ions. The evaluation of the
interaction effect of chloride and sulfate ions is rare based on marine environment which contained
plenty of aggressive anions. Furthermohe studies of pollution ions on localized corrosion are also
few since only traditional electrochemical methods were used in previous studies. In this work, the
individual action effects of sulfate ions and chloride ions with the concentration of seawasterel
corrosion in simulated pore solution were firstly studied by OCP, LPR and EIS measurements.
Meanwhile, the interaction effect of the both anions was also tested. Then, the influence of the sulfate
ions for localized corrosion in chloride contairssdution was further studied by WBE technique.

2. EXPERIMENTAL

2.1 Preparation of the electrodes and simulated pore solutions

The material of the electrodes applied in the test was GB/T700 Q235A carbon steel, with a
chemical composition of (wt.%): CZ2% Si 0.30% Mn 1.40% P 0.045% S 0.05% Cr 0.01% Ni 0.01%
and Fe being the balance. The specimens used as the working electrode were machined in a dimensic
of 10x10x3 mm (a working surface area of 1.5 ®nThe specimens were sealed with epoxy resin
with the end face exposed to the solution. A copper wire was welded to the back side of the specimer
which was sealed in the epoxy. Before each test, the working face was ground sequentially up to 100C
grit silicon carbide paper, rinsed with deionized water degreased in acetone. In order to prevent
crevice corrosion, the edge between the specimens and the epoxy was coated with a masking lacqu
before the tests.

The simulated pore solution was the supernatant liquid of the saturated ga@Qiipn with
its pH higher than 12.5 which was measured by YSI Proplus pH measurement device. Then the pure
saturated Ca(OH)solution was divided into four parts and different kinds of chemical reagent was
introduced into the solution as below:

Solution X pure saturate@a(OH);

Solution 2 Solution 1+ 3% NaCl by weight;

Solution 3 Solution 1+ 0.5% N£O, by weight;

Solution 4 Solution 1+ 3% NaCl +0.5% N&O, by weight

As it has been investigated that the composition of the sulfate ions is nearly 0.27% in East
China Se, 0.5% NaSO, was used in this work to simulate the practice sulfate ion concentration at
marine environment.

During each test, the simulated pore solution was placed in -@oraitioned room with its
temperature kept at 20K2 Air sparging of the solution was continued, and the dissolved oxygen
(DO) concentration was higher than 5 mg/L which was monitored by YSI Pro ODO monitor.
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2.2 Electrochemical measurements

Four sets of threelectrode electrochemical cells separatelyt@oed Solution 1 to 4 were
used for the OCP, LPR and EIS measurements as shown in Fig. 1. Eaecbldbnexle cell was
constructed with the Q235A electrode as working electrode (WE), a platinum plate as counter
electrode and a saturated calomel elect@{€E) as reference electrode (RE). Before the tests, the
working electrodes were firstly immersed into Solution 1 over 48 h for prepassivation. Then the four
electrodes were transferred to the four cells which contained different kinds of solutionsdizmys30
electrochemical tests.

During the 30 days immersion period, OCP of each electrode was recorded by connecting to a
voltage in CorroTest CS 350 electrochemical workstation and compared with SCE. Electrochemical
experiments were also conducted by CS 8mE&trochemical workstation. LPR measurements were
performed by applying anodic voltages scan at the rate of 0.1 mV/s over a range of +20 mV around the
OCP. EIS test was carried out on steathte OCP disturbed with amplitude of 10 mV ac sine wave.
The frequency ranges were adjusted from 100 KHz to 10 mHz. The four separateelébtesle test
systems were alternately connected to the CS 350 workstation through the CS 1ehamgl auto
switch which is also plotted in Fig. 1.
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Figure 1. Schematidiagram of electrochemical test cells used for OCP, LPR and EIS measurements

After the electrochemical tests, the four working electrodes were taken out and the corrosion
morphologies of the electrodes were observed by FEI Quanta 450 scanning electastope
(SEM).

2.3 Preparation of WBE and current scanning

A WBE was fabricated of 100 identical wire electrodes (1.5 mm diameter) with a total working
area of 1.77 cfas shown in Fig. 2. The materials of the wire electrodes were also made of Q235A
steé which were same as the steel electrodes. All the wires were embedded in epoxy resin and
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insulated from each other with a very thin epoxy layer. The working surface of WBE was pretreated as
same procedures as the electrodes described above.

Fig.2 also shas a schematic experimental setup to monitor the localized corrosion behavior of
the steel using a WBE corrosive detection instrument (CST520, Corrtest). In the WBE corrosive
detection instrument, there is a 10x10 array autoswitch circuit controlled bigracamputer to
measure the galvanic current. In particular, the current distribution was mapped by measuring the
galvanic current between the chosen electrodg @id the other interconnected electrodes) (v
the WBE via a multi range zero resistancengeter (ZRA). During the netest period, the 10x10
array auto switch circuit was controlled to be electrical connected to simulate electrochemically a
conventional ongiece electrode.

Wi

~ CST 520 Computer
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Multiplexer

Reference electrode is
not used

WBE Working
Surface

Air purging tube
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Figure 2. The photo of the WBE surface and the schematic diagfai® @urrent scanning

The solutions used for WBE test were also kept in anaditioned room with its temperature
kept at 20+R . The WBE surface was firstly exposed to the pure Ca{@blution over 48 h for
passivation. Then, it was immersed into Solution 2 for a 10 days test. After the first experiment, the
WBE was taken out and-pmolished. Later, the WBE was put into pure @HJ, solution again for a
48 h prepassivation. Following, another 10 days test was conducted with the WBE immersed into the
solution 4. The DO concentration and pH value were also measured through the test period and kept &
the same conditions as that time electrochemical tests. During each test period, galvanic current
information was continually recorded and the current distribution maps were plotted by Origin 8.5.
The action effect of sulfate ions for the localized corrosion behavior of WBE in ahloodtained
pore solution was further analyzed by the calculated parameters obtained from the current distribution
maps.
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3.RESULTS

3.1 OCP measurement results of the electrodes in Solution 1 to 4

Fig. 3 shows the OCP of the electrodes immersed in eliffesolution conditions. It is seen that
the OCP of the electrode in solution 1 only had a slight decrease which may be caused by the dissolve
of carbon dioxide in the air leading to a little decrease of pH of the solution. The OCP of the other
electrodesall had different degrees of obvious reductions after transferred into Solution 2 to 4. It can
be clearly found that the OCP of the electrodes had the largest decreag@ oV after exposed to
solution 2 for 3 days, indicating the me&riousbreakdownof the passive filnj27]. The OCP of the
electrode immersed in Solution 3 decreased to the lowest vakB®fmV in the first 3 days and
gradually recovered to a stable value-850 mV after 10 days. This behavior is attributed to the
slightly dissoluton of the passive film at first and following formation of a new protective film which
is less protective than that of the original iron oxide film. Moreover, it seems that the attack by sulfate
ions with the concentration of seawater is less aggressidedangerous than chloride ions by
comparing the OCP of the electrodes in Solution 2 and Solution 3. The OCP of the electrode in the
Solution 4 contained both sulfate and chloride ions also had a dramatic decrease in the first 4 days. It i
assumed to beug to the oxide film destruction by chloride ions and sulfate ions. Then the potential of
the electrode rose tgl60 mV after 9 days immersion, it is attributed to the competitive adsorption
between sulfate ions and chloride ions, and the reaction onutfeces is more similar to that in
Solution 2 contained sulfate ions at this period. Eventually, after 30 days test the potential decreased tc
the value close teb60 mV, which was nearly 50 mV higher than that in Solution 2 suggesting sulfate
ions in the sawater might inhibit the chloridatroduced corrosion of the steel.
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Figure 3. Time dependence of the open circuit potential of the four electrodes immersed in Solution 1
to4

3.2 LPR measurement results

LPR is widely applied to study the steel caiom. The corrosion rate of the steel can be
calculated by using Stei@eary equation, which is expressed as:
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ior =B/ R, Q)

WhereB is used as a constant value as 26 mV for active corrosion process and 52 mV for
passive statdy, is the polarization resistance which can be calculated from the slopes of the measured
liner polarization curvef28]. As it has observed that the OGPthe electrodes in Solution 1 and 3
were always above800 mV after immersed for over 15 days, it means the status of the both electrodes
were passive anB was chosen for 52 mV. While the valuesBoWere used as 26 mV for the other
two electrodes expes to Solution 2 and 4, respectively, due to the significant decreases of the OCP.

Fig. 4 shows the corrosion rates of the electrodes in Solution 1 to 4. The variation of the
corrosion rates had same trends with the OCP measurement results. The coatesioof ithe
electrodes in Solution 1 were lower than 0.0003 mm/a, suggesting nearly no corrosion occurred on the
electrode. While the corrosion rate of the electrode in Solution 2 had the largest increase from 0.014
mm/a to 0.28 mm/a. It indicates chlorigs would cause the dissolution of the passive film on the
electrode surface and accelerated the corrosion rate. The maximum corrosion rate of the electrodes i
Solution 3 was lower than 0.004 mm/a which is much less than that in Solution 2, indibatitiget
sulfate ions in the seawater is less corrosive than chloride ions for reinforced steels. It can be clearly
found that the corrosion rate of the electrode in Solution 4 was below 0.008 mm/a in the initial period.
However, a sudden increase of therasion rate was found after the electrode corrosion for 9 days.
The significant increase of the corrosion rate from 0.006 mm/a to 0.020 mm/a in Solution 4 was
attributed to the thorough breakdown of the passive film on the steel surface which was dtmained
OCP results. The corrosion rate of the electrode in Solution 4 was approximately a quarter of that in
Solution 2, indicating that the sulfate ions in the seawater could mitigate the aggression of chloride
ions.
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Figure 4. Time dependence of cortiosa rates of the electrodes exposed to different solutions

3.3 EIS measurement results

Fig. 5 shows the EIS plots of the electrodes at different immersion time in Solution 1 to 4. It
can be seen from Fig. 5a, the electrode in Solution 1 presents angrgéance circle through the
whole test period, indicating the passive film on its surface exhibited excellent corrosion resistance.
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The electrode in Solution 3 also shows an impedance circle in initial period. However, it can be seen
the diameter of the pacitive arc had a rapid decrease at day 4 which is accordance with the OCP and
LPR measurement results. The impedance circle recovered in the following period and became stable
after corrosion for 11 days. After the electrode immersed in Solution 3 fdaya) a slight linear tail

in low frequency can be observed from Fig. 5¢c. The linear segment at the low frequency indicates the
corrosion process was controlled by the oxygen diffusion process and Warburg impedance should be
applied for the represents oxygen diffusion process for the passive steel in simulated pore solution.
More serious corrosion process can be found on the electrode in Solution 2 with the appearance o
obvious low frequency tails shown in Fig. 5b. It suggests that chloride ions woatd break the
passive film and caused severe corrosion. Same phenomenon was also found in the EIS plots of th
electrode in Solution 4. However, the Warburg effect was appeared after the electrode immersed for 11
days, suggesting a long time was neededaimage the passive film with the introduction of sulfate

ions into the chloride contained solution.
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Figure 5. EIS plots of the electrodes immersed for 1, 4, 6, 11 and 30 days in Solution 1 (a) Solution 2
(b) Solution 3 and (c) Solution 4 (d)

3.4 Suface morphologies of the electrodes immersed in Solution 1 to 4

Fig. 6 shows the SEM surface morphologies of the four electrodes immersed in Solution 1 to 4
for 30 days. It is found from Fig. 6a that a dense and thick passive film was on the electrodsednme
in Solution 1 and the scratches on the steel surface were clear to be seen. It indicates the electrode |
Solution 1 was well protected and nearly no corrosion occurred on its surface. Though the corrosion
rate of the electrode in Solution 3 was lawthe electrochemical test, tiny pits and slight corrosion
patterns could be seen from Fig. 6¢c. However, a thin protective film and the scratches still could be
seen on its surface, suggesting a quiet low corrosion rate in only sulfate ions contained. solut
Serious localized corrosion can be seen from Fig. 6b with a large scale of corrosion product. Notice
that the corrosion product was porous and expanded to a large area on the steel surface which we
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accordance with the corrosion processes in the etecontained with chloride iof§]. As shown in

Fig. 6d, the surface of the electrode in Solution 4 became rough and pitting and mesa type attacks ca
be found. However, the corrosion pattern of the electrode in Solution 4 was more close to that shown
in Fig. 6¢, compared to the serious localized corrosion shown in Fig. 6b. The SEM images show that
sulfate ions could inhibit the localized corrosion in chloride contained solution.

Figure 6. Surface morphologies of the electrodes after corrosion foia$d in Solution 1 (a) Solution
2 (b) Solution 3 and Solution (4)

3.5 WBE test results
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Figure 7. Galvanic current density distribution maps of the WBE immersed in Solution 1 for 24 h (a)
48 h (b)

To further study the action effect of sulfate icawsd chloride ionsfor localized corrosion
behavior, anothethreegroups of 10 days WBE tests were applied for the measurement of galvanic
current distribution maps in Solution, 3 and 4, respectively. Prior to the test, the WBE were
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immersed in Solution 1 foprepassivation for 48 hours. Fig. 7 shows the electrode immersed in
Solution 1 for 24 h and 48 h. A large anodic area was found on the WBE surface with a relative small
galvanic current density. The anodic area had a slight increase after immersetl fandighe current
density nearly had no changes, indicating passive film was formed and kept stable on WBE surface.

Fig. 8 shows the galvanic current density distribution maps of the@gs®vated WBE in
Solution 2 during different immersion period.dtseen that the distribution of the anodic area on WBE
surface were scattered and the anodic galvanic current density had a large increase after transferre
into Solution 2 immediately. After 5 days immersion, stable anodic area appeared on the WBE surface
with its highest anodic galvanic current density nearly 6000 times higher than that in Solution 1. It
indicates pitting corrosion was formed on WBE surface and a stable anodic dissolution rate was kept
which can be seen from the slight change of the argalvanic current density shown in Fig. 8d after
corrosion for 10 days.

Fig. 9 shows thanodic current density of the WBE immersed in Solutidar3a 10 days test.
The anodic current density was much smaller than that in Solution 2 during the whoknteshe
anodic areavas more stable than that in Solution 2. It suggesty slight uniform corrosionccurred
ontheWBE surface immersed in Solution 2.

As shown in Fig10, the anodic current density of the WBE also had an immediate increase
after immersed in Solution 4. The increased amplitude of the anodic current density was 6.5 times
smaller than that in Solution 2 after the first day immersion.
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Figure 8. Galvanic current density distribution maps of the WBE immersed in Solution 2 for A)day (
2 days (b) 5 days and 10 days (d)

The anodic current density soon decreased in the following period and had a slight increase
after 10 days immersion. The anodic area on the WBE surface was always stable and only had a little
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increase through the whotest. It can be found that the anodic sites were concentrated on the WBE
surface in only chloride contained solution and serious localized corrosion occurred in these sites.
While a quiet larger anodic area was remained on the WBE surface in the sotuttamed both
sulfate and chloride ions with a lower anodic galvanic current density. It suggests the corrosion in
Solution 4 tended to average corrosion compared with that in Solution 2. Moreover, the form of the
maps in solution 4 was closer to thatSolution 3, indicating that the corrosion form of the WBE in
Solution 4 was more similar to that in Solution 3 than ith&olution 2.
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Fig. 11 shows the changes of the maximum anodic galvanic current density and the total anodic
current of WBE after transferred to Solution 2 and4, respectivelyThe maximum anodic current
densityof the WBE in Solution 3vas below 6.63xI®mA/cn? atthe end of thetest. The maximum
corrosion rate of the electrode caused by the galvanic effettecaalculated through the Faraday law
[29:

v=Mi, /nFr 2

Wherev is the corrosion rate caused by the galvanic curigigtthe galvanic current density,
is valenceF is the Faraday constant ands the density of the metg3(Q].

Figure 11. The changes of the maximum anodic galvanic current density (a) and total anodic current
(b) after WBE transferred to Solution 2and 4

The maximum corrosion rate was néasx10* mm/a which was muchnsaller than the
average corrosion rate measured by LPR, indicating nearly no localized corrosion occurred on WBE
surface after immersion in Solution 3 for 10 days. The maximum anodic current density of the
electrode in Solutiort was below 1.53xI® mA/cn? which was higher than that in Solution 3,
indicating thatthe corrosion rate increased agding chloride ions in thsulfate ions contained pore
solution. The maximum corrosion rate the WBE in Solutiond was near 1.8xI®mm/a which was
much smaller Han the average corrosion rate measured by LPR, indicating nearly no localized
corrosion occurred on WBE surface after immersion in Solutifmm 10 days. The total anodic current
of the WBE in Solutior?2 had an increase in the initial period of immersama soon came back with
the increase of the anodic area shown in Figafter corrosion for 10 days. The maximum galvanic
current density had a dramatic increase to 0.11 mA4fter the WBE exposed to Soluti@for 5
days. It suggests the maximum caiom rate on WBE surface was 1.3 mm/a which was great larger
than the average corrosion rate measured by LPR in Sol{idt]. The total anodic current of the
WBE in Solution2 had the same trend with the maximum anodic current density, also indicating
localized corrosion behavior on the steel surface.

4. DISCUSSIONS

In the oxygen contained pure saturated calcium hydroxide solution, the anodic dissolution of
the electrode will produce FeOOH according to Egs. (4) anB2)



