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Abstract: Electrochemical response causing pitting corro-
sion of high-strength high carbon steel wire in deaerated
electrolyte at pH 13.4 due to different chloride ion (Cl")
concentrations was investigated using open circuit poten-
tial, cyclic potentiodynamic polarization, and anodic poten-
tiostatic application (APA) within the passive zone. Results
showed that the higher the ClI- concentration, the more
negative the corrosion potential becomes. In the high alka-
line pH 13.4 without the presence of free oxygen gas the Cl™
concentration could reach up to 1M not showing pitting
potential. An inverse relationship between anodic poten-
tials (APs) and Cl™ concentrations was found and the rate
of corrosion within passive period was almost a constant,
not influenced by the Cl™ concentrations. Faraday’s law failed
to predict the mass loss when active pitting corrosion
occurred. Green rust and hydrogen gas were observed
during active pitting corrosion under APA. Pitting corro-
sion mechanism in the deaerated high alkaline electro-
lyte was then proposed. This work deduces that in the
deaerated electrolyte at pH 13.4 with the presence of Cl-,
it is essential to apply the APs within the safety margin on
the high-strength high carbon steel wire to avoid active
pitting corrosion and hydrogen embrittlement.
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1 Introduction

Reinforcing steels embedded in traditional concrete struc-
tures, such as bridges and flyovers, are protected from cor-
rosion using either the cathodic protection that needs the
use of other metal as an anode in the sacrificial passive
system [1,2], or the anodic protection that applies anodic
current to the reinforcing steel [3]. With the increase in daily
load, wind load, and earthquake, high-strength high carbon
steel wire (HSHCsw) has started to be widely incorporated
in the concrete structure to increase its durability.

Until now, the studies on HSHCsw are mainly from
the aspect of corrosion fatigue analysis [4,5], stress cor-
rosion cracking [6], strain influence on corrosion [7],
hydrogen embrittlement [8], and the stability of the pas-
sive layer developed under mechanical stress [9]. Anodic
protection involving raising the potential of the protected
metal to its passive zone for the formation of a passive
thin layer on its surface has not been performed on
HSHCsw embedded in concrete until present. Thus, it is
of great interest to study the range of anodic potentials
(APs) and the duration that could be adopted in the func-
tion of CI” concentrations to avoid uncontrolled applica-
tion that would lead to structural breakdown.

It is known that a newly made concrete has a pH of
about 12.5-13.2 due to the release of calcium hydroxide
during hydration and the presence of sodium and potas-
sium hydroxides in the pore solution [10]. The high pH
range of concrete can prevent steel corrosion by pro-
moting the formation of gamma ferric oxide (y-Fe,0s)
acting as passive film [11,12]. If the passivation is not
disturbed, the protection of embedded steel will continue
and the durability of concrete structure could last forever.

In reality, the concrete is porous [13,14] and suscep-
tible to the ingress of Cl™ especially from the marine
environment and de-icing salt in cold climates during
its service [15]. In addition, CI- under a threshold level
could have been introduced into concrete through the
use of recycled aggregates [16] and the mixing of water
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during concrete manufacturing. Many studies have shown
that the presence of Cl™ can lead to the initiation of pitting
corrosion on the steel [17] at the pH range of concrete. For
instance, the absorption of Cl” via intergranular bound-
aries of the passive layer will lead to the breakdown of
the film [18]. In the case of TiN inclusion used to increase
the drawability of steel, the steel matrix surrounding TiN
will undergo anodic dissolution when it is exposed to NaCl
electrolyte. Due to the fact that it is insoluble and elec-
tronic conductor, these properties allow TiN to act as
cathodic site and will remain in the inner part of the pit.
Thus, an occluded passive film is hardly formed to fully
cover up TiN and a step-like pit will then be formed. Due to
an extreme gradient of a high CI” concentration in the
electrolyte, a large influx of aggressive ClI~ would appear
between the inner pit and NaCl bulk electrolyte [19]. On
top of that, the combination of CI” and the passive oxide
could form CI” complexes leading to the volume expansion
and the breakdown of the film [20].

However, Scott [21] reported that the passivation on
bare steel rods can be maintained in ClI~ contaminated
saturated Ca(OH), or cement-saturated solutions pro-
vided that free oxygen gas is excluded from the steel sur-
face. On the other hand, Hausmann [22] showed that
there exists a critical Cl™ concentration that should not
be surpassed in the oxygen free Ca(OH), saturated elec-
trolyte for the steel surface not showing any corrosion.

In view of the above facts, HSHCsw with 0.82%
carbon, Young’s modulus of 200 GPa and yield strength
of 1,300 MPa, extensively used in the construction in
Spain, was adopted in this work. First, the open circuit
potential (OCP) measurement and the cyclic potentiody-
namic polarization (CPP) were performed on HSHCsw to
investigate its sustainability to which limit of the amount
of CI” could be present in a high alkaline deaerated elec-
trolyte without leading to pitting corrosion. With the
obtained range of the allowable limit of CI~ concentra-
tion, anodic potentiostatic application (APA) within the
passive zone was applied on HSHCsw for 48 h. The pur-
pose was to view how the presence of the CI~ amount
could influence the selection of the range of anodic
potentials (APs) and the rate of corrosion during the pas-
sive period before pitting corrosion starting to take place
in APA. The comparison between the gravimetrically-cal-
culated and theoretically-calculated mass loss was made.
The mechanism leading to pitting corrosion under APA in
very high alkaline deaerated electrolyte was also proposed.
This work could provide a thorough information in reducing
the risk of accidentally implementing the AP outside the
safety margin that could lead to the structural breakdown
under anodic protection.
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Table 1: Chemical composition of HSHCsw adopted in this study

C% Mn% Si% P% $% Cr% Fe%

0.82 0.65 0.17 <0.015 0.022 0.28 98.04

2 Experimental method

2.1 Materials and electrolytes

As-received HSHCsw of plain surface with a diameter of
8 mm from the company of EMESA (Arteixo, La Corufia,
Spain) was adopted in this study with its chemical com-
position presented in Table 1. The steel wire was cut into
10 cm long. Before the electrochemical measurements,
the steel wires were ultrasonically cleaned in a cleaning
solution for around two minutes to remove zinc phos-
phate (ZnPO,) that was coated on its surface during fab-
rication. The cleaning solution is made from hydrochloric
acid and water in a proportion of 1:1 together with a corro-
sion inhibitor called hexamethylenetetramine of 3 g/L. The
steel wires were then rinsed in the running tap water and
dried in air with a hair dryer. The clean steel wires were
covered with adhesive tapes on both sides, as shown in
Figure 1, with the exposed surface of 3cm in length. As
soon as the steel wires were dried with the hair dryer, an
air-formed film of gamma ferric oxide (y-Fe,03) with a thick-
ness of 10-20 A was formed on the steel surface [23,24]. All
steel wires were kept in a sealed bag to avoid the humidity
in the air before they were used in the test the following day.

Electrolyte at pH 13.4 was made by dissolving satu-
rated Ca(OH), and 0.5M KOH in distilled water. Different
amounts of NaCl was added to the electrolyte in order to
have the CI” concentration of 0.1 M, 0.25 M (brackish water),
0.5 M (sea water), 1 M (severe marine environment), and 2 M
and 3 M (extremely severe marine environment).

2.2 Electrochemical measurements

Figure 2 shows the schematic drawing of the electroche-
mical cell used in this study. The cell had four holes on
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3cm

Figure 1: Sample of HSHCsw with black-colour adhesive tapes on
both sides.
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Figure 2: Schematic drawing of the electrochemical cell.

the top of the airtight cover to allow the introduction of the
reference electrode, the counter electrode, the working
electrode, and the tube of nitrogen gas into the electrolyte.
In the electrochemical measurement, the working elec-
trode was the HSHCsw, the counter electrode and the
reference electrode were a graphite rod and Ag/AgCl in
saturated KCl, respectively. Before the steel wire was intro-
duced in the cell, nitrogen gas was bubbled through
the electrolyte for 20 min to purge oxygen gas from the
electrolyte until the oxygen concentration of electrolyte
reached <0.5 ppm, which was measured using the Clark
electrode. A flowmeter was used to control the flow rate of
nitrogen gas that was able to maintain the oxygen concen-
tration of electrolyte at <0.5 ppm throughout the electro-
chemical test.

The corrosion potential (E..,,) of the steel wire was
measured continuously for 3 days using OCP measurement
and the equipment used was the Agilent 34970A data
logger. The measurement of E.,, was started straight
away after the steel was introduced into the deaerated
electrolyte. As for CPP and APA, the ACM instruments
with serial no. 1127 and the Gill AC with serial no. 1127
sequencer software were employed. For CPP measure-
ment, the potential starting from -900 to +600 mV as a
reverse potential at a scan rate of 10 mV/min was applied
to the steel wire. Application of CPP allows the determination
of whether HSHCsw would undergo domains of immunity,
active E.,,, passive and transpassive with pitting potential
(Epi) caused by Cl” in deaerated electrolyte at pH 13.4.
Thus, additional tests of CPP in the extremely severe marine
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environment of 2 and 3M Cl™ deaerated electrolyte were also
performed to examine their influence on the passivation of
steel wire. The CPP curves were reversed at +600 mV for the
purpose of the uniformity of potential scale in CPP-curve
comparison under different ClI~ concentrations in the deaer-
ated electrolyte. For APA, APs with an interval of 50 mV
within the determined passive region were applied to the
steel wire for 48h. All tests were performed at the room
temperature of 21°C. After APA test, the electrolytes were
analysed to find out the quantity of Fe*"/Fe>* escaped into
the deaerated electrolytes during the test using the induc-
tively coupled plasma (ICP) technique. The instruments
used was Varian 725-ES Optical Emission Spectrometer
ICPE, with the potential being set to be 1.40kW, the
plasma flow of 15L/min, auxiliary flow of 1.50 L/min,
and the mist flow of 0.80 L/min. The unit shown by ICP
technique was in ppm and then converted into gram. The
surface morphology was examined under the light micro-
scope (Nikon SMZ-2T Japan) with eyepiece at 10x/16. The
microstructure of corrosion products was studied under
the scanning electron microscope (SEM) (S-4800, Hitachi)
and the energy dispersive X-ray spectroscopy (EDS) was
performed on them.

3 Results and discussion

3.1 Ecorr

Figure 3 shows E.,,, of HSHCsw at open circuit in 4 dif-
ferent C1” concentrations over a 3-day period in the dea-
erated electrolyte at pH 13.4. The four curves have the
same characteristic trend, which is, the E_,, drift towards
positive direction on immersion [25], then reverse and
towards negative, eventually drift back towards more
positive, and finally all reach a constant value of around
—400 mV. Steel wire showing different shifts of E.,,, in the
time range of 2-65h is mainly due to the different C1™
concentrations, not due to the absence of free oxygen
gas on the steel wire surface [22]. In this work, an air-
formed film y-Fe,O; [24] was present on the surface
before it was introduced into the electrolyte. On immer-
sion, the air-formed film tends to breakdown at its weak
points and Fe dissolves into Fe?* through anodic reaction
at these points. Due to the fact that free oxygen gas is
completely purged from the electrolyte by the continuous
flow of N,, the cathodic reaction involving oxygen gas
and water does not really takes place on the steel wire
surface to produce OH™ as shown by the chemical reac-
tion of 20, + H,0 + 2e™ = 20H™ [19]. Instead, the released
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Figure 3: E,,, of HSHCsw at open circuit in deaerated electrolytes at
pH 13.4 at 0.1, 0.25, 0.5, and 1 M Cl” over a 3-day period. Right top is
the magnifying graph of the first hour of immersion.

Fe?* immediately combines with OH™ coming from the
deaerated electrolyte to form passive film ferrous hydro-
xide (Fe(OH),) to reinforce the weak points found at the
air-formed film. This explains why E.,,, moves towards
positive direction within the first minute of immersion, as
seen in the built-in magnifying graph on the right top in
Figure 3. However, the coexistence of Cl™ in the electro-
lyte can induce more weak points at the air-formed film,
and thus, it causes E.,,, drift towards negative direction.
It can be seen that the higher the concentration of Cl™ is,
the more negative the E.,,, becomes.

At 1M CI7, due to a considerably high Cl™ concentra-
tion that leads to the generation of relatively high sus-
ceptible areas in the air-formed film, the E,,, takes longer
time to reach —400 mV. The maximum negative value of
E o reached was -793mV vs Ag/AgCl, saturated KCI,
which is equivalent to -594 mV vs standard hydrogen
electrode (SHE). From the Pourbaix diagram of steel
[26] in Figure 4, -594 mV vs SHE still falls within the
passivation zone of steel, not in the small zone of corro-
sion that appeared at very high alkaline pH. Somehow,
due to the high alkaline and deaerated conditions, the
formation of passive film becomes faster than the attack
of C1I” with time. Thus, all the E.,, move back towards
positive direction and settle at around —400 mV.

During the test, the steel wire surfaces were inspected
visually for any possible appearance of rust. It was found
that at the end of the test the steel wires remained bright.
In order to ensure that no tiny dots of rust appeared on the
surface that failed to be spotted visually, the steel wires
were examined under the light microscope after the tests,
again no visible corrosion was noticed on the steel wire
surface with the CI” concentration as high as 1M in the
deaerated electrolyte at pH 13.4. The absence of oxygen
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Figure 4: Pourbaix diagram for steel showing the zone of immunity,
corrosion, and passivation. Equation for (a): E(water — H,) = 0.000
- 0.0591 pH. Equation for (b) E(water — 0,) = 1.228 - 0.0591

pH [26].

gas and the presence of high concentration of OH™ kept the
produced Fe(OH), as it was without being oxidised further
to ferric compound that having a cubic structure indistin-
guishable from the air-formed film at room temperature
(11,27].

3.2 CPP

Figure 5 shows the CPP curves of steel wires at four dif-
ferent CI” concentrations in deaerated electrolyte at pH
13.4. No cathodic cleaning at —1,200 mV was performed in
order to maintain the air-formed film of y-Fe,O5; on the
surfaces of all steel wires before the scanning started. It
can be seen that for CI~ concentrations below 0.5 M, the
corresponding current densities of reverse curves (dotted
lines) are lower than those of forward curves (solid lines),
the reverse curve (dotted line) superimposed on the for-
ward curve (solid line) only at 1M CI". All the curves
reveal negative hysteresis loops with the repassivation
potential (Ey.,) above the active E.,, on the CPP curves
[28]. In addition, no sudden increase in current densities
related with E; is seen on the CPP curves. All these curve
characteristics reveal that no pitting corrosions took place
on the steel wire surface during the CPP scanning [29].
There was no sharp increase in the current for CI~ concen-
tration below 1 M even at +237 mV (vs Ag/AgCl, sat KCl), at
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Figure 5: CPP of HSHCsw in deaergfed electrolytes'at pH 13.4 at 0.1,
0.25, 0.5, and 1M Cl". A compleé CPP from —900 to +600 and then
back to —-900 mV was performed for each Cl™ concentration. Forward
curves are plotted as solid ljies and reverse curves are plotted as
dotted lines for easy viewjig and comparing.

which the oxygen as is theoretically produced from water.
It is because that the high pH 13.4 together with the con-
tinuous flowifg of nitrogen gas to purge the generated
oxygen gas/o not encourage active pitting corrosion on
the steel sirface. All steel wires remained bright throughout
the test Znd no visible corrosion was noticed under the light
microgcope after the test. Since the potential is scanned
frond cathodic condition, the active E.., on the CPP curves
bgCome more negative than the constant E.,, achieved at
Open circuit as shown in Figure 3, which are in agreement
with previous study [30].

According to Figure 3, the achieved constant E.,., at
open circuit is —400 mV. Thus, the passive current densities
at —400 mV on CPP in Figure 5 are noted and they are 1, 1.8,
4, and 4.8 x 10~ A/cm? for 0.1, 0.25, 0.5, and 1 M Cl, respec-
tively. These values are in fact lower when compared to the
passive current density of 3 x 10 A/cm? reported by Shi
et al. [30] for low alloyed and low carbon reinforcing steels
at 0.1M CI” in aerated simulated concrete pore solution.

In addition, CPP scan was also performed on the steel
wire at 2 and 3M Cl™ with Ep; shown at +395 and +67 mV
vs Ag/AgCl, respectively, as seen in Figure 6, which are
equivalent to +600 and +272mV vs SHE, respectively.
According to the Pourbaix diagram for steel in Figure 4,
it is obvious that Ey; at 2M Cl~ falls in the oxygen evolu-
tion region and that of 3M CI™ falls in the passivation
region. It can be seen that the generation of oxygen gas
from the oxygen evolution reaction (E,.) (4OH — O, +
2H,0 + 4e7) [29,31] at + 395mV vs Ag/AgCl is higher than
the purging of oxygen gas by nitrogen gas. Thus, the pre-
sence of oxygen gas together with Cl” in the electrolyte
encourage pitting corrosion to take place on the steel wire
surface at 2M CI". This fact is supported by the report of
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Scott [21] that the presence of oxygen gas in the electrolyte
at pH 12 together with a high Cl™ concentration could force
a steel to corrode. However, at 3M CI, Ep;; Occurs even
without the presence of free oxygen gas this could be~due
to that a critical ClI” concentration has been surpassed in
the deaerated electrolyte [22] or the formation of soluble
complex ions between ClI” and cations leading to the
breakdown of passive film [32].

Both CPP curves at 2and 3M Cl™ present a big positive
hysteresis loop, indicating the occurrence of lots of pitting
corrosions on the steel wire surface [33]. Such big positive
hysteresis loop makes the reserve anodic current struggle
to decrease or to stop pit propagation at the beginning of
the reverse scan. Finally, at 2M Cl~, the reserve anodic
current changes to reverse cathodic current at Ey, falling
in the transition region of the corresponding forward curve
at -670mV [34, 35], while at 3M CI", E,, fall in the
cathodic region of the corresponding forward curve at
—-574mV [36]. The big hysteresis loop together with Ei,
not falling in the passive region indicate the difficulty in
repassivating all the active pits to restore a complete pas-
sive layer [33], and also, there possibly exists a high ten-
dency of HSHCsw under further attack of pitting corrosion.

It is obvious that HSHCsw is susceptible to pitting
corrosions at both 2 and 3M Cl™ deaerated electrolytes
at pH 13.4. However, it is more corrosion resistant at
2M CI” because Ey;; at 2M Cl” is higher than E;; at 3M
Cl” [36] and the plateau of passive region at 2M is also
wider than 3M CI™ [37].

3.3 APA

The purpose of APA within the passive zone is to regen-
erate passive film on the steel surface in order to decrease
the rate of corrosion. However, the application of APA
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without proper control would lead to severe corrosion.
Since Ey; for CI” concentration below 1M is not shown
in the CPP in Figure 5, the potential that would lead to the
theoretical decomposition of water to oxygen gas based on
the equation shown in Figure 4 is calculated and thus used
as the upper limit in order to preserve the deaerated condition
in the electrolyte. It is found to be Ewater—o0,) = +436 mV (vs
SHE) or +237 mV (vs Ag/AgCl, sat KCl) at pH 13.4. The lower
limit of passive region is taken as —400 mV, which is the E
constant achieved at open circuit in Section 3.1. Therefore, the
passive region between —400 and +100 mV was determined
for the study of APA.

Table 2 shows the gravimetric (Exp) and the theoret-
ical mass loss (Theo) of HSHCsw after the 48 h APA in
deaerated electrolyte at pH 13.4 at 0.1, 0.25, 0.5, and 1M
Cl7, calculated based on the equations (1) and (2) in Sec-
tion 3.3.1. The bold digits referring to that pitting corro-
sion was observed on the steel wire after the 48 h APA
test. The ICP technique showed that the maximum quan-
tity of Fe?*/Fe®* detected in the electrolyte was 3.5 x
10®g for the cases that had pitting corrosions after
48 h. This value is negligible and this indicates that all
the released Fe?*/Fe>" involve in the precipitation as solid
oxides on the HSHCsw surface. Most of the steel wires
that did not show pitting corrosion had quantity of
Fe?*/Fe’* below the detected value (<LD).

3.3.1 Relationship between AP, passive period, rate of
corrosion, mass loss, and Cl™ concentration

The 48 h AP that induced pitting corrosion on HSHCsw
as shown in Table 2 (bold digits) is plotted versus the
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corresponding Cl™ concentration in Figure 7, with ~400 mV
marked as E,. The curve can be represented by a second-
degree polynomial equation as y = 469.61x* — 1029.7x +
208.48 with R? being 0.995. This equation can only be
used as an interpolation for a range of ClI” concentration
between 0.1 and 1M in deaerated electrolyte at pH 13.4 in
this study. It shows that HSHCsw will not corrode in the
presence of CI” when the AP below the curve is applied
within the time frame of 48 h. However, if the AP above
the curve is applied, pitting corrosion will develop on
HSHCsw. At 1M CI7, the AP that does not lead to pitting
corrosion has a narrow margin, around 50 mV from Eg.
Thus, APA within passive zone to reproduce passive film to
reduce the rate of corrosion on the steel wire surface will not
work well when the presence of Cl™ concentration is very
high or in the old concrete that has narrow passive zone due
to pH lower than 11.5 [38].

The curves of anodic current density (I,) against time
for HSHCsw showing no pitting corrosion at 0.1 M and
0.25M ClI™ at —200 mV (electrochemical conditions below
the curve in Figure 7) are displayed in Figure 8. It is found
that I, oscillates between 0.3 and 1 pA/ cm? and between 1
and 2.5 pA/cm? at 0.1 and 0.25 M CI, respectively, higher
than that reported by other reinforcing steel in the aerated
electrolyte [25]. Although this is the case, no pittings are
generated on HSHCsw. It is mainly because AP is applied
within the passive region, in addition to the high alkaline
deaerated electrolyte. Furthermore, continuous repassiva-
tion is found occurring on HSHCsw during APA because
lots of current transients are clearly seen on the curves.

Figure 9(1(a), 2(a), 3(a), and 4(a)) shows the I, vs time
for 0.1, 0.25, 0.5, and 1 M CI ", respectively, corresponding

Table 2: Gravimetric (Exp) and theoretical mass loss (Theo) of HSHCsw and the released Fe?*/Fe3* in the deaerated electrolytes at pH 13.4

after 48 h APA measurement

Anodic potential (mV)

- (m) -400 -350 -300 -250 -200 -100 0 +100
0.10 Exp (g) 0.0018 0.0052 0.0027 0.0064 0.0071 0.1111
Theo (g) 0.0004 0.0006 0.0002 0.0004 0.0007 0.0861
Fe?*/Fe>" (x107%g) <LD <LD 0.0031 <LD <LD 0.0870
0.25 Exp (g) 0.0040 0.0046 0.0024 0.0058 1.4854
Theo (g) 0.0004 0.0004 0.0006 0.0006 1.5897
Fe?*/Fe3* (x107% g) <LD <LD <LD <LD 1.0430
0.50 Exp (g) 0.0032 0.0048 0.0081 0.8164 2.7193
Theo (g) 0.0006 0.0011 0.0008 0.8846 2.7248
Fe?*/Fe>" (x107 % g) <LD 0.0025 <LD 0.5636 1.5530
1.00 Exp (g) 0.0030 0.1553 0.1796 2.8013 4.1319
Theo (g) 0.0017 0.1567 0.1836 2.9354 5.0391
Fe?*/Fe3* (x107% g) 0.0179 0.1633 0.0397 1.6115 3.5000

Bold digits refer to steel wire having pitting corrosions and <LD refer to below the detected value.
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Figure 7: Relationship between AP inducing pitting corrosion on
HSHCsw within 48 h time frame and Cl™ concentration in deaerated
electrolyte at pH 13.4 with the interpolation equation being applied
only to the range of Cl™ concentration from 0.1to 1 M, with -400 mV
marked as E,,, as in Figure 3. The rate of corrosion corresponding to
each point on the curve is calculated based on equation (3) in this
article.

to the points plotted on the curve of AP versus Cl™ in
Figure 7 that provides the second-degree polynomial
equation as y = 469.61x” — 1029.7x + 208.48 with R? being
0.995. The passive period in the graph is referred to the
duration before the generation of active pitting corrosion.
It can be seen that pitting corrosion does not appear imme-
diately upon the application of AP; instead, it took some
time to appear. A sudden drop in the I, after 30 h at 0.25 M
Cl” in Figure 9(2(a)) was because of a thick layer of solid
oxides formed on the whole steel wire surface starting to
act as a protective layer in preventing further active pitting
corrosion.

The passive period versus AP for 0.5 and 1 M Cl” was then
plotted in Figure 10. A non-linear relationship between the
passive period and AP is obtained. Somehow, it is clear that
the passive period decreases when AP becomes more posi-
tive, and increases when the Cl™ concentration becomes less.

——0.1 M Cl-, -200mV

——0.25 M Cl-, -200mV

1, (nA/cm?)

Time (hours)

Figure 8: Anodic current density (/) of HSHCsw at 0.1and 0.25 M Cl™
when the AP is polarized at —200 mV (in the zone of no pitting
corrosion in Figure 7), in the deaerated electrolyte at pH 13.4.
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Since steel wire is usually embedded in the concrete
structure and the APA involves the dissolution of iron to
form passive film, it is interesting to find out theoretically
the amount of iron that has been consumed during the APA
application. Thus, the gravimetric mass loss of corroded
HSHCsw from the APA and the theoretical mass loss calcu-
lated using Faraday’s law is compared. The gravimetric mass
loss, m., was obtained by subtracting the mass of HSHCsw
after the test, my, from that before the test, mg, in grams.

Me = My — My. 1)

The theoretical mass loss in grams, mg, was calcu-
lated using Faraday’s law as below:

Mit
mg = —-,
zF

2

where M is the molecular weight of metal (M = 56 g/mol
for Fe), z is the valence number of ion (z = 2 for Fe), F is
the Faraday constant (F = 96,485 C/mol), I is the density
of current in A/cm? and t is the corrosion duration in
seconds. “It” was calculated by integrating the curve
of I, against time obtained from the APA as exemplified
in Figure 9(1(a), 2(a), 3(a), and 4(a)). The relationship
between the gravimetrically and the theoretically calcu-
lated mass loss of HSHCsw versus the ClI™ concentration at
different APs is shown in Figure 11. From the comparison,
it can be seen that Faraday’s law is only valid to predict
the mass loss of HSHCsw when no severe pitting corro-
sion occurs. The prediction starts to deviate when severe
corrosion occurs, especially at 1 M CI™ at +O mV where the
theoretically-calculated mass loss of HSHCsw is 21.96%
higher than the gravimetrically-calculated value.

Due to the fact that the prediction of mass loss from
Faraday’s law is only valid when there is no severe pitting
corrosions, the rate of corrosion (Reey) in g/m?/h of each
point on the curve in Figure 7 was then calculated within
the passive period using the following equation:

mg
A_-t,

Rcorr = (3)
where A is the specimens area in square meters, t is the
passive period as defined in Figure 9(1(a), 2(a), 3(a) and
4(a)), and mg is the mass loss within the passive period
that was calculated using Faraday’s law in equation (2).
The calculated rates of corrosion before the occurrence
of active pitting corrosion is found between 0.023 and
0.042 g/m?/h, no track of the influence of the different
Cl” concentration on it. These rates of corrosion of HSHCsw
in deaerated electrolyte at pH 13.4 when no pitting corrosion
occurs under APA are a lot lower than the rate of corrosion
of stainless steel under the stand-alone polyaniline (PANI)
protection in 5M H,SO,, which is 0.833 g/m*/h [39].
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Figure 9: /, of HSHCsw during 48 h in deaerated electrolyte at pH 13.4 and its corresponding surface morphology (light microscope: 15x) at:
(1a and 1b) 0.1 M Cl™ and +100 mV, (2a and 2b) 0.25M Cl™ and +0 mV, (3a and 3b) 0.5 M Cl” and -200 mV, and (4a and 4b) 1M Cl” and

—350 mV, corresponding to the points plotted on the curve in Figure 7.
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Figure 10: Relationship of passive period vs AP for HSHCsw in dea-
erated electrolyte at pH 13.4 at 0.5 and 1M Cl".

The pit morphologies corresponding to the points
plotted on the curve of AP versus ClI” in Figure 7
on HSHCsw at different Cl- concentrations after APA,
viewed under the light microscope (15x), are displayed
in Figure 9(1(b), 2(b), 3(b), and 4(b)). It is different from
small individual pits shown on the steel immersed in
alkaline electrolyte at pH 12.5 under OCP [40]. Here
many tiny or small pits are found amidst big and con-
nected pits with no profound depth. The influence of C1~
concentration together with AP on the number and the
size of pits is evident. It can be seen that under both
electrochemical conditions, which are the same AP but
with the increase in CI” concentration or the same Cl™
concentration but with the increase in AP, will widen
the pit size and cause the pits to be connected to each
other and finally to become general corrosion.

The pit shapes of HSHCsw shown in Figure 9(4(b))
are similar to the reported pit shape of stainless steel and
carbon steel [41]. Due to the fact that the pits were obtained
after 48 h AP application, the pit depths are around between
0.18 mm (180 pm) and 0.29 mm (290 pm), which are deeper
than the pit depth of stainless steels obtained from CPP
[29,31], or carbon steel under 150 mV potentiostatics at pH
3.8 for 24 h [41]. For the case that undergoes severe corro-
sion leading to a complete general corrosion after 48 h AP
application as shown in Figure 9(2(b)), the diameter of
HSHCsw becomes around 0.44 mm (440 pm) less than the
original one, which is 8 mm.

Figure 12(a) shows the light micrograph (60x) of
the as-received surface morphology of steel wire and
Figure 12(b)—(d) shows the pits that appear on the steel
wire surface at 1M ClI- and -200mV, at 1M ClI” and
-350mV as well as at 0.5M CI” and -200 mV, respec-
tively. Comparing with the as-received surface mor-
phology, Figure 12(b) reveals a lot of tiny pits due to
the attack of CI” on the passive film [42]. The tiny pits

Pitting corrosion induced on HSHCsw in high alkaline deaerated Cl™ electrolyte

— 981

5.5
O<— 0omvV

-200 mV

Mass loss (g)
N
[%,]

1.5
-300 mvV
0.5 l/
< -400 mV
-0.5 +—t —t+—t—t——+—+—+—+—+—t+—t+——+—+—++
0 0.2 0.4 0.6 0.8 1 1.2
CI- (Molar)

Figure 11: Gravimetrically-calculated (solid line) and theoretically-
calculated (dotted line) mass loss of HSHCsw vs Cl™ concentration at
different APAs within passive zone that lasted for 48 h.

within a big pit is also observed in Figure 12(c), which is
not considered as the reported step-like pit in TiN inclu-
sion [19] as Fe*" and Fe>" are soluble when iron undergoes
oxidation. Thus, an occluded cover will be definitely formed
to cover completely the big pit that contains tiny pits inside.
Under active pitting corrosion, the tiny pits will merge to
form even bigger pits, as shown in Figure 12(d). From the
graphs of I, vs time and light micrographs in Figure 9 as
well as Figure 12, respectively, it can be deduced that when
active pitting corrosions accidentally take place in APA, the
individual tiny pit will not propagate deep into the steel
wire to cause embrittlement [43,44]. Instead, they will
tend to merge to form bigger pits leading to pseudo-gen-
eral corrosions shown in Figure 9(2(b)). The expansion of
corrosion products will also lead to the initiation of crevice-
inducing pits, encouraging more pseudo-general corrosions
to take place on the steel wire surface [45].

3.3.2 Corrosion products and pit corrosion mechanism

Figure 13a shows the corrosion product produced on
HSHCsw in the deaerated electrolyte (<0.5 ppm) at pH
13.4 at 1M CI” and -350 mV under the continuous flow
of nitrogen gas. Semino and Galvele [46] reported that
lepidocrocite (y-Fe,0s5-H,0) oxide films (yellow brown)
was the corrosion product formed on the pure iron in
deaerated neutral NaCl electrolytes when AP below the
E,; was applied. However, from the colours of the corro-
sion product in this work, it is deduced that green rusts
consisting of ferrous hydroxide Fe(OH), (white) and ferric
hydroxide Fe(OH); (greenish) [47] actually appear on
HSHCsw in the deaerated pH 13.4 electrolytes with the
presence of NaCl.

Small bubbles are seen among the green rusts or on
the steel wire surface close to the green rusts under active
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Figure 12: The light micrograph (60x) of the surface morphology of steel wire — (a) as-received, (b) pits at 1M Cl” and -200 mV, (c) pits at

1M Cl” and -350 mV, and (d) pits at 0.5 M Cl” and —200 mV.

AP corrosion, as shown in Figure 13b, which was taken
using borescope. The produced bubbles cannot be oxygen
gas coming from the dissociation of water as the applied
AP was well below the line b in the Pourbaix diagram in
Figure 4. It is hydrogen gas as proposed by previous
study [48].

When the electrochemical test was finished, the steel
wire with green rust was removed from the deaerated
electrolyte and left to expose to air at the room tempera-
ture of 21°C. The green rust was observed changing to dark
brownish corrosion products, as shown in Figure 13(c).
SEM image in Figure 13(d) and (e) shows that the corrosion
products are a mix of magnetite Fe;0, [49-51] and maghe-
mite y-Fe,05 [52]. The EDS spectra in Figure 13(f) for mag-
netite Fe;0, and Figure 13(g) for maghemite y-Fe,O5 reveal
the presence of the element Cl in the corrosion products
supporting the fact that CI~ induced depassivation and
also penetrated the passive film [53]. Very little of Na*
and K* were present in the corrosion products due to the
repulsive effect from the Fe?* and Fe>" inside the pits [53].

From the study of the corrosion products, the produc-
tion of bubbles, and pit morphology, a schematic dia-
gram of the pitting corrosion propagation as shown
in Figure 14 together with the corresponding pitting

corrosion mechanism under APA are proposed. At the
beginning, the application of AP causes Fe to dissolve
into Fe*" at the weak areas of air-formed passive film,
as shown in Figure 14(a). The released Fe?" will combine
immediately with OH™ coming from the electrolyte to
form the passive film of Fe(OH),, in Figure 14(b), to cover
the weak point.
With further APA leading to active pitting corrosion,
Fe from the bottom and the wall of the pit will dissolve
not only into Fe?* but also into Fe**. The dissolution of Fe
from the pit wall will thus widen the pit size until indi-
vidual pits connect to each other [40]. Due to the fact that
the passive film is porous and the gradient concentration
of CI” and OH™ existing between the bulk electrolyte and
the trapped electrolyte, anions will penetrate the passive
film and diffuse inside the pits [40], as shown in Figure 14(c).
The generated Fe?* and Fe** within the pits will react with
OH™ in the trapped electrolyte as the chemical reaction
below to form the green rust.
Fe?* + 20H™ = Fe(OH),, (4)

Fe3* + 30H™ = Fe(OH)s. 5)

In the alkaline medium, H,0 inside the trapped elec-
trolyte or in the bulk electrolyte will go through the
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Figure 13: (a) Green rust — corrosion products of HSHCsw in deaerated (<0.5 ppm in oxygen gas content) pH 13.4 electrolyte at 1M Cl™ and
—350 mV taken by digital camera. (b) Hydrogen gas produced during active pitting corrosion taken by boroscope. (c) Brownish corrosion
products (light microscope: 15x) — obtained after the green rust was exposed to air for some time. (d) SEM images of magnetite Fes0,. (e) SEM
images of magnetite Fe;0, and maghemite y-Fe,0s. (f) The EDS spectrum of magnetite Fe30,. (g) The EDS spectrum of maghemite y-Fe,0s.
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Figure 14: Schematic diagram of pitting corrosion mechanism under anodic potentiostatic application (APA). (a) Fe dissolving to Fe** at
weak area of air-formed passive film. (b) Fe?* combined with OH™ forming Fe(OH), passive film. (c) Further dissolution of Fe to Fe?* and Fe3*
and penetration of Cl” and OH™ from bulk to trapped electrolyte. (d) Formation of green rust (Fe(OH), + Fe(OH)s) and H,.

following reaction with electrons that reach the steel wire
surface to produce H, [48] as shown in Figure 14(d).

2H,0 + 2e = 2H, + 20H". (6)

The generation of H, inside the trapped electrolyte
together with Cl™ can cause local acidification. For iron,
it proved theoretically and experimentally that a pH
value of 3-4 can exist inside the trapped electrolyte of
active pits [54]. When the green rusts become thick and
impermeable leading to a complete consumption of the
trapped electrolyte, I, will drop as shown in Figure 9(2(a))
and the active corrosions will then terminate for the
moment.

4 Conclusion

HSHCsw immersed in the high alkaline of pH 13.4 deaer-
ated electrolyte (<0.5 ppm) with different C1I” concentra-
tions of 0.1, 0.25, 0.5, 1, 2 and 3 M was investigated for the
possibility of pitting corrosion induced on the steel wire
surface using the OCP, CPP, and APA. This study has
shown that
1) HSHCsw can sustain in the presence of Cl™ as high as
1 M without pitting corrosion under the condition of OCP.
2) An inverse relationship between APs and Cl™ con-
centrations is found and can be represented with an
interpolated second-degree polynomial equation as

3)

4)

5)

y = 469.61x> — 1029.7x + 208.48 with R? being 0.995,
only for a range of CI” concentration between 0.1 and
1 M. This indicates that that HSHCsw will not corrode
in the presence of CI~ when AP below the curve is
applied within the 48h time frame. However, the
application of AP above the curve will lead to the
development of pitting corrosion on HSHCsw.

The theoretical prediction of mass loss after 48 h APA
using Faraday’s law will not be valid in the case of
severe corrosion.

The corrosion products generated in the deaerated
electrolyte at pH 13.4 during the APA are mainly Fe
(OH); (greenish) and Fe(OH), (white) with hydrogen
gas produced in adjacent areas or within active pits.
The corrosion products will be turned into magnetite
Fe30,4 and maghemite y-Fe,0O3; when they are exposed
to air.

If the AP is accidentally applied outside the safety
margin during the service of anodic protection, the
initially generated corrosion will be pitting corrosion.
However, further application of AP will not cause the
pits to develop deep into the steel leading to embrit-
tlement. The covering of corrosion products on the
steel surface encouraging crevice corrosion together
with the continuous AP application will induce the
merging of pits and the dissolution of Fe from the
pit wall. Thus, these phenomena will finally cause
the initially generated pitting corrosions to appear
as general corrosions on the steel surface.
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