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Passivity and Pitting Corrosion of X80 Pipeline Steel
in Carbonate/Bicarbonate Solution Studied
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This work investigated the effects of chloride ions and hydrogen-charging on the passivity and pitting
corrosion behavior of X80 pipeline steel in a bicarbonate-carbonate solution by electrochemical and photo-
electrochemical techniques. It was found that a stable passivity can be established on the steel in the absence
and presence of chloride ions. The hydrogen-charging does not alter the transpassive potential, but
increases the passive current density. When chloride ions are contained in the solution, pitting corrosion will
be initiated. The pitting potential is independent of the hydrogen-charging. Hydrogen-charging would
enhance the anodic dissolution and electrochemical activity of the steel, but does not affect the pitting
potential, which indicates that the charged hydrogen is not involved in the pitting initiation. However,
hydrogen may accelerate the pit growth. Photo illumination could enhance the activity of the steel electrode,
resulting in an increase of photo-induced anodic current density.

Keywords bicarbonate-carbonate solution, passivity, pitting cor-
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1. Introduction

It has been acknowledged (Ref 1-16) that a majority of
pipeline stress corrosion cracking (SCC) occurs under a high pH
condition, which is associated with a concentrated carbonate/
bicarbonate solution with a pH of about 9.5. The high pH SCC
of pipelines is believed to be due to the selective dissolution
and repeated rupture of passive film along grain boundaries
(Ref 3, 7-9). Generally, pipeline steel can be passivated in the
concentrated carbonate/bicarbonate solution (Ref 17-19). In the
presence of aggressive species, i.e., CI™ ions, the passive film
may be broken to initiate pitting corrosion. It has been reported
(Ref 20, 21) that corrosion pits are usually the incubators of
stress corrosion cracks in pipeline steel.

It has been demonstrated (Ref 22-26) that the passive film
formed on pipeline steel in concentrated bicarbonate/carbonate
solution behave like a semiconductor, and the semiconducting
properties of the film play an essential role in corrosion and
SCC processes of the steel (Ref 27, 28). Furthermore, the
presence of hydrogen in pipeline steel influences strongly its
chemical and mechanical properties (Ref 29-32). Also, the
transport of hydrogen through passive film affects many
corrosion processes, such as pitting corrosion and SCC
(Ref 29, 32). Recent investigations (Ref 33, 34) showed that
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hydrogen, as a product of corrosion reaction, has significant
influence on the composition and structure of passive film, and
results in an increased pitting susceptibility and a decreased
corrosion resistance of the film.

Photo-electrochemical technique provides a promising
alternative to study the semiconducting properties of passive
film, and simultaneously, to characterize in situ the effect of
hydrogen in steel on its corrosion and cracking behavior
(Ref 35-38). For example, Razzini et al. (Ref 35) used a photo-
electrochemical microscopy (PEM) to image the distribution of
hydrogen at the crack tip in a loaded X60 pipe steel specimen
after hydrogen-charging. It demonstrated that a large amount of
hydrogen segregates at high stress regions. Zeng et al. (Ref 39,
40) used photo-electrochemical measurements to investigate
the effects of hydrogen and chloride ions on the electronic
properties of passive film on X70 steel in 0.5 M NaHCO;
solution. It found that hydrogen could promote localized
corrosion.

The X80 steel is a high-strength steel and is being used in
pipeline operations in Arctic and sub-Arctic areas (Ref 41).
Development of an advanced understanding of the corro-
sion and SCC behavior of X80 steel is critical to the safe
operation of pipelines. In this work, the passivity and pitting
corrosion behavior of X80 steel were investigated in a
carbonate/bicarbonate solution by electrochemical and photo-
electrochemical measurements. The effects of chloride ions and
hydrogen on the properties of passive film and pitting corrosion
were determined.

2. Experimental

2.1 Electrodes and Solutions

The specimens used for this work were a X80 steel, with the
chemical composition (wt.%): C 0.026, Mn 1.6, Si 0.22,
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S 0.001, P 0.003, Ni 0.15, Cr 0.27, Cu 0.27, Nb 0.097, Ti
0.014, and Fe balance. The specimens were ground to 1200 grit
SiC paper, degreased in acetone, cleaned with distilled water,
and then dried in cold air.

The test solutions contained 1 M NaHCO; + 0.5 M
Na,CO;5 solution without and with the addition of 0.01 M
NaCl, with pH values of 9.53 and 9.48, respectively. For
hydrogen-charging, a diluted bicarbonate solution, with the
chemical composition of 0.483 g/L NaHCOs;, 0.122 g/LL KCI,
0.181 g/ CaCl,-2H,0, and 0.131 g/ MgSO,-7H,0, was
used. Prior to charging, the solution was purged with 5%
CO,/N, for 1 h to remove oxygen, and the gas flow was
maintained through the charging process. All solutions were
made from analytic grade reagents (Fisher Scientific) and ultra-
pure water (18 MQ cm in resistivity). All tests were carried out
at room temperature (~22 °C).

2.2 Design of PEC System and Photo-Current
Measurements

The hydrogen-charging was carried out through a
Devanathan-Stachurski cell, which was comprised of two
compartments separated by the X80 steel specimen, with an
exposed working area of 1 cm” and a thickness of 0.1 cm. The
hydrogen-charging side was polarized galvanostatically with a
cathodic current density of 10 mA/cm? for 2 h. After charging,
the steel specimen at the test cell was polarized potentiostat-
ically at 0.15 V (saturated calomel electrode, SCE) for 3600 s.
A laser illumination was then conducted on the specimen
surface to measure the photo-current through a home-
developed PEC system, which was composed of a 500 mW
Argon ion laser source (Model 5490A ILT 6000 series, Ion
Laser Technology Inc., USA) with a wavelength range of 457
to 514 nm. The generated photo-current was recorded by a
PARSTAT 263A potentiostat.

2.3 Electrochemical Measurements

Prior to electrochemical measurement, corrosion potential of
the steel electrode was monitored through a Solartron 1280C
electrochemical system in the test solution until a steady-state
value was reached. The electrochemical impedance spectros-
copy (EIS) measurement was then conducted through a
Solartron 1280C electrochemical system, using a typical
three-electrode system, with the steel specimen as working
electrode (WE), a SCE as reference electrode and a platinum
sheet as counter electrode. The measurement frequency ranged
from 0.01 to 20,000 Hz with an applied AC amplitude of 5 mV.

Potentiodynamic polarization curve was measured through
the Solartron 1280C electrochemical system with a potential
scanning rate of 20 mV/min.

Cyclic polarization test was started at 20 mV below
corrosion potential (E..) and scanned at a rate of 1 mV/s in
the positive direction until an anodic threshold current density
of 0.2 mA/cm? was reached. The scan then was reversed to
E.oi- The cyclic polarization measurements were performed
through a Reference 600 Gamry electrochemical measurement
system.

2.4 Pit Propagation Rate Test

The pit propagation rate (PPR) test was a method in which
the specimen was subjected to a potential cycle, and was
performed by the Potential Scan/Hold module of the Solartron
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1280C electrochemical system. The potential was first poten-
tiodynamically scanned at a rate of 10 mV/s from E.,, to a
passive potential of 0.2 V (SCE), which was between the
protection potential, £, and the pitting potential, E;, as
determined in the measured cyclic polarization curves, where
E, refers to the potential below which no new pit initiates and
only the existing pits grow, and E,, refers to the potential below
which the existing pits will be repassivated. After holding at
this potential for 10 min to obtain a steady-state current density,
the potential scan was continued to a potential more noble than
Ey;, where the current density reached a value of 1 mA/cm?,
corresponding to the stable growth of corrosion pits. The
potential was then back in a single step to 0.2 V (SCE) and held
for 10 min. Since there was no new stable pit generating at
potential below E;, the recorded current density was a
summation of the current density of existing pit growth and
dissolution current density of the steel at the passive potential.
The potential was then shifted negatively to a value of —0.1 V
(SCE), and held for 10 min in order to repassivate the existing
pits. The potential was scanned to 0.2 V (SCE) again to check
the repassivation of pits.

The measurements were conducted on X80 steel electrodes
without and with hydrogen pre-charging, and the results were
determined by graphic integration of the measured current
density versus time data.

2.5 Mott-Schottky Analysis

In order to obtain Mott-Schottky plots for X80 steel in the
test solution, the electrode was pre-polarized at a film-formation
potential of 0.15 V (SCE) for 3600 s, and the capacitance
measurement was then conducted at a potential scanning speed
of 40 mV/s from —0.4 to 0.6 V (SCE) in the anodic direction
through the Solartron 1280C electrochemical system. An AC
signal with amplitude of 5 mV was applied, and the measuring
frequency was 1000 Hz.

3. Results

3.1 Corrosion Potential Measurements

Figure 1 shows the time dependences of corrosion potentials
measured on the uncharged and charged X80 steel electrode in
the solution without and with 0.01 M NaCl. It is seen that
hydrogen-charging would shift the steady-state corrosion
potential of the steel negatively. Moreover, an addition of
chloride ions shifted the corrosion potential to the negative
direction. Therefore, both the CI™ ion addition and hydrogen-
charging would enhance the electrochemical activity of
the steel.

3.2 EIS Measurements

Figure 2 shows the EIS plots (a—Nyquist diagram,
b—Bode diagram) measured on the uncharged and charged
X80 steel electrodes in the solution without and with CI™ ions.
It is seen that all EIS plots were featured with a depressed
semicircle loop over the whole frequency range. Moreover,
hydrogen-charging and chloride ion addition would decrease
the size of the semicircle. Correspondingly, the low-frequency
impedances measured in Bode diagram decreased obviously
with the presence of C1™ ions and the hydrogen-charging.
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Fig. 1 Time dependence of corrosion potentials measured on the
uncharged and pre-charged steel electrodes in the solutions without
and with 0.01 M NaCl
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Fig. 2 EIS plots measured on the uncharged and pre-charged
steel electrodes in the solutions without and with 0.01 M NaCl
(a) Nyquist diagram; (b) Bode diagram (Inset figure is the enlarged
EIS plots in the high frequency range)

3.3 Potentiodynamic Polarization and Cyclic Polarization
Measurements

Figure 3 shows the potentiodynamic polarization curves of
the uncharged and charged X80 steel in the test solution
without and with addition of chloride ions. It is seen that a
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Fig. 3 Polarization curves measured on the uncharged and pre-
charged steel electrodes in the solutions without and with 0.01 M
NaCl
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Fig. 4 Cyclic polarization curves measured on the uncharged and
pre-charged electrodes in the base solution containing 0.01 M NaCl

stable passivity could be developed on the steel in all solutions.
Upon hydrogen-charging, there was an apparent increase of the
passive current density. However, the E,; kept unchanged.
With the addition of chloride ions, the passive current density
increased, and simultaneously, the E; was shifted negatively
and the passive range decreased.

Figure 4 shows the cyclic polarization curves of the
uncharged and charged X80 steel electrodes in the test solution
containing 0.01 M NaCl. It is seen that both curves exhibited a
big hysteresis loop. Electrochemical cyclic polarization mea-
surement is capable of predicting the susceptibility of a
passivated metal to pitting corrosion. Generally, if the reverse
anodic curve is shifted to higher currents than the forward
curve, i.e., positive hysteresis, pitting corrosion will occur. It is
apparent from Fig. 4 that positive hysteresis loops are measured
under both conditions, suggesting that pitting of X80 steel is
inevitable in the test systems. The steel was in a stable passivity
in the potential region AB. When the applied potential
exceeded the point B, i.e., Ey, pitting was initiated, followed
by a rapid current increase in the region BC. The current was
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reversely scanned at a current density of 0.2 mA/em® at
point C. In region CD, the generated pits continued to grow,
resulting in the increase of current density. The current density
decreased in the region DE, indicating that corrosion pits were
partially repassivated. Furthermore, upon hydrogen-charging,
the passive current density increased. However, there was little
change of the Ep.

3.4 Pit Propagation Rate Tests

Figure 5 shows the current density profiles of the charged
and uncharged X80 steels in a potential step cycle in the
chloride-containing solution. When the potential was scanned
from E.. to 0.2 V (SCE), which was in the passive region as
seen in Fig. 3, the current density increased initially, and then
dropped gradually to a steady value, which is indicated clearly
in Fig. 5(b). The steel electrode was in passivity at 0.2 V (SCE)
and the anodic current density was kept at a low, steady-state
value. When the potential was shifted from 0.2 V (SCE) to
0.8 V (SCE), a potential more positive than E,; that was about
0.6 V (SCE), the current density increased rapidly. When
potential was back in a single step to 0.2 V (SCE) and held for
10 min, the current density continued to increase and fluctuated
around a relatively stable value. After the potential was shifted
negatively to —0.1 V (SCE), and held for 10 min, the current
density decreased and maintained at a low value. When
potential was increased to 0.2 V (SCE) again, the current
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Fig. 5 Potential-time and current density-time curves in PPR tests,
where (b) is the enlarged plots of the passive current densities in (a)

1314—Volume 19(9) December 2010

density increased rapidly to a higher value than that recorded
previously at the same potential.

Moreover, compared to the current density measured on the
uncharged electrode, there was a high current density obtained
on the charged electrode.

3.5 Capacitance Measurement and Mott-Schottky Analysis

Figure 6 shows the Mott-Schottky plots measured on the
uncharged and pre-charged electrodes in the solutions without
and with 0.01 M NaCl. It is seen that the slopes of all plots
were positive, indicating an n-type semiconductor of the
passive films formed on the steel. Moreover, a non-linear
behavior was observed in the Mott-Schottky plots. Further-
more, the measured space-charge layer capacitance increased
upon hydrogen-charging and the chloride addition. The slope of
the Mott-Schottky plot decreased with the addition of C1™ and
hydrogen-charging.

3.6 Photo-Current Measurements

Figure 7 shows the effect of photo illumination on anodic
current densities of the uncharged and charged electrodes
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Fig. 6 Mott-Schottky plots measured on the uncharged and pre-
charged electrodes in the solutions without and with 0.01 M NaCl
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illumination
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potentiostatically polarized at a film-formation potential of
0.15 V (SCE) in the solution without and with CI1™. It is seen
that the anodic current densities for both the uncharged and pre-
charged electrodes increased upon photo illumination. When
the laser source was turned off, the current density recovered to
the original value. Moreover, the background anodic current
density increased with pre-charging or the addition of chloride
ions in the solution.

4, Discussion

4.1 Passivity and Pitting Gorrosion of X80 Steel
in Chloride-Containing Bicarbonate-Carbonate Solution

Author’ previous study (Ref 42) has demonstrated that the
pipeline steels, such as X70 steel, can be passivated in
carbonate-bicarbonate solution. The present work shows
that a stable passivity can be established on X80 steel in the
solution. Upon immersion of the steel in solution and the
positive shift of applied potential, the active dissolution of
the steel results in the increase of current density, where the
steel is in an activation state. With the increase of potential, a
dissolvable FeCO; deposit layer is formed on the steel surface,
resulting in the generation of a current peak at about —0.75 V
(SCE) in Fig. 3 (Ref 19, 43):

Fe + HCO;~ — FeCO; + H' + 2¢ (Eq 1)

With the further increase of anodic potential, the second cur-
rent peak is observed at about —0.3 V (SCE). It is due to the
oxidation of ferrous species, FeCO3, to Fe,O3; and Fe;Oy4
(Ref 44-47):

4FeCO; + O, + 4H,0 — 2Fe;0; + 4HCO; ™ +4H'  (Eq 2)

(Eq 3)

In the absence of chloride ions, the rapid increase of current
density above 0.8 V (SCE) is due to the transpassive dissolu-
tion of Fe into Fe*" and, simultaneously, the evolution of
oxygen by the water oxidation. The hydrogen-charging will
not alter the transpassive potential, but increase the anodic
current density, as seen in Fig. 3. When chloride ions are
contained in the solution, pitting corrosion will be initiated
when the anodic potential exceeds the E,;, which is approxi-
mately 0.5-0.6 V (SCE). Similarly, a hydrogen-charging does
not change the pitting potential, which is dependent on the
chloride ion concentration (Ref 48). Furthermore, the addition
of chloride ions in the solution would enhance the electro-
chemical activity of the steel electrode, as indicated by a neg-
ative shift of steady-state corrosion potential in Fig. 1,
resulting in a high passive current density, as seen in Fig. 3.
The increased electrode activity upon addition of chloride
ions in the solution can also be demonstrated by the EIS
measurements. In general, the one semicircle in EIS plot is
attributed to the charge-transfer reaction occurring at the elec-
trode/solution interface. The size of the semicircle is directly
related to the charge-transfer resistance. It is seen from Fig. 2
that the addition of chloride ions causes a decrease of the
semicircle size, and thus the charge-transfer resistance. Appar-
ently, the activity of the electrode is enhanced.

The Mott-Schottky analysis (Fig. 6) also shows that the
space-charge layer capacitance of the passive film formed in the

6FeCO;3 + Oy + 6H,0 — 2Fe;04 + 6HCO; ™ + 6HT
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chloride-containing solution is higher than that formed in the
chloride-free solution, and simultaneously, the Mott-Schottky
slope decreases. Since the donor density is inversely propor-
tional to the slope (Ref 25-27), an addition of chloride ions in
the solution results in the increase of the donor density in
passive film. According to point defect model (Ref 49, 50), the
oxygen vacancies may act as the primary donors in an n-type
semiconductor passive film. With the increase of donor density,
there are more probabilities for chloride ions to combine with
oxygen vacancies to form cation vacancies, which move toward
the steel/film interface, resulting in initiation of pits. Therefore,
the addition of chloride ions in the solution also changes the
property of the passive film, which is more prone to occurrence
of pitting corrosion.

4.2 Effects of Hydrogen-Charging on Corrosion of X80 Steel
in Bicarbonate-Garbonate Solution

It has been demonstrated (Ref 51) that hydrogen-charging
would enhance the anodic dissolution of the steel, as shown in
the present work that there is a higher passive current density
(Fig. 3), a lower corrosion potential (Fig. 1) and a smaller
charge-transfer resistance (Fig. 2) for the charged steel than
those for a uncharged steel.

Furthermore, the present work shows that hydrogen-
charging would not affect the pitting resistance, indicating that
the charged hydrogen is not involved in the pitting initiation.
However, the PPR tests (Fig. 5) show that hydrogen may
accelerate the pit growth, as demonstrated by the increased
pitting current density when the applied potential is more than
E,;.. Even when the potential is back to the passive potential of
0.2 V (SCE), the current density continues to increase since the
generated pits cannot be repassivated at this potential. The
measured increment of current density upon hydrogen-charging
is approximately four times of that of the uncharged steel
during continuous growth of corrosion pits, as seen in Fig. 5.
Moreover, previous calculations about the oxidative current
density of the charged hydrogen (Ref 51, 52) has shown that
the current increment due to the hydrogen oxidation is
negligible, compared to the enhanced anodic dissolution current
density of the steel. Therefore, it is reasonable to assume that
the measured current density is primarily attributed to disso-
lution current density, rather than the oxidation of the charged
hydrogen. When the applied potential is further back to —0.1 V
(SCE), the decrease of current density is due to the partial
repassivation of corrosion pits. However, the newly formed
passivity on the pre-charged steel has a higher activity, as indicted
by a higher passive current density, than the un-charged steel.

The involvement of hydrogen in passivity and the pit growth
has been paid much attention. For example, Qin et al. (Ref 52)
attributed the effect of hydrogen on the passive current density
to the hydrogen-induced reduction of oxide and the decrease of
the thickness of passive film. Wallinder et al. (Ref 53) proposed
that the increase in the passive current density after hydrogen-
charging is due to the diffusion of hydrogen atoms from the
specimen surface to the film, accelerating the anodic dissolu-
tion. The present work shows that the hydrogen-charging
increases the space-charge layer capacitance of the passive film
and decreases the Mott-Schottky slope (Fig. 6). Therefore, the
hydrogen-charging could contribute to the increase of donor
density, enhancing the activity of the passive film. Once pits are
initiated, i.e., the applied potential exceeds E in this work, the
charged hydrogen may accumulate at the tip of pits, enhancing
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the local dissolution of steel. The pitting current density is thus
increased.

Furthermore, hydrogen-charging has an apparent effect on
the photo-response of the steel electrode. As seen in Fig. 7,
hydrogen-charging could result in a significant increase of
photo-current density compared to that of uncharged electrode.
Photo illumination could enhance the activity of the steel
electrode, resulting in an increase of photo-induced anodic
current density. The increased photo-current density may also
include the oxidative current density for the charged hydrogen
atoms. When the photo illumination is turned off, the activation
source disappears and the electrode recovers to its original state
gradually.

5. Conclusions

A stable passivity can be established on X80 steel in
carbonate-bicarbonate solution in the absence and presence of
chloride ions. The hydrogen-charging does not alter the
transpassive potential, but increases the passive current density.
When chloride ions are contained in the solution, pitting
corrosion will be initiated. The pitting potential is independent
of the hydrogen-charging. The addition of chloride ions
enhances the electrochemical activity of the steel electrode, as
indicated by a negative shift of steady-state corrosion potential,
a high passive current density, and a decrease of charge-transfer
resistance. Moreover, an addition of chloride ions in the
solution results in the increase of the donor density in passive
film, which is more prone to occurrence of pitting corrosion.

Hydrogen-charging would enhance the anodic dissolution
and electrochemical activity of the steel by increasing the donor
density in the film. Hydrogen-charging does not affect the
pitting potential, indicating that the charged hydrogen is not
involved in the pitting initiation. However, hydrogen may
accelerate the pit growth. Once pits are initiated, the charged
hydrogen may accumulate at the tip of pits, enhancing the local
dissolution of the steel. The pitting current density is thus
increased.

Photo illumination could enhance the activity of the steel
electrode, resulting in an increase of photo-induced anodic
current density.
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