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ions on anodic polarization
behaviour of API X80 steel in high potential/current
density conditions in Na2SO4 solution

Runzhi Qin, Yanxia Du,* Zhenchang Xu and Minxu Lu

Pipeline steel has considerable risk of corrosion in the high voltage direct current interference cases. Thus,

under high potential/current density conditions, the anodic polarization behaviour of X80 steel in Na2SO4

solution and the influence of Cl� ions were investigated using reversed potentiodynamic polarization, the

current interrupt method, galvanostatic polarization, scanning electron microscopy, and X-ray

photoelectron spectroscopy. In the Na2SO4 solution free of Cl� ions, steel was passivated above 0.120 A

cm�2 and the potential increased from �0.32 V to 1.43 V. The passive film was composed of Fe3O4, g-

Fe2O3, and FeOOH. The addition of Cl� ions observably influenced the passivation by attacking the

passivate film. Low concentration of Cl� ions (<5 mg L�1 NaCl) could set higher demands of current

density to achieve passivation and increase the requirement of potential to maintain passivation. A high

concentration of Cl� ions (>5 mg L�1 NaCl) completely prevented passivation, showing strong

corrosiveness. Thus, the X80 steel was corroded even under high-current-density conditions. The

corrosion products were mainly composed of Fe3O4, a-Fe2O3, and FeOOH.
1. Introduction

The high voltage direct current (HVDC) transmission system is
undergoing large-scale construction in China. It is going to be an
important part in the plan of the national power grid. Inmonopolar
conguration, it injects a large amount of direct current into the
soil and introduces stray current interference to nearby pipelines.1,2

In some HVDC interference cases,3 the pipe-to-soil potential was
reported to be hundreds of volts, and the highest leakage current
density of the coupon was 0.049 A cm�2. At such high voltage and
current density conditions, the pipeline steel is at a large risk of
corrosion. However, there is no literature report on the corrosion
evaluation and mechanism up to now because such a corrosion
issue has been newly found. Therefore, the anodic behaviour and
the corrosion mechanism of steel require further study.

Generally, considerable attention is focused on the corrosion
issues in open circuit potentials or in low potential/current
density conditions. The traditional test range is always below
�1 VSCE or �0.010 A cm�2. Carbon steel always gets corroded in
most soil environments or simulation solutions, where SO4

2�

and Cl� ions always exist.4,5 The Na2SO4 solution is extensively
used as a typical simulation solution because SO4

2� ions are
extensively distributed in soil. In Na2SO4 solutions, the anodic
polarization behaviour of carbon steel has been extensively
studied.6–9 In the traditional test range, steel is corroded without
logy, University of Science and Technology

istrict, Beijing, 100083, China. E-mail:
any passivation, and the polarization curves show a typical
active dissolution characteristic. For other solutions, the addi-
tion of SO4

2� ions can accelerate the corrosion of steel by
changing the composition of products and promoting anodic
dissolution.10,11 Even in passivation environments, SO4

2� ions
can attack the passive lm and reduce its protectiveness.12

Thus, SO4
2� ions are considered to be corrosive.

The Cl� ions are considered to be more aggressive.13,14 For
passivation environments, Cl� ions weaken the passivation and
reduce the protectiveness of carbon steel.15,16 In alkaline solu-
tions, Cl� ions can cause pitting corrosion of carbon steel.17–19

The reversed potentiodynamic (RPD) polarization test is oen
employed to distinguish passivation with and without pitting.
Once pitting occurs, the backward curve cannot overlap with the
forward curve, thus forming a hysteresis loop.20–24 Even for
stainless steel, Cl� ions can degrade the passive lm and intro-
duce pitting.25,26 Themechanism of passivation and the inuence
of Cl� ions have been extensively studied. Some researchers
believe that Cl� ions facilitate the dissolution of a passivate lm27

and change its components.28,29 Others declared that the lm is
attacked through paths that are between nanocrystals and
amorphous products.30 Based on the point defect model (PDM)
theory,31 it is also suggested that Cl� ions can be adsorbed at the
lm/solution interface and then react with oxygen vacancies
through the Mott–Schottky pair reactions, leading to excessive
vacancies at the metal/lm interface and thinning of the
protective lm.15,32,33 Moreover, these results are obtained in the
traditional test ranges. However, the effects of Cl� ions in high
voltage/current density conditions are still unknown.
This journal is © The Royal Society of Chemistry 2019
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As mentioned above, the test ranges reported in the existing
literatures are too narrow to meet the high voltage/current
density conditions of HVDC interference. For such conditions,
we studied the anodic polarization behaviour of X80 steel and
the inuence of Cl� ions. When the anodic polarization
potential/current density was high, steel showed a completely
different characteristic from corrosion. The anodic polarization
process was analysed and a mechanism model was proposed.
Our results will help better understand the dissolution,
passivation and de-passivation of steel. Our work can provide
a reference to the corrosion evaluation of steel in highly anodic
polarization conditions.
2. Experimental procedures
2.1 Materials and solution

The test material was API X80 steel. The chemical constitution
in weight percentage (wt%) was 0.07 C, 0.21 Si, 1.61 Mn, 0.12 Ni,
0.14 Cu, 0.041 Nb, 0.012 Ti, 0.0025 S, 0.0081 P, 0.13 Mo, and Fe
balance. The specimen was embedded in an epoxy resin with
a presented working area of 1 cm�2. Before each experiment,
the working electrode surface was polished with 360, 600, 800,
and 1000 grit silicon carbide emery papers and ultrasonically
cleaned with acetone, ethyl alcohol, and deionized water and
then dried under a cold dry wind.

The blank test solution was Na2SO4 (4 g L
�1), which was made

from analytical-grade reagents and deionized water. Then,
different amounts of NaCl were added to the blank solution. The
concentrations of NaCl were 1, 2, 3, 5, 10, and 50 mg L�1.

All tests were performed at room temperature of 25 � 2 �C
and relative humidity of 30 � 2%.
2.2 Reversed potentiodynamic polarization measurement
and the current interrupt method

A three-electrode system was used for electrochemical experi-
ments, as shown in Fig. 1. The X80 steel coupons, a Pt electrode,
and a saturated calomel electrode (SCE) were used as the
working electrode (WE), the counter electrode (CE), and the
reference electrode (RE), respectively. All electrochemical
potentials were expressed with respect to SCE. An electro-
chemical workstation (Gamry Reference 3000) was used for
Fig. 1 Schematic of the electrochemical test circuit combined with
the current interrupt method.

This journal is © The Royal Society of Chemistry 2019
electrochemical measurements. When the open-circuit poten-
tial (OCP) of WE was stable, the RPD polarization curve was
measured from OCP to +6 V and then from +6 V to �1 V. The
scanning rate was 1 mV s�1.

As the apparent potential contains some IR drop, which is
a big error in high potential/current density conditions,34 the
current interrupt method was used to eliminate the IR drop and
obtain the polarization potential. An interrupter was installed
in the CE branch and a 1000 Hz datalogger (Tinker & Rasor, DL-
1) was employed to record the potential-time transient during
the interruption. When the current was interrupted, the
measured potential E(t) exponentially decayed with time:35

EðtÞ ¼ �
Ep � E0

�
e�

t
s þ E0 (1)

Here, Ep is the polarization potential, E0 is the eventual
potential aer innite time, and s is the time constant. The
potential-time transient at each interruption was recorded.
Then, the exponential curve was tted for each transient and Ep
was calculated.
2.3 Product characterization

To characterize the product, galvanostatic polarization
measurements were obtained. The samples were polarized in
0.120 A cm�2 for 30 min in different solutions. Aer that, the
sample surfaces were rinsed with deionized water and dried
with a cold wind. Then, the surface micro-morphologies were
observed by scanning electron microscopy (SEM, LEO-1450).
The product composition was investigated by X-ray photoelec-
tron spectroscopy (XPS, Kratos AXIS ULTRADLD).
3. Results
3.1 Polarization results of apparent potential

Fig. 2 displays the apparent RPD curves of X80 steel in Na2SO4

solutions with 0, 1, 2, and 3 mg L�1 NaCl. It should be noted
that these potentials are apparent potentials, which involve
a certain part of IR drop. The test range considerably broadened
compared to the traditional one.
Fig. 2 RPD polarization curves of X80 steel in Na2SO4 solutions with 0,
1, 2, and 3 mg L�1 NaCl.

RSC Adv., 2019, 9, 7698–7704 | 7699
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Fig. 4 RPD polarization curves of X80 steel in Na2SO4 solutions with
0, 2, 5, 10, and 50 mg L�1 NaCl after IR drop elimination.
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In the forward scan, the curves show a typical dissolution
characteristic in low potential/current density ranges according
to the literature.6–9 Out of the traditional range, in particular,
there is a potential plateau above �2 V or �0.1 A cm�2 for each
curve, where the current density abnormally decreases with the
increase in the potential. Aer the plateau, the current density
increases continuously with the apparent potential. In our
experiment, black products were generated at the sample
surface before the plateau and then dropped off aer the
plateau with massive bubbles gushing from the sample surface.

In the backward scan, the curves are similar to the tradi-
tional passivation curves. The current density decreased with
decline in the apparent potential. A potential drop started form
�1.4 V at a low current density for each curve, and the current
density reached a minimum value at the end of the potential
drop. Then, the second potential plateau occurred, at which the
current density increased rapidly. Aer that, the current density
decreased with the potential in the similar path of the forward
scan until the end of the test. In the experiment, bubbles
diminished and nally disappeared aer the potential drop.

Fig. 3 displays the RPD curves of X80 steel in Na2SO4 solu-
tions with 5, 10, and 50 mg L�1 NaCl. All the curves are very
similar with almost the same shape in the forward and back-
ward scans. In our experiment, the samples were corroded all
the time and black rust was generated at the sample surface. No
gas bubbles were observed.
3.2 Polarization results with IR drop elimination

Based on the current interrupt method, the “real” polarization
curves are shown in Fig. 4. The word “real” indicates that these
curves are free of IR drop and they are more accurate than the
apparent potential curves in Fig. 2 and 3.

When the concentration of NaCl was below 5 mg L�1, the
potential plateau was replaced by a potential jump, indicating
new electrochemical reactions and mechanisms. Before the
potential jump, the curves obeyed the Tafel equation. Then, the
polarization potential increased from ��0.32 V to �1.43 V in
the potential jump, while the current density decreased. The
sudden increase in the potential is a sign of new
Fig. 3 RPD polarization curves of X80 steel in Na2SO4 solutions with 5,
10, and 50 mg L�1 NaCl.

7700 | RSC Adv., 2019, 9, 7698–7704
electrochemical reactions. At the end of the forward scan, the
potential increased to more than 1.50 V. In the backward scan,
the potential decreased to a slight extent with a signicant
decline in the current density until the potential drop. The
current density reached a minimum value at the end of the
potential drop. Then, a second potential plateau occurred,
where the current density increased greatly. The residual part of
the curve is very similar to that of the forward scan.

When the concentration of NaCl was higher than 5 mg L�1,
there was no potential jump, plateau or drop. The curve shapes
were similar for both forward and backward scans. The curves
almost overlapped with those measured at a lower NaCl
concentration, indicating a similar electrochemical process.
3.3 Product characterization

In each RPD curve, the highest apparent potential was 6 V and the
corresponding current density was�0.120 A cm�2, which is shown
by the red star in Fig. 2 and 3. Thus, to further study the anodic
behavior of steel and the inuence of Cl� ions on the electro-
chemical process, the galvanostatic polarization of 0.120 A cm�2

for 30 min was applied to X80 steel samples in different solutions.
In the blank solution and that containing 2 mg L�1 NaCl, the

sample surfaces remained uncorroded and some gas bubbles
were produced, as shown in Fig. 5. The gas was detected to be O2
Fig. 5 Oxygen evolution on the sample surface during the galvano-
static polarization test in blank solution.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 High-resolution XPS spectra of S 2p and Cl 2p of corrosion
products on samples after galvanostatic polarization.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 3

:3
5:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
because of its combustion-supporting characteristic. In solu-
tions with 5 and 10 mg L�1 NaCl, black rust was generated on
the sample surface. No gas evolution occurred.

Aer galvanostatic polarization, the micro-morphologies of
the sample surface are presented in Fig. 6. In the blank solution
and the solution with 2 mg L�1 NaCl, the samples were not
corroded at all, and the scratch in the sample preparation process
could be observed. This indicated that the products are thin,
neat, and strongly protective in high-current-density conditions.
In solutions containing 5 and 10 mg L�1 NaCl, the samples were
covered by ake-shaped corrosion products with cracks. Such
rust was loose in texture, showing a low protective effect.36

To differentiate the oxidation states of elements, the prod-
ucts were characterized by XPS aer galvanostatic polarization.
The high-resolution spectra and decomposition of Fe 2p, O 1s, S
2p, and Cl 2p are presented in Fig. 7 and 8.

In the XPS spectra of Fe 2p, we observe that three major
peaks always exist. The peaks at�709 eV,�711 eV, and�713 eV
are attributed to Fe3O4 (Fe II), Fe2O3/FeOOH (Fe III), and the
satellite of Fe III, respectively.37,38 Moreover, a peak at�706.7 eV
is observed for the samples in the blank solution and the
solution with 2 mg L�1 NaCl. This peak was assigned to metallic
Fig. 6 SEM micro-morphologies of products formed on X80 steel
sample surface after galvanostatic polarization in different solutions.

Fig. 7 High-resolution XPS spectra of Fe 2p and O 1s of the products
after galvanostatic polarization.

This journal is © The Royal Society of Chemistry 2019
Fe, suggesting that the thickness of the product layer was less
than 10 nm.

The XPS spectra of O 1s consist of two large broad peaks
centered at �529.9 eV and �531.3 eV, which are attributed to
O2� and OH�.39 This result coincides with that of Fe 2p spectra
of iron oxides and oxyhydroxides.

The XPS spectra of S 2p consist of only one weak peak at
�168.5 eV. This peak40 is assigned to SO4

2�, which is the
residual component of the solution. For the XPS spectra of Cl
2p, all the curves uctuate weakly and no large peak is observed.
This implies that all products are free of Cl�.

In a word, the main products of X80 steel aer galvanostatic
polarization are iron oxides and oxyhydroxides. However, Cl� ions
alter the composition and the morphology of the products. In the
blank solution and the solution with 2 mg L�1 NaCl, the products
formed a thin and neat passivation lm, preventing further
corrosion of the sample. Therefore, this layer is indeed amixture of
Fe3O4, protective g-Fe2O3, and amorphous FeOOH. Such results
were in agreement with previously reported observations.41–44 In
solutions with 5 and 10 mg L�1 NaCl, the steel samples were
heavily corroded and the products were unprotected rusts. The
products were Fe3O4, a-Fe2O3, and traditional FeOOH.

4. Discussion

The corrosion of carbon steel at a low current density has been
extensively studied. The rst step is widely recognized as the
dissolution of steel and the formation of Fe2+ ions.45,46 Themain
electrochemical reaction is shown in eqn (2):

Fe / Fe2+ + 2e (2)

However, in high potential/current density conditions, the
change in the polarization curves and the products implies
a new electrochemical process, which has not been reported to
date. Specically, the mechanism and the inuence of the Cl�

ions are discussed below.

4.1 No Cl� ions

In Na2SO4 solution free of Cl� ions, the forward scan of the RPD
test shows an apparent potential plateau, which is a potential
jump aer eliminating the IR drop. Aer the plateau, the rust
drops and the products become strongly protective, implying the
RSC Adv., 2019, 9, 7698–7704 | 7701
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special passivation of steel. Correspondingly, the current density
decreases from 0.117 A cm�2 to 0.077 A cm�2. It is deduced that
the potential plateau is the transition from corrosion to passiv-
ation. The high potential is the requirement of passivation;
however, it can be only achieved by a high current density.

During passivation, a passivate lm is formed (eqn (3)–
(5)).39,47 It is believed that the passivate lm of carbon steel has
a layered structure.48,49 The outer layer mainly consists of the
protective components of Fe3+ (g-Fe2O3 and FeOOH50,51). The
inner layer mainly consists of Fe3O4, which is the precursor of g-
Fe2O3.41–43,52 The passive lm increases the potential of the
sample surface; thus, most of the current density is consumed
by the oxygen evolution reaction (OER) based on eqn (6).53

3Fe2+ + 4H2O / Fe3O4 + 8H+ + 2e (3)

2Fe3O4 + H2O / 3g-Fe2O3 + 2H+ + 2e (4)

Fe2+ + 2H2O / FeOOH + 3H+ + e (5)

2H2O / O2 + 4H+ + 4e (6)

In the backward scan, OER diminishes as the potential
decreases and nally stops at the potential drop. The potential
drop is very similar to the traditional passive stage, where only
passive lm generation reactions occur. Therefore, theminimum
of the current density is a sign of the complete breakdown of the
passivate lm, and the corresponding potential is the lowest
requirement of maintenance for passivation. Then, the passivate
lm is dissolved and the steel becomes corroded again aer the
second potential plateau (eqn (7)–(9)).

g-Fe2O3 + 6H+ / 2Fe3+ + 3H2O (7)

FeOOH + 3H+ / Fe3+ + 2H2O (8)

Fe3O4 + 8H+ / 2Fe3+ + Fe2+ + 4H2O (9)
4.2 Low content of Cl� ions

When the addition of NaCl is lower than 5mg L�1, the shapes of
the polarization curves do not change, indicating a similar
Fig. 9 Influence of Cl� ions on the current density at the start and the
end of the potential plateau in the forward scan.

7702 | RSC Adv., 2019, 9, 7698–7704
process for lm formation and OER. The current density at the
start and the end of the potential plateau increases with the
content of Cl� ions, as shown in Fig. 9. The steel requires more
current density to transform from corrosion to passivation,
indicating that the requirement of passivation increases. One
possible reason is that a passivate lm might be generated, but
it can be thin and weak at the initial stage. Thus, it can be
degraded by a small amount of Cl� ions.

Furthermore, the proportion of the protective Fe3+ species
decreased from 71.4% to 66.7%, which indicated that Cl� ions
mainly attack the outer layer of the lm. Then, the lm thinned
and weakened, which was in agreement with previously reported
results.54 The attack of Cl� ions can be explained by the adsorp-
tionmechanism55,56 (eqn (10)–(12)). Cl� ions adsorbed at the lm/
solution interface could combine with the Fe3+ ions in the oxide
and hydroxide to form a soluble complex. It is reasonable that
such a complex with less positive charge requires less activation
energy to be transferred from the oxide/hydroxide matrix to the
electrolyte compared to that observed for highly charged Fe3+

ions. Then, the complex dissolved and released Cl� ions, which
migrated towards the passivate lm and reacted with other Fe3+

ions. The Cl� ions showed a catalytic effect. In this process, the
high potential also plays an important role. Because the strong
electric eld at the lm/solution interface could accelerate the
migration of Cl� ions and enhance the adsorption, the small
amount of Cl� ions could observably inuence passivation.

Fe3+(ox) + Cl�(ad) / FeCl2+(ad) (10)

FeCl2+(ad) / FeCl2+(aq) (11)

FeCl2+(aq) / Fe3+(aq) + Cl�(aq) (12)

Cl�(aq) / Cl�(ad) (13)

In the backward scan, the minimum value of the current
density and the corresponding potential increased with the
content of Cl� ions, as shown in Fig. 10. This indicated that with
the addition of Cl� ions, it is more difficult to maintain steel in
the passivation state. The breakdown of the passivate lm is
advanced and the potential requirements of the transition from
passivation to corrosion can be enhanced by Cl� ions.

4.3 High content of Cl� ions

When the concentration of NaCl was higher than 5 mg L�1,
steel was corroded in both forward and backward scans, and
Fig. 10 Influence of Cl� ions on (a) the minimum of the current
density and (b) the corresponding potential in the backward scan.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Reaction model of passivation of X80 steel in Na2SO4 solution
and the influence of Cl� ions.
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the passivation was completely prevented by Cl� ions. The
main products were Fe3O4, a-Fe2O3 and FeOOH based on eqn
(2) and (14)–(16). The total anodic process is similar to the
forced electrolysis of steel. No pitting was found in the SEM
images. The absence of hysteresis loops in the RPD curves
was one piece of evidence.

6Fe2+ + O2 + 6H2O / 2Fe3O4 + 12H+ (14)

4Fe2+ + O2 + 6H2O / 4FeOOH + 8H+ (15)

4Fe2+ + O2 + 4H2O / 2a-Fe2O3 + 8H+ (16)

Based on the results and analysis mentioned above, the
model of passivation of X80 steel in Na2SO4 solution and the
inuence of Cl� ions are shown in Fig. 11. In Na2SO4 solution,
X80 steel gets passivated at a high current density. When the
concentration of Cl� ions is low (<5 mg L�1 NaCl), the steel can
also be passivated; however, it needs higher requirements of
potential and current density to form and maintain the
passivation. When the concentration of Cl� ions was high
(>5 mg L�1 NaCl), steel always corroded and no passivation
could be achieved.

Although many studies have reported the effect of Cl� ions
on the passivation lm of steel, most of them have focused on
low potential and current density conditions. In high
potential and current density conditions, the passivation of
carbon steel and the effect of Cl� ions on such passivation are
This journal is © The Royal Society of Chemistry 2019
seldom studied. Our work may provide useful information
for corrosion evaluation and protection in high voltage and
current density interference cases.
5. Conclusions

(1) In Na2SO4 solution, X80 steel can get passivated in high
potential/current density conditions. In the forward scan of the
RPD test, the potential plateau is the transition from corrosion
to passivation. The passivate lm is composed of Fe3O4, g-
Fe2O3, and FeOOH. In the backward scan, the passivate lm
breaks at the minimum of the current density, and the steel gets
corroded aer the second plateau.

(2) A small amount of Cl� ions can have a considerable
inuence on passivation.

When the concentration of Cl� ions was low (<5 mg L�1

NaCl), the steel was still passivated in high potential/current
density conditions. However, the requirements of obtaining
passivation (in the forward scan) and maintaining the passiv-
ation (in the backward scan) are enhanced by Cl� ions.

When the concentration of Cl� ions was high (>5 mg L�1

NaCl), the steel corroded and did not get passivated at all. The
corrosion products were mainly composed of Fe3O4, a-Fe2O3,
and traditional FeOOH.
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