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Abstract: In the petroleum industry, the casing steel is fixed with a cement sheath to ensure reliable
service in demanding conditions characterized by high temperature, high pressure, and exposure to
multiple types of media. After the hydration of the cement, a porous material is produced with a
highly alkaline solution filling the pores, commonly referred to as the pore solution. The casing will
form a protective passive film when in contact with a highly alkaline pore solution. Nevertheless,
once the cement sheath cracks, chloride ions in the stratum will pass through the cement sheath
to the surface of the casing. When chloride ions accumulate to a certain concentration, the passive
film will be destroyed, without exerting a protective influence on the substrate. After chloride
ions come into direct contact with the casing, the casing is prone to severe failure due to corrosion
perforation. The casing failure can cause a blowout outside the casing and even scrapping of the oil
well. Controlling casing corrosion and ensuring casing integrity relies on understanding the critical
chloride ion concentration that can cause the degradation of the passive film. Therefore, to assess
the electrochemical properties and analyze the damage process of the passive film under varying
chloride ion concentrations, several characterization techniques were employed. These included
potential-time curves (E-t), polarization curves, electrochemical impedance spectroscopy (EIS), and
Mott-Schottky curves. In addition, the composition of the passive film on the surface of the P110
casing steel was qualitatively analyzed using X-ray photoelectron spectroscopy (XPS). To further
understand the surface morphology of the P110 casing steel, scanning electron microscopy (SEM)
was used.

Keywords: casing steel; alkaline simulated pore solution; passive film; chloride ion; electrochemical;
XPS

1. Introduction

The surface of an underground casing is sealed with a cement sheath, and after
hydration and solidification, the cement will present a porous form. Due to the high alkali
solution (pH ~ 12.5) in the small pores of cement, a dense passive film is formed on the
casing steel surface. This formation contributes to excellent corrosion resistance of the
casing [1-5]. However, in a complex underground environment, with higher temperature
and pressure than on the ground and exposure to different media, and with time or cracking
of the cement, water and chloride ions from outside penetrate the cement sheath and reach
the interface between the cement sheath and the casing steel. This causes a decrease in
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pH in the medium environment, a potential for a negative shift in the casing corrosion,
and a change to an active dissolution state. When the passive film is damaged, it leads to
corrosion or even perforation failure of the casing, causing huge economic losses [6].

Chloride ions can reach the interface between the cement and the casing steel through
the cement protective layer and gradually accumulate at the interface. As the concentration
of chloride ions near the casing surface gradually rises, it eventually reaches a critical
threshold. Chloride ion action may cause local passive film breakdown and corrosion on
the casing steel [7-9]. The chloride threshold level that triggers the corrosion of casing
steel can be defined as the minimum chloride ion content that promotes the decomposition
of local passive film on the casing steel under highly alkaline conditions of the cement
sheath [10-13]. Having an insignificant ionic radius and strong penetrability, chloride
ions can penetrate the produced oxide film and reach the surface of the metal substrate.
Subsequently, this can promote the hydrolysis of Fe®* to generate H*, thus promoting the
electrochemical corrosion of the metal substrate. Chloride ions can induce and promote
local metal corrosion, such as pitting and crevice corrosion, causing significant damage
to the metal. Khaled et al. [14] studied the corrosion performance of carbon steel with
supersonic flame spray coating in a simulated pore solution containing chloride ions. In
the absence of coating, carbon steel exhibited severe corrosion, mainly pitting corrosion.
Ghods et al. [15] studied the changes in the composition of passive films on carbon steel
in a simulated pore solution containing chloride ions. Nabhali et al. [8] investigated the
effect of inhibitors on the chloride threshold in saturated hydroxide solutions. Domestic
studies have also investigated the impact of chloride ions on the passivation of steel in
simulated pore solutions. Ye et al. [7] used electrochemical methods such as electrochemical
impedance spectroscopy (EIS) to discuss the critical concentration of chloride ions resulting
in damage to the passive film in a simulated pore solution. The invasion of chloride ions
disrupts the stability of the passive film and weakens its corrosion resistance. Meanwhile,
the density of the passive film decreases due to the deposition of many loose grains.

There are generally two mechanisms in which chloride ions cause damage to the
passive film, as shown in Reactions (1-2). The mechanism expressed in Reaction (1) is that
chloride ions having a small radius and strong permeability easily interact with metals to
form soluble chloride through tiny pores in the film. This leads to damage to the passive
film and pitting corrosion. A sufficient electric field is key in damaging the passive film.
The intensity of the induced electric field depends on the concentration of chloride ions and
the electrode potential. Therefore, the destruction of the membrane requires a minimum
chloride ion concentration (critical concentration) and a minimum potential (pore corrosion
breakdown potential), as well as a longer incubation period. Adsorption theorists believe
that the fundamental reason for the destruction of the passive film by chloride ions is that
chloride ions have a strong ability to be adsorbed by metal, and that the interaction between
chloride ions in solution and dissolved oxygen or OH™ occurs. As shown in Reaction (2),
owing to the competitive adsorption on the metal surface, the dissolved oxygen previously
adsorbed on the weak points of the passivation film is replaced by chloride ions, converting
the passivation film with excellent corrosion resistance into a soluble complex, resulting in
damage to the oxide film and local corrosion [16].

Fe®t pos +3Cl~ — FeCly (1)

FeCly — Fe®*,,; +3CI~ 2)

This article mainly conducts in-depth research on the damage of the chloride ion
concentration to the passivation film through electrochemistry and surface analysis. It
explores the decisive role of critical chloride ion concentration in corrosion, providing a
reference for future research.
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2. Experimental
2.1. Materials and Environment

Table 1 presents the chemical composition (wt.%) of the P110 steel used in the experi-
ment. The plate specimens were machined in a length, width, and height of 10 mm, 10 mm,
and 3 mm, respectively. Before testing, all samples were pre-treated. The sample surface
was polished using 1000-mesh silicon carbide paper and thoroughly cleaned with acetone.

Table 1. Chemical composition (wt.%) of P110 steel.

Si

Mn

P S Cr Mo Ni A% Ti Cu Fe

0.25

0.20

1.40

<0.009 <0.003 0.15 0.01 0.012 0.012 0.030 <0.01 Bal.

Previous studies have shown that pH is less than 13, and the experimental material is
the G-grade Portland cement prepared by China Jiahua Enterprise Co., Ltd. The cement has
the following mineral composition: 64.77% CaO, 22.43% SiO;, 4.76% Al;O3, 4.10% Fe, O3,
1.14% MgO, 0.24% NayO (K;0), and 1.67% SOj3 [17]. The simulated pore solution in this
article was prepared by mixing analytical grade reagents with distilled water to obtain a
solution containing 0.19 M of NaOH and 0.02 M of Ca(OH),, with a pH of 12.5. Before
the experiment, the solution was completely deoxygenated by injecting N,. NaCl with
different concentrations (0.1 mol/L, 0.15 mol/L, 0.16 mol/L, and 0.2 mol/L) was added to
the simulated pore solution to study passive membrane destruction. The experiment was
conducted in a water bath with a temperature of 65 °C.

2.2. Electrochemical Measurements

A three-electrode system, shown in Figure 1, consisting of a working electrode, refer-
ence electrode, and counter electrode, was employed to conduct electrochemical experi-
ments. The experiments could give rise to electrochemical behavior that depends on elec-
trochemical synthesis instruments (Autolab Model PGSTAT302N, Metrohm AG, Herisau,
Switzerland). A steel sample served as the working electrode, with only 10 x 10 mm? of
the surface exposed to the solution. A circular Pt electrode surrounding the sample was
used as the counter electrode, while the Ag/AgCl electrode in a saturated KCl solution
was the reference electrode. Firstly, an open circuit potential test was conducted at an AC
voltage with an amplitude of £10 mV. Then, electrochemical impedance spectroscopy (EIS)
measurements were performed based on the open circuit potential, ranging from 10 mHz
to 100 kHz. Finally, polarization tests were conducted sequentially, with a scanning speed
of 1.5 mV/s and a scanning range of 25 mV. Each group of tests was conducted three
times to reduce errors. In addition, the Mott-Schottky measurements required maintaining
a frequency of 1 kHz and a scanning rate of 10 mV/s.

2.3. Material Characterization

X-ray photoelectron spectroscopy (XPS) measurements were carried out through an
XSAMS00 XPS instrument (Kratos, Manchester, UK) to analyze the characteristics of the
P110 steel surface films. The specific parameters are as follows: XPS survey spectra: 150 eV
of Pass Energy, and 1.0 eV of Energy Step Size; high-resolution XPS spectra: 50 eV of
Pass Energy, 0.05 eV of Energy Step Size. Calibration: C-C: 285 eV. The microstructure of
the film damaged by chloride ions in this study was observed using a ZEISS EVO MA15
scanning electron microscope (Carl Zeiss AG, Jena, Germany). The method was supported
by electron beams accelerated using a constant potential that excited the specimen surface.
The interactions between these primary electrons and the specimen resulted in the release
of secondary, backscattered X-rays and Auger electrons.
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Figure 1. The three-electrode system.

3. Results and Discussion
3.1. Determination of Steady-State Passivation Time

The stabilizing potential means that the passive film reaches a state of complete
passivation and maintains a dynamic equilibrium. The potential-time relationship of P110
steel in a simulated pore solution is depicted in Figure 2. Overall, the corrosion potential
showed an upward trend over time and the behavior could be categorized into three
distinct stages. The potential increased rapidly in the first stage and slowly in the second
stage, stabilizing in the third stage for 16 h. The oxide film was formed at the interface
between the solution and steel, continuously thickening over time. When the thickness
of the oxide film no longer increased with time, the potential stabilized, increasing the
resistance of the P110 steel dissolution reaction. Therefore, the sample was immersed in a
simulated pore solution for 16 h for chloride ion destruction experiments.
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Figure 2. Potential-time curve of P110 steel in simulated pore solution.

3.2. Electrochemical Behavior of Chloride lons in Depassivation

The detrimental effect of chloride ions on the passive film can be attributed to irrepara-
ble complete damage. However, before reaching a certain concentration, chloride ions can
hardly penetrate the passive film to cause corrosion to the metal substrate. At the oxide
film/solution interface, chloride ions adsorb and interact with the oxide film, thinning the
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passive film. Under a high electric field, the adsorbed chloride ions with a small radius
can pass through the passive film and migrate towards the interface between the film and
metal, resulting in oxide film breakdown and matrix dissolution [18]. The dissolution of
the metal matrix involves the chemical reactions shown in Reactions (3)—(8). The process
is that the metal loses electrons to form a divalent iron ion. CI~ reacts with OH~ and Fe?*
to form soluble chlorides and FeOH™, and soluble chlorides and FeOH* react with OH™
and CI~ to form Fe(OH)CI. Under alkaline conditions, Fe(OH)CI reacts with OH™ to form
Fe(OH),. As the concentration of CI~ or OH™ increases, the corrosion of iron also increases.

Fe — Fe?T +2e (3)

Fe** + OH™ — FeOH™" 4)

Fe** 4+ Cl~ — FeCI+ (5)
FeOH™" + Cl~ — Fe(OH)CI (6)
FeCl™ +OH~ — Fe(OH)CI 7
Fe(OH)Cl +OH™ — Fe(OH), + CI~ (8)

~

The [OH™]/[CI™] ratio can be used to measure whether the passive film is dam-
aged [19,20]. Saremi et al. [21] provided a [OH™]/[C]™] value and found that chloride ions
with a critical concentration of approximately 0.6 could correspond to it. Provided that
this conclusion is also applicable to the experiment, the critical concentration of obtained
chloride ions can reach about 0.138 mol /L.

The potential-time curve aims to preliminarily determine the critical concentration
of chloride ions. Firstly, the chloride ion concentration was set as 0.1 mol/L, with the
test results shown in Figure 3a. It could be seen that the potential continued to increase
with time and reached stability after 16 h or so, indicating that the passive film was
not damaged at the concentration of 0.1 mol/L. Secondly, the chloride ion concentration
was set as 0.2 mol/L, with the test results shown in Figure 3b. It can be seen that the
potential continued to decrease with time, indicating that the film layer was damaged at
the concentration of 0.2 mol/L. The critical concentration of chloride ions should be less
than or equal to 0.2 mol/L. Therefore, the critical concentration should fall within the range
of 0.1 mol/L to 0.2 mol/L in the simulated pore solution.

Then, the chloride ion concentration was selected as 0.15 mol/L, with the test results
shown in Figure 3c. The potential still increased with time and did not reach the critical
concentration. Subsequently, the chloride ion concentration was selected as 0.16 mol/L
and above, with the test results shown in Figure 3d. It was evident that the entire curve
developed in three stages: in the first stage, the potential decreased sharply with time, and
chloride ions passed through the passive film to reach the surface of the metal substrate;
in the second stage, the potential slowly increased with time, and the passive film began
to self-repair; and in the third stage, chloride ions acted on the metal substrate, peeling
off the film, damaging the passive film, and decreasing the potential. Therefore, a critical
concentration of 0.16 mol/L for chloride ions in the simulated pore solution at 65 °C was
determined.

Afterward, electrochemical impedance spectroscopy (EIS) was used to analyze the
concentrations of the four types of chloride ions mentioned above.

EIS measurement aims to obtain electrode interface structure information and analyze
the damage process of passive film induced by chloride ions. The EIS measurement results
could be fitted through equivalent circuits to obtain relevant electrochemical parameters
and fitting curves. In equivalent circuits, the electrochemical parameters generally in-
clude R (solution resistance), R¢ (film resistance), Ret (charge transfer resistance at the
metal/solution interface), Qg (double-layer capacitance at the metal/solution interface),
and Qs (film capacitance). A higher transfer resistance value indicates improved film
stability on the metal surface.
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Figure 3. Potential-time curves of different concentrations of chloride ions in the depassivated
simulated pore solution: (a) 0.1 mol/L; (b) 0.2 mol/L; (c) 0.15 mol/L; (d) 0.16 mol/L.

Figure 4 displays the impedance spectrum in Nyquist plots, showcasing the impact
of different concentrations of chloride ions on the degradation of passive films in the
simulated pore solution. The Nyquist plots under the corrosion of chloride ions with
four concentrations are all double capacitive arcs. Additionally, Figure 5 illustrates the
equivalent circuits. The calculated values of the corresponding electrochemical parameters
are documented in Table 2. When the concentration of chloride ions was 0.1 mol/L, Rt was
2426 x 10* ), and R was 2.302 x 10 Q). The passive film remained stable without leading
to damage. When the concentration of chloride ions was 0.15 mol/L, the electrochemical
reaction rate accelerated and the R.; decreased. Nevertheless, the critical chloride ion
concentration was not reached, so the R¢ value remained significantly high. When the
concentration of chloride ions increased to 0.16 mol/L, which could cause damage to the
passive film, the R¢ decreased to 1.364 x 103 Q.

Table 2. Fitted electrochemical parameters through equivalent circuits about chloride ions” damage
to passive film in EIS.

Concentration (mol-L—1) Rs () Ret () R¢ (QQ) X
0.00 8.860 + 0.08 7.334 x 10% + 0.22 5.429 x 10° + 0.09 0.029 + 0.02
0.10 6.400 £ 0.12 2426 x 10* +0.19 2.302 x 100 +0.12 0.023 £ 0.03
0.15 10.050 + 0.23 3.933 x 102 +0.13 4960 x 10* +0.17 0.005 + 0.01
0.16 6.150 + 0.08 3.601 x 103 + 0.25 1.364 x 10% £ 0.21 0.019 + 0.03
0.20 4.850 + 0.21 7.967 x 102 + 0.31 1.834 x 10° £+ 0.23 0.002 + 0.05
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Figure 4. Impedance spectrum in Nyquist plots of different concentrations of chloride ions in the
depassivated simulated pore solution: (a) 0.00 mol/L; (b) 0.1 mol/L; (c) 0.15 mol/L; (d) 0.16 mol/L;
(e) 0.2 mol/L.
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Figure 5. Equivalent circuits of passive film destruction by chloride ions in simulated pore solution.

Polarization curves were used to verify the critical chloride ion concentration. Anode
polarization curves for chloride ions at four concentrations are shown in Figure 6. It was
evident that all four curves exhibited an absence of notable passivated zones. The lack of the
passivated zone at the chloride ion concentrations below the critical threshold was due to
the ability of low-concentration chloride ions to pass through the passive film and damage
the substrate under the action of an external electric field. Table 3 shows that the self-
corrosion current density (Icorr) was 7.9433 X 10~? A/cm? at a chloride ion concentration
of 0.1 mol/L. The effect demonstrated that the passive film retained a certain level of
protective capability, albeit relatively minor. With the progressive increase in chloride ion
concentration, I.orr gradually increased. Additionally, with the escalating concentration
of chloride ions, the self-corrosion potential (Ecorr) shifted towards the negative direction,
making corrosion more likely to occur.
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Figure 6. Anode polarization curves—passive film destruction by chloride ions at varying concentra-
tions in simulated pore solution.

Table 3. Polarization curve parameters—passive film destruction by chloride ions at varying concentrations.

Concentration (mol-L—1) Icorr (A-cm—2) Ecorr (V)
0.10 7.9433 x 1077 —0.2800
0.15 1.0000 x 107 —0.2500
0.16 1.6596 x 107 —0.3450
0.20 1.7579 x 107 —0.3563

The Mott-Schottky measurement is widely employed to investigate semiconductor
properties, especially for evaluating the semiconductor properties of passive films [17,21-24].
In accordance with the band theory of solids, the film’s characteristics determine its semi-
conductor type. When donors dominate the film, it becomes an n-type semiconductor,
exhibiting an abundance of electrons in the conduction band compared to holes in the
valence band. Conversely, when acceptors dominate the film, it becomes a p-type semi-
conductor, with more holes in the valence band than electrons in the conduction band.
As per the well-known Mott-Schottky theory [25], Equation (9) is applicable to n-type
semiconductors, while Equation (10) is appropriate for p-type semiconductors:

1 2 KT
CSCZ_eNDssO[E_Efb_e} ©)
1 2 KT

= E—Ep— — 1
Csc? eNgeeg [ 1 e ] {10)

In the given equation, € represents the relative dielectric constant of the specimen, esti-
mated to be approximately [26]. g denotes the dielectric constant of free space, which has a
value of 8.854 x 1071 Fcm™!. e represents the electron charge, equal to 1.602189 x 10~ C.
Np and N, represent the donor density (cm~3) and acceptor density (cm~3), respectively.
Efy, represents the flat band potential (V). T represents the absolute temperature (K), and K
indicates the Boltzmann constant with a value of 1.38066 x 1023 J.K~1.

When the NaCl concentration is 1 mol/L, significant passivation occurs, and the
composition of the film layer can better reflect the characteristics, such as the characteristic
product M-O-Cl. In order to accurately characterize the semiconductor performance of
chloride ion damage to the passivation film, a concentration of 1 mol/L was chosen. Based
on the relationship between the horizontal axis E and the vertical axis C~2, the Mott—



Metals 2024, 14,93

90of 13

C3(F?m"

Schottky curve provides valuable insights into electron conduction behavior. In Figure 7,
a positive slope can be observed, indicating the presence of n-type semiconductor films
in both the simulated pore solution and the solution containing 1 mol/L chloride ions.
It is inferred from n-type semiconductors that the passive film primarily consists of iron
oxide and iron hydrate compositions [27,28]. The formation of the passive film in n-type
semiconductors is due to the doping of interstitial cations or anionic vacancies.
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Figure 7. Mott-Schottky plots in simulated pore solution: (a) steady passive film; (b) depassivation
by 1 mol/L chloride ions.

The widely recognized point defect model (PDM) is a suitable analytical tool for study-
ing the localized corrosion behavior of metal. Extensive on-site experience and empirical
evidence from experimental simulations consistently demonstrate the effectiveness of this
model in elucidating the properties and structure of the passive film. Moreover, it provides
a comprehensive understanding of both general and localized corrosion damage resulting
from the presence of the passive film [29-33]. A dynamic equilibrium exists between the
formation of the passive film at the metal substrate/film interface and its dissolution at
the film/solution interface. According to the PDM model, when the solution contains
chloride ions, chloride ions form a hydrate with water in the solution (CI~-nH;O). At the
film /solution interface, the presence of oxygen vacancies (V, ) leads to the adsorption of
the hydrate, which subsequently reacts with it through Mott-Schottky pair formation. This
process generates pairs of oxygen vacancy/metal ion vacancy (Vy,). Reaction (11) can be
used to show that this process produces a p-oxygen/metal ion vacancy as follows:

Mott—Schottky pair _ 1 "
0 C_‘; Yy pair VA)SI n KVO (11)

V, + Cl”enHy0 « Cl; +nHyO 5

The presence of oxygen vacancies promotes the adsorption of chloride ion hydrates,
leading to the generation of additional metal ion vacancies. These excess metal ion vacancies
accumulate at the metal substrate/film interface, causing the separation of the passive
film from the substrate. As a result, the growth of the passive film is hindered, and the
original dynamic equilibrium is disrupted. Consequently, the passive film solely undergoes
dissolution, ultimately resulting in destruction. Hence, an increased presence of oxygen
and metal ion vacancies within the passive film corresponds to a higher concentration of
donors or acceptors. Consequently, the passive film becomes more vulnerable to damage.
Equation (9) provides a means of calculating the donor density (Np) and flat band potential
(Ep), with results listed in Table 4. The donor density and flat band potential increased, and
the corrosion resistance of the passive film decreased with 1 mol/L chloride ions added to
the simulated pore solution.
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Table 4. Electrochemical parameters calculated from the Mott-Schottky plots.
Solution State Np (cm—3) Eg, (V) Type
Simulated pore solution passivated 2.9051 x 10%! 0.4860 n
Simulated pore solution with 1 mol/L chloride ions depassivated 1.9796 x 10% 0.7287 n

As the donor density of the passivated film gradually increases, the probability of
damage or pitting corrosion of the oxide film increases. As the flat band potential of the
passivated film decreases, its corrosion resistance increases.

3.3. Analysis of the Film Components

The components of the film can be obtained using XPS measurement. XPS spectra of
the passive film in the simulated pore solution are shown in Figure 8. Two peaks (Fe 2p3/2)
of Fe 2p in the spectrum were Fe (OH), (FeZ*) and FeOOH (or Fe,03), with binding energy
of 709.7 eV and 711.45 eV, respectively. Four peaks of O 1s spectrum were Fe;O3, FeOOH,
Fe(OH), (OH™), and H,O, with binding energy of 529.5 eV, 529.9 eV, 531.3 eV, and 532.9 eV,
respectively. Therefore, the passive film in the simulated pore solution consisted of Fe(OH),,
FeOOH, and Fe,O3 compositions.

4000
100,000 o]
3500
T w0 35 3l oY Nots
= 80000 01 = ES
z Fe2 Z g 20
E o - E z o1 1
20,000 Ca 2000
L] 1500 |-
L] X0 400 600 B0 1000 1200 _'5‘5 _':I'E _ll':' _lll _1I4 _1I5 T1E 526 528 330 532 534 536 338 540
BE.(eV) BE.(eV) BE. (V)
Figure 8. XPS spectra of the passive film in simulated pore solution.

The passive film subjected to the destruction of 1 mol/L chloride ions (Cl~) was
analyzed by XPS, as shown in Figure 9. The characteristic peaks (2p1) of Cl were 199.1 eV
and 200.5 eV, the C1~ on the surface had the binding energy of 199.1 eV, and another peak
was that of M-O-Cl. Concentration gradient generation will promote the diffusion of C1~
toward the inner of the passive film when Cl~ exists on the passive film surface [34]. O
had three characteristic peaks (1s), FepO3 had the binding energy of 529.4 eV, 531.3 eV
corresponded to OH™, and H,O left on the surface of the film had the binding energy of
535.8 eV. Fe had two characteristic peaks (2p3/2). That at 707 eV was a track of the iron
matrix, and another peak was the overlap of the peaks of Fe?" and Fe>*, with the binding
energy of about 710.3 eV~710.4 eV. Thus, the composition of the film was M-O-Cl, Fe,O3,
and Fe(OH),.
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Figure 9. XPS spectra of the damaged passive film by 1 mol/L chloride ions in simulated pore solution.
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3.4. Surface Morphology of Passive Film

Figure 10 shows SEM images of steel in different chloride ion concentrations. It
can be seen from Figure 10a—c that steel does not corrode after passivation at chloride
ion concentrations below 0.15 mol/L, but pitting occurs when the concentration rises to
0.16 mol/L (Figure 10d). The critical concentration of 0.16 mol/L chloride ion can be
considered. Because 0.2 mol /L chloride ion concentration is greater than the critical
concentration, the passivation film on the casing surface can be effectively destroyed, and
the morphology of the passivation film on the casing surface after damage can be observed.
Figure 10e shows that pitting often occurs on metal with passivated film surfaces. When
a certain point of the steel is damaged, the matrix of the damaged and undamaged areas
forms a metastable corrosion battery. The passivation surface is the cathode, and has
an area much larger than the activation area. Corrosion develops more deeply, forming
corrosion pits.

0.10 mol/ L 0.15 mol/ L

/ N\

0.16 mol/ L 0.20 mol/ L

Figure 10. SEM diagram of steel corroded at different chloride ion concentrations, (a) 0.00 mol/L;
(b) 0.10 mol/L; (c) 0.15 mol/L; (d) 0.16 mol/L; (e) 0.20 mol /L.

4. Conclusions

1.  Here, we propose a method to determine the critical concentration of chloride ions for
the destruction of the passive film. The critical chloride ion concentration can be de-
termined using a potential-time curve, anode polarization curve, and electrochemical
impedance spectroscopy testing.

2. The critical concentration of chloride ions for the destruction of the passive film in a
simulated pore solution was determined to be 0.16 mol/L at a temperature of 65 °C
and a pH value of 12.5.

3. The passive film subjected to chloride ion damage was the n-type semiconductor, just
like the steady-state passive film in equilibrium. The passive film contained more
oxygen vacancies and metal ion vacancies. In the passive film, an increase in the
concentration of donors or acceptors made the film more susceptible to damage.

4. The components of the passive film eroded by chloride ions were M-O-Cl, Fe;O3, and
Fe(OH),. Compared with the steady-state passive film, the characteristic product
was M-O-CL.

5. Under the five chloride ion concentrations used in the experiment, only 0.16 mol/L
and 0.20 mol/L chloride ion conditions resulted in pitting corrosion on the surface of
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P110 casing steel, which could correspond to the conclusions obtained from electro-
chemical experiments.

Author Contributions: Conceptualization, Y.P. and Y.L.; Methodology, Y.P.; Validation, Y.L., R.X.
and Z.D.; Formal Analysis, Y.P., R X. and W.Z.; Investigation, Y.P., R X. and W.L.; Resources, Y.P.
and W.Z,; Data Curation, Y.P.,, R.X. and W.Z., Writing—Original Draft Preparation, Y.P. and R.X;;
Writing—Review and Editing, Y.L., W.L., Z.D. and W.Z,; Visualization, Y.P.; Supervision, Y.L. and
Z.D.; Project Administration, Y.P. and R.X. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
52074232), Sichuan Science and Technology Program (No. 2022NSFSC0028), Open Fund of State Key
Laboratory of Oil and Gas Reservoir Geology and Exploitation (Southwest Petroleum University)
(No. PLN2022-44), and the Opening Project of Material Corrosion and Protection Key Laboratory of
Sichuan province, (No. 2022CL05).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available the involvement of some private data.

Acknowledgments: The experimental part of the study was assisted by Li Liu, a senior experimenter
at the School of New Energy and Materials, Southwest Petroleum University. With her assistance, the
experimental process was successfully completed.

Conflicts of Interest: Authors Ruochen Xia, Zhixiang Dai, and Wenyan Zhang were employed by
South Sichuan Gasfield, Branch of PetroChina Southwest Oil & Gasfield Company. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References

1. Feng, H. Dai, ]; Li, H.-B,; Jiang, Z.-H.; Qu, J.-D.; Zhao, Y.; Zhang, S.-C.; Zhang, T. Sn microalloying enhances corrosion resistance
of stainless steel by accelerating heterogeneous nucleation of passive film. Corros. Sci. 2022, 201, 110279. [CrossRef]

2. Yuan, X,; Wang, X,; Cao, Y.; Yang, H. Natural passivation behavior and its influence on chloride-induced corrosion resistance of
stainless steel in simulated concrete pore solution. J. Mater. Res. Technol. 2020, 9, 12378-12390. [CrossRef]

3. Jin, Z,; Xiong, C.; Zhao, T,; Du, Y.; Zhang, X.; Li, N.; Yu, Y.; Wang, P. Passivation and depassivated properties of Cr-Mo alloyed
corrosion-resistant steel in simulated concrete pore solution. Cem. Concr. Compos. 2022, 126, 104375. [CrossRef]

4. Karimi, M.S.; Yeganeh, M.; Zaree, S.A.; Eskandari, M. Corrosion behavior of 316L stainless steel manufactured by laser powder
bed fusion (L-PBF) in an alkaline solution. Opt. Laser Technol. 2021, 138, 106918. [CrossRef]

5. Long, H,; Chen, L.; Dong, B.; Sun, Y.; Yan, Y.; Chen, C. The electronic properties and surface chemistry of passive film on
reinforcement: Effect of composition of simulated concrete pore solution. Constr. Build. Mater. 2022, 360, 129567. [CrossRef]

6. Xu, L.; Wu, P; Zhu, X.; Zhao, G.; Ren, X.; Wei, Q.; Xie, L. Structural characteristics and chloride intrusion mechanism of passive
film. Corros. Sci. 2022, 207, 110563. [CrossRef]

7. Ye, C; Hu, R; Dong, S.; Zhang, X.; Hou, R.; Du, R;; Lin, C; Pan, J. EIS analysis on chloride-induced corrosion behavior of
reinforcement steel in simulated carbonated concrete pore solutions. J. Electroanal. Chem. 2013, 688, 275-281. [CrossRef]

8. Nabhali, H.; Dhouibi, L.; Idrissi, H. Effect of phosphate based inhibitor on the threshold chloride to initiate steel corrosion in
saturated hydroxide solution. Constr. Build. Mater. 2014, 50, 87-94. [CrossRef]

9. Tran, D.T,; Lee, H.-S.; Singh, J.K. Chloride threshold determination of hybrid inhibitor immersed in simulated concrete pore
solution. Constr. Build. Mater. 2023, 384, 131446. [CrossRef]

10. Vu, TH,; Dang, L.C.; Kang, G.; Sirivivatnanon, V. Chloride induced corrosion of steel reinforcement in alkali activated slag
concretes: A critical review. Case Stud. Constr. Mater. 2022, 16, €01112. [CrossRef]

11. Mangat, P.; Ojedokun, O.O.; Lambert, P. Chloride-initiated corrosion in alkali activated reinforced concrete. Cem. Concr. Compos.
2021, 115, 103823. [CrossRef]

12.  Hay, R.; Ostertag, C.P. Acidification at rebar-concrete interface induced by accelerated corrosion test in aggressive chloride
environment. Cem. Concr. Compos. 2020, 110, 103573. [CrossRef]

13. Wang, X.-P,; Shao, M.; Ye, C.-Q.; Dong, S.-G.; Du, R.-G.; Lin, C.-J. Study on effect of chloride ions on corrosion behavior of
reinforcing steel in simulated polluted concrete pore solutions by scanning micro-reference electrode technique. J. Electroanal.
Chem. 2021, 895, 115454. [CrossRef]

14.  Khaled, M.M,; Yilbas, B.S. Corrosion properties of HVOF-coated steel in simulated concrete pore electrolyte and concentrated
chloride environments. Surf. Coat. Technol. 2007, 202, 433-438. [CrossRef]

15.  Ghods, P; Isgor, O.B.; Bensebaa, F,; Kingston, D. Angle-resolved XPS study of carbon steel passivity and chloride-induced

depassivation in simulated concrete pore solution. Corros. Sci. 2012, 58, 159-167. [CrossRef]


https://doi.org/10.1016/j.corsci.2022.110279
https://doi.org/10.1016/j.jmrt.2020.08.056
https://doi.org/10.1016/j.cemconcomp.2021.104375
https://doi.org/10.1016/j.optlastec.2021.106918
https://doi.org/10.1016/j.conbuildmat.2022.129567
https://doi.org/10.1016/j.corsci.2022.110563
https://doi.org/10.1016/j.jelechem.2012.09.012
https://doi.org/10.1016/j.conbuildmat.2013.08.054
https://doi.org/10.1016/j.conbuildmat.2023.131446
https://doi.org/10.1016/j.cscm.2022.e01112
https://doi.org/10.1016/j.cemconcomp.2020.103823
https://doi.org/10.1016/j.cemconcomp.2020.103573
https://doi.org/10.1016/j.jelechem.2021.115454
https://doi.org/10.1016/j.surfcoat.2007.06.011
https://doi.org/10.1016/j.corsci.2012.01.019

Metals 2024, 14,93 13 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hussain, R.R.; Alhozaimy, A.M.; Al-Negheimish, A. Role of scoria natural pozzolan in the passive film development for steel
rebars in chloride-contaminated concrete environment. Constr. Build. Mater. 2022, 357, 129335. [CrossRef]

Peng, Y,; Liu, L.; Wang, S.; Lin, Y.; Sun, Y.; Xia, R. Effect of simulated pore solution on passivation characteristic of P110 steel. J.
Pet. Sci. Eng. 2018, 167, 949-956. [CrossRef]

Choi, D.; Was, G.S. Development of a Pit Growth Resistance Parameter for the Study of Pit Growth in Alloy 600. Natl. Assoc.
Corros. Eng. 1992, 48, 292-305. [CrossRef]

Tang, Y.; Miao, Y.; Zuo, Y.; Zhang, G.; Wang, C. Corrosion behavior of steel in simulated concrete pore solutions treated with
calcium silicate hydrates. Constr. Build. Mater. 2012, 30, 252-256. [CrossRef]

Zhu, Y.; Macdonald, D.D.; Yang, J.; Qiu, J.; Engelhardt, G.R. Corrosion of rebar in concrete. Part II: Literature survey and statistical
analysis of existing data on chloride threshold. Corros. Sci. 2021, 185, 109439. [CrossRef]

Saremi, M.; Mahallati, E. A study on chloride-induced depassivation of mild steel in simulated concrete pore solution. Cem. Concr.
Res. 2002, 32, 1915-1921. [CrossRef]

Toor, I. Applications of Photoelectrochemical Spectroscopy (PES) and Mott-Schottky Techniques in Corrosion Research. In Recent
Developments in Analytical Techniques for Corrosion Research; Springer: Berlin/Heidelberg, Germany, 2022; pp. 11-21. [CrossRef]
Jiang, R.; Wang, Y.; Wen, X.; Chen, C.; Zhao, ]. Effect of time on the characteristics of passive film formed on stainless steel. Appl.
Surf. Sci. 2017, 412, 214-222. [CrossRef]

Wu, H.; Wang, Y.; Zhong, Q.; Sheng, M.; Du, H,; Li, Z. The semi-conductor property and corrosion resistance of passive film on
electroplated Ni and Cu—Ni alloys. J. Electroanal. Chem. 2011, 663, 59-66. [CrossRef]

Biichler, M.; Schmuki, P.; Bohni, H. A light reflectance technique for thickness measurements of passive films. Electrochim. Acta
1998, 43, 635-637. [CrossRef]

Veleva, L.; Alpuche-Aviles, M.A.; Graves-Brook, M.K.; Wipf, D.O. Comparative cyclic voltammetry and surface analysis of
passive films grown on stainless steel 316 in concrete pore model solutions. J. Electroanal. Chem. 2002, 537, 85-93. [CrossRef]
Nascimento, C.B.; Donatus, U.; Rios, C.T.; Antunes, R.A. Electronic properties of the passive films formed on CoCrFeNi and
CoCrFeNiAl high entropy alloys in sodium chloride solution. J. Mater. Res. Technol. 2020, 9, 13879-13892. [CrossRef]

Yue, Y; Liu, C.; Jiang, M. Evolution of Passive Film on 304 Stainless Steel During Nitric Acid Passivation. Steel Res. Int. 2022,
93, 2200026. [CrossRef]

Zhou, S.; Yan, Q.; Tang, C.; Mao, F; Pu, J.; Macdonald, D.D. Effect of the chloride on passivity breakdown of Al-Zn-Mg alloy.
Corros. Sci. 2020, 163, 108254. [CrossRef]

Gluth, G. Chemical resistance of hybrid cements against aggressive saline solutions. In Proceedings of the Joint 6th International
Workshop on Mechanisms and Modelling of Waste/Cement Interactions & EURAD—WP CORI Workshop, Prague, Czech
Republic, 20-24 November 2023.

Wang, Y.; Xiao, W.; Ma, K; Dai, C.; Wang, D.; Wang, J. Revealing anti-corrosion behavior of Mg alloy concrete formwork coated
with release agents in Cl—-containing Portland cement paste. Constr. Build. Mater. 2023, 406, 133413. [CrossRef]

Ghanbari, E.; Saatchi, A.; Lei, X.; Macdonald, D.D. Studies on Pitting Corrosion of Al-Cu-Li Alloys Part II: Breakdown Potential
and Pit Initiation. Materials 2019, 12, 1786. [CrossRef]

Xu, P; Jiang, L.; Guo, M.Z.; Zha, ].; Chen, L.; Chen, C.; Xu, N. Influence of sulfate salt type on passive film of steel in simulated
concrete pore solution. Constr. Build. Mater. 2019, 223, 352-359. [CrossRef]

Cui, Y.-W,; Chen, L.-Y;; Chu, Y.-H.; Zhang, L.; Li, R.; Lu, S.; Wang, L.; Zhang, L.-C. Metastable pitting corrosion behavior and
characteristics of passive film of laser powder bed fusion produced Ti-6A1-4V in NaCl solutions with different concentrations.
Corros. Sci. 2023, 215,111017. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.conbuildmat.2022.129335
https://doi.org/10.1016/j.petrol.2018.03.009
https://doi.org/10.5006/1.3315935
https://doi.org/10.1016/j.conbuildmat.2011.11.033
https://doi.org/10.1016/j.corsci.2021.109439
https://doi.org/10.1016/S0008-8846(02)00895-5
https://doi.org/10.1007/978-3-030-89101-5_2
https://doi.org/10.1016/j.apsusc.2017.03.155
https://doi.org/10.1016/j.jelechem.2011.09.013
https://doi.org/10.1016/S0013-4686(97)00122-9
https://doi.org/10.1016/S0022-0728(02)01253-6
https://doi.org/10.1016/j.jmrt.2020.10.002
https://doi.org/10.1002/srin.202200026
https://doi.org/10.1016/j.corsci.2019.108254
https://doi.org/10.1016/j.conbuildmat.2023.133413
https://doi.org/10.3390/ma12111786
https://doi.org/10.1016/j.conbuildmat.2019.06.209
https://doi.org/10.1016/j.corsci.2023.111017

	Introduction 
	Experimental 
	Materials and Environment 
	Electrochemical Measurements 
	Material Characterization 

	Results and Discussion 
	Determination of Steady-State Passivation Time 
	Electrochemical Behavior of Chloride Ions in Depassivation 
	Analysis of the Film Components 
	Surface Morphology of Passive Film 

	Conclusions 
	References

