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Abstract: “The article investigates the macro-cell corrosion behavior and corrosion resistance when
the alloyed steel and the carbon steel are used together because the traditional carbon steel is difficult
to meet the corrosion resistance and durability of the steel structure of the transmission line in the
marine environment.” In this paper, a new type of Cr-alloyed corrosion-resistant steel (00Cr10MoV) is
used to partially replace carbon structural steel in order to meet the actual needs of corrosion resistance
and service life improvement of steel structures for offshore transmission lines. It is important to
systematically study the macro-cell corrosion behavior of combinations of the same type of steel and
dissimilar steel, induced by the chloride concentration difference in simulated concrete solutions,
and employ electrochemical testing methods to scientifically evaluate the corrosion resistance of steel
after macro-cell corrosion. The aim is to study and evaluate the macro-cell corrosion behavior of
alloyed corrosion-resistant steel and to lay a foundation for its combined use with carbon steel in a
chloride corrosion environment to improve the overall corrosion resistance and service life. Under
the same concentration difference, the macro-cell corrosion of the alloyed steel combination is milder
compared with the carbon steel combination. The corrosion current of the alloyed steel combination
at 29 times the concentration difference is only 1/10 of the carbon steel combination. Moreover, at
29 times the concentration difference, the macro-cell corrosion potential of dissimilar steel is only 1/6
of the combined potential of carbon steel combination under the same concentration difference, and
the corrosion current is only 1/10 of that of the carbon steel combination.

Keywords: alloyed steel; simulated concrete pore solution; macro-cell corrosion

1. Introduction

With the rapid development of offshore new energy, the construction of new energy
power engineering infrastructure such as offshore photovoltaic and wind power is endless.
In addition, the demand for electricity in offshore industries has also shown a rapidly
growing trend with the development of the marine economy. The power transmission of
new energy power generation and the power supply of offshore industry are inseparable
from the safe construction and efficient operation and maintenance of the transmission
line infrastructure. Transmission towers and steel pipe poles are important components of
the infrastructure for long-distance power grid transmission lines. A large amount of steel
is needed to ensure their structural strength and operational reliability. Due to a strong
corrosive environment such as high salinity and high humidity in the marine environment,
the steel materials used in the transmission tower and steel pipe pole structures at sea
and offshore are faced with corrosion and oxidation, which reduces their strength and
durability, causes damage to the bearing capacity of the structure, and even leads to collapse
accidents [1-3].
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Traditional carbon steel makes it difficult to meet the corrosion resistance and durabil-
ity requirements of transmission line steel structures in marine environments. The steel
structure foundation of transmission lines in direct contact with seawater generally needs
to be covered with a concrete protective layer to avoid direct erosion of the steel structure
by seawater. However, given the porous structure of concrete, the diffusion of seawater
and the transport of chloride ions are difficult to eliminate. Once the chloride ion concentra-
tion at the steel /concrete interface exceeds the critical value, it will eventually cause steel
corrosion and seriously affect the strength of the structural foundation.

The use of alloyed steel with higher corrosion resistance is an important way to
effectively improve the corrosion resistance and service life of the structure. Alloyed
corrosion-resistant steel is a kind of steel containing specific alloying elements. It has
excellent corrosion resistance and can maintain good service stability for a long time
in harsh marine environments. The main alloying elements usually include chromium,
nickel, copper, etc. These elements can form a dense oxide or other compound layer,
effectively preventing further corrosion of steel. The use of alloyed corrosion-resistant steel
in offshore transmission lines can effectively prolong its service life, reduce maintenance
and replacement frequency, and reduce maintenance costs throughout the life cycle. The
use of corrosion-resistant steel materials can also improve the stability and reliability of
transmission lines, reduce the risk of faults and accidents caused by corrosion of steel pipe
rods, and ensure the safe operation of transmission lines. However, due to the addition of
a certain amount of alloying elements, the production cost of alloyed corrosion-resistant
steel is much higher than that of traditional carbon structural steel. In practical engineering
applications, based on cost considerations, it is difficult to apply alloyed corrosion-resistant
steel to replace carbon structural steel in the whole structure. Generally, alloyed corrosion-
resistant steel and carbon steel are used together to account for the comprehensive cost
considerations and corrosion resistance requirements. When dissimilar metals are used in
conjunction, they will face the potential risk of macro-cell corrosion. In the coupling system
of alloyed corrosion-resistant steel and carbon steel, the alloyed steel with high corrosion
resistance has the potential to act as the cathode for macro-cell corrosion and accelerate the
corrosion of carbon steel as an anode. Therefore, the macro-cell corrosion behavior and
corrosion resistance of alloyed corrosion-resistant steel are worthy of attention and research.

Carbon steel possesses excellent mechanical properties and significant price advan-
tages, making it the most widely used steel in engineering applications. However, the
insufficient corrosion resistance of carbon steel under corrosive environments is particularly
prominent [4-6]. Therefore, research on the corrosion of carbon steel is extensive and in-
depth, and its macro-cell corrosion research is no exception [7,8]. Stainless steel contains a
large amount of alloying elements such as Cr, Ni, and Mo to make alloyed steel with higher
corrosion resistance grades. They can be used in critical structural components serving in
extremely harsh corrosive environments, such as inland salt lakes and tropical oceans [9-11].
Due to the superior corrosion resistance of stainless steel, there is a significant potential dif-
ference between them and carbon steel, as well as a greater potential advantage compared
with general corrosion-resistant alloyed steel [12,13]. Regarding the inhibition of macro-cell
corrosion, Zhu et al. conducted research on macro-cell corrosion for X65 carbon steel and
316 stainless steel in a crevice environment. They found that under crevice conditions, the
proper combination of X65 carbon steel and 316 stainless steel had an inhibitory effect on
macro-cell corrosion [14,15]. Due to the highly destructive nature of macro-cell corrosion,
there is an urgent need for a material capable of addressing this type of corrosion behavior.
With excellent corrosion resistance and a relatively higher cost-effectiveness, medium- and
low-alloyed steel has become a focal point in corrosion protection research [16,17]. Hao
Limin et al. conducted a systematic study on the macro-cellular corrosion of Hastelloy
C-276 alloy and 16MnR steel in harsh HCl environments. They found that the corrosion
rate of the alloy acting as the cathode was somewhat inhibited, while the corrosion rate
of the anode alloy increased significantly. The macro-cell corrosion current between the
two gradually stabilized with time [18,19]. Peng et al. conducted an in-depth study on the
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macro-cellular corrosion behavior of pure titanium and low-alloyed steel 921A in marine
environments. They found significant macro-cell corrosion currents between the two, and
the increase in temperature accelerated macro-cell corrosion [20,21].

In conclusion, it can be observed that alloyed steel exhibits good corrosion resistance
under macro-cell corrosion conditions. However, macro-cell corrosion does not disappear
merely because alloyed steel is used. Studies have found that by combining alloyed
steel with other types of steel and placing corrosion-resistant alloyed steel in more severe
corrosive environments while placing less corrosion-resistant steel in general corrosive
environments can weaken macro-cell corrosion [22]. However, there is limited research in
this area [23]. Therefore, in the marine environment, with the combination of the excellent
characteristics of alloyed steel and low-cost carbon steel, there is a potential research
value in protecting steel against macro-cell corrosion, and it also provides more choices
and guarantees for the construction and operation of offshore transmission lines. The
transmission line steel structure made of alloyed corrosion-resistant steel materials can
effectively improve the corrosion resistance and durability of transmission line structures
in offshore areas and ensure safe operation and reliable power supply.

In this paper, a new type of Cr-alloyed corrosion-resistant steel (00Cr10MoV) is used
to partially replace carbon structural steel in order to meet the actual needs of corrosion
resistance and service life improvement of steel structures for offshore transmission lines.
The macro-cell corrosion behavior and corrosion resistance of alloyed steel and carbon
steel under the cover of a concrete protective layer in the marine chloride ion erosion
environment are studied, which provides a research basis for the potential application of
00Cr10MoV alloyed corrosion-resistant steel in offshore transmission line steel structures.

2. Materials and Methods
2.1. Preparation of Steel Samples and Materials

The steel used in this experiment is alloyed steel (model: 00Cr10MoV) and carbon
steel (model: 20MnSi) with a diameter of 16 mm, and its main chemical composition is
shown in Table 1.

Table 1. Chemical composition of steel.

Fe C Si Mn P S A% Cr Mo
alloyed steel Balance 0.02 0.48 1.48 0.01 0.01 0.05 10.06 1.28
carbon steel Balance 0.25 0.8 1.6 0.045 0.045 - - -

Steel specimens in chloride salt erosion simulated concrete solution: Use an electric
discharge wire-cutting machine to cut both types of steel into 5 cm long segments. Then,
use an angle grinder to cut a circular groove at one end of the steel segment, which is
used to fix the copper wire on the specimen, followed by sandblasting for surface rust
removal. After rust removal, clean the surface with acetone to remove surface oil stains
and then clean with anhydrous ethanol using ultrasound. Mark the steel samples at 1 cm
from both ends after air drying. Fix the copper wire at one end of the steel with a groove.
Seal both ends successively in a mold filled with an appropriate amount of epoxy resin.
After the epoxy cures, immerse the specimens in the prepared simulated concrete solution
for seven days of pre-passivation before conducting immersion experiments.

First, prepare saturated calcium hydroxide solution as the simulated concrete pore
solution and pour it into two solution tanks separately. All steel specimens undergo
pre-passivation for 7 days. The steel combinations are divided into three types:

(1) Carbon steel-carbon steel connection (control group): Place the prepared two
carbon steel specimens in the reaction container, maintaining a certain distance between
the two types of steel. On one side with low chloride ion concentration, prepare Cl- con-
centration of 0.1 mol/L, while on the other side, prepare CI- concentrations of 0.1 mol/L,
0.5 mol/L, 1 mol/L, 2 mol/L, and 3 mol/L, respectively, forming chloride ion concentra-
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tion ratios of 1, 5, 10, 20, and 30 (i.e., no concentration difference, 4 times concentration
difference, 9 times concentration difference, 19 times concentration difference, and 29 times
concentration difference).

(2) Alloyed steel-alloyed steel connection group: Place the prepared alloyed steel
specimens separately in the reaction container, maintaining a certain distance between
them. On one side with low chloride ion concentration, prepare Cl- concentration of
0.1 mol/L, while on the other side, maintain chloride ion concentration consistent with the
carbon steel-carbon steel group.

(3) Carbon steel-alloyed steel combination: Place carbon steel specimens in the solution
tank with a chloride ion concentration of 0.1 mol/L. Corresponding alloyed steel specimens
are placed in solution tanks with chloride ion concentrations of 0.1 mol/L, 0.5 mol/L,
1 mol/L, 2 mol/L, and 3 mol/L, respectively, on the other side. The distance between the
steel is kept constant. The two solutions are connected by a homemade saturated KCl-
agar salt bridge, and the distance between the steel is kept consistent. Then, connect the
two steel specimens through wire connectors to form a macro-cell corrosion structure with
a chloride ion concentration difference.

2.2. Electrochemical Testing Techniques
2.2.1. Macro-Cell Corrosion Current and Coupling Potential Testing

The testing of concentration difference macro-cell corrosion current and coupling
potential utilizes the ZRA (zero resistance ammeter) module within the PARSTAT 2273
electrochemical workstation produced by the American company Princeton. The testing
time is set to 1 h, and readings are recorded once the current—potential curve stabilizes.

2.2.2. Electrochemical Impedance Spectroscopy (EIS) Testing

Electrochemical impedance spectroscopy is a nondestructive corrosion detection
method that visually reflects the electrochemical state of metal corrosion through the
size of the impedance arc in the spectrum. For EIS testing, three electrodes are placed in the
solution of the tested steel, with the open circuit potential used as the initial potential for
testing. The frequency range is set from 1072 to 10° Hz. After testing, the data are saved to
obtain impedance complex plots (Nyquist) and phase angle plots (Bode).

2.2.3. Potentiodynamic Polarization (PDP) Testing

Potentiodynamic polarization testing also employs a three-electrode system. The
voltage is initially set to the open-circuit potential value minus 0.5 V, and the final voltage
is set to 1 V. The scan rate is set to 0.001 mV/s. A sufficient scan range enables obtaining
more complete anodic—cathodic polarization curves of the samples.

Both electrochemical impedance spectroscopy and potentiodynamic polarization elec-
trochemical tests were conducted using the CHI660E electrochemical workstation produced
by the Chinese company Shanghai Chenhua.

3. Results and Discussion
3.1. Macro-Cell Corrosion Induced by the Chloride Ion Concentration Difference for the Same Steel
Based on the ZRA Testing

Experimental conditions for macro-cell corrosion induced by a chloride ion concentra-
tion difference in the same steel were created by setting two chloride ion concentration dif-
ference conditions in the simulated concrete solution. Figure 1 shows a schematic diagram
of the experimental setup for macro-cell corrosion induced by chloride ion concentration
difference in the same steel and the wiring method for the ZRA testing. The corrosion
reaction container is divided into two solution tanks, serving as a low-concentration area
(0.1 mol/L C17) and a high-concentration area (0.1 (no concentration difference), 0.5, 1,
2, and 3 mol/L CI™). Carbon steel combination samples and alloyed steel combination
samples are placed on both sides, with the low-concentration area samples set as corrosion
cathodes and the high-concentration area samples set as corrosion anodes. At the beginning
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of corrosion, the sample wires are connected and then disconnected during the ZRA testing.
The cathode sample is connected to the ground wire, and the anode steel is connected
to two working electrodes (WE1, WE2) and then connected to the reference electrode to
increase the data testing of the coupled potential.
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Figure 1. Schematic diagram of the ZRA test device and wiring method of the same steel macro-cell

corrosion in the simulation concrete solution.

The macro-cell corrosion current is the most crucial indicator for assessing the de-
velopment status of macro-cell corrosion [24]. Figures 2 and 3 depict the time-varying
curves of the macro-cell corrosion current and coupling potential for different steel com-
binations under varying chloride salt concentration difference conditions. As shown in
Figure 2a, the macro-cell corrosion current value for carbon steel is relatively small in the
initial stages of corrosion. With an increase in corrosion time, the macro-cell corrosion
current values for carbon steel combinations under four different chloride ion concentra-
tion conditions rapidly rise, reaching dynamic stability by the sixth day [25]. A positive
macro-cell corrosion current value indicates that the steel in the high-concentration area
acts as the corrosion anode, while the carbon steel in the low-concentration area acts as
the corrosion cathode. When the concentration difference is 4 times, the stabilized current
values fluctuate between 20 and 30 pA, while at 29 times concentration difference, the
stabilized current values fluctuate between 90 and 100 pA, demonstrating a significant
impact of the chloride ion concentration difference variation on the macro-cell corrosion
current of carbon steel. It is noteworthy that under conditions with no difference, the
macro-cell corrosion current values for carbon steel combinations fluctuate around 0 pA
with considerable amplitude [26]. The change in sign of the macro-cell corrosion current
indicates a mutual transition in the anode—cathode polarity of macro-cell corrosion, sug-
gesting a tendency toward macro-cell corrosion in carbon steel even under conditions
of chloride salt erosion without a concentration difference, which may be attributed to
the potential difference between the steel on both sides with different corrosion states.
From the time-varying curves of the coupling potential in Figure 2b, it is evident that the
coupling potential decreases rapidly with increasing corrosion time and begins to stabilize
around the 6~7th day. The coupling potential for carbon steel combinations decreases
successively with the increasing chloride ion concentration difference, with the steel in
the high-concentration area exhibiting a more severe macro-cell corrosion tendency [27].
Under conditions with no concentration difference, the coupling potential remains around
—500 mV, while for the 29 times concentration difference, the potential value decreases to

around —600 mV.
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Figure 2. Time-varying curves of carbon steel combinations during the ZRA test: (a) macro-cell
current; (b) coupling potential.
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Figure 3. Time-varying curves of alloyed steel combinations during the ZRA test: (a) macro-cell
current; (b) coupling potential.

Figure 3a shows the time-varying curves of macro-cell corrosion current for the al-
loyed steel combination under different chloride salt concentration difference conditions.
Under conditions with no chloride salt concentration difference, the macro-cell corrosion
current for the alloyed steel combination fluctuates around 0 pA, with an extremely small
amplitude of fluctuation. With an increase in chloride salt concentration difference, the
macro-cell corrosion current for the alloyed steel combination exhibits a slow initial increase
and stabilizes within a relatively small range of fluctuation after approximately 8 days.
When the concentration difference multiples are 4, 9, 19, and 29, the macro-cell corrosion
current values for the alloyed steel combination stabilize at around 4 puA, 5 pA, 7 pA, and
11 pA, respectively. It can be observed that in the macro-cell corrosion system induced by
the chloride salt concentration difference, the steel in the low-concentration area acts as the
corrosion cathode, while the steel in the high-concentration area acts as the corrosion anode.
However, the increase in the macro-cell corrosion current for the alloyed steel combination
is relatively slow with an increase in the chloride ion concentration difference, indicating
that the alloyed steel exhibits strong resistance to macro-cell corrosion under the chloride
ion concentration difference conditions [28]. Figure 3b illustrates the time-varying curves of
coupling potential for the alloyed steel combination under different chloride salt concentra-
tion difference conditions. From the graph, it can be observed that under conditions with no
concentration difference, the coupling potential for the alloyed steel remains at a relatively
high level, and corrosion for 15 days does not lead to a significant decrease in the coupling
potential of the alloyed steel combination. For the other four concentration difference
conditions, the coupling potential for the alloyed steel combination gradually shifts to more
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negative values as the concentration difference multiples increase [29]. Specifically, the
coupling potential values are approximately —370 mV, —420 mV, —440 mV, and —460 mV,
respectively, and they stabilize dynamically after around 8 days.

The comparison of macro-cell corrosion current and coupling potential between the
alloyed steel combination and the carbon steel combination under various chloride ion
concentration difference conditions reveals that the macro-cell corrosion current for the
alloyed steel combination is significantly lower than that for the carbon steel combination,
while the coupling potential is more positive than that for the carbon steel combination.
Specifically, at a 29 times chloride salt concentration difference, the macro-cell corrosion
current for the alloyed steel combination is only about one-tenth of that for the carbon
steel combination, indicating a very slow corrosion rate. This observation intuitively
demonstrates the strong resistance capability of alloyed steel against macro-cell corrosion
induced by the chloride ion concentration difference [30].

3.2. Macro-Cell Corrosion Induced by the Chloride Ion Concentration Difference in Dissimilar Steel
Based on the ZRA Testing

Experimental conditions for macro-cell corrosion induced by a chloride ion concentra-
tion difference in dissimilar steel were created by setting two chloride ion concentration
difference conditions in the simulated concrete solution. Figure 4 depicts a schematic dia-
gram of the experimental setup for inducing macro-cell corrosion in dissimilar steel (carbon
steel-alloyed steel combination) in a simulated concrete solution with varying chloride
ion concentration difference conditions, along with the wiring method for the ZRA testing.
More corrosion-resistant alloyed steel is placed in the simulated concrete solution with a
high chloride ion concentration area and designated as the corrosion anode [31], while less
corrosion-resistant carbon steel is placed in the low-concentration area and designated as
the corrosion cathode. Five different chloride ion concentration difference conditions are
set in the simulated concrete solution: no concentration difference, 4 times concentration
difference, 9 times concentration difference, 19 times concentration difference, and 29 times
concentration difference. The ZRA four-electrode method is similarly used to test the
macro-cell corrosion current and coupling potential.

e e

\%_ﬁ%

salt bridge /
‘ | 1 | simulated concrete pore solution
/
: ° o/ 0/ 0/
[ L CE WE1 WE2 Ground

3mol/L ‘k
carbon steel alloyed steel 2molL
- 1mol/L

i

Electrochemical workstation ( ZRA test system )

-3 0.5moVL
2 0.1mol/L
‘ high concentration of CI

Figure 4. Dissimilar steel macro-cell corrosion device in simulation concrete fluid and the ZRA test
wiring method.
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As shown in Figure 5a, the macro-cell corrosion current values for the dissimilar
steel combination (carbon steel-alloyed steel) are all negative, indicating that the assumed
cathode-anode polarity is the opposite of the actual situation. Therefore, the carbon steel in
the low chloride ion concentration area should be considered as the corrosion anode, while
the alloyed steel in the high chloride ion concentration area should be considered as the
cathode. This phenomenon is likely attributed to a higher corrosion resistance of the alloyed
steel. Due to the significantly higher basic corrosion resistance of the alloyed steel compared
with the carbon steel, the former may still exhibit a higher potential in high chloride salt
concentrations than the latter, leading to the actual reversal of the cathode-anode polarity
in the macro-cell corrosion system of dissimilar steel. In terms of the overall evolution
pattern of the macro-cell corrosion current, except under conditions with no chloride ion
concentration difference, the macro-cell corrosion current for the dissimilar steel decreases
significantly from 1 to 5 days and gradually stabilizes thereafter [32]. Additionally, the
steady-state value of the macro-cell corrosion current decreases gradually with an increase
in the chloride ion concentration difference. When reaching a 29 times concentration dif-
ference, the macro-cell corrosion current for dissimilar steel decreases to around —10 pA,
approximately one-tenth of that for the carbon steel combination under the same concentra-
tion difference, which is equivalent to that for the alloyed steel combination under the same
concentration difference condition. Under conditions with no concentration difference, the
macro-cell corrosion current for dissimilar steel gradually increases before slowing down
and stabilizing at around —70 pA. From the time-varying curve of the coupling potential
in Figure 5b, it can be observed that a range of variation in coupling potential for dissimilar
steel is within —450 to —500 mV, gradually decreasing with an increase in the chloride ion
concentration difference, indicating that the driving force for the macro-cell corrosion of
dissimilar steel weakens with the increase in the chloride ion concentration difference.

- - - 0.30
30 [carbon steel -alloyed steel : : : carbon steel -alloyed steel ; i ;
(a)m —B— 1o concentration difference (b) —B— no concentration difference
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Figure 5. Macro current (a) and coupling potential (b) curves of carbon steel-alloyed steel combination
under different chloride concentrations.

3.3. Evaluation of Corrosion Resistance after the Macro-Cell Corrosion Induced by the Chloride lon
Concentration Difference in the Same Steel

Figure 6 presents the electrochemical performance evaluation test conducted after
15 days of chloride ion-induced macro-cell corrosion of the same type of steel. Tests em-
ployed a three-electrode test system to evaluate the electrochemical performance of the
steel on both sides using electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization (PDP) techniques. During the test, the reference electrode and counter
electrode were simultaneously placed in the solution on one side of the test steel specimen
to avoid testing errors caused by a concentration difference.
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Figure 6. Schematic diagram and wiring method of the three-electrode electrochemical testing device

for the same steel in the simulation concrete solution.

3.3.1. Electrochemical Impedance Spectroscopy Testing after Macro-Cell Corrosion

Figure 7 shows the electrochemical impedance spectroscopy (EIS) plots of carbon
steel macro-cell corrosion in a simulated concrete solution under different chloride ion
concentration difference conditions after 15 days. Panels (a), (b), and (c) depict the Nyquist
plots, Bode phase angle plots, and Bode impedance modulus plots for carbon steel samples
in the low-concentration area, while panels (d), (e), and (f) depict the same for samples
in the high-concentration area. The change in the Nyquist spectra reveals that the capac-
itive arc radius of carbon steel in the low-concentration area gradually increases with a
rise in the chloride ion concentration difference, while that of carbon steel in the high-
concentration area decreases with increasing the chloride ion concentration difference,
indicating exacerbated macro-cell corrosion damage and deteriorating corrosion resistance.

From the phase angle plots, it can be observed that the maximum phase angle of carbon

steel in the low-concentration area ranges between 60° and 50°, with both phase angle
values and peak width increasing with a rise in the chloride ion concentration difference.
Conversely, for carbon steel in the high-concentration area, the maximum phase angle
ranges between 40° and 50°, with both the phase angle values and peak width decreasing
with the increasing chloride ion concentration difference. The magnitude of the maximum
phase angle reflects the surface smoothness of the sample to some extent, indicating the
extent of corrosion damage [33]. Overall, the maximum phase angle of both sides of the
carbon steel is relatively small, suggesting significant damage to the passive film on the
surface of the steel. In comparison, the carbon steel in the low-concentration area exhibits
higher phase angle values, indicating less corrosion damage, which remains relatively
stable with the increasing chloride ion concentration difference, while the opposite trend is
observed for carbon steel in the high-concentration area. In conclusion, with the increase
in chloride ion concentration difference, the carbon steel in the high-concentration area
accelerates corrosion as the anode in the macro-cell corrosion system, while the carbon steel
in the low-concentration area, acting as the cathode, receives some protection. However,
due to the poor corrosion resistance of carbon steel itself, the cathodic carbon steel in the
macro-cell corrosion system still suffers from significant corrosion.

Figure 8 depicts the electrochemical impedance spectroscopy (EIS) plots of alloyed
steel macro-cell corrosion in simulated concrete solutions under different chloride ion
concentration difference conditions after 15 days. Panels (a), (b), and (c) show the Nyquist
plots, Bode phase angle plots, and Bode impedance modulus plots for alloyed steel in the
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low-concentration area, while panels (d), (e), and (f) show the same for samples in the
high-concentration area. The Nyquist plot reveals that the impedance arc of alloyed steel in
the low-concentration area gradually increases with a rise in the chloride ion concentration
difference. Additionally, from the Bode phase angle plot, it is evident that the highest phase
angle of the alloyed steel in the low-concentration area also increases, and the peak width
gradually widens [34]. At 29 times concentration difference, the maximum phase angle
exceeds 80°. Thus, it can be inferred that the cathodic alloyed steel in the low-concentration
area is protected by the macro-cell corrosion current. The phase angle of all five sample sets
is above 70°, indicating high surface smoothness and minimal surface corrosion damage.
The evolution of the impedance modulus exhibits the same trend as observed in the Nyquist
and Bode plots.
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Figure 7. Electrochemical impedance spectra of carbon steel combination samples at the low-
concentration side and the high-concentration side: (a,d) Nyquist diagram; (b,e) Bode phase angle
diagram; (c,f) Bode impedance modulus diagram.

For alloyed steel in the high-concentration region, its Nyquist impedance arc gradually
decreases with an increase in the chloride ion concentration difference, and the upward
trend also gradually declines [35]. The highest phase angle in the Bode plot also decreases,
from over 80° in no concentration difference to around 58°. The impedance modulus plot
also shows a similar trend. Thus, it can be inferred that macro-cell corrosion occurs in the
alloyed steel in the simulated concrete solution induced by the chloride ion concentration
difference, and the alloyed steel in the high-concentration area acts as the anode of the
macro-cell corrosion system and undergoes accelerated corrosion.
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Figure 8. Electrochemical impedance spectra of alloyed steel combination samples at the low-
concentration side and high-concentration side: (a,d) Nyquist diagram; (b,e) Bode phase angle
diagram; (c,f) Bode impedance modulus diagram.

We conducted linear fitting of the electrochemical impedance spectroscopy (EIS) using
ZSimpWin3.5 software and equivalent circuits such as Rs(RctQdl)(RfQf). Figure 9 shows
the bar chart of Rp values for carbon steel and alloyed steel combinations on the high-
and low-concentration sides under different chloride ion concentration difference condi-
tions. From Figure 9, it can be observed that the changing trend of polarization resistance
(Rp) for both carbon steel and alloyed steel samples corresponds to the electrochemical
impedance spectroscopy. Specifically, under the 29 times concentration difference condition
on both sides, the polarization resistance of alloyed steel on the low-concentration side
is twice that on the high-concentration side, while for the carbon steel combination, the
polarization resistance on the low-concentration side is more than ten times that on the
high-concentration side. This indicates that under macro-cell corrosion induced by the
chloride ion concentration difference, the difference in electrochemical reaction resistance
between the two sides of alloyed steel is smaller, and the surface condition of the steel on
both sides is closer after macro-cell corrosion induced by the chloride ion concentration
difference [36].
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Figure 9. Rp values of the low /high-concentration side under different concentration differences of
the two types of steel: (a) carbon steel combination; (b) alloyed steel combination.

3.3.2. Potentiodynamic Polarization Testing after Macro-Cell Corrosion

Figure 10 depicts the potentiodynamic scanning polarization curves of carbon steel
combinations in simulated concrete solutions induced by different chloride ion concen-
trations after 15 days of macro-cell corrosion. As shown in Figure 10a, it can be observed
that the open-circuit potential Ecorr of carbon steel at low concentrations gradually shifts
positively with the increasing chloride ion concentration difference, while the corrosion
current density Icorr gradually decreases. The details are provided in Table 2. Additionally,
the passivation range of the anodic polarization curve for carbon steel at low concentrations
expands with the increasing chloride ion concentration difference, and the pitting potential
also increases. In contrast, in the potentiodynamic polarization curves of carbon steel in the
high-concentration area (as shown in Figure 10b), Ecorr gradually shifts negatively with the
increasing chloride ion concentration difference, while Icorr gradually increases. When the
chloride ion concentration difference increases to 29 times, the self-corrosion current density
of carbon steel in the high-concentration area increases by about 3 times compared with that
without concentration, indicating a significant increase in the corrosion rate [37]. Moreover,
the passivation range of the anodic polarization curve also decreases with the increasing
chloride ion concentration difference, and the pitting potential decreases accordingly.
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Figure 10. Potentiodynamic polarization curves of carbon steel combination: (a) low-concentration

side; (b) high-concentration side.

Table 2. Self-corrosion current density on the low /high-concentration side of carbon steel-carbon

steel combination.

Iorr (A/cm?) 0 Times 4 Times 9 Times 19 Times 29 Times
carbon steel 223x 1074 144x10% 1.09%x10% 831x105 6.62x10°°
(0.1 mol/L)

carbon steel 218 x 107% 536 x 1074  769x107% 867 x10* 913 x 104

(0.1~3 mol/L)
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Figure 11 shows the potentiodynamic scanning polarization curves of alloyed steel
combinations in simulated concrete solutions induced by different chloride ion concen-
trations after 15 days of macro-cell corrosion. The polarization curve of alloyed steel at
low concentrations is shown in Figure 11a where the overall Ecorr of alloyed steel at low
concentrations is relatively high and gradually shifts positively with the increasing chloride
ion concentration difference, accompanied by a gradual decrease in Icorr, as detailed in
Table 3. Furthermore, the pitting potential of alloyed steel at low concentrations increases,
while the change in the passivation range of the anodic polarization is not significant. The
polarization curve of alloyed steel in the high-concentration area is shown in Figure 11b
where Ecorr is significantly lower than that of alloyed steel at low concentrations and it
decreases with the increasing chloride ion concentration, while Icorr increases accordingly.
When the chloride ion concentration difference rises to 29 times, Icorr increases by about
53% compared with that without a concentration difference.
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Figure 11. Potentiodynamic polarization curves of alloyed steel combination: (a) low-concentration
side; (b) high-concentration side.

Table 3. Self-corrosion current density of low /high-concentration side of alloyed steel-alloyed steel

combination.
Icorr (A/cm?) 0 Times 4 Times 9 Times 19 Times 29 Times
alloyed steel 267x10°6 213x10°° 238x10°6 201x106 1.61x10°°
(0.1 mol/L)
alloyed steel 262 %1076 363x10°° 521x10° 534x10°° 556 x 106

(0.1~3 mol/L)

Combining the EIS and PDP test data, it can be concluded that both carbon steel
combinations and alloyed steel combinations in simulated concrete solution have experi-
enced varying degrees of macro-cell corrosion induced by the chloride ion concentration
difference, and the corrosion severity increases with the increase in the chloride ion concen-
tration. In the aforementioned macro-cell corrosion system, the low-concentration steel acts
as the cathode and receives a certain degree of protection, while the high-concentration
steel acts as the anode and undergoes accelerated corrosion. Comparatively, the corrosion
resistance of alloyed steel is better, and under the same chloride ion concentration, the
corrosion damage induced by macro-cell corrosion is significantly reduced compared with
carbon steel.

It is generally believed that the potential difference between the anode and cathode
in the macro-cell corrosion system becomes the driving force for macro-cell corrosion,
with a greater potential difference resulting in stronger macro-cell corrosion driving force.
Figure 12a,b respectively shows the evolution of the self-corrosion potential of carbon steel
combinations and alloyed steel combinations under different chloride ion concentrations.
It is evident that with a gradual increase in the chloride ion concentration difference,
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the potential difference between the cathode and anode for both types of steel gradually
increases, leading to a strengthening of the driving force for macro-cell corrosion, exhibiting
similar developmental trends. When the chloride ion concentration difference reaches
29 times, the potential difference between the anode and cathode of carbon steel reaches
297 mV, providing a significant driving force for macro-cell corrosion. However, the
potential difference between the anode and cathode of the alloyed steel combination is
significantly smaller than that of the carbon steel combination throughout the process, with
a potential difference of only 158 mV at 29 times chloride ion concentration difference,
indicating a significant weakening of the driving force for macro-cell corrosion compared
with carbon steel.
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Figure 12. The self-corrosion potential of steel samples on the low /high Cl~ concentration side:
(a) carbon steel combination; (b) alloyed steel combination.

3.4. Evaluation of Corrosion Resistance after Macro-Cell Corrosion Induced by the Chloride Ion
Concentration Difference in Dissimilar Steel

Figure 13 illustrates the electrochemical performance evaluation test conducted on car-
bon steel in the low-concentration region and alloyed steel in the high-concentration region.
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Figure 13. Schematic diagram and wiring method of the three-electrode electrochemical testing
device for dissimilar steel in the simulation concrete liquid.

3.4.1. Electrochemical Impedance Spectroscopy Testing after Macro-Cell Corrosion

Figure 14 shows the electrochemical impedance spectroscopy (EIS) results after 30 days
of macro-cell corrosion of carbon steel-alloyed steel combination under five different
concentration difference conditions. First, from the Nyquist plot of carbon steel at 0.1 mol /L
chloride ion concentration (Figure 14a), it can be observed that the impedance arc radius
increases significantly with the increase in concentration multiples, indicating enhanced
corrosion resistance of carbon steel in the low-concentration area. The change in the phase
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angle curve in the Bode plot of carbon steel (Figure 14b) indicates that the maximum phase
angle and peak width increase with an increase in the chloride ion concentration difference
on both sides [38]. When the chloride ion concentration difference on both sides reaches
29 times, the maximum phase angle differs by nearly 20° compared with that without
concentration difference, suggesting that the increase in the chloride ion concentration
difference on both sides provides effective protection to the surface of carbon steel. The
impedance modulus plot (Figure 14c) also shows an increase in impedance modulus with
an increase in the concentration difference.
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Figure 14. Electrochemical impedance spectra of carbon steel on the low-concentration side and
alloyed steel on the high-concentration side of carbon steel-alloyed steel combination: (a,d) Nyquist
diagram; (b,e) Bode phase angle diagram; (c,f) Bode impedance modulus diagram.

Furthermore, from the Nyquist plot of alloyed steel in the high-concentration area
(Figure 14d), it can be seen that the impedance arc radius gradually decreases with an
increase in the chloride ion concentration on both sides of the solution. However, the
curves of the five sample sets fluctuate slightly, indicating no significant differences due to
high-concentration multiples. This suggests that after macro-cell corrosion of both galvanic
corrosion and concentration corrosion, the alloyed steel in the high-concentration area still
exhibits good corrosion resistance. In the phase angle plot (Figure 14e), it can be observed
that the maximum phase angle and peak width of alloyed steel under different concentra-
tion conditions decrease with an increase in the chloride ion concentration difference, but
the maximum phase angle remains around 80°, indicating that there is little difference in
surface smoothness of the alloyed steel and it remains relatively high. It can be inferred
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that the surface corrosion situation is relatively mild, which corresponds to the observation
of macroscopic morphology. Similarly, the impedance modulus plot (Figure 14f) shows the
same change trend, indicating that the alloyed steel still has strong corrosion resistance even
after macro-cell corrosion induced by the high-concentration difference [39]. The macro-cell
corrosion induced by the chloride ion concentration difference does not significantly reduce
its corrosion resistance.

Figure 15 shows the bar chart of Rp values for carbon steel-alloyed steel combinations
on the high- and low-concentration sides under different chloride ion concentration differ-
ence conditions. It can be observed that the variation trend of polarization resistance in
each group of specimens aligns with the pattern observed in the electrochemical impedance
spectroscopy. Compared with the carbon steel group, the difference in polarization resis-
tance between the carbon steel and alloyed steel on both sides of the combination does not
exhibit a significant disparity due to galvanic corrosion [40]. Moreover, the corrosion states
between the carbon steel and alloyed steel specimens gradually converge as the chloride
ion concentration difference increases.
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Figure 15. Carbon steel-alloyed steel combination Rp values on the low /high-concentration side
under different concentration differences.

3.4.2. Potentiodynamic Polarization Testing after Macro-Cell Corrosion

Figure 16 presents the potentiodynamic scanning polarization curves of carbon steel-
alloyed steel combinations after 30 days of macro-cell corrosion induced by different
chloride ion concentration difference conditions. Figure 16a shows the potentiometric
polarization curve of carbon steel in the 0.1 mol/L low chloride ion concentration area. The
change trends of the curves under different chloride ion concentration difference condi-
tions indicate that as the chloride ion concentration difference increases, Ecorr gradually
shifts positively and Icorr also shows a decreasing trend, as detailed in Table 4. Addi-
tionally, the pitting potential increases significantly with an increase in the chloride ion
concentration difference. Figure 16b shows the polarization curves of alloyed steel in the
high-concentration area under different chloride ion concentration conditions. Overall,
the Ecorr of alloyed steel is higher than that of carbon steel, and the differences in Ecorr
and Icorr among the specimens are relatively small. According to Table 4, with an increase
in the concentration difference, the Ecorr of alloyed steel gradually decreases, and Icorr
also gradually increases, but without significant differences, while the pitting potential
decreases noticeably.

Combining the EIS and PDP test data, when carbon steel-alloyed steel is combined in a
simulated concrete solution under concentration difference macro-cell corrosion conditions,
the corrosion degree of carbon steel decreases with an increase in the chloride ion concen-
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tration difference, while the anodic alloyed steel still exhibits good corrosion resistance in
high chloride ion concentration environments. Compared with combinations of the same
type of steel, the higher the chloride ion concentration, the more pronounced the inhibitory
effect on macro-cell corrosion for carbon steel-alloyed steel combinations.
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Figure 16. Potentiodynamic polarization curves of carbon steel-alloyed steel: (a) carbon steel;
(b) alloyed steel.

Table 4. Self-corrosion current density of carbon steel-alloyed steel combination.

Leorr (A/cm?) 0 Times 4 Times 9 Times 19 Times 29 Times

carbon steel  5.34 x 10~* 324 x 1074 5.28 x 10~* 213 x 10~* 9.23 x 107°
alloyed steel ~ 8.86 x 1077 971 x 1077  1.06 x 107® 114 x107®  125x107°

Figure 17 shows the difference in the self-corrosion potential of carbon steel-alloyed
steel combination with the change in the chloride ion concentration difference on both sides
of the solution. Obviously, the self-corrosion potential difference between the two types
of steel gradually narrows with an increase in the chloride ion concentration difference.
With the expansion of concentration difference [41], the self-corrosion potential difference
decreases to 54 mV at 29 times concentration difference, reducing the corrosion driving
force by approximately 85%, which is only about 1/6 of the corrosion driving force of
carbon steel combination at 29 times concentration difference, indicating a significant
decrease in the corrosion driving force of the carbon steel-alloyed steel combination with
an increase in the chloride ion concentration difference.
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Figure 17. The self-corrosion potential of carbon steel-alloyed steel combination with different
concentration differences.
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4. Conclusions

In this paper, the macro-cell corrosion behavior and corrosion resistance of alloyed steel
and carbon steel covered with a concrete protective layer in the marine chloride ion erosion
environment are studied. By systematically studying the macro-cell corrosion behavior
induced by the chloride ion concentration difference in simulated concrete solution for the
same and dissimilar steel, the corrosion morphology of the steel after 15 days of macro-cell
corrosion was observed, and the electrochemical properties and corrosion resistance of the
steel were evaluated. The preliminary findings revealed the influence of the chloride ion
concentration difference on the macro-cell corrosion of alloyed steel. The conclusions are
as follows:

(1) In the macro-cell corrosion system induced by the chloride ion concentration
difference in the simulated concrete solution, the steel in the low-concentration region acts
as the cathode, while the steel in the high-concentration region acts as the anode. With an
increase in the chloride ion concentration difference, the potential difference between the
anode and cathode steels increases, enhancing the driving force of macro-cell corrosion. As
a result, the macro-cell corrosion current of both carbon steel combinations and alloyed
steel combinations increases, leading to accelerated macro-cell corrosion. Under the same
concentration difference, macro-cell corrosion is milder in the alloyed steel combination,
with the corrosion current of the alloyed steel combination at 29 times the concentration
difference being only 1/10 of that of the carbon steel combination.

(2) In the macro-cell corrosion system induced by the chloride ion concentration
difference in the simulated concrete solution involving dissimilar steels, due to the superior
corrosion resistance of alloyed steel compared with carbon steel, the carbon steel in the
low-concentration region acts as the anode, while the alloyed steel in the high-concentration
region acts as the cathode. With an increase in the chloride ion concentration difference,
the potential difference between the cathodic and anodic steel decreases, weakening the
driving force for macro-cell corrosion and inhibiting macro-cell corrosion of dissimilar steel
combinations. At 29 times concentration difference, the potential difference of the dissimilar
steels in the macro-cell corrosion is only 1/6 of that of the carbon steel combination at the
same concentration difference, and the corrosion current is only 1/10 of that of the carbon
steel combination.

Through the combination of carbon steel and alloyed steel, the advantages of both can
be fully utilized, which not only ensures the high strength and hardness of the steel pipe
rod but also significantly improves its anti-corrosion performance. It can better adapt to the
corrosion challenges of offshore environments, prolong its service life, reduce maintenance
costs, and ensure the safe operation of transmission lines.
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