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Abstract: A joint protection device for seawater electrolysis antifouling and ICCP was constructed,
and comparative experiments were conducted to study the composition of the EH36 surface depo-
sition layer under joint protection in a marine environment. Surface morphology analysis, energy-
dispersive spectroscopy (EDS) imaging analysis, and X-ray diffraction (XRD) composition analysis
were performed on the surface deposition layers of the experimental samples. The experimental
results showed that under joint protection, a sedimentary layer was rapidly formed on the surface of
EH36 to isolate the seawater medium, and this layer was mainly composed of Mg(OH)2 and a small
amount of CaCO3. There was no corrosion on the surface of the EH36 substrate. When only ICCP
was used, a relatively thin layer of calcium magnesium was deposited on the surface of EH36. Marine
fouling organisms adhere to the surface of calcium and magnesium sedimentary layers and the EH36
substrate, and their attachment affects the formation of calcium and magnesium sedimentary layers.
Moreover, marine fouling organisms cause corrosion on the surface of the EH36 substrate. The joint
protection of seawater electrolysis antifouling and ICCP can simultaneously prevent electrochemical
corrosion and marine biological fouling corrosion on the surface of EH36.

Keywords: EH36; marine environment; joint protection; calcium magnesium sedimentary layer

1. Introduction

Since the onset of the 21st century, the marine economy has seen a sharp rise in demand
for marine vessels. Metal materials are a primary material in modern marine shipbuilding,
with their robust construction capable of enduring high-speed and heavy-load operations.
However, ship working environments are particularly harsh, requiring metal hulls to
withstand not only the chemical and electrochemical corrosion from seawater but also the
corrosion caused by marine organisms and microbial growth. Currently, humans have
developed various electrochemical protection technologies to slow down the corrosion of
ship metal hulls, yet none of these technologies can effectively prevent both electrochemical
corrosion and marine biological fouling simultaneously.

ICCP is an electrochemical protection technology whose basic principle is to apply an
external current to the surface of a corroded metal structure, making the protected metal
structure a cathode, thereby suppressing electron migration during metal corrosion and
preventing or weakening corrosion [1]. ICCP can effectively control metal corrosion and
is widely used in marine industries, such as offshore platforms, submarine pipelines, and
marine engineering equipment [2,3]. When ICCP is carried out in seawater, a calcium
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magnesium deposition layer is formed on the surface of the metal materials [4]. Over the
years, many studies have been conducted on calcium magnesium deposition layers, and
these layers have been found to limit the diffusion of dissolved oxygen in seawater to the
surface of steel structures, reduce the current density, and enhance cathodic protection
effects [5]. However, due to the complexity of the marine environment, various marine
fouling organisms can influence the cathodic protection effect. The formation of biofilms
can lead to a reduction in the amount of calcium and magnesium deposits on the metal
surface, weakening the protective properties on the EH36 carbon steel substrate and
accelerating local corrosion [6]. The technology of seawater electrolysis antifouling uses
special electrodes to electrolyze seawater without a diaphragm to produce available chlorine
(HClO). The strong oxidizing nature of available chlorine is utilized to kill the larvae or
spores of marine fouling organisms, thereby achieving the goal of preventing biological
fouling [7,8].

The technology of seawater electrolysis antifouling can effectively prevent the forma-
tion of biofilms on metal surfaces, preventing marine biological fouling on metal surfaces.
ICCP and seawater electrolysis antifouling technology are very similar in structure, and
they can be combined to protect marine metal materials. This form of joint application of
anti-corrosion technology has precedence, such as the technology of joining ICCP with
coatings [9–11] and the anti-corrosion measures of joining ICCP with sacrificial anode
cathodic protection (SACP) [12–14]. The formation of a deposition layer on the surface of
EH36 carbon steel under the joint application of seawater electrolysis antifouling and ICCP
in marine environments is studied in this article. Our research findings help to elucidate
the effect of this joint protection method on the composition of the calcium magnesium
deposition layer on the surface of EH36 carbon steel. At the same time, a comparison is
made with ICCP to verify whether the joint application of seawater electrolysis antifouling
and ICCP can achieve better protection effects.

2. Materials and Methods
2.1. Materials

The cathode-protected material used was EH36 (S32760) low-alloy structural steel
with the following chemical composition (mass fraction, %): 0.084 C, 1.326 Mn, 0.281 Si,
0.012 P, 0.0151 Al, 0.009 S, 0.0406 Mo, 0.0352 Cu, 0.225 Cr, 0.372 Ni, margin Fe.

2.2. Production of Protected Body Samples

The sample was an EH36 carbon steel sample with a size of 10 × 10 × 11 mm. An
insulated wire was welded on the surface of the sample, and the sample was then wrapped
in epoxy resin to leave a working area of 10 × 10 mm. A total of 8 samples were made.
The surface of the sample working area was polished with water sandpaper according to
models P200, P600, P1000, and P1500 until the surface was smooth. Then, the working
area was rinsed with distilled water and dried with ethanol to remove residual water. The
cleaning process was carried out quickly to avoid premature corrosion, and the experiments
were conducted immediately.

2.3. A Joint Protection Device for Seawater Electrolysis Antifouling and ICCP

The device (Figure 1) included a DC stabilized power supply (UTP1305S, 30 V/5 A,
Shenzhen Junhai Zhongyi Technology Co., Ltd., Shenzhen, China), two variable resistors
(resistance value of 2 kΩ), two saturated calomel electrodes (SCEs), and two potentiometers
(DLX-UA9233B, Fuyang Feile Technology Co., Ltd., Guangzhou, China). The cathodes
comprised the EH36 samples, and the anodes consisted of the DSA electrodes.
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S001-type DSA electrode produced by Suzhou Shuertai Industrial Technology Co., Ltd., 
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surface [16]. The DSA oxygen evolution electrode uses Ti as the substrate and is coated 
with a MnO2 coating with high catalytic activity on the surface. The DSA electrode size 
was 50 × 100 × 1 mm, with a 5 cm long handle. It was connected to an insulated wire and 
then welded, and the welded area was wrapped with epoxy resin. When using the device 
shown in Figure 1 for joint protection, DSA chlorine evolution electrode was used to un-
dergo CER reaction and precipitate chlorine gas; when only ICCP was performed using 
the device shown in Figure 1, a DSA oxygen evolution electrode was used to undergo 
OER reaction and precipitate oxygen for comparison and reference. 

Prior to the formal experiment, EH36 samples were individually subjected to ICCP 
for one day at various cathodic protection potentials. Subsequently, the AC impedance of 
the EH36 samples was measured using a three-electrode system. Initially, potentials of 
−0.8 V, −1 V, −1.1 V, and −1.2 V were applied, as depicted in Figure 2a. The radius of the 
arc in the AC impedance plot decreased sharply at −1.2 V, suggesting that the optimal 
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−1.135 V, −1.155 V, −1.170 V, and −1.190 V were applied, as shown in Figure 2b. The arc 
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lected at 7 d (Figures 3a,e and 4a,e), 15 d (Figures 3b,f and 4b,f), 30 d (Figures 3c,g and 
4c,g), and 60 d (Figures 3d,h and 4d,h) for observation and testing. 

Figure 1. Schematic diagram of a joint protection device for seawater electrolysis antifouling and
ICCP (the chlorine evolution reaction is carried out when the DSA electrode is a chlorine evolution
electrode, and the oxygen evolution reaction is carried out when the DSA electrode is an oxygen
evolution electrode).

DSA (Dimensionally Stable Anode) electrodes in the device (commercially available
S001-type DSA electrode produced by Suzhou Shuertai Industrial Technology Co., Ltd.,
Suzhou, China) can be divided into two types: DSA chlorine evolution electrodes [15] and
DSA oxygen evolution electrodes. The DSA chlorine evolution electrode uses Ti as the
substrate and is coated with RuO2 and IrO2 coatings with high catalytic activity on the
surface [16]. The DSA oxygen evolution electrode uses Ti as the substrate and is coated
with a MnO2 coating with high catalytic activity on the surface. The DSA electrode size
was 50 × 100 × 1 mm, with a 5 cm long handle. It was connected to an insulated wire
and then welded, and the welded area was wrapped with epoxy resin. When using the
device shown in Figure 1 for joint protection, DSA chlorine evolution electrode was used to
undergo CER reaction and precipitate chlorine gas; when only ICCP was performed using
the device shown in Figure 1, a DSA oxygen evolution electrode was used to undergo OER
reaction and precipitate oxygen for comparison and reference.

Prior to the formal experiment, EH36 samples were individually subjected to ICCP for
one day at various cathodic protection potentials. Subsequently, the AC impedance of the
EH36 samples was measured using a three-electrode system. Initially, potentials of −0.8 V,
−1 V, −1.1 V, and −1.2 V were applied, as depicted in Figure 2a. The radius of the arc in
the AC impedance plot decreased sharply at −1.2 V, suggesting that the optimal cathodic
protection potential lied between −1.1 V and −1.2 V. Subsequently, potentials of −1.135 V,
−1.155 V, −1.170 V, and −1.190 V were applied, as shown in Figure 2b. The arc radius of
the AC impedance reached its maximum at −1.170 V. A larger arc radius in AC impedance
indicates a more effective protective effect of ICCP on the sample. Therefore, the potential
of the EH36 sample was set to −1.17 V (vs. SCE). The potential of the chlorine evolution
DSA electrode was set to 1~1.75 V (vs. SCE) [17,18]. The potential of the oxygen evolution
DSA electrode was also set to 1~1.75 V (vs. SCE). The EH36 samples were collected at 7 d
(Figures 3a,e and 4a,e), 15 d (Figures 3b,f and 4b,f), 30 d (Figures 3c,g and 4c,g), and 60 d
(Figures 3d,h and 4d,h) for observation and testing.
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protection at 7 d, 15 d, 30 d, and 60 d; parts (e–h) show the surface morphology of the samples at 7 
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Figure 3. Comparison of optical microscopy images of EH36 samples under joint protection and
ICCP at 7 d, 15 d, 30 d, and 60 d: parts (a–d) show the surface morphology of samples under joint
protection at 7 d, 15 d, 30 d, and 60 d; parts (e–h) show the surface morphology of the samples at 7 d,
15 d, 30 d, and 60 d under ICCP.
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Figure 4. Comparison of the SEM surface morphology of the EH36 samples under joint protection
and ICCP at 7 d, 15 d, 30 d, and 60 d: parts (a–d) show the surface morphology of the samples under
joint protection at 7 d, 15 d, 30 d, and 60 d; parts (e–h) show the surface morphology of the samples
at 7 d, 15 d, 30 d, and 60 d under ICCP.

2.4. Analysis of the Sedimentary Layer Morphology

The epoxy resin was removed, and the EH36 sample was dried. A super depth of field
microscope (Leica, DVM6, Wetzlar, Germany) and a scanning electron microscope (SEM,
Hitachi TM-4000plus, Tokyo, Japan) were used to observe the morphological characteristics
of the layer deposited on the surface of the sample. Magnifications of 100× and 250×
were used.

2.5. Analysis of Sedimentary Layer Components

The elemental composition of the deposited layer on the surface of the sample was
obtained using an energy-dispersive spectrometer (EDS, Model 550i, Austin, TX, USA) in
the range of 0 to 15 kV. XRD patterns of the layer deposited on the surface of the sample
were obtained using an X-ray diffractometer (XRD, 6100, Shimadzu, Japan) with a two-theta
scanning range of 10–90◦. Furthermore, the MDI Jade 6 program and PDF 2002 database
were used for crystal phase identification to determine the specific composition of the
sedimentary layer.
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3. Results and Discussion
3.1. Comparison of the Sedimentary Layers’ Surface Morphology

Figure 3 shows optical microscopy images of the EH36 specimen under two different
protection methods. After 7 days of joint protection, the sediment adhered to the surface of
the EH36 sample, but the substrate of the EH36 sample could still be seen. At 15 days, the
sedimentary layer completely covered the EH36 substrate with a small number of cracks.
Between 15 and 30 days, a large number of network cracks appeared in the sedimentary
layer. At 60 days, the network cracks in the sedimentary layer were filled with new
sediment. At 7 days, a deposition layer also formed on the surface of the EH36 sample
under ICCP, and green striped substances also appeared. Between 7 and 15 days, the
thickness of the sedimentary layer increased, and multiple black substances were found
below the sedimentary layer. At 30 days, the sedimentary layer completely covered the
EH36 substrate, and black substances under the sedimentary layer could still be seen. At
60 days, the thickness of the sedimentary layer further increased, and black substances
under the sedimentary layer could still be seen with large cracks.

By comparison, the surface deposition layer thickness of the EH36 sample under ICCP
is significantly thinner than that under joint protection. It is speculated that the adhesion of
black matter under ICCP inhibits the formation of a surface deposition layer on the EH36
sample, which is consistent with the conclusion of Li et al. [19] and others that marine
fouling organisms can inhibit the formation of a surface deposition layer under ICCP.

Figure 4 shows SEM surface morphology images of the EH36 specimen under two
different protection methods. As shown in Figure 4, after 7 days, the surface of the
sedimentary layer of the EH36 sample under joint protection showed two color differences,
white and grey, with irregular pores in the black area. At 15 days, the color difference on
the surface of the sedimentary layer is no longer significant, with a small number of cracks.
At 30 days, there were also multiple slender fissures in the large cracks on the surface of
the sedimentary layer. At 60 days, the large cracks were filled with new sediment, forming
a dense sedimentary layer. The EH36 sample under ICCP showed a large number of white
particles on the surface after 7 days, and the sample substrate was clearly visible. At 15 days,
white particles were still visible, with a color difference similar to that in Figure 4a, and
there were numerous cracks. At 30 days, a large number of white blocky areas appeared on
the surface of the sedimentary layer. At 60 days, the white blocky area continued to expand
and concentrate, with significant cracks appearing.

From Figure 4a,b, we can observe the changes in the white and grey areas and then
compare these changes with the changes in the white and grey areas in Figure 4e–h. The
joint protection method accelerates the formation of the surface sedimentary layer and
increases the density of the surface of the sedimentary layer. The rapid accumulation of
excessive sediment can easily lead to large cracks, as shown in Figure 4c; however, excessive
sediment can also quickly fill the cracks without affecting the density of the sedimentary
layer or the protective effect on the EH36 carbon steel substrate.

For the large amount of white particles deposited on the surface layer of EH36 under
ICCP after 7 days, Luo et al.’s [20] analysis of this phenomenon suggested that the factors
affecting the deposition and morphological changes of white particles are most likely the
initially formed thin film, which is the grey area in Figure 4e. Moreover, as can be clearly
seen from Figure 3e, when white particles deposited on the surface of the EH36 substrate,
a thin film was formed around the white particles. The thickness of the film increases
with increasing experimental time. When the film does not fully cover the white particles
(Figure 4f), the presence of white particles can easily lead to the generation of cracks. When
the thin film completely covers the white particles (Figure 4g), a dense sedimentary layer is
formed. The large white areas appearing on the surface of the sedimentary layer (Figure 4h)
may be caused by the accumulation of a large number of white particles. In their study,
Yang et al. [21] found that the deposition layer on the surface deposition layer of carbon
steel under ICCP is a layered structure composed of an internal magnesium layer and an
external calcium layer. Therefore, it is speculated that if the experiment continues, the
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white area will completely cover the grey area and ultimately form a sedimentary layer
with a double-layer structure.

3.2. Composition of the Sedimentary Layer

In addition to the microstructure of the surface deposition layer, the surface chemical
composition is also an important factor affecting the physical and chemical properties of
the surface deposition layer. The EDS data in Table 1 show that the elemental composition
of the surface deposition layer of the sample under joint protection is mainly Mg and O,
with very little Ca content, indicating that the main components of the surface deposition
layer are compounds composed of Mg and O. At the same time, the Fe content was 6.72%
and 3.43% at 7 and 30 days, respectively, being significantly greater. This may be due to the
incomplete coverage of the EH36 matrix by the surface deposition layer at 7 days and the
appearance of large cracks in the surface deposition layer at 30 days.

Table 1. EDS analysis results of the deposition layer on the surface of the EH36 sample under joint
protection (red marked area in Figure 4a–d).

Time (day) C O Na Mg Al Si P S Cl K Ca Fe

7 d 1.98% 45.13% 4.68% 36.55% - 3.47% - - - - 1.47% 6.72%

15 d 2.60% 52.74% - 42.16% 0.01% 1.20% - - 0.78% 0.25% - 0.25%

30 d - 48.74% 2.43% 34.42% 0.05% 4.80% - 0.96% 3.69% 0.76% 0.71% 3.43%

60 d - 47.54% 1% 46.27% 0.39% 0.06% 0.16% 2.74% - - 1.39% 0.45%

The EDS data in Table 2 show that the elemental composition of the surface sediment
of the sample under ICCP is mainly O, Mg, and Ca. The Ca/Mg ratio in sedimentary layers
is an important measure to characterize their protective performance, and sedimentary
layers with higher Ca/Mg ratios have better protective performance [22]. During the
60-day experiment, the mass fraction of O did not change significantly, and the Ca/Mg
ratio increased from 0.4 (7 days) to 4.6 (60 days). Combined with the surface microstructure
in Figure 4e–h, the Ca/Mg ratio is correlated with the area ratio of the white and grey areas
on the surface of the sedimentary layer. As the Ca/Mg ratio increases, the area of the white
area also increases. It can be inferred that the main components of the white area are Ca
and O, while the main components of the grey area are Mg and O.

Table 2. EDS analysis results of the deposition layer on the surface of the EH36 sample under ICCP
(red marked area in Figure 4e–h).

Time (day) C O Na Mg Al Si P S Cl K Ca Fe

7 d - 50.67% 1.50% 26.65% 0.04% 2.76% 0.21% 0.42% 6.36% 0.64% 10.75% -

15 d 1.10% 55.79% 0.84% 25.54% 0.01% 2.27% 0.17% 0.26% 1.56% 0.14% 11.87% 0.45%

30 d 5.98% 50.10% 0.81% 23.50% - 0.01% 0.21% 0.21% 1.44% - 17.59% 0.15%

60 d 8.75% 53.16% 1.05% 6.36% 0.32% 0.34% 0.01% 0.10% 0.45% - 29.38% 0.09%

The XRD pattern in Figure 5 confirms the analysis results of the EDS data in Tables 1 and 2.
The main diffraction peaks of the surface deposition layer on the EH36 sample subjected to
joint protection are basically consistent with those on the EH36 sample subjected to ICCP.
Multiple clear Mg(OH)2 diffraction peaks are located at 18.51◦, 32.83◦, 37.92◦, 50.77◦, 58.61◦,
etc. However, the XRD pattern of the EH36 sample subjected to ICCP shows a significantly
lower intensity of the main diffraction peaks, with multiple clear and low CaCO3 diffraction
peaks located at 26.21◦, 27.21◦, 33.12◦, 36.17◦, 37.88◦, 45.85◦, etc., appearing in the pattern.
According to the PDF standard cards of Mg(OH)2 and CaCO3 in Figure 5, the surface sediment
components of the EH36 sample subjected to joint protection mainly comprise Mg(OH)2 and



J. Mar. Sci. Eng. 2024, 12, 1155 8 of 13

a very small amount of CaCO3, while the surface sediment components of the EH36 sample
subjected to cathodic protection are mainly Mg(OH)2 and a large amount of CaCO3 [23].
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Figure 5. XRD patterns of the surface deposition layer on the EH36 sample under joint protection
and ICCP.

The potential of the EH36 cathode sample is set to −1.17 V (vs. SCE), which is
a relatively low protective potential and can cause a large amount of negative charge
to accumulate on the surface of the EH36 sample. A strong oxygen absorption reac-
tion occurs on the surface of the EH36 sample [24], producing a large amount of OH−:
O2 + 2H2O + 4e → 4OH−. The surface pH of the EH36 sample rapidly increases. When the
pH increases to 9.5 [25], Mg2+ combines with a large amount of OH− to produce Mg(OH)2
precipitates, which attach to the surface of the EH36 sample. Therefore, the XRD pattern
reflects that the surface deposition layer of the EH36 sample under both protection methods
has a higher Mg(OH)2 content and a lower CaCO3 content.

Figure 6 shows that the initial current density of the EH36 sample under joint protec-
tion is 0.08 mA.cm2 greater than that of the EH36 sample under ICCP. After the current
density is basically stable, the current density of the EH36 sample under joint protection
is also 0.02 mA.cm2 greater. Combining the Mg(OH)2 and CaCO3 content in the surface
deposition layer of the EH36 sample under joint protection and ICCP in Figure 5, it is found
that there is a corresponding relationship between the current density and the content
of Mg(OH)2 and CaCO3 in the surface deposition layer of the EH36 sample under both
protection methods. That is, there is a clear correlation between the Ca/Mg ratio in the
calcium magnesium deposition layer of the EH36 sample and the current density: when
the current density is high, the content of Mg(OH)2 is greater, the content of CaCO3 is
lower, and the Ca/Mg ratio decreases; if the current density is low, the opposite is true.
This regular pattern is consistent with the study by Sharker et al. [26], which revealed that
under low-current-density (55 µA/cm2) and low-temperature (7 ◦C) conditions, a greater
proportion of aragonite (CaCO3) was deposited on the carbon steel cathode. Wen et al. [22]
noted that a high cathode current leads to an increased rate of cathode reactions, higher pH
levels, faster calcium layer formation, and a subsequent decrease in the Ca/Mg ratio. A
higher Ca/Mg ratio results in greater density of the calcium/magnesium deposition layer.
In their investigation of stainless steel polarization behavior, Wang et al. [27] observed that
as the polarization current density initially decreased and then increased, the density of
the calcium/magnesium deposition layer followed a pattern of an initial increase followed
by a decrease, indirectly indicating a linear relationship between the Ca/Mg ratio and cur-
rent density. It was also found that the electrochemical deposition of calcium magnesium
compounds has great potential for reducing the cathodic protection current density and
promoting low-cost cathodic protection (CP) design.
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3.3. Biological Fouling of Surface Sedimentary Layers

Figure 7 shows the analysis of the special areas on the surface of the EH36 sample
under ICCP. The SEM image in Figure 7a shows the green striped substance shown in
Figure 3e, and the SEM image in Figure 7b shows the black substance not completely
covered by the surface deposition layer shown in Figure 3f. The EDS spectrum shows that
the amount of C in the red marked areas of Figure 7a,b is much greater than that of other
elements, such as Mg, Ca, and O. It is clear that the strip-shaped green substance appearing
on the surface sediment of the EH36 sample in the experiment is marine algae, the black
substance is marine microorganisms, and that the microorganisms show aggregation.

Permeh et al. [28] evaluated the effectiveness of cathodic protection (CP) in marine
fouling environments, and the test results showed that the presence of various fouling
forms and crevices promoted the growth of microorganisms, such as sulfate-reducing
bacteria (SRB), while the presence of surface fouling and crevices reduced the effectiveness
of cathodic protection. Figure 6 shows that regardless of the level of cathodic protection
implemented, a large number of microbial populations, such as sulfate-reducing bacteria,
can grow and reproduce in the gaps between the carbon steel substrate and the sedimentary
layer. The crack environment provides a low oxygen area and sufficient nutrient supply,
allowing SRB to continue to grow in the gaps.

After removing the sedimentary layer from the surface of the EH36 sample that was
protected for 60 days, as shown in Figure 8, there was no substance present on the surface
of the EH36 sample under joint protection. There were traces of microbial attachment on
the surface of the EH36 sample under ICCP. According to the surface height changes of
the EH36 sample under the two protection methods, the surface height fluctuations of
the EH36 sample under joint protection were not significant. However, according to the
surface microbial attachment area in Figure 8e, there is a consistent pattern with the surface
height fluctuation of the EH36 sample under ICCP, as shown in Figure 8f. This observation
indicates that there is a significant depression on the surface of the EH36 sample under ICCP,
with the maximum depression depth reaching −10 µm. This indicates that the attachment
of marine microorganisms under ICCP causes corrosion on the surface of the EH36 sample.
Vitor et al. [29] (2021) described similar corrosion phenomena, and this research study also
revealed that a protective potential of −1000 mV (vs. Ag/AgCl) actually stimulates the
hydrogenase activity of SRB, promoting the critical density and depth of the pits. In this
experiment, we employed a cathodic protection potential of −1.17 V (vs. SCE) to steer clear
of unsuitable values. Meanwhile, a higher potential ensures enhanced protection efficacy,
offering insights for the future selection and application of cathodic protection potentials in
ICCP systems.
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sample after surface deposition layer removal under joint protection and ICCP: joint protection (a–c);
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(e) matches the green line in (f)).

On the surface of the EH36 sample with marine fouling organisms, cathodic polariza-
tion exhibits nonuniformity, resulting in significant differences in the cathodic protection
ability in various areas of the EH36 carbon steel substrate surface. In this case, corrosion on
the substrate surface will accelerate. Moreover, the extensive proliferation of microorgan-
isms will further accelerate the process of corrosion.

By comparing the corrosion of the EH36 substrate surface under two protection
methods, it can be seen that the application of a chlorine evolution anode in joint protection
can effectively kill marine microorganisms, such as SRB, preventing microorganisms from
adhering to the metal surface and preventing microbial corrosion. Compared to ICCP,
joint protection can simultaneously prevent electrochemical corrosion and marine fouling
corrosion on EH36 carbon steel samples, achieving dual protection.

4. Conclusions

Under two protection conditions, joint protection and ICCP, a 60-day study was
conducted on the surface sedimentary layer of EH36 in natural seawater. By observing
the morphological characteristics of the EH36 surface deposition layer and analyzing its
composition, the following conclusions were drawn:

The surface calcium and magnesium deposition layer of EH36 subjected to joint
protection was thicker and denser, while the surface calcium and magnesium deposition
layer of EH36 subjected to ICCP was significantly thinner, indicating that marine fouling
organisms, such as microorganisms, affected the formation of calcium and magnesium
deposition layers on the cathode surface.

Compared with ICCP, the specific composition of the calcium magnesium deposition
layer on the surface of EH36 under joint protection had a relatively high Mg(OH)2 content
and a relatively low CaCO3 content. This is because the changes in the surface pH and
current density of EH36 had an impact on the content of various components in the surface
deposition layer.

By comparing the corrosion situation on the surface of the EH36 substrate, it can be
seen that joint protection not only provides ICCP for EH36 but also effectively prevents
marine fouling organisms from adhering to the surface of EH36 by electrolyzing seawater
to produce chlorine, preventing marine fouling corrosion.
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