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ARTICLE INFO ABSTRACT

Submarine cables are the main transmission channel for offshore wind power technology. In the actual work of
submarine cables, it is inevitable that an induced magnetic field will be generated in the submarine cable armor.
The induced magnetic field generated will have a certain impact on the corrosion of the submarine cable armor,
thus affecting the service life of the submarine cable. In this paper, the corrosion behavior of submarine cable
armor with galvanized steel structure in seawater under different weak magnetic fields is investigated by
electrochemical corrosion experiments. The results show that the galvanized layer does not play a protective role
when the structure of submarine cable armor is damaged, and the magnetic field environment plays a role in
promoting the corrosion behavior of submarine cable armor. Through the analysis of its corrosion mechanism, it
is found that the magnetic field promotes the corrosion behavior of submarine cable armor by affecting charge
transfer and the formation of corrosion products, which provides a reference for the accurate evaluation of the
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actual service life of submarine cable.

1. Introduction

With the rise of offshore wind power technology, submarine cables have
developed rapidly. Submarine cable is the main channel for power trans-
mission and signal transmission of offshore platforms [1,2]. However, due
to severe corrosion of the submarine cable armor, the rupture of the sub-
marine cable has caused frequent accidents in offshore power transmission
and signal transmission paralysis in recent years [3-6], causing serious
economic losses. The corrosion protection of submarine cable and the cor-
rosion of the submarine cable armor in its working environment have at-
tracted much attention in recent years [7-9]. As is known to all, the sub-
marine cable is laid on the seabed, the complex environment of the sea, the
high salinity of the sea water, the abundance of CI' [10] the frequent activity
of marine microorganisms and other reasons will accelerate the corrosion of
the submarine cable armor [11-13]. In addition, the induced magnetic field
or electric field will inevitably be generated in the process of electrical
transport of submarine cable, and their existence must play a role in the
corrosion of submarine cable armor [14,15]. Many researchers have re-
ported the corrosion process of submarine cables in various environments
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[15-18]. For example, Jiang et al. studied the corrosion of armor by induced
current [15]; Zhu et al. studied the AC interference mode and safe distance
of high-voltage AC cables in submarine pipelines [16]; Guo et al. conducted
an electrochemical noise study on the complex galvanic corrosion of the
armor layer of Submarine communications cable in artificial seawater [17];
Reda et al. conducted research on the design of in-service worn Submarine
communications cable/umbilical [18]. As one of the most commonly used
materials in submarine cables, the corrosion of galvanized steel has at-
tracted much attention and many related reports have been made. For ex-
ample, Sabzi, et al. have used potentiodynamic polarization and electro-
chemical impedance spectroscopy to study the effect of temperature on the
corrosion behavior of galvanized steel in seawater environment [19];
Neupane, et al. have studied the effects of NH,*, Na™, and Mg>* ions on
the corrosion behavior of galvanized steel in wet-dry cyclic conditions [20];
Kartsonakis, et al. have studied a comparative study of corrosion inhibitors
on hot-dip galvanized steel [21] and so on. However, the effect of magnetic
field on the corrosion behavior of galvanized steel is rarely studied and its
mechanism is still unclear.

Since the magnetic field plays a certain role in the corrosion
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behavior of metals and has little impact on the natural environment, it
has recently attracted the attention in the field of green anticorrosion
technology research and development [22-26]. Recent research results
have found that magnetic fields can promote the corrosion of metals in
some cases, and can inhibit the corrosion of metals in other cases. The
reason for the different corrosive effects of magnetic fields is caused by
different corrosion conditions and environments. Such as the main
causes of promoting corrosion include the application of a magnetic
field enhances the dissolution of the surface film, which decreased the
surface film coverage fraction and made the electrode prone to active
dissolution [23], and accelerates the mass transport processes at the
precipitation-dissolution type surface film/solution interfaces [24]. In
other cases, the magnetic field can inhibit the corrosion of metals by
affecting the adsorption process of the intermediate [25] and the
electrical migration of the electrode surface [26]. This is an important
technical problem that must be overcome for the development and
application of magnetic field anticorrosion technology. Therefore, un-
derstanding and controlling the effect of magnetic field on the corrosion
behavior of galvanized steel in seawater environment is one of the key
considerations for the accurate assessment of the service life of sub-
marine cables in electromagnetic environment.

In this work, we have systematically investigated the effect of
magnetic field on the corrosion behavior of submarine cable armor with
galvanized steel structure under seawater environment, and revealed its
mechanism by microstructural characterization and electrochemical
analysis. It will provide a technical reference for the accurate evalua-
tion of the actual service life of submarine cable.

2. Experimental
2.1. Preparation of samples

The corrosion sample, galvanized steel wire of submarine cable
armor (diameter 5.00 mm, Tianjin Huayuan Times Metal Products Co.,
Ltd, China), complies with the preparation standard of GB/T
3082-2020. Firstly, the galvanized steel wire was cut into a small cy-
lindrical sample with a length of 10 mm by using the Wire Electrical
Discharge Machining (WEDM). Then, the reaction surface (galvanized
steel wire cross section) was polished to the mirror surface with sand-
paper with different mesh numbers, from 400 mesh gradually increase
to 3000 mesh, to eliminate the influence of rough surface on the elec-
trochemical experimental measurement. Finally, all samples were wa-
shed with deionized water and ethanol to remove oil stains and other
impurities. In this paper, the cross-section (round surface, diameter
5.0 mm) was selected as the reaction surface, and other surfaces were
covered with epoxy resin (1:1 ratio of epoxy resin and polyamide resin).
The corrosion solution is made of artificial sea water mixed with natural
sea salt (Weifang Huanyu Salt Chemical Co., Ltd , China) and deionized
water. The concentration of the artificial seawater at room temperature
is 30 g/L, and the pH value is 8.2. We found that the NaCl concentration
in the artificial seawater was ~ 2.4 % as measured by a high-precision
salinity meter (Chizhou Jiuhua optical instrument Co. Ltd. JHGXT-
2832YATC, China). Ultrasonic stirring was performed during the solu-
tion preparation and the solution was exposed to static air during the
experiment. The magnetic field (B) is provided by two permanent
magnets (NdFeB, B ~ 98.9 mT at the sample position) or an electro-
magnet (East Changing Technologies EM-3, China) with the Keithley
2400 source meter as the power source. The direction of the external B
application is parallel to the reaction surface (yellow part), as shown in
Fig. 1.

2.2. Electrochemical experiments
The corrosion test and analysis of samples were performed by using

the electrochemical Bipotentiostat (Shanghai Chenhua Instruments Ins.
Model 760e, China) under different B conditions provided by the
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Fig. 1. Schematic diagram of electrochemical tests based on three-electrode
Teflon cell method under different B conditions.

electromagnet. Here, three-electrode Teflon cell method has been
adopted [27], such as the corrosion sample was used as the working
electrode, the circular platinum electrode with a diameter of 10 mm as
the counter electrode, and the saturated calomel electrode (SCE) as the
reference electrode. The experiments of potentiostatic polarization
curve, potentiodynamic polarization curve and electrochemical im-
pedance spectroscopy (EIS) all wait (~1200s) for the open circuit
potential of the test sample to stabilize before starting the measure-
ment. The measured initial voltage of the potentiostatic polarization
curve and EIS are set as the voltage when the open-circuit potential is
stable. The test time of the potentiostatic polarization curve is 500 s
with dynamically turn on/off the B= 20, 40 and 60 mT (the B turn on
at 200 s and off at 350s). The initial voltage of potentiodynamic po-
larization curve is —1.5V (vs SCE), the ending voltage is —0.5V (vs
SCE), and the scanning rate is 0.01 V » s~ . The measurement range of
EIS is 10~ ~10° Hz, the amplitude is 5mV, and the scanning rate is
1mVes~ 1. All the above experiments were repeated many times to re-
duce the experimental error and ensure the reliability of the experi-
ments.

2.3. Morphology and microstructure characterization

After the samples were soaked in artificial seawater for 24 h under B
= 0mT or B~ 98.9 mT conditions provided by two NdFeB magnets, the
corrosion morphology of its surface is observed by using the scanning
electron microscope (SEM, JEOL JSM-7500F, Japan). The chemical
composition of the sample surfaces before or after corrosion is char-
acterized and compared by the energy dispersive X-Ray spectroscopy
(EDS, Oxford Instruments) equipped in the SEM and the X-ray powder
diffraction (XRD, Rigaku Ultima IV, Japan) with a conventional Cu-Ka
radiation source.

3. Results and discussion
3.1. Electrochemical polarization measurements

Fig. 2(a) and (b) give the potentiostatic polarization and potentio-
dynamic polarization curves measured under different B strengths, re-
spectively. In quasi-steady state measurements of potentiostatic polar-
ization, the initial potential was set to Uy = —1.03 V (vs SCE). The B is
applied at 200 s and removed at 350s. As shown in Fig. 2(a), it can be
observed that the B = 20 mT has almost no effect on the corrosion
current density (j), which is different from cases of B = 40 mT and 60
mT. It is obvious that the j is negatively shifted with the enhancement
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Fig. 2. (a) Shows potentiostatic polarization curves with dynamically turn on/
off the B= 20, 40 and 60 mT under —1.03V. The inset of (a) shows A j value
changes with the B. (b) Shows the potentiodynamic polarization curves under B
= 0, 20, 40 and 60 mT. The inset of (b) shows the variation trend of corrosion
current density |j| and corrosion potential (U) with the B.

of the B, but recovers when the B is removed. The j change value (A j) is
about 2.97 and 5.63mA/cm? for B = 40 mT and B = 60 mT cases,
respectively. It is found that the A j presents a linear increasing trend on
the B strength, as shown in the inset of Fig. 2(a). This indicates that the
corrosion rate of galvanized steel increases with the increase of B
strength, which means that the B can promote the corrosion of sub-
marine cable armor in seawater environment.

The potentiodynamic polarization curve can more intuitively show
the effect of different B on the corrosion behavior of galvanized steel, as
shown in Fig. 2(b). By the Tafel linear extrapolation, the absolute value
of corrosion current density |j| and corrosion potential U (vs SCE) can
be obtained under different B strengths, as shown the inset of Fig. 2(b).
It is obvious that there is a linear dependence between the |j| and B
strength (see the blue line), whereas the U has almost no response to the
B (see the red line). This means that the B mainly affects the j of the
submarine cable armor rather than the U during electrochemical cor-
rosion. It is consistent with the conclusion of potentiostatic polarization
experiment, and further verifies that B can promote the corrosion of
submarine cable armor in seawater environment.

3.2. Characterizations of morphology and microstructure

In order to further verify the effect of B on corrosion of submarine
cable armor, the corrosion surface morphology and the element com-
position of corrosion products were characterized by SEM and EDS at
the center and edge parts of submarine cable armor samples after
soaking 24 h in artificial seawater. It can be seen from the SEM
morphologies that the center and edge surfaces of the sample before
corrosion are smooth and flat, as shown in the green box of Fig. 3(a)
and (b). However, the morphology of the corrosion products on the
sample surface after corrosion becomes rougher than that before cor-
rosion, and its structure also becomes loose, as shown in the red and
blue boxes of Fig. 3(a) and (b), respectively. It can be seen from the
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Fig. 3. Morphologies and main elemental compositions (for O, Fe, Zn, Cl ele-
ments) of corrosion products on the corrosion surface at the center and edge
parts of the submarine cable armor under B = 0 mT and B ~ 98.9 mT. (c) and
(d) show the chemical composition of corrosion products for the natural air
drying at room temperature and the artificial oven drying at 70 °C, respectively.

comparison of morphologies in Fig. 3(a) and (b) that the corrosion at
the edge of the sample is more serious than that at the center. Through
the comparison of SEM morphologies, it can be observed that some
corrosion products appear on the sample surface under the no-B con-
dition, while a large number of corrosion products even form petal-like
structures [22] under the B condition. EDS composition analysis shows
that the surface corrosion products are mainly composed of Fe, Zn, O
and Cl elements. In addition, it is found that the percentage content of
Fe and Zn atoms in the center of the sample corrosion surface is sig-
nificantly different from at the sample edge. From the EDS data in
Fig. 3(a) for center and 3(b) for edge, it can be observed that the center
of the submarine cable armor is dominated by Fe, and the edge is
dominated by Zn, which is in line with the structural characteristics of
the submarine cable armor itself. The presence of a large number of Cl
elements can be attributed to the precipitation of NaCl from the si-
mulated seawater on the sample surface after the corrosion experiment
[22]. What is most notable here is the difference in O content on dif-
ferent parts of the sample corrosion surface. It can be observed that the
contents of O atoms at the center and edge parts are 33.5at % and
42.9at % (77.2at % and 59.9 at %) without the B (with the B), re-
spectively. It is obvious that the overall O content in the B presence is
greater than that in the B absence, which means that the B promotes the
corrosion of submarine cable armor. In addition, it is found that the O
content at the center of the corrosion surface is greater than that at the
edge of the sample, that is, the corrosion rate at the center is greater
than that at the edge, which can be attributed to the non-uniform dis-
tribution of the B around the galvanized steel caused by its internal
magnetization [28].



P. Li, Y. Chen, H. Huang et al.

To confirm the composition of corrosion surface products, we ana-
lyzed the corrosion products using XRD and divided them into two
treatment methods: the natural air drying at room temperature and the
artificial oven drying at 70 °C, as shown in Fig. 3(c) and (d). In the case
of natural drying in air (see Fig. 3(c)), the products on the sample
surface are mainly composed of NaCl, FeOOH, and Zn(OH),. In the case
of artificial oven drying (see Fig. 3(d)), it is mainly composed of NaCl,
FeOOH, Zn(OH), and Fe,0s. Here, the NaCl comes from seawater, the
FeOOH is an intermediate product, the Zn(OH), is corrosion product of
Zn, and the Fe,O3 is the product generated by further oxidation of
FeOOH. The reaction process is as follows [28,29]:

Fe — Fe?* + 2e7; (€Y
Fe2t — Fe3t + e; 2)
Fe3* + 3(OH)~ —» FeOOH + H,0; 3
Fe?* + 8FeOOH + 2e~ — 3Fe;0, + 4H,0; (€]
4Fe;04 + O, — 6Fe;03; ()
7Zn — Zn** + 2e7; (6)
0, + 2H,0 + 4e~ —» 4(OH)~; @)
Zn** + 2(OH)~ — Zn(OH),. (8)

Therefore, it can be considered that the B influences the corrosion
behavior of carbon steel substrate mainly by modulating the formation
and densification of corrosion intermediates (FeOOH).

3.3. Electrochemical impedance spectroscopy

In order to clarify the corrosion process and mechanism of the
magnetic field on the submarine cable armor in the seawater environ-
ment, the EIS was measured under the magnetic field of B = 0 mT, 20
mT, 40 mT, and 60 mT, as shown in Fig. 4.

Based on the above observation data and analysis results, an
equivalent circuit model is established, as shown in the inset of
Fig. 4(a). It can be observed from the Nyquist plots (see Fig. 4(a)) that
two capacitive arcs can appear in the high- and low-frequency regions
under different B strengths. The capacitive arc in the high-frequency
region is generally caused by charge transfer in the double layer ca-
pacitance of the electrode [30]. Due to the structural characteristics of
galvanized steel for submarine cable armor, in our case, there should be
two capacitive arcs located in the high-frequency region of the EIS, as
shown in phase angle Bode plots of the Fig. 4(b). This means that the
capacitive arc at the highest frequency region is coming from a double
layer on the surface of the galvanized layer and the other one comes
from the carbon steel core. In addition, another capacitive arc was
observed was observed in the low-frequency region of the EIS, as shown
in Fig. 4(a) and (b). The capacitive arc located in the low-frequency
region are generally attributed to the corrosion product layer adsorbed
on the reaction surface due to delayed diffusion [31], such as FeOOH
and Zn(OH), in our case. The profiles of EIS curves are similar under
different B strengths, indicating that the corrosion mechanism does not
change with the B change. From the Bode plots, it is found that the
impedance |Z| at 0.1 Hz decreases gradually with increasing the B
strength, which indicate that the corrosion rate of the submarine cable
armor is promoted by the magnetic field [32].

The EIS data at different B strengths have been fitted according to
the equivalent circuit, the fitting parameters are presented in Table 1.
In the equivalent circuit model, R; is the solution resistance; R.;; and
CPEq4y correspond to charge transfer resistance and double layer ca-
pacitance of Zn corrosion in the Zn-Fe galvanic corrosion; R. and
CPEq)» correspond to the charge transfer resistance and double layer
capacitance of the corrosion process of carbon steel substrate; R, and
CPE,, correspond to the resistance and capacitance of the corrosion
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Fig. 4. (a) Nyquist plots and (b) Bode plots under B = 0, 20, 40 and 60 mT. The
top inset of (a) shows the equivalent circuit model. The top inset of (b) shows
the resistance changes under B = 0, 20, 40 and 60 mT. The black lines are
fitting curves.

product film during the reaction. Here, the constant phase element
(CPE) is instead of the capacitor element because the electrode surface
is rough and uneven [33]. Because of the difference in the chemical
activity of Zn and Fe, the r can represent the difference in their che-
mical reaction with the corrosion solution. Generally, R, is used to
evaluate the corrosion performance, while Ry, reflects the deposition
degree of corrosion products on the surface of the working electrode.
Therefore, R, =Rcu +Rez+ R is used to evaluate the corrosion per-
formance of the submarine cable armor in this paper [34]. From the
Table 1, it can be seen that the value of R, decreases gradually with
increase of the B strength, indicating that the B promotes the corrosion
of submarine cable armor, which is completely consistent with the
above two experimental conclusions. In addition, it was found that the
Ry, value was not only small but also did not change much with the B
change, indicating that no dense corrosion products were formed on the
sample surface. Interestingly, the resistance values of R. and R are
significantly decreased with the increase of the B strength, as shown in
the inset of Fig. 4(b). Under AB = 60 mT change, R. decreased from
425 Q-cm? to 220 Q-cm?, which is reduced by about 1.93 times; Reo
decreased from 361.2 Q-cm? to 173.2 Q-cm?, which is reduced by about
2.09 times. According to the above results, it can be determined that the
B can accelerate the corrosion rate of submarine cable armor by pro-
moting the charge transfer of the double electric layer and inhibiting
the formation of the dense corrosion product layer on the surface of
galvanized steel. The conclusions are completely consistent with the
results of electrochemical testing and composition analysis of the cor-
rosion products.

3.4. Mechanism analysis

Based on the above results, the corrosion mechanism of galvanized
steel is analyzed after the protective effect of galvanized layer fails, as
shown in Fig. 5. The top gray area in the cross-sectional schematic
diagram of the submarine cable armor represents the epoxy resin
coating layer. The middle blue area represents the galvanized layer, and
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been investigated by electrochemical experiments and microstructure
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