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Abstract: Wire-beam, potentiodynamic polarization, electrochemical impedance spectroscopy and
surface corrosion morphology analysis techniques were used to investigate the corrosion charac-
teristics of 304 stainless steel (304SS) specimens subjected to different degrees of fouling; these
analyses were conducted to clarify the corrosive effects of biofilms and barnacles. The experimen-
tal results indicated that the gradual thickening of the biofilm reduces the corrosion rate of 304SS
(Icorr = 0.0677 uA/ cmZ). Mature biofilm acts as a barrier and significantly increases the protection
of the substrate (Z = 905,000 Q-cm?). The corrosion mechanisms of 304SS fouled with barnacles at
various stages of growth are distinct: the corrosion rates of the microelectrodes fouled by living and
recently dead barnacles are low because the overall structure is still intact. This structure creates a
closed environment between the barnacles and the metal, limiting the transfer of corrosive factors
from the outside to the inside. Despite the influences of corrosive bacterial decomposition, the Ecorr
values of recently dead barnacles dramatically decrease to —668.8 mV. The microelectrode covered
by the empty-shell barnacles corrodes heavily. Bacteria decompose the barnacle body and calcite
shell, and glue damages their originally closed structures. Direct contact between the metal and
reactive ions occurs, resulting in the continuous ingress of CI~ into the cracks, which intensifies
crevice corrosion.
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1. Introduction

The world is undergoing a substantial energy transition with an increasing share of
intermittent sources of energy, such as wind [1]. The construction of offshore wind farms is
a highly effective initiative for the promotion of the energy transition. Relative to onshore
wind power, offshore wind power has the advantages of a high power-generating efficiency,
suitability for large-scale development, and abundant wind resources [2]. However, the fact
that wind farms pass through several marine zones indicates that their corrosion process is
influenced by various factors, such as temperature, dissolved oxygen, seawater pressure,
and fouling organisms [3]. Exposure to harsh marine environments is not a simple matter
for the construction and duration of offshore structures, which are mainly composed of
steel [4].

Research on the effects of marine fouling organisms on the corrosion behaviors of
steel surfaces is a popular topic of interest. Marine fouling organisms are a general term
for animals, plants, and microorganisms that adhere to the surfaces of marine facilities [5].
According to the difference in the form of attachment, biofouling is divided into microbial
and macrobial fouling. After natural colonization, fouling organisms are adsorbed on the
surface of the substrate, leading to certain problems, such as increased resistance to ship
navigation, clogging of transport pipes and reduced heat transfer efficiency, which affect
the performance and age of the facilities [6-9].
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Consequently, researchers have conducted numerous studies on fouling organisms
and found that different bacterial species play distinct roles in microbial corrosion. Sulfate-
reducing bacteria (SRB), as the main mechanism of microbiologically influenced corrosion
(MIC), have dominant influences on localized corrosion problems [10]. SRB not only
increases the pit penetration rate to promote localized corrosion in carbon steel [11], but
for duplex stainless steels with desirable mechanical properties and excellent resistance to
stress corrosion cracking, SRB is also able to preferentially attach and corrode the austenitic
phase of the DSS, which has the high nickel and nitrogen contents [12,13]. At the same time,
the aerobic Pseudomonas aeruginosa, as the pioneer colonizer in the process of biofilm
formation, could reduce the corrosion resistance of the DSS [14]. For 304 stainless steel,
Pseudomonas aeruginosa also promotes the bioreductive dissolution of iron oxides in the
passive film and further leads to the occurrence of pitting corrosion [15]. Moreover, the
types of corrosion caused by different macroscopic fouling are unique. Typical macrofouling
is divided into soft-fouling and hard-fouling organisms. Ascidians are the former, causing
uniform corrosion [5]. In contrast, hard-fouling organisms, represented by barnacles and
oysters, have a base plate composed of more than 90% calcite and 1-5% of organic matter
by mass [16]. They are firmly attached to the substrate using cement. The cement slows
general corrosion and accelerates crevice corrosion [17,18]. The crevice corrosion they
cause is different: oysters cause crevices of a tunneling nature, whereas barnacles cause
predominately shallow (<0.5 mm) crevice corrosion and are mainly found under dead
specimens [19,20]. Once attached by hard-fouling organisms, traces remain on the attached
steel surface even after the use of forcing methods.

However, most scholars have used the hanging specimen method with conventional
electrodes to analyze the corrosion effects of biological populations on metals after large-
scale attachment. Relatively few studies have been carried out on the corrosion behaviors
of individual barnacles at different stages of biofouling (from biofilm formation to barna-
cle death). For this purpose, we used array electrode techniques, electrochemical tests,
and macroscopic surface morphology analyses to investigate the mechanisms of biofilm
formation and barnacle calcareous substrates on 304 stainless steel (304SS).

2. Materials and Methods
2.1. Material and Specimens

The investigated material was 304SS (Table 1), which was machined into 100 wires
(20 mm long, 2 mm in diameter). Then, the steel wires fixed in the mold were welded to
copper wires and encapsulated with epoxy resin to form 10 x 10 array electrodes. Next,
the working area of each electrode was wet abraded with 280#, 500#, 800#, and 1000#
grit carbide metallographic sandpapers sequentially, cleaned with anhydrous ethanol and
acetone, dried with cold air, and placed in a drying box for later use.

Table 1. Chemical composition of material.

Element wt (%)

Material
304SS

C
0.007

Si Mn P S Cr Ni N
0.075 2 0.045 0.03 19.5 8 0.1

2.2. Field Exposure Experiment

The field exposure site for this study was situated in Zhanjiang Bay, Zhanjiang, China,
at the coordinates N 21°16'7”, E 110°25’'5”. The water depth of the hanging point of the
specimen was approximately 15 m, with a large tidal range. The field exposure lasted
from 10 June 2022 to 10 November 2022, with average water temperatures ranging from
28.5~31.5 °C, coinciding with the period when surface microfouling or biofilm formation
was faster and barnacle attachment was most active [9,21,22].

To obtain specimens covered with barnacles, the specimens were placed on a floating
plate to ensure that the electrode working surface could be fully immersed in the seawater
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immersion area, as shown in Figure 1a. The distance was set at 10 cm to avoid hindering
the free flow of seawater between electrodes.

() Reference Electrode ©
Counter Electrode Working Electrode 2

Reference Electrode
Working Electrode 1

Working Electrode

Figure 1. (a) Float plate and specimen diagram; (b) three-electrode test system with potentiodynamic
polarization and impedance diagram; (c) galvanic currents and potentials test system.

2.3. Electrochemical Characterization

The electrochemical tests, including electrochemical impedance spectroscopy, po-
tentiodynamic polarization, and electrochemical noise, were carried out with a Wuhan
CS350 electrochemical workstation. The test area of the microelectrode was 3.14 mm?.
Five microelectrodes were selected for electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization curve tests, corresponding to microelectrodes forming an
initial biofilm at 7 days, forming a mature biofilm at 15 days, covered by living barnacles at
30 days, covered by recently dead barnacles, and covered by empty-shell barnacles that had
been dead for some time at 90 days. The EIS test was carried out under an OCP, and the
amplitude of the AC excitation signal was 10 mV in the frequency range of 10°~10~2 Hz.
Then, the acquired EIS data were fitted with an equivalent circuit using Zview 2.7 software.
There are two types of polarization curve tests: three electrodes immersed for 30 days were
scanned at a rate of 0.5 mV/s in the range of —200 mV to +200 mV (vs. OCP); two electrodes
immersed for 90 days were scanned at a rate of 1 mV /s in the range of —300 mV to +300 mV
(vs. OCP). Figure 1b shows a schematic of the electrochemical test equipment, both using
a three-electrode cell. The saturated calomel electrode was the reference electrode, the
2 x 2 cm platinum plate was the counter electrode, and a microelectrode from the regularly
collected array electrode was the working electrode. The electrolyte was seawater that was
collected directly from the field.

Galvanic corrosion currents and potentials were corroded using electrochemical noise
techniques to obtain the effects and patterns of biofouling on each microelectrode in the
arrayed electrodes over time. Electrochemical noise was measured at a frequency of 10 Hz.
The module measured the dynamic current and potential transfer characteristics between a
single electrode and 99 other microelectrodes. The single electrode was working electrode
1 (W3), the other 99 electrodes were working electrode 2 (W), and the saturated calomel
electrode was the reference electrode (Figure 1c).

3. Results and Discussion
3.1. Electrochemical Distribution Pattern of Array Electrodes Affected by Fouling Organisms

The surface image and the corresponding galvanic corrosion current and potential
distributions of the specimens exposed for 7, 15, 30, and 90 days are shown in Figure 2.
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Figure 2. Surface photographs and electrochemical noise test results of electrodes immersed in
seawater for 7, 15, 30, and 90 days: (aj—ag) surface photos immediately after retrieval; (b1—bg)
galvanic potential distribution; (ci—c4) galvanic current distribution.

Figure 2a shows that the surface of the stainless steel array electrode immersed for
7 days had an initial biofilm that was very thin and sparse. There was little current, the
potential was not uniformly distributed. Some microelectrodes were severely corroded,
corresponding to the area of the yellow circle in Figure 2(a;). Over time, metabolites and
corrosion products accumulate to form a mature and stable biofilm [23]. Therefore, the
electrode immersed for 15 days and forming a visible slimy film had a more uniform
distribution of both galvanic current and potential.

The presence of both biofilm and a small barnacle on the surface of the electrode
that was immersed for 30 days could be considered as a transitional state. We found little
change in the current in general, but the anode current peaked in the area around the
barnacle. The potential shifted positively, and the difference grew. Since the potential of
the area covered by the barnacle was lower than that of the area covered by the biofilm, we
concluded that the barnacles prevented oxygen from reaching the surface of the substrate
directly and formed an oxygen concentration battery with the surrounding environment
that was susceptible to local corrosion [24].

After soaking for 90 days, 70% of the electrode surface was covered by macroscopic
fouling organisms, which were mainly barnacles. The current and potential distribution
characteristics were in good agreement with the surface image. The current in the uncovered
area was negative as a cathode area, and that covered by macrofouling organisms was
positive as an anode area. In addition, the potential was obviously shifted in a negative
direction, and the range of fluctuation increased: the covered area was positive, while the
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other areas were negative. The potential of the area covered by dead barnacles was slightly
lower than that of the area covered by living barnacles.

3.2. Corrosion Characteristics of Microelectrodes at Different Barnacle Growth Stages

During the growth stages, the barnacle passes through planktonic, naupliar, and
nonfeeding cypris stages before metamorphosing into a larval barnacle [25]. The adult
barnacle periodically secretes barnacle cement to secure its underwater attachment during
growth [16]. The continued formation of new active cement glands at the periphery causes
the base plate to continue to enlarge horizontally [26]. To better express the corrosion effects
of different growth stages of barnacles on metal, three microelectrodes covered by living
barnacles, recently dead barnacles, and empty-shell barnacles that were dead for some time
were selected to represent the adult barnacle growth stages. Since biofilms are important
for the attachment of macrofouling organisms, two specimens immersed in seawater for
7 days and 15 days were selected for this experiment to express early and mature stages
of biofilm formation, respectively. Potentiodynamic polarization was carried out on the
five microelectrodes (Figure 3b). The corrosion current densities (Icorr) and the corrosion
potentials (Ey+) obtained by Tafel fitting of the curves are shown in Table 2.

0.4

(b) —=— Initial biofilm
Mature biofilm
0.2 F Covered by living barnacles

Covered by recently dead barnacle:
—+— Covered by empty-shell barnacle;
0.0 | j

02 F -
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A

Figure 3. (a) Schematic diagram of the barnacle growth process; (b) potentiodynamic polarization
curves at different growing stages.

Table 2. Results obtained from Tafel fitting.

Ecorr (mV) Icorr (uA/cmz)
7d Initial biofilm —-110.9 0.18448
15d Mature biofilm —191.3 0.0677
30d Covered by living barnacles —485.4 0.06815
90d Covered by recently dead barnacles —668.8 0.07946
90d Covered by empty-shell barnacles —504.8 0.14688

Comparison of the fitting results between the initial and mature stages showed that
the initial biofilm had a large I.orr and a fast corrosion rate. It was thinner and less protec-
tive. Because the local intensities of bacterial respiration may also differ in non-uniform
biofilms, it is easy to form oxygen concentration cells and cause the local corrosion [27]. As
the exposure time increased, a ribbon-like film appeared on the surface of the electrode
immersed for 15 days, covering the microelectrodes. Mature biofilm had low I¢o and
corrosion rate. Biofilm reaching a certain thickness could reduce the amount of oxygen
reaching the stainless steel media surface, thus slowing down stainless steel corrosion.

The physical state of the steel corrosion interface was altered by the close contact
between barnacles and the metal matrix. The barrier effect of the barnacle bottom shell
impeded the transport of C1~ and dissolved oxygen, resulting in low Iorr and low corrosion
rate values. The E.qr values of microelectrode covered by living barnacles decreased by
almost 300 mv compared to mature biofilm, but the I, values were close. This is because
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the barnacles attached to the metal were able to impede the transport of CI~ and dissolved
oxygen. In seawater environments, oxygen transport is the controlling step in the corrosion
rate of metals. Due to the barrier effect of the barnacle shell, the concentration of oxygen
able to reach the metal surface is reduced, resulting in the diffusion rate of oxygen being
affected. As a result, the amplitude of the I.orr increase was reduced, and the corrosion rate
was low. In addition, the metabolites produced by feeding, metabolism, and other activities
of barnacles can also affect metal corrosion [18].

However, once the barnacles died, Ecorr began to shift negatively. This phenomenon
occurred because a high concentration of bacteria was attracted to the decomposing barna-
cle body. The bacteria not only consumed the oxygen in the cavity, but also decomposed
the barnacle flesh into acidic products, causing the pH of the area to drop [28]. When de-
composition was complete, the corrosion of the empty-shell barnacle stage was mitigated,
and the Eqor value increased. However, the metal was re-exposed to seawater and was
in direct contact with reactive ions. This phenomenon increased I.or to a value that was
almost twice as much as that of the microelectrode covered by living barnacles.

Figure 4a,b shows the Bode and Nyquist plots of the specimens in the biofilm formation
stage and adult barnacle growth stage.
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Figure 4. (ab) Electrochemical impedance spectrogram of barnacles at different growing stages and
corresponding equivalent circuits: (c) biofilm; (d) living and recently dead barnacles; (e) empty-shell barnacles.

According to the Bode diagram, when the frequency was 0.01 Hz, the barrier ability
was in the following order: mature biofilm > covered by living barnacles > initial biofilm
> covered by recently dead barnacles > covered by empty-shell barnacles. The value
of the biofilm increased with increasing immersion time from the initial stage to the
mature stage, and the impedance value of the biofilm at the mature stage was the greatest
(Z=905,000 Q-cm?), even greater than that of the microelectrode covered by living barnacles
(Z = 213,000 Q-cm?). Therefore, this stage had the best corrosion resistance. Moreover, the
impedance values of living and recently dead barnacles exceeded those of empty-shell
barnacles. The dense structures of the calcareous shell and barnacle glue contributed to the
protection of metals from corrosion. The structures effectively prevented the entry and exit
of ions and reduced the exchange of materials between metals and the outside world [29],
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weakening the corrosion. When barnacles decomposed, leaving an open empty shell, the
barrier was destroyed, and the metal was open or semiopen, exacerbating corrosion.

The impedance spectrum was fitted using Zview 2.7 (error < 10%), as shown in Table 3.
Figure 4c—e show the corresponding equivalent circuits. Figure 4c corresponds to the
microelectrodes at the 7 and 15 days biofilm formation stages. The surface was not covered
by macrofouling organisms, which formed too few corrosion products and biofilm to be
directly observed, so the ‘Rust’ layer is used to represent the microfouling layer. Figure 4d
corresponds to the electrodes covered by living and recently dead barnacles, which had
an intact and confined structure. Since microorganisms create the microfouling layer
which provides the proper settle sites and conditions for barnacle, the “Barnacle” layer
is on top of the “Rust” layer [23]. In contrast, if the barnacle base plate was completely
disintegrated, the re-accumulation of corrosion products or disintegration residues was
negligible. Therefore, from a macroscopic point of view, the electrodes covered by empty-shell
barnacles are shown in Figure 4e. Rg, R¢, and Rt represent the solution resistance, the pore or rust
layer resistance between barnacle/steel and the charge transfer resistance, respectively. CPE¢ and
CPEq represent the barnacle/steel or rust layer capacitance and the double layer capacitance,
respectively. The Warburg impedance (W) represents the corrosion reaction controlled by the
diffusion of electrolyte across the barnacle/steel interface. Ry, (Rp = R¢ + Ret) usually represents
the compactness of the corrosion product film, and it is negatively correlated with the metal
corrosion rate [30].

Table 3. Impedance curve fitting result.

R CPE;-T CPE;-P R¢ CPE4-T CPE4-P Ret W-R W-T W-P
0-cm? F-cm—28" 0-cm? F-cm—2S" 0-cm? 0O-1cm—2805
Initial biofilm 18.25 2.5309 x 10~° 0.81991 4448 1.1927 x 10~° 0.81325 427,810 / / /
Mature biofilm 134.3 8.1691 x 10 0.80371 34,791 1.7814 x 10~° 0.9716 783,660 / / /
Covigeri:gel;"mg 2445 25163 x 108 0.97669 1977 3.321 x 1077 0.796 429.7 1839  0.07892 0.44781
Covered by
recently dead 18.22  1.0082 x 108 0.9192 2061 43046 x 107 0.75041 363.3 2320  0.15487 0.3735
barnacles
Covered by
empty-shell 2291 / / / 2.9092 x 106 0.65084 322 7489  0.10615 0.41022
barnacles

From the fitting results, because the passivation film was in an unstable stage at
the beginning of immersion, R¢ and Rt were smaller than those in the mature biofilm.
Anodic dissolution was hindered by the increased thickness of the mature biofilm, which
significantly increased R¢ and R, especially R¢, which increased by nearly ten times,
causing the corrosion rate to decrease and the metals to be protected. This phenomenon
further showed that the corrosion rate of the stainless steel electrode was fast in the initial
stage of immersion in natural seawater; however, with the thickening of the film, the
diffusion of ClI~ and oxygen in the solution was hindered, the products of microbial
metabolism were adsorbed on the surface, and the oxygen concentration reaching the
surface was reduced. These phenomena changed the electrochemical conditions at the
metal/solution interface, causing the induction or acceleration of corrosion to become
corrosion inhibition [31]. This finding was consistent with the pattern of results from the
potentiodynamic polarization analysis, as the dense biofilm provided improved protection
for the metals.

The recently dead barnacles were affected by microorganisms, but overall, the barnacle
bottom shell structure was more intact on the surface of both microelectrodes. Therefore,
the Rp value of the living barnacles microelectrode was 2406.7 Q-cm?, which was close
to that of the recently dead barnacles. The R;, of the recently dead barnacles was slightly
higher, presumably because the microelectrode of the recently dead barnacles was selected
from the specimen of immersion for 90 days, when the diameter of the barnacle shells
was larger, and the ability to adhere to the substrate was stronger. The main component
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of the barnacle bottom shell is calcite, which has poor conductivity. Thus, the effective
area in the electrochemical reaction process was reduced, and the corrosion rate in the area
covered by the intact shell was low. In contrast, the Ry, of the microelectrode covered by the
empty-shell barnacles was only 322 )-cm?, and the mid-to-high frequency region of the
Nyquist diagram is significantly reduced. Because the existence of a residual shell made it
difficult for the corrosion products to accumulate, the product film was insufficiently dense.
As a result, the empty-shell barnacles had the most severe effect on metal corrosion.

In addition, previous research showed that the corrosion products of the steel had a
high content of Fe30O4. The composition of the inner rust layer was basically the same as
that of the outer layer, except for the absence of x-FeOOH. It is therefore concluded that
the composition of the rust layer is basically the same regardless of whether the barnacle
adhered [29]. Crevice corrosion is more easily found under barnacles. It mostly occurs
in the area covered by the shells of dead barnacles, which produces crack depths much
greater than the area covered by living barnacles [20,32]. The structure of the base plate
is a concentric ring pattern consisting of calcite bricks and cement duct [16]. We inferred
that corrosion was present throughout the barnacle attachment process and that cracking
was more likely to occur at the edge of the barnacle substrate. Among these stages, the
empty-shell barnacle stage had the most severe corrosion effect on metal. As the barnacle
wall plate and substrate were not firmly attached to each other. The barnacles used special
muscles to support the wall plate, and the channel around the bottom shell secreted glue to
completely fill the surface contours and fissures of both the baseplate and the substrate.
Once solidified, this filling could provide a rigid mechanical bond to the surfaces [33] and
make the structure of the corrosion product increasingly compact, thereby increasing the
barrier to ion diffusion [34]. The CPE-T values of structurally intact barnacles were nearly
an order of magnitude smaller than those of empty shells. CPE-T related to ion diffusion
verified the protective effect of barnacles on the metal matrix. Therefore, the death of
barnacles would attract a large number of bacteria, causing a series of negative effects on
the metal. Saprophytic bacteria broke the original closed structure, which decomposed the
barnacle’s body, lime crust and glue, resulting in a large influx of corrosive factors. After
gathering in the “Rust” layer, C1~ slowly penetrated into the cracks of the substrate; the
metabolites produced by the putrefactive bacteria in the decomposition process remained
on the metal surface, affecting the corrosion process of the metal. The combined action of
the two could help initiate the corrosion process. Thus, the empty barnacle shell has the
largest value of CPE-T and the smallest value of W-R, which is only 748 Q~'em 250, This
result showed that this stage was likely to experience ion diffusion and that the corrosion
rate was high. The cracks under the bottom shells of barnacles were in the process of
development and expansion, which exacerbated the crevice corrosion of the metal.

4. Conclusions

In this study, morphological and electrochemical tests were used to investigate the
effects of different growth stages of barnacles, from biofilm formation to complete disinte-
gration of the barnacle shell, on the corrosion behavior of 304 stainless steel.

1. The severity of corrosion in 304SS decreases and subsequently increases with increas-
ing immersion time due to the influences of marine fouling organisms. The inhibition
of corrosion in metals is most effective during the mature biofilm stage, whereas
corrosion is most severe during the empty shell stage.

2. Theresults of the biofilm formation stages show that the galvanic current and potential
distributions of the initial biofilm are uneven. With the prolongation of immersion
time, both the thickness and uniformity of the biofilm increase. Mature biofilms have
a certain inhibitory effect on corrosion, allowing the corrosion rate to be reduced.

3.  The different growth stages of barnacles have different corrosion mechanisms on
304SS: structurally intact barnacles protect metals well. The dense structure of the
calcareous shell and glue can effectively limit the transmission of external corrosive
factors. Although the metal covered by recently dead barnacles is affected by the
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decomposition of corrosive bacteria, the overall structure is still intact, as is that
covered by living barnacles. The shell plays a role in limiting the transfer of external
substances to some extent, reducing the concentration of oxygen reaching the metal
surface and affecting the diffusion rate of oxygen.

4. The galvanic current and potential distribution roughly match the bioattachment
site. Barnacle attachment behavior has some corrosive effect on the metal in the
surrounding area.
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