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Abstract Thermal-sprayed aluminum (Al) coatings are
widely used for corrosion protection in marine environ-
ments. The corrosive nature of seawater and the synergy
with marine microbes make for aggressive service envi-
ronments for Al coatings. In this study, Al coatings were
deposited on 316L stainless steel (316L SS) substrates by
using wire arc spraying. Chlorella vulgaris, a typical
marine fouling algae, was used to investigate the effects of
biofilm adhesion on the electrochemical behavior of wire
arc-sprayed Al coatings in artificial seawater environment.
Electrochemical measurements via dynamic potential
polarization curves and electrochemical impedance spec-
troscopy were used to monitor the corrosion behavior after
attachment of microbes on Al coatings and bare, uncoated
316L SS. Analysis of the corrosion products was conducted
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using scanning electron microscope and energy-dispersive
spectrum. The results showed that the Chlorella vulgaris
biofilm slowed the corrosion of the Al coatings. This
suggested that Chlorella vulgaris biofilm was a critical
contributing factor to the corrosion behavior of the Al
coatings. Moreover, a mechanism was suggested to illus-
trate the corrosion behavior of Al coatings in the presence
of Chlorella vulgaris.
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Introduction

Corrosion is one of the most critical problems facing
marine facilities and is considered to be the most important
factor leading to thickness penetration, fatigue cracks,
brittle fracture, and instability failure of offshore engi-
neering equipment (Ref 1). Many thermal spray methods
have been used to prevent corrosion in the marine envi-
ronment (Ref 2-5). For example, Barik et al. showed that
HVOF-sprayed nickel-aluminum bronze coating was a
suitable material for corrosion resistance under aggressive
marine conditions (Ref 3). In recent years, arc spray
technology has been considered by many industries as the
most suitable anti-corrosion method in the marine envi-
ronment (Ref 2, 5, 6) due to its simple process, low oper-
ating cost and high efficiency. Among them, arc-sprayed
Al coatings have high bond strength, low corrosion effi-
ciency and long service life (Ref 6-8), which have been
proven to possess a service life of up to 20 years in the
marine environment (Ref 9).
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On the other hand, biofouling is another problem for
marine structures and facilities (Ref 10, 11). It should be
pointed out that the presence of microorganisms (bacteria,
algae, etc.) in the marine environment affects the corrosion
process in a variety of ways due to the complexity of the
marine environment: cathodic/anodic depolarization, aer-
obic organisms use oxygen to create a difference in oxygen
concentration on metal surfaces, and production of corro-
sive metabolites such as organic acids and exopolymers
(Ref 12). In most cases, the presence of microorganisms
accelerates the corrosion process (Ref 13-16). For exam-
ple, sulfate-reducing bacteria (SRB), iron-reducing bacteria
(IRB), iron-oxidizing bacteria (IOB) and slime-forming
bacteria can cause corrosion of steel (Ref 17). However, on
the contrary, due to the type of microorganisms and the
differences in the attached samples, there are reports in the
literature indicating that the presence of microorganisms
can impede the corrosion process and reduce the rate of
corrosion. For example, Juzelitinas et al. (Ref 18) found
that under identical environmental conditions, Bacillus
mycoides accelerated the corrosion of zinc sheets and
reduced the corrosion rate of aluminum and showed no
effect on the corrosion behavior of mild steel. Garcia et al.
(Ref 19) reported that biofilms formed from bacterial
strains isolated from the copper surface of potable water
pipes and oxidation lagoons reduced the corrosion rate of
copper surfaces. It is worth noting that, up to now, only
very few studies have been reported on the effects of
marine fouling microbial adhesion on the corrosion resis-
tance of thermal spray coatings (Ref 11, 20-22). Abdoli
et al. (Ref 11) reported the adhesion behavior of Bacillus
sp. on thermal-sprayed Al coatings and its effect on their
corrosion resistance. Results showed that the formation of
Bacillus sp. biofilm accelerated corrosion of stainless steel,
but enhanced the corrosion resistance of Al coatings. It is
worth noting that due to the diversity of microorganisms in
the marine environment, it is not sufficient to focus solely
on the effects of bacteria on the corrosion performance of
thermal-sprayed coatings. Algae are one of the main mar-
ine fouling organisms (Ref 23-26), unlike bacteria that can
actively choose to colonize substrate surfaces, algae mostly
passively land on the substrate due to lack of flagella (Ref
27). At the same time, algae will change the dissolved
oxygen content of the attached surface through the process
of photosynthesis, which will affect the corrosion process
of the substrate (Ref 23). Liu et al. (Ref 28) found that
Chlorella vulgaris cells in the biofilm could significantly
increase the oxygen concentration in the biofilm, thus
accelerating the corrosion process of 316L stainless steel
(316L SS). Therefore, the microbial corrosion of thermal-
sprayed coatings caused by algae cannot be ignored.

In this study, Al coatings were prepared on the 316L
stainless steel substrates by arc spraying. The effect of
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Chlorella vulgaris on corrosion behavior of Al coating was
studied. SEM was used to analyze the behaviors of adhe-
sion and corrosion of Chlorella vulgaris. Polarization curve
and EIS were used to study the effect of Chlorella vulgaris
adhesion on the corrosion resistance of Al coatings. The
equivalent circuit model of aluminum coating immersed in
artificial seawater (ASW) with or without Chlorella vul-
garis for 7 days and 30 days was fitted. Moreover, the
effect of Chlorella vulgaris on the corrosion resistance of
the arc-sprayed Al coatings was explained in a schematic
way. It provides basic data to research the effect of marine
fouling organisms on the corrosion performance of arc-
sprayed Al coatings.

Materials and Methods
Sample Preparation

Aluminum wire (2 mm, TongBai Metal Tech, China)
was used as the feedstock material for the coatings. 316L
stainless steel (Ketebong Metal Materials, China) sheets
with the size of 20 mm x 20 mm x 2 mm were used as
the substrates. The substrates were degreased in acetone
and grit blasted with 60 mesh (250 um) Al,O3 (Jinying
Abrasive Technology, China) before the spraying process.
Al coatings with a thickness of ~ 150 um were deposited
on the substrate surfaces by arc spraying (AS, Eu Tronic
Arc spray 4 HF, Germany). For the spraying, the current
and voltage of the arc were set at 100 A and 30V,
respectively, and the spray distance was 140 mm. The
compressed air with the pressure of 0.65 MPa was used for
arc spraying. To facilitate subsequent electrochemical
experiments, the coated and uncoated 316L SS samples
were polished to the mirror surface and sealed with epoxy
resin, leaving a bare surface of 10 mm x 10 mm.

Algae Cultivation and Inoculation

In this experiment, Chlorella vulgaris (obtained from
Ningbo University, China), as typical marine algae, was
selected. The ASW was prepared following ASTM D1141-
98 (NaCl: 24.53 g/L, MgCl,: 5.20 g/L, Na,SOy: 4.09 g/L,
CaCl,: 1.16 g/L, KCI: 0.695 g/L., NaHCOj3: 0.201 g/L,
KBr: 0.101 g/L, H3BO5: 0.027 g/L, SrCl,: 0.025 g/L, NaF:
0.003 g/L) and sterilized before use. Chlorella vulgaris
was cultured in ASW containing Guillard’s (F/2) medium.
The algae were incubated at room temperature (~ 22 °C)
under a light/dark (12 h:12 h) cycle to simulate the natural
conditions. Algae in logarithmic growth stage were selec-
ted for adhesion experiment. All reagents were purchased
from Aladdin (Aladdin, China).
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Algae Adhesion Experiment

Al coating samples (unpolished) and 316L SS (polished)
were immersed separately in beakers containing the algae
suspension. Each beaker contained 120 mL of suspension.
The initial concentration of the algal solution was
5 x 10° mL™". The beakers were placed in a shaking
incubator (to avoid algal deposits). The temperature of the
biological incubator was set at 22 °C, the rotation speed
was 120 rpm, and the culture was conducted at 12 h:12 h
under simulated diurnal conditions. The algae in the beaker
were replaced with fresh algae solution every 3 days. At
specific test intervals (7 and 30 days), the algae solution
was removed by using a pipette gun, and the samples were
soaked and washed three times with a sterile ASW to
remove the algae that did not adhere to the surface of the
material. In addition, the control group was set. Coated and
uncoated 316L SS were immersed in aseptic ASW for 7
and 30 days before being taken out and dried.

Surface Analysis

After 7 and 30 days of attachment test, the Al coatings and
316L SS were taken out. To fix the algae, the samples were
immersed in a 2.5% glutaraldehyde solution prepared by
seawater and stored in a refrigerator at 4 °C for 4 h. Then,
the samples were dehydrated through the critical point
drying using 25% (5 min), 50% (5 min), 75% (5 min),
90% (5 min) and 100% (2 x 10 min) successively. Then,
the samples were dried in a vacuum drying oven at 37 °C
for 24 h. After pickling (soaked in 17% HNOj; solution for
1 min), the morphology of the coating was observed after
removing the attached biofilm. The samples were finally
sputter-coated with gold and observed by scanning electron
microscope (FESEM, QUANTA 250 FEG, USA). The
chemical composition of Chlorella vulgaris film on the Al
coating surface for 30 days was analyzed by EDS. Three
samples were taken from each group as parallel samples
concurrently. The initial morphology of the Al coatings
was observed for comparison. The roughness of coating
and substrate was measured by white light confocal inter-
ference microscope (UP-Lambda, USA).

Electrochemical Measurements

Electrochemical tests were set up for eight group samples,
as shown in Table 1. For the corrosion testing of the
samples, potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) were acquired using a
Solartron Modulab system (2100A, UK). The traditional
three-electrode system was used, with a 1-cm? platinum
electrode as the counter electrode, a saturated calomel
electrode as the reference electrode and the specimen with

Table 1 Samples for electrochemical measurements

Time (days) Samples

7 316L SS in sterile ASW

316L SS in Chlorella vulgaris-
containing ASW

Al coating in sterile ASW

Al coating in Chlorella vulgaris-
containing ASW

30 316L SS in sterile ASW

316L SS in Chlorella vulgaris-
containing ASW

Al coating in sterile ASW

Al coating in Chlorella vulgaris-
containing ASW

an exposed area of 1cm? as the working electrode.
Potentiodynamic polarization curves were acquired with
the potential range of — 500 to 500 mV versus E,, at a
scan rate of 0.5 mV s~ '. EIS measurement was taken with
a sinusoidal potential excitation signal with an amplitude of
10 mV and the frequency ranging from 100 kHz to
0.01 Hz. After the measurement, the polarization curves
were fitted by Tafel method using Nova 2.1 software, and
the EIS data were fitted and analyzed using ZSimpWin
software based on equivalent circuit models.

Results and Discussion
Initial Coating Morphology

Figure 1 shows the surface deposition morphology of the
arc-sprayed Al coating. Aluminum wires were melted into
high-speed droplets under the synergistic action of arc and
compressed airflow. The flying droplets become lamellas
due to high-speed impact on the surface of the substrate,
stacked and deposited on each other to form a lamellar
structured coating (Ref 29, 30). Figure 1(b) is a magnified
image of the selection of Fig. 1(a). Part of the droplets was
sputtered around to form irregular lump and granular par-
ticles on the surface. Typical Al coating with compact
structure and coarse surface is obtained by arc spraying.
There are a small number of pores on the coating surface.
The reason for the formation of such pores in the thermal
spray layer is the peculiarity of the splat layer, which
produces rough pores between the imperfect splat layers
(Ref 31).
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Fig. 1 SEM images of surface
morphology of the as-sprayed
Al coating; (b) is enlarged views
of selected areas shown in (a)

Surface Morphology After Chlorella vulgaris
Adhesion Test

After 7 days of the Chlorella vulgaris attachment test, the
316L SS in algae-free (Fig. 2a-1) and algae-containing
(Fig. 2a-2) environments was observed under SEM. Due to
the short test time, only a few Chlorella vulgaris were
observed on the substrate and there is no significant dif-
ference in the matrix in these two environments. The
topography shows the existence of only a few microetching

pits. Figure 2(a-3) shows the corrosion morphology of
316L SS after immersion in sterile ASW for 30 days. It can
be seen that there are more corrosion pits on the surface of
the sample. For the Al coating in the algae-free sterile
ASW (Fig. 2b-1), a large number of corrosion pits
appeared on the surface, which destroyed the original
morphology of the coating. Direct observation of the Al
coating after 30-day immersion in algae-contained ASW
showed that the surface of the Al coating had been uni-
formly covered with a biofilm (Fig. 2b-2). The morphology

Fig. 2 (a-1) Surface morphology of the 316L SS after soaking in
sterile ASW for 7 days and morphology of the substrate after removal
of Chlorella vulgaris after (a-2) 7 days and (a-3) 30 days of
experiment. After 30-day immersion, significant pitting occurred in
316L SS in sterile ASW without Chlorella vulgaris. (b-1) is the
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surface morphologies of the Al coating in sterile ASW without
Chlorella vulgaris after 30 days. After 30-day immersion in ASW
with Chlorella vulgaris (b-2), Chlorella vulgaris showed a significant
adhesion on the surface of the Al coating to form a biofilm. (b-3) is
the topography after removal of surface Chlorella vulgaris
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after removal of the surface Chlorella vulgaris is shown in
Fig. 2(b-3). The Al coating structure remained largely
unaltered, and only some extremely small pits appeared.

Microbial adhesion experiments have demonstrated that
the attachment of Chlorella vulgaris to the surface of the
Al coating retards the formation of corrosion pits and
reinforced the corrosion resistance. The first step in
microbial influence on corrosion is the formation of bio-
film, which can remarkably alter the surface physical and
chemical characteristics of the material (Ref 32, 33). The
elemental composition of the Al coating surface after
30 days of Chlorella vulgaris adhesion was obtained by
EDS analysis (Table 2). The coating surface is mainly
composed of C, O, Al and a few other elements. Chlorella
vulgaris cells secrete extracellular polymeric substances
(EPS) that comprised some organic macromolecules. It has
been reported that Chlorella vulgaris biofilms have very
high protein content and extracellular polysaccharides (Ref
34). The biofilm consists of Chlorella vulgaris, EPS and
corrosion products (Ref 23, 35). The extracellular polymer
secreted by Chlorella vulgaris acts as a binding material
for the adhesion of Chlorella vulgaris to the biofilm matrix.

Roughness (Ra) is considered to be an essential factor
affecting biofilm formation and characteristics (Ref
36-39). In this study, the roughness of the coating and
substrate was about 10.42 and 0.18 pum, respectively. The
cell size of Chlorella vulgaris was about 2 um (Fig. 2b-2).
Chlorella vulgaris initially adhered to the voids and cracks
on the surface of the Al coating. As the experimental time
prolonged, the Chlorella vulgaris gradually grew and
multiplied, and the binding force between the individuals
was enhanced by secreting the extracellular polymer, and
finally a uniform biofilm structure was formed on the
surface of the Al coating.

Electrochemical Polarization Curve Analysis

The corrosion behavior of the materials was monitored by
electrochemical methods at different time periods. Figure 3

shows the potentiodynamic polarization curves of

Table 2 Chemical composition - .

of the biofilm which was formed Element  Weight% — Atomic%

in Al coating in sterile seawater CK 41.45 0.90

containing Chlorella vulgaris ' ’
N K 3.50 1.04
OK 32.76 0.73
Mg K 0.95 0.15
Al K 15.85 0.42
Si K 0.64 0.14
PK 1.38 0.20
SK 2.18 0.23
Ca K 1.29 0.20

experimental samples placed with/without Chlorella vul-
garis solution at different test times. Corrosion current
(Icorr), corrosion potential (E..,), anodic (b,) and cathodic
(b.) Tafel constants were obtained by Tafel analysis with
Nova 2.1 software and are listed in Table 3. Chlorella
vulgaris reduced the corrosion current of the 316LSS after
30 days of attachment (Table 3). The corrosion resistance
of 316L SS after immersing in sterile ASW for different
time is not much different (Fig. 3a). But for 316L SS in a
Chlorella  vulgaris-containing  environment, longer
immersion showed slightly better corrosion resistance.
Chlorella vulgaris biofilm formation slows substrate cor-
rosion process slightly. Figure 3(b) shows the Tafel curves
of Al coatings. After 7 days of the test, the curves of the Al
coating with/without Chlorella vulgaris are similar. The
fitting data prove that the attachment of Chlorella vulgaris
only increases the corrosion current slightly. The Al coat-
ings after 30 days of immersion in Chlorella vulgaris-
containing ASW exhibit higher corrosion potential and
lower corrosion current than those in sterile ASW. In
addition, compared with the coatings at 7 days, the Al
coatings after 30 days of Chlorella vulgaris adhesion
experiment significantly increased the corrosion potential
and reduced the corrosion current.

Generally, the corrosion current determines the corro-
sion resistance and the corrosion potential is related to the
corrosion tendency (Ref 11). An increase in the corrosion
potential reduces the tendency of corrosion, and a decrease
in the corrosion current reduces the corrosion rate. It can be
seen that the corrosion resistance of the Al coating is
slightly reduced after 7 days of attachment of the Chlorella
vulgaris. After 30 days, the corrosion current of the Al
coating was reduced by an order of magnitude, which
proved that the corrosion resistance of the coating was
greatly improved. The presence of Chlorella vulgaris
biofilm reduces the corrosion rate of the Al coating and
provides protective effects. The surface topography
(Fig. 2) also supports this conclusion.

For the corrosion process, the corrosion rate is closely
related to the rate of the cathodic reaction (such as oxygen
reduction) and the anodic reaction (Ref 40). In the early
stages of attachment, Chlorella vulgaris is primarily
attached to the pores of the coating. Because of the short
incubation time, the biofilm of Chlorella vulgaris forms
oxygen concentration cells on the surface of the coating
due to the difference in oxygen concentration between the
area covered by the Chlorella vulgaris and the area
exposed to the ASW, resulting in accelerated corrosion.
After 30 days of the experiment, the Al coating surface was
covered by a complete biofilm. The existence of Chlorella
vulgaris biofilm filled the pores and cracks on the coating
surface, forming a protective structure called “biofilm
barrier,” which separated the Al coating from the diffusion
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Table 3 Corrosion potential and corrosion current of the samples in sterile ASW with/without Chlorella vulgaris
Sample Eor(V/SCE) Leorr (AJcm?) 1b,l(V/dec) |bel (V/dec)
After 7 days
316L SS in sterile ASW —0.135 1.240 x 10°° 0.209 0.142
316L SS in Chlorella vulgaris-containing ASW — 0.316 1.650 x 107° 0.501 0.181
Al coating in sterile ASW — 1.043 3.260 x 1073 0.262 0.201
Al coating in Chlorella vulgaris-containing ASW — 1.044 4720 x 1073 0.232 0.185
After 30 days
316L SS in sterile ASW — 0.254 1.901 x 107° 0.250 0.212
316L SS in Chlorella vulgaris- containing ASW — 0.333 7.703 x 1077 0.248 0.186
Al coating in sterile ASW —0.933 1.949 x 107° 0.246 0.178
Al coating in Chlorella vulgaris-containing ASW — 0.360 2.809 x 107° 0.125 0.233

E. o Corrosion potential, 1., corrosion current density, 1b,l: anodic Tafel constants, |b.l: cathodic Tafel constants

of oxygen and slowed the corrosion of the Al coating. It is
worth noting that the effect of Chlorella vulgaris attached
to the 316L SS on corrosion resistance showed a similar
trend as that of the Al coating, but the effect was much
smaller. This phenomenon may be related to the fact that,
with the increase in immersion time, the biofilm on the
surface of the materials was gradually complete, and the
effect of the initial surface morphology on the attachment
of the organism was reduced. Meanwhile, the initial
amount of Chlorella vulgaris attached to the Al coating
surface was much larger than that of the 316L SS, which
increased the corrosion resistance of the Al coating.

Nyquist Diagram Analysis

Nyquist plots of the Al coatings and the 316L SS under
different experimental conditions were obtained by EIS.
The higher the radius of the semi-circular arc, the better the
corrosion resistance of the material (Ref 41). For the 316L
SS substrate, there is no significant difference in its semi-
circular arc in a sterile ASW environment (Fig. 4a).
Likewise, the same tendency of Chlorella vulgaris to slow
down corrosion is shown on the EIS diagram, indicating
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that the attachment of Chlorella vulgaris biofilm increases
the corrosion resistance of 316L SS. Figure 4(b) shows that
the Al coating after 7 days is similar in corrosion resistance
in the presence or absence of Chlorella vulgaris. After
incubation of the Al coating in ASW containing Chlorella
vulgaris for 30 days, the diameter of the capacitive Nyquist
semicircle of the Al coating is much higher than the
coating in sterile ASW. This situation indicates that due to
the formation of corrosion products and bio-adhesion, the
charge transfer resistance was increased, and the corrosion
resistance was significantly improved.

Interestingly, the capacitive Nyquist semicircle of the Al
coating immersed in sterile ASW for 30 days also showed
an increase in corrosion resistance relative to the 7-day
coating. When the coating samples were immersed in
ASW, electrolyte could penetrate through the coating and
reach the 316L SS substrate surface which afforded a
cathodic protection of the 316L SS substrate (Ref 42).
Once the pores of the Al coating were covered with cor-
rosion products, the corrosion rate will slow down (Ref 43).
When aluminum dissolved to polarize the 316L SS sub-
strate, alumina/hydroxide formed on the surface of the Al
coating which passivated its surface. The formation of the
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Fig. 4 Nyquist plots for (a) the 316L SS substrate samples and (b) the Al coatings incubated in the sterile ASW with/without the Chlorella

vulgaris tested with different immersion duration

deposition layer led to the decrease in current density over
time. When sediment formed, they acted as a barrier pro-
tecting the coatings from further corrosion (Ref 44, 45).

Equivalent Circuit Analysis

Based on the EIS results and the electrochemical studies
proposed by Szczygiel et al. (Ref 46), equivalent circuit
models for the Al coating under different environmental
conditions were proposed, as shown in Fig. 5. The equiv-
alent circuit model considers the effects of various phe-
nomena, such as an electric double layer, biofilm
formation, layered coating structure and corrosion pits.
For the Al coating after 7 days immersed in ASW with/
without Chlorella vulgaris, the two samples had the same
two-time constants, in accordance with the two-time

Qcaat
11

constant model, R(Q[R(QR)]), as illustrated in Fig. 5(a).
Because the algae incubation time is short, no significant
biofilm was formed on the surface of the Al coating, and
the surface state is similar to the Al coating in algae-free
ASW, so it shows two-time constants. In this equivalent
circuit, a constant phase element was used. In EIS exper-
iments, the capacitors presented as a constant phase ele-
ment (CPE, Zcpg = m, where Zcpg is the impedance of
the constant phase elements, w is the angular frequency of
alternating current voltage, Y, and n are the frequency-
independent parameters) (Ref 47). The presence of CPE
can be explained by the dispersion effect caused by the
microroughness of the surface (approximately 13.8 um).
On the surface of these samples there is an Al coating and a
double-layer film. The electric double layer exists at the
interface between the electrode and the surrounding

/] 316L SS

7

2

' SERSSHR

Al coating

le

+| Biofilm

Rcoat I‘il{ I_
LA

//////

(b)

Fig. 5 Schematic equivalent circuit models simulating the experi-
mental impedance diagrams: (a) the model for the Al coatings soaked
in the ASW with/without Chlorella vulgaris after 7 days and without
Chlorella vulgaris after 30 days; (b) the model for the Al coatings
soaked in the ASW in presence of Chlorella vulgaris after 30 days.

Ry: solution resistance, Qy: capacitance of the biofilm, Ry: biofilm
resistance, Q.o capacitance of the coatings, R, resistance of the
coatings, Qg: capacitance of the double layer, R.: charge transfer
resistance
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electrolyte. The double layer is formed as ions from the
solution adhere to the electrode surface.

After a further 23 days (i.e., 30th day), the Al coatings
in these two environments show different electrochemical
mechanisms. For the Al coatings that were not attached by
Chlorella  vulgaris, the two-time constant model,
R(Q[R(QR)]), still applies. However, another time constant
appeared on the surface in Chlorella vulgaris-contained
environments. For the Al coatings in an algae-contained
environment, apart from a passive film and the double
layer, Chlorella vulgaris adhered for 30 days formed a
continuous biofilm on the Al coating surface (Fig. 2b-2).
The three-time constant model of the Al coating, in this
case, is as follows: R(Q[R(Q[R(QR)])]). A complete bio-
film covers the outermost side of the Al coating, which
isolated the Al coating from external corrosive media,
thereby improving corrosion resistance.

Mechanism of Chlorella vulgaris Affecting
the Corrosion Behaviors of the Al Coating

Figure 6 shows the morphology of the Al coating surface
after different application times of Chlorella vulgaris. For
the initial aluminum coating, defects such as pores and
cracks existed on the surface (Fig. 6a). The existence of
these defects provides conditions for the initial attachment
and corrosion of Chlorella vulgaris. Therefore, after the
adhesion test was performed for 7 days (Fig. 6b), the
adhesion of Chlorella vulgaris and corrosion products
occurred in the pores and cracks on the Al coating surface.
As the incubation time of Chlorella vulgaris increased, the
surface of the Al coating was gradually covered with a
complete biofilm. Electrochemical data showed that with
the extension of the attachment time, the self-corrosion
current of the Al coating was reduced and the polarization
transfer resistance was increased, which proved that the

QO  Porosity

316L SS Al coating

(b)

corrosion resistance had been greatly improved. According
to SEM image analysis, compared with the Al coating in an
algae-free environment, the Al coating surface after 30-day
immersion in Chlorella vulgaris-contained ASW was more
complete, indicating that the existence of the biofilm
played a protective role (Fig. 6¢). The unique microenvi-
ronment consists of a Chlorella vulgaris biofilm and an Al
coating, which filled holes and cracks on the coating sur-
face, formed a protective structure called a “biofilm bar-
rier,” and insulated the Al coating. This structure isolated
the Al coating from external oxygen exchange channels
and slowed down the corrosion of the Al coating.

Conclusions

In this study, 30-day adhesion test of Chlorella vulgaris
was performed on the wire arc-sprayed Al coating and the
316L SS, respectively. The results of surface morphology
and electrochemical tests indicated that Chlorella vulgaris
biofilm gradually formed on the sample surface with the
extension of culture time. The presence of Chlorella vul-
garis biofilm significantly reduced the corrosion rate and
increased the charge transfer resistance. The Chlorella
vulgaris biofilm plays a barrier role, reducing the contact
between the samples and the external environment, thus
slowing down the corrosion. The results present here pro-
vides a new way of thinking about marine environmental
protection.
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