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This paper investigates, using surface characterisation techniques (SEM, XPS and ToF-SIMS), the impact of
marine biological activity on AA5083 corrosion behaviour during seawater immersion. Different solar exposure
(light vs. dark) results in distinct marine fouling development, influencing surface modifications. On the dark
side, an Al/Mg oxide/hydroxide layer forms, allowing Cl” penetration. Pitting attack is observed after immersion.
For the light side, a dual layer structure forms, with a hydrated Mg rich outer layer, showing barrier effect to CI°

penetration. No localized corrosion occurs. A comparison with abiotic conditions demonstrates the corrosion-
inhibiting effect of marine biological activity on AA5083.

1. Introduction

Ensuring the durability of materials should not only be considered
relevant from the point of view of minimizing maintenance costs or
avoid the occurrence of structural equipment failures. Indeed,
increasing the lifetime of materials should also be considered as one of
the ways to reduce the impact on the environment, through lower
consumption of raw materials and energy for new production.

Given the vast potential of the blue economy and its associated
diverse marine activities, new challenges have emerged related to the
harshness of the marine environment [1,2]. Simultaneously, concerns
about marine pollution and ecological threats posed by conventional
corrosion protection technologies have prompted the need for the
development of new environmentally friendly corrosion protection so-
lutions [3-6].

In the last decades, new emerging microbial-based technologies have
been studied, based on the recognition that microorganisms can influ-
ence corrosion behaviour in an advantageous way, the so-called MICI
(microbiologically influenced corrosion inhibition), opening different
lines of research [4,7-12]. The mechanisms of microbially influenced
corrosion inhibition (MICI) are more complex than the mechanisms of
the traditional protection strategies but even though the research is still

in the beginning, two main mechanisms have been outlined [3]: direct
and indirect inhibition. In the first one, the microorganisms are
responsible for the segregation of slow-release inhibitors or surfactants
and consume oxygen, which affects the cathodic reaction process. The
second one, indirect inhibition mechanism, is associated to the forma-
tion of a protective layer on the surface of the material due to metabolic
activity of microorganisms. In this context, biomineralization attracted
the attention of researchers as a solution to inhibit metal corrosion
[13-17].

Biomineralization refers to the processes by which organisms form
minerals, so-called biominerals. The term biomineral refers not only to a
mineral produced by organisms, but also to the fact that almost all of
these mineralized products are composite materials comprised of both
mineral and organic components [18-22]. Biomineralization is a
widespread phenomenon and has been a large source of inspiration for a
variety of fields, ranging from biotechnology, geotechnology, paleobi-
ology to civil engineering and biomedical research [15,23-28].
Comparatively, in the research area of Anticorrosive Coatings, biomin-
eralization has been an underdeveloped approach. Only recently, some
scientific publications in the field of corrosion and protection have
mentioned the advantage of this MICI mechanism, in which a biogenic
mineral precipitation on metal surfaces can form an anticorrosion
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barrier like a coating [13,17,29-36].

Most of the research were focused on steel and stainless steel, which
have been used for many years in marine constructions. However, over
recent years, aluminium (Al) has attracted the attention of many in-
dustrial sectors linked to seawater [37-39]. Pure Al is relatively soft but
alloying it with different elements can induce new properties, such as
additional mechanical strength, weldability and corrosion resistance.
The aluminium - magnesium alloys (Al - Mg) of the 5XXX series are
among the most widely used for marine applications [37,40,41]. In the
specific case of the Al-Mg alloy (AA5083), few studies have assessed the
influence of biomineralization on its corrosion resistance [42-44] and
even less research has been carried out under field conditions [45,46].
Marques et al. [47] performed a field study on corrosion protection for
Al built ships, involving a 2-year natural exposure of AA5083 in splash
and immersion zones. The results of this Joint Industry Project showed
different corrosion behaviour between samples depending on the
exposure zones and the biofouling presence. The formation of a compact
layer on the Al alloy surface after 2 years of immersion was observed,
showing a protective behaviour against corrosion: no severe pitting
corrosion attack was detected contrary to the atmospheric/splash
exposure. Additionally, complementary experiments revealed that the
Al-Mg surface immersed in biotic conditions had a resistance to charge
transfer (measured by electrochemical impedance spectroscopy - EIS) at
least 2000 times greater than that of the surface exposed in abiotic
conditions [48].

In light of this finding and with the vision that the process of bio-
mineralization on a metal surface can be envisaged as an important
method in the field of corrosion prevention, the focus of this work is on
the chemical and structural characterisation of the surface modifications
that occurred on AA5083 during 2 months of immersion in natural
seawater. The aim is to make progress in understanding the character-
istics and properties of the biomineralization layer formed on the Al-Mg
surface which contributes to the corrosion inhibition effect. The char-
acterisation includes analysis techniques such as SEM/EDX, GD-OES,
ToF-SIMS and XPS [49]. A comparison with abiotic conditions (sur-
faces immersed in sterilized seawater) was performed allowing to
demonstrate the inhibitory effect induced by marine biological activity
on the corrosion of Al-Mg alloy.

2. Materials and methods
2.1. Samples preparation

AA5083-H111 aluminium alloy (Al-Mg) was supplied by the
Comptoir Général des Métaux, Cugnaux, France. The elemental chemi-
cal composition is given in Table 1. The hot-rolled plates acquired, 1 mm
thick, were cut into test samples of (10 x20) cm. The material was used
as received in an initial rough grinding state, with no additional surface
preparation given. Before immersion, surface samples were carefully
cleaned with water and alcohol and then dried with air.

2.2. Immersion conditions
2.2.1. Field test-Biotic environment

The marine immersion test was carried out on the platform available
at the CNR-IAS Genoa Experimental Marine Station (GEMS) (Fig. 1),

located within the Port of Genoa, Genoa, Italy [50].

Table 1
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A set of 8 samples of AA5083 alloy were immersed in natural Med-
iterranean Seawater for 2 months (between 1st September and 2nd
November 2020), the samples were positioned vertically with two sides
of exposure, light (direct sunlight) and dark side (in the shade). During
immersion, the following seawater parameters were daily measured:
temperature (average=22.1 + 2.4 °C; Min= 17.8 °C; Max= 26.5 °C),
conductivity (average= 54.0 = 4 mS/cm; Min= 45.8 mS/cm; Max=
58.1 mS/cm), salinity (average: 37.5 + 0.9%o; Min= 35%o; Max=
38.3%0) and pH (average: 8.1 + 0.1; Min= 8.02; Max= 8.21) [51].

2.2.2. Laboratory test-Abiotic environment

The laboratory test was performed at LGC Toulouse in a closed tank
containing 6 L of sterilized natural seawater as the liquid medium,
where 3 samples of AA5083 alloy were immersed over a period of 2
months (August-September 2022). During the whole test the solution
was oxygenated using air diffusers connected to an aquarium pump. The
sterilisation of seawater was obtained by carrying out two successive
filtrations using 0.22 um filters (Millipore) in order to ensure that all
marine bacteria are removed. The experimental parameters were the
following: the temperature of the room was comprised between 20 and
25°C, the filtered seawater presented a conductivity of 52.9 mS/cm (at
24.4 °C), a salinity of 37.7%o and a pH of 8.6 (at 24.7 °C).

2.3. Surface and interface characterisation after immersion tests

After 2 months of abiotic immersion test, the AA5083 samples were
rinsed with flowing distilled water and dried under atmospheric con-
ditions before proceeding with the characterisation.

For the AA5083 samples subjected to the biotic immersion test, since
the objective of this study was not to characterize the biofilm formed on
the surface of the Al-Mg alloy during immersion, but rather to assess the
surface modifications as a result of microbiological acti-vity, no chem-
ical fixation process was performed. To maintain the integrity of the
sample surfaces to be analysed, the cleaning process was carried out
without the use of metal scraping tools or chemical pickling solutions.
The way found to facilitate removing the biofouling was to do it under a
constant smooth flow of water on the surface. At the end of the cleaning
procedure, the AA5083 samples were then rinsed with distilled water
and air dried under atmospheric conditions, before proceeding with the
surface characterisation.

The entire characterisation process of the samples submitted to biotic
immersion (light and dark side) was carried out after the surface
cleaning procedure (removal of biofouling). The only exception was the
observation by digital microscopy, in which the surfaces before clea-
ning (with biofouling) were also examined.

2.3.1. Digital microscopy

The AA5083 samples used for both abiotic and biotic immersion tests
were observed with a DVM6 Leica digital microscope. In this particular
observation, the samples subjected to the biotic immersion test were
observed before and after the cleaning procedure of the biofouling
present on the surfaces.

2.3.2. Scanning electron microscopy (SEM) with energy dispersive X-ray
analysis (EDX)

The aluminium alloy samples exposed for 2 months, in abiotic and
biotic environments were characterized, surface and cross-section, by

Chemical composition of the Al-Mg alloy samples (extracted from supplier certificate).

Chemical composition (wt%)

AA5083 - H111 Mg Mn Fe Si Cr Cu Zn Ti Al

4.35 0.50 0.22 0.11 0.067 0.065 0.018 0.016 Balance
Min. 4.00 0.40 _— —_— 0.050 —_— —_— —_—
Max. 4.90 1.00 0.40 0.40 0.25 0.10 0.25 0.15
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Fig. 1. — Immersion of the Al-Mg samples in natural seawater at the CNR - IAS Genoa experimental marine station (GEMS): (a) Immersion position of the frames
(indicated by the arrows) with two different exposure sides, light and dark, and (b) Frames before seawater immersion.

SEM/EDX. The SEM observations were performed using a JSM-7100 F
JEOL and a Philips FEG-SEM, mode XL30 microscope coupled with a
Pathfinder Thermo Fisher Scientific energy dispersive X-Ray spectro-
meter (EDX) for elementary chemical analysis.

The cross-section samples were prepared using a cold mounting
epoxy resin. Before metallographic preparation, the surface of some
samples was previously coated with a fine deposit of platinum, in order
to improve the observation process. To reduce charging effects, surface
and cross section samples, were coated with a sputtered layer of gold
(Au).

SEM characterisation also included an observation after a bending
procedure of the samples under study, in order to obtain additional
information.

2.3.3. Glow discharge optical emission spectroscopy (GD-OES)

For the GD-OES analyses performed at IRCP in Paris, elemental depth
profiles were recorded (GD-PROFILER2, HORIBA Scientific) on AA5083
samples after both immersion tests, abiotic and biotic, respectively.

The radio-frequency (rf) GD-OES analysis was carried out with the
following operating conditions: anode (analysed sample) with diameter
of 4 mm, argon pressure of 550 Pa, rf power of 40 W and 51,000 Hz.

2.3.4. Time of flight secondary ion mass spectrometry (ToF-SIMS)

For the ToF-SIMS analyses performed at IRCP in Paris, a ToF-SIMS 5
spectrometer (IonTof — Munster Germany) was used, operating at a
pressure of around 10~° mbar. Data acquisition and post-processing
analysis were performed using the SurfaceLab software v7.2. Analysis
was done in high current (HC) bunched mode using Bi* primary ions of
25 keV energy at a target current of 1.3 pA over an area of 100 x 100
pm?. Depth profiles were obtained by interlacing analysis with sputte-
ring using a Cs ion gun of 1 keV delivering a 80 nA target current
over a 300 x 300 um? area. The combined use of Bi' primary ions and
Cs™ sputtering ions enabled us to get in-depth analyses of both the
organic and inorganic layers. Both ion beams were at an incidence angle
of 45° with respect to the sample surface and were well-aligned to ensure
analysis at the center of the sputtered crater. Negative secondary ions
were recorded.

2.3.5. X-ray photoelectron spectroscopy (XPS)

For the XPS analysis of the surface chemical composition performed
at IRCP in Paris, a ThermoElectron ESCALAB 250 Xi spectrometer was
used, with a monochromatized Al Ku radiation (1486.6 eV). The ana-
lyser pass energy was 100 eV for survey spectra and 20 eV for high
resolution spectra. The following core level spectra were recorded: Al
2p, Mg 2p,S2p,P 2p,Cl2p,015s,C1s,N1s,Ca2p. Curve fitting of the
spectra was performed with the Thermo Electron software “Avantage”.
Binding energies of the component peaks of C 1s and N 1s core levels
were corrected with reference to the -CH-CH- binding energy of

285.0 eV.

2.3.5.1. XPS organic compounds characterisation present on Al-Mg sur-
faces after biotic immersion. Calculations of protein, polysaccharide and
oxygenated species molar ratio were performed from data extracted
from C 1s and N 1s XPS core levels [52]. The C 1 s core level is
decomposed in four components attributed to C; (C-C, C-H bonds at
285 eV), Cy (C-O, C-N at 286.6 eV), C3 (0-C-O; N=C-O at 288.2 eV),
associated to the organic matter and C4 carbonate species at 289.8 eV.
The N 1s spectrum is attributed to amide at 400.1 eV.

- C; is the molar quantity of carbon bound to carbon and hydrogen. It
corresponds to hydrocarbon in lipids and side chains of poly-
saccharides and proteins and/or carbonaceous contamination.

- Cy corresponds to the molar quantity of carbon in alcohol (found in

polysaccharides including amino sugars and uronic acids) and in

amine (found in proteins, amino acids and amino sugars) or amide/
peptide bond (found in proteins).

Cg is the sum of carbon in N=C-O (peptidic bond) and O-C-O bonds in

polysaccharides. C3 corresponds to carbon in polysaccharides

including amino sugars and uronic acids or amide/peptide bond

(found in proteins).

N correspond to the molar quantity of proteins.

Csac corresponds to molar quantity of carbon in polysaccharides.

Csac was calculated by subtracting C-N bonds in proteins to Cy

component (Csac=Cy-N).

The molar quantity of carbon involved in the peptidic bond in pro-

teins is Cpro=C3-(1/5) Csac. It is known that the atomic ratio C-C-O/

0-C-O is 5 in polysaccharides [53,54].

- Cox is associated to other oxygenated species than proteins and
polysaccharides i.e. lipids, uronic acids, Cox=Cy+C3-Cpro-Csac.

2.3.5.2. XPS in-depth analysis surface layers after abiotic and biotic
immersion. The Al-Mg in-depth profiling, after 2 months of immersion in
abiotic and biotic conditions, was carried out combining a sequence of
Argon ion gun etching cycles with XPS analyses. Using an 1 kV ion
beam, three etching cycles of 200 seconds each (around 0.2 nms ™) were
performed, reaching a final depth of approximately 100 nm, after a total
of 600 seconds of etching.

3. Results

The global visual inspection carried out on all AA5083 samples after
the 2 months of immersion in abiotic and biotic environment, respec-
tively, revealed reproducible behaviour for the different replicates
tested.
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3.1. Digital microscopy

Results of the digital microscope observations performed on AA5083
samples after 2 months of abiotic and biotic immersion are presented in
Fig. 2.

For the Al-Mg alloy after abiotic immersion, the surface is covered by
a milky white film, with some localized spots, where the presence of
superficial deposits is more significant (Fig. 2b).

At the end of the 2 months of biotic immersion, the presence of
biofouling is observed (as expected), covering the Al-Mg alloy surface
with a different typology according to the exposure side, light or dark
(Fig. 2c and d). On the light side of exposure, a presence of so-called soft
fouling is identified, consisting of different species of algae (green,
brown and red) and a presence of a few calcareous tubes made by tube
worms (Fig. 2c). In contrast, on the dark side, much less algae are
observed on the aluminium alloy surface, whereas harder fouling, as
calcareous fouling organisms, is observed, including tube worms and
barnacles (Fig. 2d).

After the biofouling cleaning procedure (Fig. 2e and f), different Al-
Mg surface modifications were observed on each side of exposure, light
and dark. On the light side, a non-uniform appearance is observed,
showing the presence of more dull zones than others and the absence of
localized corrosion. In contrast, the dark side exhibits a more pro-
nounced alteration on its surface. This is evident not only through the
change in surface colour and the traces of fouling organisms (e.g. tube
worms) but also due to the visible pitting attack of the AA5083 surface
(indicated by the red circle).

3.2. Scanning electron microscopy (SEM) with energy dispersive X-ray
analysis (EDX)

The characterisation by SEM/EDX of the AA5083 samples after the
abiotic and biotic immersion tests was performed on surface and cross
section. The results are summarized in Figs. 3 and 4.

After 2 months of immersion in abiotic conditions, the Al-Mg alloy
reveals, at lower magnification (Fig. 3a), a uniform cracked surface
morphology, with no evidence of localized corrosion. At higher
magnification (Fig. 3b), a porous surface morphology with a mesh-like

Corrosion Science 233 (2024) 112053

structure is observed. The analysis performed by EDX identified oxy-
gen (O), aluminium (Al) and magnesium (Mg) as the main chemical
elements present. Sulphur (S) and carbon (C) were also identified,
although with lower intensity.

After biotic immersion, the AA5083 samples exposed to the light side
reveal a morphology linked to the previous microbial colonization of the
surface. A less uniform morphology and cracked surface is observed with
no evidence of localized corrosion (Fig. 3c). A dense needle-shaped
morphology is visible at higher magnification (Fig. 3d). The elemental
chemical analysis carried out by EDX on distinct zones revealed, in
addition to the presence of the same chemical elements detected after
abiotic immersion, an enrichment in Mg in some zones.

In contrast, the Al-Mg surfaces exposed on the dark side during biotic
immersion (Fig. 3e) showed a cracked surface with a significantly less
evident needle-shaped morphology and visible pitting corrosion. The
EDX analysis performed near the corrosion pits revealed areas with the
metallic substrate exposed (Fig. 3e. spectrum 1) and the presence of
some aluminium corrosion products (Fig. 3e. spectrum 2). In the zones
without localized corrosion, Mg surface enrichment was not observed,
unlike for the Al-Mg surfaces exposed to the light side.

The cross-section characterisation (Fig. 4) allows us to confirm not
only the differences between the surface modification of AA5083 after 2
months of abiotic and biotic immersion, but also to verify the diffe-
rences already observed after biotic immersion, as function of the side
of exposure, light or dark.

After 2 months of abiotic immersion (Fig. 4a and b), the Al-Mg alloy
shows the formation of a dual-layer structure on the surface, with a
compact inner layer homogeneously distributed with an average thick-
ness of 1.1 um and an outer layer which appears less dense, with a
visible lamellar structure perpendicular to the metallic substrate, also
homogeneously distributed and with an average thickness of 1 ym. The
EDX analysis carried out on both layers, reveals similarities in the
chemical elements identified (Al, Mg, O, C and S). The most relevant
point to highlight is the enrichment of Mg detected in the outer layer,
simultaneously with a lower presence of Al, compared to the inner layer.

The cross section observations of the Al-Mg alloy immersed in biotic
conditions confirm one of the differences between the light and dark side
of exposure already observed when performing the surface observation:

a) Before Immersion )

b) ABIOTIC e)

‘ Surface after removal biofouling ‘

BIOTIC d)

(cleaning procedure)

Fig. 2. - Digital microscope observations of Al-Mg samples: (a) before immersion and (b) after 2 months of abiotic immersion and (c/d) after 2 months of biotic
immersion, light and dark sides, respectively and (e/f) after biofouling cleaning procedure.
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Fig. 3. - SEM/EDX surface characterisation of Al-Mg samples after 2 months of immersion: Abiotic (a/b) and Biotic (Light side of exposure (c /d) & Dark side of

exposure (e/f)).

the absence of local attack on the Al-Mg samples exposed to the light
side, whereas significant pitting corrosion is observed in some zones of
the Al-Mg alloy exposed to the dark side.

For the light side of exposure, the formation of a dual-layer structure
on the surface is observed, but not uniformly distributed over the whole
surface (Fig. 4c and d). The inner layer, with a compact appearance
exhibits an average thickness of 1.8 microns whereas the outer layer, not
always visible, shows a very significant heterogeneous distribution with
an average thickness of about half a pm. The analysis performed by EDX
revealed the qualitative difference in elemental chemical composition
between the two layers, inner and outer, the inner layer being richer in
aluminium (Al) and the outer layer richer in magnesium (Mg). The
presence of calcium (Ca) was also identified in the inner layer, although
with a significantly lower amount compared to the other chemical ele-
ments detected.

On the dark side, the Al-Mg cross-section observation (Fig. 4e and f),
shows the presence of a single layer, with an average thickness of
3.5 um, heterogeneously distributed. In some zones, a disintegration of
the layer is observed, as well as loss of adhesion and, where the layer is
no longer present, a localized attack of Al-Mg surface is observed The
EDX results are similar to that obtained for the light side, with an inner
layer richer in aluminium (Al). Regarding the presence of magnesium, a
lower surface enrichment was observed as compared with the side
exposed to light.

In order to complement the SEM surface and cross-section charac-
terisation, an additional observation was undertaken following the
application of a bending process to the Al-Mg surfaces after immersion
in abiotic and biotic conditions. The objective was to induce the fracture
of the layer(s) on the different Al-Mg samples, eliminating metallo-
graphic preparation. This approach allowed for a more accurate

observation of the layers structure and morphology (Fig. 5).

After abiotic immersion, the presence of two layers, with distinct
morphologies was confirmed. For biotic immersion, the light side ex-
hibits a dual layer structure, each layer showing a characteristic
morphology. An inner layer with a compact morphology and an outer
layer with a dense lamellar/chip-shaped morphology.

In the case of the Al-Mg samples exposed to the dark side during
biotic immersion only one thick inner layer is present, on which, locally,
a very thin layer with a porous morphology is observed.

The results are in accordance with those observed in cross-section for
both the abiotic and biotic immersion conditions.

3.3. Glow discharge optical emission spectroscopy (GD-OES)

One of the advantages of the GD-OES technique is that it enables,
without the requirement of complex sample preparation, to rapidly
obtain a depth profile of elemental chemical composition (from a few
nm up to several um), with a detection limit of 0.01%. In this study, the
technique proved to be useful in order to confirm the presence of cal-
cium (Ca), detected by EDX, as well to obtain a depth profile for the
different layer structure formed on the Al-Mg surfaces, observed by SEM
(cross section and bending).

Comparing the obtained profiles (Fig. 6), abiotic and biotic, a diffe-
rence in sputtering time is observed (shorter time for the Al-Mg alloy
immersed under abiotic conditions). This can be related to the immer-
sion conditions of the Al-Mg samples, which in a laboratory (controlled
environment/abiotic immersion) is much less complex than in real
environment (biotic immersion), leading to a more homogeneous alloy
surface. For the Al-Mg alloy exposed to biotic conditions, surfaces are
rough, leading to flat GD-OES profiles.
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In order to facilitate the interpretation of the graphs, only the most
relevant chemical elements were included, namely, hydrogen (H), car-
bon (C), nitrogen (N), oxygen (O), magnesium (Mg), aluminium (Al),
and calcium (Ca). The analysis of the results shows that:

- A similar intensity is measured for H, C and O profiles under both
abiotic and biotic conditions, in contrast to N, which shows a higher
signal in the Al-Mg samples immersed under biotic conditions than
under abiotic conditions. This can be associated to the fact that the
organic matter in the biotic conditions is composed by carbon and
nitrogen compounds as result of organic metabolites produced by
living microorganisms on the surface (as bacteria, algae...). Carbon
compounds found on the abiotic sample reflect surface carbon
contamination.

The Ca profile for both conditions of immersion, abiotic and biotic
(light side and dark side), shows an enrichment in the inner layer.
The intensity of Ca signal is similar in all conditions. The plateau is
longer for dark side exposure (biotic immersion), which is in line
with a thicker inner layer, as observed in the SEM cross-section.
The Mg profile shows a surface enrichment under both abiotic and
biotic conditions, with a higher enrichment in the abiotic case. In this
later case (Fig. 6a), the Mg profile clearly showed two distinct zones,
one more (outer layer) and one less (inner layer) enriched in Mg, in
agreement with the dual structure observed by SEM cross-section.

3.4. Time of flight secondary ion mass spectrometry (ToF-SIMS)

In order to obtain additional information on the different layers
formed on the Al-Mg surfaces after 2 months of abiotic and biotic im-
mersion, ToF-SIMS depth profiles were performed (from the surface to a
few micrometers). The aim was to combine the high spatial resolution
and higher sensitivity of ToF-SIMS to enable a more precise analysis of
the composition of the layers.

Fig. 7 presents the ToF-SIMS depth profiles after abiotic and biotic
(light and dark side) immersion, for the selected ions MgOH’, MgO"

(associated to Mg oxide/hydroxide species), Al, AlO", AlO> (associated
to Al oxide/hydroxide species). The ratio between the MgO™ and AlO;
ions was plotted to detect the possible enrichment of Mg at the surface.
The position of the inner layer / metallic substrate interface is deter-
mined from the position where Al signal reaches its maximum intensity.

For the abiotic case (Fig. 7a) both signals of MgO™ and MgOH ™~ show
an increase at the beginning of the profile followed by a decrease after
approximately 6000 seconds of sputtering, after which a second lower
intensity plateau is observed, where both MgO~ and MgOH signals
show similar values. Two distinct zones can clearly be distinguished in
the profile. Regarding the AlO™ and AlO3 signals, an almost constant
intensity is observed until the decay associated with reaching the
metallic substrate. The ratio between MgO™ and AlO3 clearly show a
higher signal in the outer part of the profile as compared to the inner
part, confirming the existence of a dual-layer structure, with an outer
layer enriched in Mg oxides/hydroxides.

In the case of the Al-Mg samples immersed in biotic conditions
(Fig. 7b and c), the ToF-SIMS depth profiles revealed a less sharp metal/
inner layer interface, associated to thickness variations of the layers
evidenced by SEM observations. Moreover the ToF-SIMS depth profiles
revealed differences between the light and dark side of exposure. The
surface is characterized by intense MgO’; MgOH™ and AlO3 signals,
indicating that it is mainly formed by Al and Mg oxide and hydroxide.
Looking closely at the MgO™ and MgOH™ signals of the Al-Mg surfaces
exposed to the light side (Fig. 7b), it can be observed that both show
almost the same signal intensity along the whole profile, before reaching
the metallic substrate. A drop in the intensity is noticed at the very
beginning of the profile, most evident at the first 1600 s of sputtering.
After this period of time, the MgO™ and MgOH ™ signals revealed to be
relatively constant, showing a decay near the interface with the metal
substrate. The AlO™ and AlOjasignals, showed very similar behaviour to
that previously observed for the Al-Mg surface immersed in abiotic
conditions.

The MgO™/AlO5 ratio enables the identification of two distinct zones.
An initial one, indicating a surface enrichment in Mg oxides/hydroxides
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Fig. 5. - SEM observation of Al-Mg surfaces subjected to 2 months of immersion
in abiotic and biotic conditions (light and dark side), after a bending process.

which decreases until approximately 1600 s, followed by a second one
in which the MgO™/AlO3 ratio signal presents a constant value. Even less
significantly than in the abiotic case, the Al-Mg samples exposed to the
light side in biotic conditions also reveal a surface modification in the
form of a dual-layered structure.

In the case of the Al-Mg surface exposed to the dark side in biotic
conditions (Fig. 7c), the surface is also characterized by MgO’, MgOH',
AlO™ and AlOj signals that have similar profiles in depth.

To discuss the point more precisely, the MgO™/AlO5> ratio is consid-
ered. From the ratio, one can observed only a slight enrichment in Mg in
the first 200 seconds of sputtering (much less than already observed on
the abiotic and biotic light side samples).

In addition to the MgO™/AlO; ratio, CI'/AlO3 and SO4/AlO; ratios
have been plotted for each substrate on Fig. 8, where the position of the
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Fig. 6. — GD-OES depth profiles of Al-Mg samples after 2 months of immersion:
(a) Abiotic and (b, c) Biotic (light side and dark side of exposure).

metal/inner layer and outer layer/inner layer interfaces are taken from
the analysis of the Fig. 7. To better assess the variation of the different
ratios in the same scale, the MgO™/AlO3 and SO/ AlO5 ratio values were
multiplied by 10 and 100, respectively.

The CI'/ AlO3 ratio is used to discuss the chloride penetration into the
Al-Mg surface films after the abiotic and biotic immersion. Regar-ding
the Al-Mg surface exposed to the dark side (biotic immersion), the
ratio is the highest, showing more penetration of Cl" (Fig. 8c). Indeed we
observe an initial Cl'/AlOj; ratio almost 7 and 2 times higher than that
observed for the Al-Mg surfaces exposed to the abiotic (Fig. 8a) and
biotic-light side (Fig. 8b) conditions, respectively. Despite the significant
initial decrease, to less than 1, the final value remains approximately 4
times higher than that observed in the inner layer of the Al-Mg samples
exposed to the abiotic and biotic light side conditions.

For the Al-Mg surface exposed to the light side in biotic conditions
(Fig. 8b), the initial C1'/AlOj3 ratio is approximately 4 times higher than
that observed on the initial surface of the Al-Mg samples immersed in
abiotic conditions. And yet, this ratio decreases in the layer richest in
magnesium oxide/hydroxide (outer layer) to reach a final value of
approximately 0.1 in the inner layer (less rich in magnesium oxide/
hydroxide), a value similar to that observed in the inner layer of the Al-
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Mg sample immersed in abiotic conditions. Indeed, contrary to the
biotic-light side case, the sample exposed to abiotic conditions initially
with a lower Cl'/AlOx> ratio (around 0.4) (Fig. 8a), presents only a very
slight decrease of the ratio, which remains constant throughout the
entire magnesium oxide/hydroxide-rich layer (outer layer) and then
shows a slight increase in the inner layer (less rich in magnesium oxide/
hydroxide). To conclude, it is clearly shown that the outer layer devel-
oped in biotic-light immersion is an efficient barrier to Cl" penetration.

The SO%/ AlOj ratios have also been plotted for the three samples to

characterize the presence of sulphate in the outer and/or the inner layer.
The Al-Mg surface exposed to the dark side (biotic immersion) presents a
value almost 4 and 2 times lower than that initially observed for the Al-
Mg surfaces exposed to the abiotic and biotic-light side conditions,
respectively. For the Al-Mg sample immersed in abiotic conditions, the
SO/ AlOx5 ratio revealed a value in the outer layer (rich in magnesium
oxide/hydroxide) approximately twice as high as that observed for the
Al-Mg sample exposed to biotic-light side conditions.

A significant decrease of the ratio can be observed in the inner layer
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(showing a value around 0.007). A similar value of the SO/ AlO5 ratio
was also observed in the inner layer of the Al-Mg surface exposed to the
light side in biotic conditions. It is interesting to note that the higher the
sulphate content in the outer layer, the thicker the outer layer, indica-
ting a possible role of sulphate in the formation mechanism of the
outer layer.

3.5. X-ray photoelectron spectroscopy (XPS)

The combination of XPS, with the results already obtained by SEM/
EDX, GD-OES and ToF-SIMS, may allow to complement the information
regarding the chemical composition of the Al-Mg surface after the im-
mersion in abiotic and biotic conditions.
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The capabilities of XPS, a highly surface-sensitive technique, are in
this case particularly useful for analysing the organic matter present on
Al-Mg surface immersed in biotic conditions (light and dark side) and to
perform depth profiling and quantitative analysis (atomic concentra-
tions of the elements present) in the Al alloys surface after immersion in
abiotic and biotic conditions.

3.5.1. XPS organic compounds characterisation present on Al-Mg surfaces
after biotic immersion

Fig. 9 shows the result of the XPS analysis carried out on the Al-Mg
surfaces after immersion in biotic conditions (light and dark sides),
with the aim to characterize the presence of organic matter on the
extreme surface as a consequence of microbiological activity.

The fitting of the C 1s spectra for both Al-Mg surfaces, light and dark
side, after 2 months of biotic immersion (Fig. 9a) reveals, for both cases,
four components as described in point 2.3.5.1 of materials and methods
section.

The N1s spectra (Fig. 9b) showed only one component for both biotic
immersion conditions (399.8 + 0.1 eV), more intense for the dark side,
attributed to amide.

The quantitative analysis based on the fitting results of C 1sand N 1s
spectra (Fig. 9c) revealed the presence of more polysaccharides on the
light side (44%) compared to the dark side (38%), a similar presence of
proteins on both sides of exposure, light (26%) and dark (23%), and
more oxygenated species on the dark side (39%) than on the light side
(31%). These different functional groups can be attributed to species
constituting the extracellular polymeric substance (EPS) secreted by

C1: C-C/C-H
C2: C-O/C-N
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microorganisms and found outside their cell walls but also to residual
presence on the extreme surface of calcareous structures made by tube
worms on the dark side (see Fig. 2).

3.5.2. XPS in-depth analysis surface layers after abiotic and biotic
immersion

Argon (Ar) sputtering was performed in order to investigate the in-
depth composition of the surface layers over about 100 nm (three et-
ching cycles with XPS analysis).

Fig. 10 shows the XPS spectra of the Mg 2p, Al 2p, Mg 2s, Al 2 s, S 2p
core levels obtained at approximately 100 nm depth for each of the
immersed Al-Mg surfaces. Peaks at 74.3 eV and 119.2 eV are associated
to Al(III), peaks at 50.4 eV and 90 eV are associated to Mg(Il), indicating
that the surface is mainly composed of Al and Mg oxides and hydroxides.
Although the spectra look similar, it is possible to observe, for the Al-Mg
samples that were immersed in abiotic and biotic-light side conditions,
the presence of a S 2p peak at high binding energies, 168.3 eV and
167.8 eV, respectively, which are assigned to sulphates. The Al-Mg
surface exposed to the dark side during 2 months of biotic immersion
did not show the presence of sulphate. The Ca 2p spectra show a peak of
low intensity at 348.2 eV for all samples (not shown here), indicating an
amount of Ca less than 1% for abiotic and biotic (light and dark sides)
immersion. No chloride signal was detected at 200 eV on surfaces ana-
lysed by XPS.

Fitting of high-resolution O 1s spectra of the Al-Mg surface immersed
2 months in abiotic and biotic conditions, after 600 seconds of etching
(approximate 100 nm depth), are presented in Fig. 11. The spectra

C3: 0-C-0/N=C-0 75
CA4: Carbonates Cpro=C;-1/5(C,-N)
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Fig. 9. — (a) XPS spectra of carbon C 1s core level obtained on Al-Mg surfaces after biotic immersion (light and dark sides), (b) XPS spectra of nitrogen N 1s core level
obtained on Al-Mg surfaces after biotic immersion and (c) Average of atomic percentage of proteins (Cpro), polysaccharides (Csac) and oxygenated species (Cox)
obtained on Al-Mg surfaces exposed to the light and dark sides during the biotic immersion.
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Fig. 10. — XPS spectra obtained after 600 seconds of etching (approximately 100 nm depth) for Al-Mg surfaces after abiotic and biotic (light and dark

sides) immersion.

obtained for both immersion conditions show two components at
binding energies of 531 eV and 532.8 eV, associated with the presence
of oxygen in the form of oxides and hydroxides. However, in the case of
the Al-Mg surface immersed in biotic conditions, the spectra clearly
show the separation between three different types of oxygen species:
oxides, hydroxides and a third component at a binding energy of
535.3 eV assigned to the presence of water, with a significantly higher
intensity for surface exposed to the light side than to the dark side.

Fig. 12 shows the atomic concentrations (%) for the three sputte-ring
times, which reflects the changes in composition during the depth pro-
file analysis from the surface to a depth of about 100 nm (600 seconds of
sputtering). As the outer layer of the dual structure observed on the Al-
Mg surfaces immersed in abiotic and biotic/light side conditions had an
average thickness of 1 um and 0.5 um, respectively (SEM characteriza-
tion), it can be assumed that the XPS analysis has been performed in this
outer layer. In the case of the Al-Mg surface immersed in biotic/dark
conditions, the analysis concerned the external part of the single layer,
with an average thickness value of 3.5 um.

Under biotic conditions, a higher atomic concentration of C than for
the abiotic immersion is observed. An organic layer is present under
biotic conditions. The higher initial C value, particularly observed in the
Al-Mg sample immersed in biotic/dark side, may be associated with the
residual presence on the extreme surface of calcareous structures
comprised of worm tubes.

After the first sputtering step (t = 200 seconds) a relatively constant
percentage of atomic concentrations of the different elements/com-
pounds is observed throughout the depth profiles. Regarding the 0% the
Al-Mg surfaces immersed in abiotic conditions show a higher atomic
concentration as compared to the biotic conditions. An opposite
behaviour was observed for OH; showing a higher atomic concentration
for the Al-Mg immersed in biotic conditions/light side than in abiotic
conditions. Moreover, the results of the XPS depth profiles show the
presence of a significantly higher atomic concentration of HyO on the Al-
Mg surface immersed in biotic conditions/light side compared to the
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dark side and an absence of it after immersion in abiotic conditions.

As a conclusion, in biotic conditions/light side the outer layer of the
dual structure is more hydroxylated and more hydrated than in abiotic
conditions.

4. Discussion

Table 2 summarizes major results on the characterisation of the Al-
Mg surfaces after 2 months of immersion in seawater, under abiotic
and biotic conditions, obtained in this work by surface and interface
characterisation techniques. The results are accompanied by a cross-
sectional schematic illustration of the Al-Mg surface modifications
after the 2 months of immersion in different conditions.

It is noteworthy that after 2 months of immersion in seawater, the
only case in which localized corrosion of the Al-Mg alloy was observed
was on the surface exposed to the dark side in biotic conditions. That is,
the Al-Mg alloy whose surface modification after the immersion period
did not reveal the formation of a dual-layer structure.

4.1. Biotic: light vs dark

The different exposure to the solar radiation has resulted in a distinct
development of marine fouling on the Al-Mg surfaces. After 2 months of
biotic immersion, the light side showed a significant pre-sence of soft-
fouling such as noncalcareous algae (green, red and brown) in
contrast to the dark side, where hard-fouling, such as barnacles and
calcareous tubeworms were mainly observed (see Fig. 2).

The colonization of the metal surface by different micro and macro
organisms can influence the corrosion process not only due to the
different morphological characteristics of the living organisms involved,
but also because of their nature (calcareous or noncalcareous) and the
different properties of metabolites produced by them [29,46,55,56].

For both cases, light and dark sides, in the first few minutes and
hours of immersion, and in accordance with what has already been
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Fig. 11. —XPS spectra of oxygen O 1 s core level obtained for Al-Mg surfaces, after abiotic and biotic (light and dark sides) immersion, after 600 seconds of etching

(approximate 100 nm depth).

shown in the literature for different metallic substrates, organic matter
naturally dissolved in seawater adsorbs on the surface, followed by the
colonization with different types of bacteria [57-61]. It includes
photosynthetic bacteria, such as cyanobacteria and phototrophic pro-
teobacteria, which can use light as an energy source for photosynthesis.
Their growth and metabolic activities are affected by the light avail-
ability and their presence and metabolites consequently influence the
type of fouling developed on the metallic surface. XPS analysis per-
formed on both sides of exposure, light and dark (see Fig. 9), revealed
differences in the chemical composition of the extracellular polymeric
substances (EPS), showing the influence of the different types of fouling.
On the light side, the EPS were enriched in polysaccharides in agreement
with the marine algae development on the alloy surface. Indeed marine
algae (unicellular or colonial microalgae and multicellular marine or-
ganisms) are an inexhaustible source of various polysaccharides,
including the group of sulphated polysaccharides (SPs) such as carra-
geenans in red algae, fucoidans in brown algae and ulvans in green algae
[62-66].The presence of sulphate groups, observed in the XPS spectra, is
a defining characteristic of these polysaccharides. Sulphate groups are
hydrophilic, meaning they have an affinity for water. In line with this
characteristic, the XPS depth profile of the Al-Mg surface immersed in
biotic conditions/light side showed a significantly higher atomic con-
centration of HyO (Fig. 11). When sulphated polysaccharides come into
contact with water, these sulphate groups can form hydrogen bonds
with water molecules, leading to the absorption and retention of water.
This property plays an important role in imparting gel-like consistency
to the EPS. Moreover, the presence of divalent cations in the seawater,
like Ca®* and Mg?" can help in the multiple cross-linkages between the
molecules of different polysaccharide chains. These cross-linkages
contribute to the overall stability and consistency of the EPS matrix
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[67-70], providing favourable conditions for ions adsorption needed for
mineral structure formation.

In contrast, for the dark side, XPS measurements revealed that the
concentration in polysaccharides was lower than on the light side, and
no sulphates were detected (Figs. 9 and 10). The surface showed a low
atomic concentration of HyO compared to the light side. Hard fouling
organisms, such as barnacles and tubeworms, are primarily known for
producing extracellular polymeric substances (EPS) rich in proteins and
polysaccharides, to attach themselves firmly to the surface, not being
typically associated with the production of sulphated polysaccharides
[71-73]. Non-sulphated polysaccharides, which lack sulphate groups,
may still have some water-absorbing capacity depending on their
chemical structure, but it is generally lower than that of sulphated
polysaccharides.

SEM characterization revealed that the light side presents a dual
layer structure (outer and inner layers). The outer layer has an average
thickness of about half a um and the inner layer (adjacent to the metal
substrate) has an average thickness of 1.8 um. The dark side, in contrast,
presents a single thick layer structure, with an average thickness of
3.5 um. Comparing the two layers at the metal substrate interface,
comprising both aluminium oxides, magnesium oxides/hydroxides and
calcium, it can be noted that on the dark side the thickness is almost the
double.

XPS measurements on Al-Mg surfaces exposed to the light side evi-
denced an highly hydrated outer layer (see Figs. 11 and 12). On the
other hand, the ToF-SIMS analysis also revealed that the diffusion of CI
ions was reduced in the outer layer (see Fig. 8).

In this context, it can be considered that the outer layer formed on
the light side, i.e, the hydrated Mg-rich layer with the presence of
sulphated polysaccharides, associated to the biomineralization process,
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Table 2
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Summary of the Al-Mg surface characterisation after 2 months of Abiotic and Biotic seawater immersion.

Cross-section scheme

Based on the results of the different characterisation
techniques

Al-Mg alloy

Abiotic

$ | Mg rich

Light side

L
Ke) Al-Mg alloy
o
o —
i \ localized
n attack
= |
(1]
8 l
v

Biotic

Dual layer structure.

(homogeneous thickness of outer and inner layer)
Cracked and needle shaped surface morphology.
Presence of sulphate on the surface.

Outer layer: richer in MgO and Mg(OH)2

No H0 detected in the outer layer.

Inner layer: Al and Mg oxides/hydroxides, enriched in Ca.
Low CI content at the surface, low ClI-penetration.

No pitting attack of the Al-Mg substrate.

Dual layer structure.

(heterogeneous thickness of outer and inner layer)
Organic matter associated to EPS covering the extreme
surface of the outer layer.

Cracked and dense needle shaped surface morphology.
Presence of sulphate on the surface.

Outer layer: richer in MgO and Mg(OH)2

High H20 %at. in the outer layer: hydrated outer layer.
Inner layer: Al and Mg oxides/hydroxides, enriched in Ca.
Higher CI' content compared to the abiotic surface, low CI
penetration.

No pitting attack of the Al-Mg substrate.

Single layer structure (heterogeneous thickness).

Some organic matter associated to EPS and residual
presence of calcareous structures on the extreme surface.
Cracked surface morphology.

(Significantly less evident needle shaped morphology)
Low enrichment in MgO and Mg(OH)2 on the top of the
layer.

Low amount of H,0 at extreme surface.

Single layer: Al-and Mg oxides/hydroxides, enriched in Ca.
Higher CI" content compared to the abiotic surface, high
Cl penetration.

Localized corrosion. Pitting attack of the Al-Mg substrate.

B s (Extracellular polymeric substance) m Outer layer: richer in MgO and Mg(OH),

Trapped H,0

Inner layer: Al oxides and Mg oxides/hydroxides, enriched in Ca

played a role on the inhibition corrosion process of the Al-Mg alloy in
biotic conditions: limiting the uniform corrosion (thin inner layer) and
preventing the localized corrosion by restricting Cl” ions diffusion.
Contrary, on the dark side, the presence of high chloride amount, mainly
in the areas where the attack shows to be more intense, explains the
pitting corrosion. Obviously, this localized corrosion may be also asso-
ciated with the effect of galvanic cells formed by different oxygen access

linked to the previous presence of hard fouling on the Al-Mg surface, as
described in the literature for steel surfaces [74,75].

4.2. Biotic-light side vs abiotic

The comparison between the Al-Mg surface modifications observed
after 2 months of biotic immersion on the light side and abiotic
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immersion, allows us to confirm that in both cases a dual-layer structure
was formed, with a magnesium-rich outer layer, and no localized
corrosion of the substrate.

However, the Al-Mg surface immersed in abiotic conditions having
an outer layer thicker and more homogeneously distributed than after
biotic-light immersion, did not show a better barrier effect to Cl" pene-
tration, as shown by ToF-SIMS analyses (see Fig. 8a and b). This
behaviour suggests that the outer layer of Mg(OH)5/MgO formed in
abiotic and biotic-light side conditions do not have the same properties,
which may result from:

- The different density of the surface needle shaped morphology, that
was denser on the Al-Mg samples exposed to the biotic/light side
than for the abiotic conditions (SEM results, see Figs. 3 and 5). This
morphological difference may be influenced by the concentration of
sulphate ions. Some publications have reported this influence. Cao
et al. have used sulphate ions as additives to control Mg(OH), par-
ticle morphology, in a proposed method to synthesize magnesium
hydroxide Mg(OH), particles with petal-like morphology [76]. The
results indicated that sulphate ions had a great impact on the growth
of Mg(OH), particles and changed the crystal morphology of the
products. An explanation is that sulphate additives may change the
surface characteristics of crystal nucleus, and further affect the
growth direction of Mg(OH); crystal grain.

The chemical composition of the outer layer, specifically the pres-
ence of water molecules in the biotic/light, contrary to the abiotic
conditions, can impact the penetration of chloride ions. The hydrated
outer layer can act as a physical barrier, reducing the diffusion rate of
Cl" towards the metal surface.

The presence of extracellular polymeric substance (EPS) on the hy-
drated Mg rich outer layer observed on the biotic/light side surface,
may favor adsorption and complexation phenomena. The functional
groups of the EPS can form complexes with Cl” ions reducing their
mobility, making more difficult for them to reach the metal.

It is clear that this Mg rich outer layer, observed in both cases (biotic/
light side and abiotic conditions), play a role on the corrosion process of
the alloy. However, its effect seems conditioned by the nature of the
mineralization phenomenon, biotic or abiotic. In the biotic case the
presence of marine photosynthetic organisms (algae and micro algae) is
responsible for the production of specific extracellular polymeric sub-
stance (EPS) and hydration of the Mg-rich outer layer, impac-ting the
corrosion resistance properties of the layer by reducing Cl" penetration
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(see Fig. 13). Indeed, with an initial CI'/AlO3 ratio almost 4 times higher
on the extreme surface, the sample exposed to the biotic-light conditions
(see Fig. 8b) showed a similar ratio in the inner layer as for that exposed
to the abiotic conditions (see Fig. 8c). The thin hydrated outer layer on
the biotic light sample limits Cl ions penetration.

5. Conclusion

A biotic versus abiotic approach has enabled us to obtain new data on
Al-Mg alloy surface modifications during immersion in seawater. It was
found that the corrosion process is different for the light and dark sides
of exposure in biotic immersion.

On the dark side, where the presence of hard fouling was mainly
observed before cleaning, a single thick layer of Al/Mg oxide containing
Ca was formed. This layer did not show a barrier effect to Cl and pitting
of the Al-Mg alloy was observed after two months of seawater immer-
sion. In the case of the light side, where the presence of soft fouling was
mainly observed before cleaning, a dual layer structure was formed, in
which a hydrated Mg-rich outer layer with extracellular polymeric
substances (EPS) on the top has proven to play a role in the corrosion
inhibition process as a barrier to the penetration of Cl.

The formation of this protective layer on the Al-Mg surface exposed
to the light side in biotic conditions is related to the type of fouling
developed on the metallic surface. Indeed marine algae, such as red,
brown and green algae, are a source of sulphated polysaccharides (SPs),
whose hydrophilic properties enhance absorption and retention of
water, favouring the formation of the hydrated Mg oxide/hydroxide rich
outer layer.

The present work, incorporating a complementary methodology of
characterisation techniques, has allowed us to assess the biominerali-
zation process and its role in improving the corrosion resistance of the
Al-Mg alloy under biotic conditions. Exploring the potential of marine
biological activity/biofouling to create protective layers on metal sur-
faces can open the way to a novel approach for the development of more
environmentally-friendly anticorrosion coatings. The use of biominer-
alization to inhibit corrosion may become an important method in the
field of corrosion prevention.
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