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Abstract 

 
The influence of microorganisms from a salt marsh in the surface modification of 5083 aluminium alloy 
(Al-Mg) in seawater was evaluated. An immersion test performed for 50 days in biotic and abiotic 
conditions, with electrochemical monitoring and surface/cross-section characterization by SEM/EDX 
and TEM after exposure, showed that microorganisms induced the formation of a homogenous layer 
on the Al-Mg surface. This layer, which proved to be composed of a double-structure: a dense, 
amorphous inner layer and a more porous outer layer, was demonstrated to influence the corrosion 
resistance of the Al-Mg alloy in seawater. 
 
1. Introduction 

 
Aluminium alloys are widely used for marine craft because of their high corrosion resistance, lightness, 
easy workability and recyclability [1]. The 5000 series Al-Mg alloys are particularly recommended for 
this purpose. However, the use of aluminium alloy does not make processing and maintenance 
unnecessary in a marine environment [2]. Under certain circumstances, even the most corrosion-
resistant aluminium alloys may develop pitting corrosion as well as galvanic corrosion in seawater. 
Although a thin protective oxide film forms spontaneously on the surface of the aluminium alloy, 
chlorides are able to break this layer and thus allow corrosion to spread [3–5]. 
Furthermore, materials exposed to the natural environment are covered by microorganisms forming 
a biofilm on their surface. The biofilm is made up of a community of microorganisms embedded in 
extracellular polymeric substances (EPS), attached to a solid surface [6,7]. In the case of metallic 
materials susceptible to corrosion, the presence of biofilm can accelerate their degradation. This 
phenomenon is known as MIC, for Microbiologically Influenced Corrosion [8–11], and is particularly 
promoted in seawater, which is an aggressive medium due to the high concentration of chloride and 
the presence of a broad indigenous microbial flora. Numerous microorganisms are known to catalyze 
corrosion reactions include metal-reducing bacteria, metal-depositing bacteria, acid-producing 
bacteria, and fungi [8,9]. The most common are mentioned below. Under aerobic conditions, some 
microorganisms, like Pseudomonas aeruginosa, which produces the pyocyanin mediator, are able to 
catalyze the oxygen reduction [12,13] via direct (DET) or mediated electron transfer (MET) [14]. For 
oxygen reduction catalysis, it has been shown that a multispecies biofilm is more efficient than a single 
species [12,15]. Moreover, the diversity of the biofilms that develop in the marine environment 
depends on the nature of the immersed material. For example, the dominant genera have been shown 
to differ when samples are made of copper, steel or aluminium [16], which will certainly lead to various 
MIC mechanisms. 
Most MIC studies in an anaerobic environment have focused on Sulfate-Reducing Bacteria (SRB), which 
lead to the formation of FeS that catalyzes water reduction on steel [9]. In the case of Al alloys, MIC 
caused by SRB in seawater has been studied on 5052 aluminium alloy. Localized corrosion was 
observed with and without SRB because of the presence of chloride ions in seawater, but pitting 
corrosion was greatly enhanced by metabolites (acid or other) produced by the microorganisms [17]. 
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MIC on aluminium alloys has also been reported in other environments, such as aircraft tanks, where 
the 2024 aluminium alloy was attacked by a fungus, Hormoconis resinae, capable of growing on a 
hydrocarbon-rich substrate [18]. Several studies have pointed out the relevant fact that 
microorganisms involved in MIC act synergistically in multi-species biofilm, causing more damage than 
when only a single species is present [9,19,20]. 
 
Some microorganisms are also able to inhibit corrosion. This phenomenon is known as MICI, for 
Microbiologically Influenced Corrosion Inhibition [21–23]. Mechanisms inducing MICI are various, for 
example, in the formation of a protective layer, Pseudomonas putida RSS can produce a stable Fe-EPS 
complex inducing the formation of a vivianite layer protecting mild steel from corrosion [24]; 
Geobacter sulfurreducens is known to reduce Fe(III) to Fe(II), also leading to the formation of a vivianite 
layer on steel in a medium containing phosphate compounds [23]. A recent study showed the 
protective effect of Bacillus subtilis on 2024  aluminium alloy in a marine environment through the 
formation of a layer of CaMg(CO3)2 [25], while another mechanism consists in the depletion of oxygen 
at the metal surface: aerobic bacteria such as Pseudomonas fragi can inhibit the corrosion of steel by 
consuming oxygen [26]. A long term immersion test shown the beneficial effect of the biofouling that 
limited the exfoliation corrosion [27]. However, MICI is highly dependent on the nature of the material, 
for example, Bacillus mycoides causes MIC on zinc, MICI on aluminium and has no effect on steel [28]. 
It is also noteworthy that most of the research reported on MICI concerns laboratory studies involving 
only a single species; generally, no multi-species consortium was used. Nevertheless, a study from a 
National Joint Industry Project on corrosion protection for aluminium boats showed that a protective 
layer against corrosion developed on 5083 aluminium alloy immersed in an estuarine environment 
(field conditions) for 2 and 3 years [29]. This protective coating, formed as result of interactions 
between microorganisms and the metal, was characterized by SEM/EDS and electrochemical 
techniques [30] and the corrosion resistance behavior was evaluated by an accelerated aging test [31]. 
This work suggests that understanding the mechanism through which the MICI phenomena linked to 
a multi-species consortium increase the Al-Mg corrosion resistance in marine environment could be 
envisaged as an innovative way of considering the development of anti-corrosion solutions. In this 
context, the present work is the first step in an attempt to reproduce the protective phenomenon in 
controlled laboratory conditions using a multi-species source of microorganisms drawn from a salt 
marsh. The salt marsh is interesting for its wild microbial population [32,33] that will be selected and 
will develop according to the conditions to which it is exposed [34,35]. For instance, salt marsh has 
already been studied for its ability to grow a biofilm catalyzing oxygen reduction on a carbon felt 
electrode [34]. This catalytic property was correlated to the presence of Gammaproteobacteria 
strain(s) related to Thiohalobacter thiocyanaticus, which were considerably enriched in the best 
performing biocathodes. Moreover, a stringent selection of two microbial genera of Marinobacter spp 
and Desulfuromonas spp was observed when salt marsh was used to form bioanodes [35]. 
The aim of the present work is to study the influence of the marine microbial population on the 
corrosion behavior of Al-Mg alloy immersed in seawater in the laboratory, using short time scales. For 
this purpose, electrochemical measurements were performed during 50 days on 5083-H111 
aluminium alloy immersed in biotic conditions with active microorganisms from the salt marsh and in 
an abiotic condition using autoclaved salt marsh. At the end of the exposure period, the amount of 
dissolved aluminium in solution was measured by ICP-AES analysis and Al-Mg alloy samples exposed 
in biotic and abiotic conditions were examined and characterized by scanning electron microscopy 
(SEM) with energy dispersive X-Ray analysis (EDX). Additionally, a detailed study of the morphological, 
structural and local chemical composition of the layer formed at the surface of the Al-Mg alloy exposed 
to marine microbial influence was made using TEM examination of a cross-section. 
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2. Materials and methods  

 

2.1. Electrode materials 

 
Electrodes were made of aluminum-magnesium alloy 5083-H111. Their dimensions were 4 cm x 5 cm 
with a thickness of 0.7 cm. Four samples of the Al-Mg alloy were analyzed by WDXRF spectrometry 
(Table 1) to ensure compliance with the European standard prEN 573-3:2018 [36]. 
 

Element 
Mean value 

(wt %) 

Standard 
(wt %) 

Magnesium 4.4 ± 0.08 4.0 – 4.9 

Manganese 0.64 ± 0.1 0.40 – 1.0 

Iron 0.24 ± 0.05 0.4 

Silicon 0.26 ± 0.08 0.4 

Chromium 0.09 ± 0.02 0.05 – 0.25 

Zinc < 0.01 0.25 

Titanium 0.02 ± 0 0.15 

Copper < 0.02 0.10 

Aluminium Remainder Remainder 
Table 1 : Elemental composition (wt%) of samples from the 5083alloy and comparison with Standard EN 573  

 
Al-Mg alloy electrodes were cut from a larger plate by electro-erosion. Before use, they were cleaned 
by spraying first ethanol then acetone on the electrode and drying with a soft paper towel. 
 
2.2. Immersion conditions 

 

Natural seawater was used as the liquid medium to study the corrosion behavior of the aluminium 
alloy. Salt marsh was used as the source of microorganisms. Seawater and salt marsh were harvested 
near the coast at Gruissan, France. The composition of the salt marsh has been shown not to vary over 
time [35]. Before use, salt marsh was stored to allow the solid sludge sediments to settle at the bottom 
of the container, leaving the liquid part above. 
Different mixtures of seawater and salt marsh (vol/vol) (Figure 1) were prepared, with a total volume 
of 600 mL: 
-Biotic condition 1: Seawater 90% + Solid sludge of salt marsh 5% + Salt marsh liquid 5%. 
-Biotic condition 2: Seawater 90% + Solid sludge of salt marsh 10%. 
-Abiotic condition: Seawater 90% + Sterilized solid sludge of salt marsh 10%. 
 

 
Figure 1 : Different immersion conditions 

Two biotic conditions, using various amounts of liquid and solid sludge from the salt marsh, were 
considered to determine the influence of the different populations. It was assumed that the liquid part 
contained a higher proportion of aerobic bacteria than the solid sludge part. 
To obtain the abiotic condition, the salt marsh was sterilized by autoclaving for 20 minutes at 121°C.  
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Seawater was not sterilized, as a few liters of seawater do not contain enough endogenous 
microorganisms to develop an electroactive marine biofilm in a closed container [37] and consequently 
to have an impact on the corrosion behavior. Indeed, preliminary tests (not shown) using sterilized 
seawater by autoclave or 0.2µm filter, leads to the same results as the abiotic condition used here.  
 
2.3. Experimental setup 

 
The reactors consisted of borosilicate glass flasks with a three-electrode system (Figure 2): 
- The working electrode (4 x 5 x 0.7 cm) made of aluminium alloy 5083-H111 (see part 2.1.) was placed 
in the center of the bottle, on a plastic support. 
- The counter-electrode consisted of two iridium-tantalum dimensionally stable anodes (DSA from 
Magneto) with a surface area of 5 cm x 3 cm, placed on either side of the working electrode. This setup 
ensured that the electrochemical conditions were the same on both sides of the aluminium alloy 
electrode. 
- A saturated calomel reference electrode (SCE) 
- A frit nozzle, connected to an aquarium pump, aerated the medium continuously. The air passed 
through a pre-bubbler beforehand to humidify the air and thus avoid evaporation in the reactor. 
 
The working electrode was immersed in this medium for 50 days. 
 

 
Figure 2 : Experimental setup of the three-electrode system 

 
2.4. Electrochemical experimentation 

 
To perform electrochemical measurements, the experimental setup was connected to a Biologic VMP2 
or a Gamry 600 potentiostat with an ECM8 Electrochemical Multiplexer. 
The open circuit potential (OCP) was recorded when no other electrochemical measurements were 
being conducted. 
Linear sweep voltammetry (LSV) was performed after 2 hours of immersion and then every two days. 
The potential of the LSV started from the open circuit potential (OCP) and varied to -0.020 V/OCP with 
a scan speed of 0.167 mV/s. The LSV was performed only on the cathodic side in order not to alter the 
Al-Mg electrode when applying an anodic potential. Thus, the inverse of the polarization resistance, 
1/RP, was calculated using the linear regression on the LSV in the vicinity of the OCP. 



5 
 

 
2.5. ICP-AES analysis 

 
After 50 days of immersion, the liquid medium was sampled from the glass flasks and analyzed by ICP-
AES with an Ultima Expert (Horiba) at the wavelength of 237.312 nm to determine the amount of 
dissolved aluminium present in each medium. The samples were diluted 5 times with ultrapure water 
for analysis. 
 
2.6. SEM/EDX characterization 

 
After 50 days of immersion, the Al-Mg electrodes were carefully rinsed with flowing distilled water and 
dried under controlled atmospheric conditions before surface and cross-section preparation for 
SEM/EDX characterization. The observations were performed using a SEM TM3000 (Hitachi) scanning 
electron microscope paired with a SwiftED3000 EDX (Hitachi) energy dispersive X-ray spectrometer to 
perform elementary chemical analysis. 
The metallographic samples were prepared using a cold mounting epoxy resin. The cross-sections were 
then ground (SiC abrasives with several grain sizes up to 1000 grit) and polished (diamond paste up to 
1 µm grain size).  All prepared samples, surface and cross section, were metallized with gold (Au) prior 
to SEM observation in order to reduce charging effects. 
 
2.7. TEM analysis of Al-Mg alloy after biotic immersion 

 
Cross-section TEM preparation by focused ion beam (FIB) extraction was performed for a detailed 
characterization in terms of morphology, structure and chemical composition of the protective layer 
formed on the Al-Mg alloy surface exposed to marine microbial influence.  

A thin cross-section lamella, as small as 15 µm×10 µm, was obtained from the Al-Mg electrode 

immersed in biotic condition 1 using a FIB FEI 600i (HELIOS), following a dedicated sample preparation 
procedure. The TEM investigation, carried out with a JEM 2100F (JEOL) coupled to energy dispersive 
X-ray spectrometer EDX (Brucker), included TEM imaging, EDX analysis with acquisition of elemental 
maps and selected area electron diffraction (SAED) patterns. 
 
3. Results 

 

3.1. Electrochemical study 

 
Experiments were carried out in duplicate for each of the three media available. The open circuit 
potential (OCP) was measured for 50 days (Figure 3). The OCP remained stable in the abiotic condition 
(around -0.7 V/SCE), whereas a drop of the recorded potential from -0.8 to -1 V/SCE was observed 
after around 5 days for experiments in presence of active salt marsh (biotic conditions 1 and 2). The 
LSV data were processed to obtain the inverse of the polarization resistance, 1/Rp, which varied in the 
same way as the exchange current density and gave an estimation of the surface reactivity. In our 
experiments, it was not possible to access the value of icorr from 1/Rp because the conditions for 
determining the Tafel constants were not met. However, since all aluminium alloy electrodes had the 
same dimensions, it was possible to compare the 1/Rp among them and thus to obtain the evolution 
of the exchange current during the 50 days of immersion (Figure 4): 
- At the very beginning of immersion, a high corrosion current was observed in media containing the 
active salt marsh (biotic conditions 1 and 2). A high corrosion rate was expected when the aluminium 
alloy electrode was immersed in a high chloride environment. However, the trend was quickly reversed 
and the exchange current decreased rapidly, with 1/RP settling down to around 1.10-4 Ohm-1 on day 5. 
The decrease in 1/Rp at 5 days for active salt marsh might be related to the decrease in the open circuit 
potential observed on the same day (Figure 3). 
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- In experiments with sterilized salt marsh, 1/Rp, that represent the corrosion current, first increased 
to 7.8 Ω-1, remained at a high value for at least 9 days, and then decreased to stabilize after 20 days at 
the same value as in non-sterile conditions. However, this decrease was not related to a drop of 
potential as seen with active salt marsh (Figure 3).  
 
From this electrochemical study, it was established that there were two different behaviors depending 
on whether the Al-Mg alloy electrode was immersed in presence of active or sterilized salt marsh. 
 
 

 
Figure 3 : Open circuit potential (OCP) recorded during 50 days of immersion for biotic condition 1 (green dashes), biotic 

condition 2 (red dots) and abiotic condition (blue solid line) 

 

 
Figure 4 : Evolution of 1/Rp during 50 days of immersion for biotic condition 1 (green dashes), biotic condition 2 (red dots) 

and abiotic condition (blue solid line) 



7 
 

3.2 ICP-AES analysis 

 
The results obtained by ICP-AES for the amount of aluminium dissolved after 50 days of immersion in 
the different conditions tested are shown in Table 2. The concentration of dissolved aluminium was 
higher for the abiotic condition than with the biotic conditions. The greatest difference was observed 
between biotic condition 1 and the abiotic condition, where the amount of aluminium measured was 
reduced by a factor of around 4.6. 
 

Sample Dissolved aluminium 

Biotic condition 1 130 µg/L 

Biotic condition 2 470 µg/L 

Abiotic condition 610 µg/L 
Table 2 : Dissolved aluminium analyzed by ICP-AES in the seawater after 50 days of immersion. 

 
These results are consistent with the 1/Rp values observed in Figure 4. The lower quantity of dissolved 
aluminium found in biotic conditions 1 and 2 can be related with the low corrosion currents reached 
very early, after only 5 days. The high corrosion current observed over several days in the abiotic 
condition (Figure 4) was correlated with the higher amount of dissolved aluminium measured by ICP. 
 
 
3.3. SEM/EDX characterization 

 
Figure 5 shows the visual aspect of the Al-Mg electrode surface before and after 50 days of immersion 
in biotic and abiotic environments. Before immersion, the morphology presented by the aluminium 
alloy was the result of the surface preparation by a grinding process (Figure 5A). After 50 days of 
exposure, it was possible to observe a visible surface modification of the aluminium alloy electrodes in 
the different testing conditions.  
After immersion of the aluminium alloy in biotic condition 1 (Figure 5.C), a homogeneous black deposit 
covered the whole surface. A similar phenomenon was observed on the surface of the electrode 
immersed in biotic condition 2 (Figure 5D) but some areas of the electrode were less covered. Finally, 
the electrode immersed in the abiotic condition (Figure 5B) showed a more significant corrosion attack 
with many white deposits distributed over the entire surface. 
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Figure 5 : Photographs of aluminium alloy before and after 50 days of immersion in various conditions 

 
After visual inspection, the surface and the cross-section of these samples were observed and analyzed 
by SEM/EDX.  
 
3.3.1 Biotic condition 1 

 
Figure 6 shows deposit morphology and its distribution on the Al-Mg alloy surface in biotic condition 
1, revealing a homogeneous distribution. 
SEM observation of the cross-section confirmed that a thin layer was formed along the aluminium alloy 
surface with a thickness distribution that was not totally uniform (Figure 7). Figure 7A and 7B 
correspond to areas with low surface roughness, where presence of the homogenous layer was 
observed. Figure 7C (zoom in on Figure 7A) shows the good adhesion of the layer to the aluminium 
alloy surface and its ability to slightly decrease the surface roughness. Figure 7D corresponds to an 
area with higher surface roughness where, despite its heterogeneous thickness, the presence of the 
layer on the surface of the Al-Mg alloy is still visible. The cross-sectional observation of the sample 
confirmed the absence of localized attack on the aluminium alloy. 
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Figure 6 : Surface SEM observation of a sample immersed in biotic condition 1 

 

 
Figure 7 : Cross-sectional SEM observation of a sample immersed for 50 days with biotic condition 1. A and B reflect areas 

with less roughness than D. Framed areas on image D were analyzed by EDX and associated spectra are grouped in Figure 8 

 
EDX analysis was performed on the areas shown on Figure 7D and the associated spectra are presented 
in Figure 8. 
 
Spectrum 1 shows that the layer formed on the surface of the aluminium alloy is composed mainly of 
aluminium and oxygen but also contains significant amounts of silicon, carbon and magnesium. A 
residual presence of calcium was also detected.  
 
Spectrum 2, performed at the matrix of the Al-Mg alloy, reveals the proportion of aluminium and 
magnesium expected for the Al-Mg alloy under study (Table 1). 
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Spectrum 3 corresponds to an intermetallic particle inside the Al-Mg matrix. The main elements 
detected are aluminium, iron and manganese, with some chromium. 
 
 

 
Figure 8 : EDX analysis of the sample in biotic condition 1, for areas framed in Figure 7D: zone 1 (Layer), zone 2 (Matrix of Al-

Mg alloy) and zone 3 (Intermetallic particles) 

 

3.3.2 Biotic condition 2 

 
The SEM observations of the Al-Mg surface modification after 50 days of immersion in biotic condition 
2 showed similarities with the observations performed on the aluminium alloy exposed in biotic 
condition 1 but, in this case, the layer presented less homogeneous coverage of the surface (Figure 9). 
The cross-section observation confirmed the presence of the layer on the Al-Mg surface which, 
although showing a relatively homogeneous distribution, revealed some discontinuities where 
localized aluminium alloy corrosion was observed (Figure 10). 
 



11 
 

 
Figure 9 : Surface SEM observation of a sample immersed in biotic condition 2. 

 

 
Figure 10 : Cross-sectional SEM observation of a sample immersed for 50 days with biotic condition 2. Images A and B show 

the shape of the layer, while images C and D reveal a defect in this layer. Areas indicated by crosses on image D were 

analyzed by EDX. 

 
EDX analysis was performed on the areas indicated by crosses in Figure 10D. The corresponding 
spectra are compared in Figure 11. 
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Figure 11 : EDX analysis of the sample in biotic condition 2, Figure 10D, spectrum at cross 1 (Layer) and spectrum at cross 2 

(Corroded area) 

 
Spectrum 1 shows that the layer above the Al-Mg matrix was composed mainly of aluminium, oxygen, 
silicon, and magnesium, with some carbon and calcium. This spectrum and that of the layers developed 
under biotic condition 1 are close. Layers grown under biotic conditions 1 and 2 had similar 
compositions. 
 
Spectrum 2 shows the products of localized corrosion, mainly aluminium, oxygen and magnesium. 
The difference between this spectrum and that of the layer (spectrum 1) is the absence of silicon and 
calcium. 
 

3.3.3 Abiotic condition 

 
The Al-Mg samples immersed in abiotic conditions showed different behavior from that observed 
under biotic conditions. The SEM observations reveal a surface randomly covered with deposits, in 
which the initial surface roughness associated with the grinding process is still visible (Figure 12). 
Through cross-sectional observation (Figure 13), it was possible to verify the beginning of the corrosion 
process of the aluminium alloy, which seems to develop, not in the form of pitting, but in planes parallel 
to the surface. When present in a more advanced state, this type of corrosion is known as exfoliation 
corrosion. 
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Figure 12 : Surface SEM observation of a sample immersed in abiotic condition 

 

 
Figure 13 : Cross-sectional SEM observation of a sample immersed for 50 days in abiotic condition. A and C show corrosion 

at the surface of the aluminium alloy. The framed area on image D was analyzed by EDX. 

 
An EDX analysis was performed (Figure 14) on this sample, at the corroded area framed in Figure 13D. 
The corrosion products were mainly composed of aluminum, oxygen, carbon, magnesium, and silicon, 
with some sulfur and calcium. 
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Figure 14 : EDX analysis of the sample immersed in abiotic condition, on the framed zone of Figure 13D 

 
3.4. TEM analysis of Al-Mg exposed to marine microbial influence (biotic condition 1) 

 
A detailed characterization of the layer formed on the Al-Mg surface immersed in biotic condition 1, 
which had an average thickness of about 1 µm, was performed by TEM with a cross-section sample 
obtained by FIB extraction (Figure 15A). The layer revealed a two-layered structure, comprising a dense 
inner layer not uniformly distributed on the substrate, with an average thickness of 553 nm (standard 
deviation of 250 nm), and a porous outer layer on top, showing a homogeneous distribution with an 
average thickness of 478 nm (standard deviation of 87 nm). In Figure 15B, it can be seen that the 
interface between the aluminium alloy and the inner layer has no gaps, showing excellent adhesion. 
The same behavior is observed at the interface between the inner and outer layers, despite their 
morphological differences. 
The X-ray element maps and the distribution profile of the elements drawn up for the two layers 
(Figure 16 and Figure 17) indicate that the differences of morphology observed in the two layers are 
also associated with their distinct elementary compositions. The porous outer layer reveals a more 
significant presence of magnesium (Mg) than the inner, dense layer, which presents higher aluminium 
(Al), oxygen (O), silicon (Si) and calcium (Ca) contents. Notwithstanding these results, it should be 
noted that the apparently lower density of the outer layer compared to the inner layer may have an 
influence on the detection of some chemical elements, since a smaller amount of X-rays will be emitted 
from the same analyzed volume.  
Additionally, TEM diffraction mode was used for the structural characterization of the two layers 
(Figure 18). The selected area electron diffraction (SAED) pattern revealed that the dense layer was 
amorphous (absence of spots in the SAED pattern, Figure 18B), while the electron beam did not 
interact with enough matter in the porous layer for any information to be obtained about its structure. 
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In the case of the Al-Mg alloy, the appearance of spots in the SAED pattern corroborated the presence 
of crystalline phases (Figure 18C). 
 
 

 
Figure 15 : Cross-sectional bright-field TEM image of the layer formed at the Al-Mg electrode surface after 50 days of 

immersion in biotic condition 1. (A) Detail showing a two-layer structure: an inner dense layer and outer porous layer (B). 
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Figure 16 : EDX mapping of main elements present in the two-layered structure. On the TEM image, the zone indicated as 1 

corresponds to an Fe-Mn inclusion and the zone indicated as 2 corresponds to a hole made in the outer layer by the electron 

beam during observation and analysis, due to its low porosity.  
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Figure 17 : EDX line scan of the main elements along the double-structure (orange arrow on the TEM image, Figure 16) 
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Figure 18 : Bright-field TEM image (A) and selected area electron diffraction patterns for the inner layer (B) and the Al-Mg 

alloy (C) 

 
4. Discussion 

 
Comparisons of the results in biotic and abiotic environments show that salt marsh microorganisms 
played a role in the surface modification of the aluminium alloy. Under the abiotic condition, the Al-
Mg electrode was shown to be corroded (SEM surface and cross-section observations, Figure 5), with 
significant amounts of aluminium detected in the solution after the 50 days of immersion (ICP, Table 
2). In biotic conditions, microorganisms interacted with the aluminium alloy to form a homogeneous 
layer on its surface, which was demonstrated to have a corrosion inhibiting effect (SEM cross-section 
observations, Figure 7). The amount of aluminium measured in solution for biotic condition 1 (ICP, 
Table 2) was about a quarter of that in the abiotic condition. A more detailed TEM characterization of 
the layer observed in biotic condition 1 verified that, despite its thickness of only about 1 micron, the 
layer presented a double-layer structure with elemental chemical composition differences in each 
(Figure 15).  
An inner layer, denser and amorphous (Figure 18), showed excellent adhesion to the substrate and the 
amount of aluminium present in it was more significant than in the outer layer, which was more porous 
and significantly richer in magnesium (Figure 16 and Figure 17). 
A decreasing gradient of aluminium content can be seen from the Al-Mg alloy to the outer layer (Figure 
17). This suggests that the formation of the inner layer, adjacent to the Al-Mg surface, may be the 
result of a precipitation reaction between the Al dissolved from the Al-Mg alloy and the chemical 
elements present in the biotic solution, such as oxygen, silicon, and calcium. Functioning as a barrier 
to ion exchange, the inner layer would enable the development of a second layer, richer in magnesium 
and in direct contact with the medium. 
The chemical elements identified in the double structure layer are the same as those also detected in 
some aluminum-based mineral compounds reported in the literature as having corrosion protection 
properties. Yang et al. presented a coating composed of α-Al2O3, γ-Al2O3, and 3Al2O3·2SiO2 that 
improved the corrosion resistance of the magnesium alloys in 3.5 wt.% NaCl solution [38]. Al-Mg 
spinels, such as MgAl2O4/AlOx and MgAl2O4/MgOx obtained by several surface treatments on 
magnesium alloys have also proved to be resistant to corrosion in 0.5 M NaCl solution [39]. In the 
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present study, it is possible that similar layers could be produced by a biomineralization process using 
ions in solution and the microorganisms of the salt marsh. Silicon and magnesium are abundant in 
seawater and OH- ions can be produced by oxygen reduction. The presence of calcium in the inner 
layer may also suggest the precipitation of calcium carbonate, which is consistent with the increase in 
pH as well as the presence of calcium in the medium. This biomineralization process could be an 
indirect, biologically-influenced mineralization (passive precipitation) but direct biologically-induced 
precipitation (active precipitation) is also possible [40]. Dupraz et al. proposed an active and passive 
precipitation mechanism for the formation of CaCO3 precipitates. In the biofilm, a labile part of the EPS 
is constantly degraded, then renewed, and may allow the release of calcium bonds with the matrix, 
leading to active precipitation through the calcification of the biofilm. When the amount of calcium 
present exceeds the number of available bonds and the biofilm raises the pH of the medium through 
oxygen reduction, calcium precipitates, leading to passive precipitation [41]. The formation of CaCO3 
could also be caused by the consumption of organic matter by bacteria, producing CO2 at a 
concentration allowing its precipitation with calcium, within the biofilm [42]. Salt marshes are known 
to form electroactive biofilms that are efficient for organic matter oxidation [43]. Shen et al. showed 
the formation of a CaMg(CO3)2 protective layer on the aluminium alloy, induced by using a single strain 
of P. lipolytica in seawater. In this case, the mechanism of the layer formation involved the large-scale 
production of EPS combined with the surrounding ions [25].  
The layer with a double structure developed more effectively in biotic condition 1, with a medium 
containing salt marsh liquid and solids, than in biotic condition 2, with solid salt marsh only. Therefore, 
it can be asserted that the liquid part of the salt marsh contains the larger proportion of the microbial 
population responsible for this surface modification. Since this liquid part is exposed to the air, it 
contains more aerobic bacteria such as Thiohalobacter thiocyanaticus that can catalyze the oxygen 
reduction, as reported in [34] on a carbon surface. This catalytic phenomenon is expected on the 
aluminium alloy here. 
To sum up, on the one hand, the catalysis of the cathodic reaction involves a faster and more significant 
increase in pH, which modifies the environment in the immediate vicinity of the interface, promoting 
precipitation phenomena. 
On the other hand, the catalysis of the cathodic reaction is accompanied by an acceleration of anodic 
reactions on the same surface. The high corrosion current observed during the first 5 days in biotic 
conditions (Figure 4) is correlated with the increase of the aluminium dissolution (anodic reaction). 
Thus, this dissolved aluminium present in the vicinity of the sample could be concentrated enough to 
precipitate with other chemical elements present in the liquid medium [44] (abiotic reaction) or be 
used by bacteria to form the double layer structure on the Al-Mg surface.  
In brief, seawater contains naturally high concentrations of calcium, magnesium and silicon and, near 
the alloy surface, the quantity of aluminium dissolved and the pH values are sufficient to lead to the 
precipitation of the observed protective layer through biomineralization mechanisms. Given the 
microbial diversity of the salt marsh, it is possible that several of the above mechanisms are involved. 
 
5. Conclusion 

 
Results presented in this paper show that microorganisms present in the salt marsh lead to the 
formation of a layer on an aluminium alloy surface in seawater, which ultimately protects against 
further corrosion. A detailed cross section characterization by TEM was used to verify that this layer 
had a double layer structure, composed of a dense, amorphous inner layer, whose elemental chemical 
composition indicates a probable inorganic nature, and a more porous outer layer, whose behavior 
and elemental chemical composition seem to suggest an inorganic-organic hybrid nature, which has 
not previously been demonstrated to our knowledge. However, aluminium alloy immersed in seawater 
with abiotic salt marsh was corroded and did not demonstrate the formation of the protective layer. 
 
This work shows how MICI can be a source of inspiration for the development of more environmentally 
friendly technologies to produce effective anticorrosion coatings. The objective would be to reproduce 
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this coating by biomimicry, in order to substitute surface treatments currently used. Indeed, various 
treatments are used to protect aluminium alloys in an aggressive marine environment but they all have 
major drawbacks. Conversion treatments are generally based on chromium, which is prohibited in 
Europe; anodizing  involves high energy costs; the use of organic coatings  induces pollution; and 
cathodic protection releases zinc ion. The corrosion protection induced by MICI presented in this study 
has no such drawbacks and would offer new opportunities for more sustainable treatments. 
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Figure captions 

 
Figure 1 : Different immersion conditions 
Figure 2 : Experimental setup of the three-electrode system 
Figure 3 : Open circuit potential (OCP) recorded during 50 days of immersion for biotic condition 1 (green 

dashes), biotic condition 2 (red dots) and abiotic condition (blue solid line) 
Figure 4 : Evolution of 1/Rp during 50 days of immersion for biotic condition 1 (green dashes), biotic condition 2 

(red dots) and abiotic condition (blue solid line) 
Figure 5 : Photographs of aluminium alloy before and after 50 days of immersion in various conditions 
Figure 6 : Surface SEM observation of a sample immersed in biotic condition 1 
Figure 7 : Cross-sectional SEM observation of a sample immersed for 50 days with biotic condition 1. A and B 

reflect areas with less roughness than D. Framed areas on image D were analyzed by EDX and associated 

spectra are grouped in Figure 8 
Figure 8 : EDX analysis of the sample in biotic condition 1, for areas framed in Figure 7D: zone 1 (Layer), zone 2 

(Matrix of Al-Mg alloy) and zone 3 (Intermetallic particles) 
Figure 9 : Surface SEM observation of a sample immersed in biotic condition 2. 
Figure 10 : Cross-sectional SEM observation of a sample immersed for 50 days with biotic condition 2. Images A 

and B show the shape of the layer, while images C and D reveal a defect in this layer. Areas indicated by 

crosses on image D were analyzed by EDX. 
Figure 11 : EDX analysis of the sample in biotic condition 2, Figure 10D, spectrum at cross 1 (Layer) and 

spectrum at cross 2 (Corroded area) 
Figure 12 : Surface SEM observation of a sample immersed in abiotic condition 
Figure 13 : Cross-sectional SEM observation of a sample immersed for 50 days in abiotic condition. A and C 

show corrosion at the surface of the aluminium alloy. The framed area on image D was analyzed by EDX. 
Figure 14 : EDX analysis of the sample immersed in abiotic condition, on the framed zone of Figure 13D 
Figure 15 : Cross-sectional bright-field TEM image of the layer formed at the Al-Mg electrode surface after 50 

days of immersion in biotic condition 1. (A) Detail showing a two-layer structure: an inner dense layer and 

outer porous layer (B). 
Figure 16 : EDX mapping of main elements present in the two-layered structure. On the TEM image, the zone 

indicated as 1 corresponds to an Fe-Mn inclusion and the zone indicated as 2 corresponds to a hole made 

in the outer layer by the electron beam during observation and analysis, due to its low porosity. 
Figure 17 : EDX line scan of the main elements along the double-structure (orange arrow on the TEM image, 

Figure 16) 
Figure 18 : Bright-field TEM image (A) and selected area electron diffraction patterns for the inner layer (B) and 

the Al-Mg alloy (C) 
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Table captions 

 

Table 1 : Elemental composition (wt%) of samples from the 5083alloy and comparison with Standard EN 573 
Table 2 : Dissolved aluminium analyzed by ICP-AES in the seawater after 50 days of immersion. 

 

 


