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A B S T R A C T

This study investigates microbiologically influenced corrosion (MIC) of the Al–Cu–Li alloy AA2060-T8 caused by 
Pseudomonas aeruginosa. Key parameters—bacterial population (OD600), specific biofilm-forming capacity (SBF), 
pH, and open circuit potential (OCP)—were monitored over time and correlated with bacterial growth stages. A 
colonization time range between 3 and 10 h was identified (OD600: 0.23–0.67), during which P. aeruginosa 
produced a critical biofilm amount (SBF: 0.14–0.74) sufficient to sustain irreversible adhesion on the alloy 
surface, as indicated by the OCP increase from 4 h. Furthermore, a pH decrease from 7.6 to 6.8 was observed 
during the exponential stage, likely reaching pH 3.5–4.5 within colony cores. This could have created conditions 
that facilitated the destabilization of the oxide layer beneath the biofilm, making the alloy more susceptible to 
localized corrosion. After 24 h of exposure to the MIC testing solution, cross-sectional analysis of the alloy 
revealed discontinuities within the biofilm, which allowed the electrolyte to reach the alloy surface and promote 
the formation of local differential cells. Thus, MIC of the AA2060-T8 alloy caused by P. aeruginosa is mainly due 
to the combined effects of pH decrease and the formation of discontinuities acting as channels within the biofilm. 
These findings provide new insights into the MIC of Al–Cu–Li alloys, paving the way for future protection 
strategies against MIC.

1. Introduction

The relevance of Al–Cu alloys in modern aircraft and spacecraft ap
plications lies in their low cost, lightweight properties, and high specific 
strength [1]. Given the exponential growth of these industries and the 
increasingly strict environmental regulations aimed at reducing CO2 
emissions, optimizing energy efficiency through the adoption of sus
tainable fuels and advanced lightweight materials has become a critical 
objective for the coming years [2]. Since aluminum alloys constitute 
60–80 % of the total weight of a typical commercial aircraft [3], an 
effective strategy for improving energy efficiency and increasing 
payload capacity is to reduce the density of Al–Cu alloys by incorpo
rating lithium (Li), which has an exceptionally low density of 0.54 

g/cm3. It has been shown that adding 1 % lithium reduces alloy density 
by 3 % and increases the Young modulus by about 6 % [4]. These im
provements offer clear advantages for structural applications in fuse
lage, ailerons, and internal parts of modern aircraft [5] and spacecraft 
[6]. Given these characteristics, third-generation Al–Cu–Li alloys such as 
the AA2060-T8 series have been increasingly adopted in the aerospace 
industry over the last decade [7].

Despite the numerous advantages of Al–Cu–Li alloys, their applica
tions still face challenges in coastal and marine environments because of 
their susceptibility to localized corrosion under high humidity and 
salinity conditions. Several studies have examined the corrosion 
behavior of Al–Cu–Li alloys in sodium chloride solutions, establishing a 
strong correlation between the Al matrix and T1 hardening phase [4,8,
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9]. The T1 phase, composed of Al2CuLi, acts as a cathodic site inducing 
localized corrosion and subsequent matrix degradation via a dealloying 
process [10]. This high susceptibility of the T1 phase to initiating 
localized corrosion under saline conditions, such as those in coastal 
environments, promotes the formation of microscopic differential cells 
near these intermetallic precipitates. However, most studies on the 
corrosion behavior of Al–Cu–Li alloys have focused exclusively on 
abiotic environments, leaving a significant gap in understanding their 
performance in the presence of microorganisms, which are well known 
to cause microbiologically influenced corrosion (MIC) [11].

Among the most common MIC mechanisms are bacterial extracel
lular electron transfer (EET) and the production of corrosive metabo
lites. EET involves metal-to-microbe electron transfer, where bacteria 
utilize the metal as an electron donor and a non-oxygenated oxidant 
(such as sulfate or nitrate) as an acceptor, thereby facilitating corrosion 
[12,13]. On the other hand, the production of corrosive metabolites is 
mainly associated with acid metabolites formed during bacterial 
growth, which can create an aggressive environment that accelerates 
material degradation [14,15]. Both mechanisms are closely related to 
bacterial metabolic activity. However, MIC in aluminum alloys mainly 
results from passive layer destabilization and heterogeneous biofilm 
formation driven by microbial colonization.

In particular, biofilm-forming bacteria such as Pseudomonas have 
been identified as significant risk factor to the integrity of traditional 
Al–Cu alloys [15–18]. Among its species, Pseudomonas aeruginosa has 
been frequently used as a model microorganism to study MIC in aero
space structures [19,20]. This Gram-negative, facultative aerobic bac
terium can grow under diverse environmental conditions, including 
temperatures between 25 and 37 ◦C and a broad range of nutrient media 
[21]. One of the main characteristics of P. aeruginosa is its high capacity 
to produce extracellular polymeric substances (EPS), which promote the 
formation of heterogeneous biofilms that facilitate microbial adhesion 
to metal surfaces.

In the context of MIC in Al–Cu alloys, these biofilms can play several 
roles at the metal–solution interface, including modification of the 
transport of chemical species toward the metal surface [22], enhance
ment of biofilm adhesion to aluminum via direct interaction of car
boxylic and phosphoryl functional groups in mature biofilms [15], 
disruption of the protective properties of the native alumina oxide layer 
[17], and initiation of localized corrosion driven by differential aeration 
cells associated with the heterogeneous distribution of the biofilm [23].

Although representative schemes of differential aeration cells 
induced by biofilms on Al–Cu alloys have been previously proposed 
[18], there is no direct cross-sectional evidence of these zones beneath 
the biofilm in the literature. Furthermore, a thorough literature review 
revealed that studies specifically addressing MIC in Al–Cu–Li alloys are 
scarce, leaving fundamental questions unanswered. For instance, what is 
the correlation between the different stages of bacterial growth and 
biofilm formation on Al–Cu–Li alloy surfaces? Moreover, how does this 
biofilm influence the formation of differential cells and localized 
corrosion on Al–Cu–Li alloys?

To address these gaps, this study investigates the MIC processes 
induced by P. aeruginosa biofilm on the surface of the AA2060-T8 
Al–Cu–Li alloy. Key parameters providing real-time insights during 
bacterial growth stages were measured, including pH, bacterial popu
lation through optical density (OD600), specific biofilm-forming capacity 
(SBF), and open circuit potential (OCP). These measurements were 
utilized to correlate the distinct bacterial growth stages with the biofilm- 
forming capacity and biofilm adherence to the AA2060-T8 alloy over 
time. Cross-sectional analysis (SEM-EDS) revealed heterogeneous bio
films with channels allowing direct electrolyte-metal interactions, 
leading to localized corrosion beneath the biofilm. The corrosion cur
rents of AA2060-T8 samples exposed to P. aeruginosa for 40 h were 
nearly four times higher than those observed in the sterile controls. 
These results underscore the role of heterogeneous biofilms in MIC, 
providing direct evidence of the differential zones beneath the biofilm 

and their contribution to localized corrosion in Al–Cu–Li alloys.

2. Materials and methods

2.1. Metal samples

The elemental composition of AA2060-T8 Al–Cu–Li alloy used in this 
study is listed in Table 1. For all electrochemical experiments, these 
samples were resized into plates with dimensions of 60x25x2 mm. All 
samples were subjected to a polishing process from 800 to 4000 grade 
SiC paper, using an automatic polisher and cold ethanol as a coolant. 
Then, each specimen was degreased with acetone, sonicated for 5 min in 
cold Milli-Q water to remove the solid particles from the mechanical 
polishing, dried and subsequently stored in a desiccator. Before the 
microbiological experiments, the samples were sterilized using germi
cide light (254 nm) for 15 min in a laminar flow chamber [24].

2.2. SEM-EDS analysis

For metallographic analysis, the specimens were polished with 0.04 
μm alumina, etched with Keller solution for 30 s [25], and observed 
using an optical microscope. To preserve the integrity of the adhered 
biofilm, the samples were removed from the MHCl medium at different 
exposure times, gently rinsed three times by immersion in distilled water 
to eliminate non-adherent biofilm and stored in a sterile vacuum 
desiccator. To maintain the biofilm and corrosion products attached on 
the surface during cross-sectional cutting, samples were embedded in 
epoxy resin, resized, and then sectioned using a Leica EMUC7 ultrami
crotome with a diamond knife. All samples were coated with a 20 nm 
carbon layer and analyzed with scanning electron microscopy (SEM) 
and energy dispersive X-ray spectroscopy (EDS) using a Quanta 650 
instrument. For transmission electron microscopy (TEM), Al–Cu–Li 
samples were prepared by polishing 3 mm discs of AA2060-T8 alloy to a 
thickness of 20 μm, followed by twin-jet electropolishing at 15 V in a 
solution of HNO3 and MeOH (1:3) at − 20 ◦C. TEM analysis was then 
performed using an FEI Talos F200A instrument operated at 200 kV.

2.3. Microorganisms and culture medium

The sterile culture medium, referred to as MHCl medium, contained 
1.25 wt% Mueller Hinton (MERCK) and 0.85 wt% NaCl (MERCK). The 
wild-type marine bacterium P. aeruginosa was used in this study. The 
P. aeruginosa stock was prepared by reactivating strains stored at − 20 ◦C 
on Mueller Hinton Agar plates and incubating a single colony in MHCl 
medium at 37 ± 1 ◦C for 24 h. The resulting stock was stored at 4 ◦C. To 
activate the bacterial metabolism before experiments, 9 mL of MHCl 
medium was inoculated with 1 mL of the P. aeruginosa stock in a Falcon 
tube, then incubated on an orbital shaker at 37 ± 1 ◦C and 100 rpm for 
24 h. This activated culture, designated as M1, was prepared 24 h before 
each experiment. All experiments were conducted with approximately 
one-third of the total volume left as headspace. All spectrophotometric 
measurements were performed using a Multiskan GO (Thermo Scienti
fic). A bacterial growth time from 0 to 40h was selected to clearly 
identify the plateau in the stationary growth stage.

2.4. Bacterial growth assessment

To determine the bacterial growth under aerobic conditions at 25 ◦C, 
180 μL of sterile MHCl was inoculated with 20 μL of M1 in 96-well 
polystyrene plates to achieve an initial concentration of 105 Colony 
Forming Units per mL (CFU/mL) of P. aeruginosa. The optical density 
(OD600) was measured with 6 replicates for the MHCl with P. aeruginosa 
and 6 replicates for the MHCl sterile control every 1 h, up to 40 h.
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2.5. Specific biofilm formation assessment

Biofilm formation was measured by crystal violet staining of the 96- 
well polystyrene plates. The experimental design and methodology 
followed the guidelines and recommendations of Allkja et al. to ensure 
reproducibility and clarity in the evaluation of biofilm formation [26]. 
Multichannel micropipettes were used to prevent biofilm detachment 
during extraction and filling, ensuring that there was no contact with the 
sides or bottoms of the wells. Specific biofilm formation (SBF) values 
were determined using an adapted methodology from Niu et al. [27]. 
Data for each SBF curve point were collected from an independent set of 
12 wells (6 positive controls and 6 negative controls), with each set 
incubated at 25 ◦C for intervals between 0 and 40 h to generate a full 
curve. The SBF curve presented in this study represents the average of 
three independently replicated curves conducted over different weeks 
(N = 3).

2.6. pH measurements

A set of Falcon tubes containing MHCl medium was inoculated with 
M1 to reach an initial concentration of 105 Colony Forming Units per mL 
(CFU/mL). Additionally, another set of tubes was prepared, each with an 
AA2060-T8 alloy piece (1 cm2 of exposed area) immersed in MHCl 
medium. pH measurements were recorded inside the tubes every 2 h 
over a 40-h period. To prevent cross-contamination, independent single- 
use tubes were used for each pH reading. All measurements were per
formed in triplicate at 25 ◦C, with their respective sterile controls.

2.7. Electrochemical assessment

A Gamry electrochemical cell PTC1™ with a three-electrode 
configuration was used: a platinum counter electrode (CE), a saturated 
calomel reference electrode (RE), and the AA2060-T8 alloy as the 
working electrode (WE) positioned horizontally at the bottom of the cell 
with 1 cm2 of exposed area. Before each experiment, all materials were 
sterilized in an autoclave, except for the electrodes, which were 

sterilized with 70 % EtOH and germicidal light (254 nm). The electro
chemical cell was assembled inside a sterile laminar flow hood using 60 
mL of inoculated MHCl medium (105 CFU/mL), then transferred to an 
incubator at 25 ◦C. Electrochemical measurements were performed in 
triplicate with their respective MHCl sterile controls. The open circuit 
potential (OCP) was recorded every hour from 0 to 40 h. Samples were 
removed, carefully rinsed with distilled water without any additives 
(such as surfactants) to avoid altering the surface’s chemical composi
tion, and stored in a sterile vacuum desiccator. Potentiodynamic po
larization curves were obtained in a 0.85 % NaCl solution at a scan rate 
of 0.2 mV/s. The E/I curves were recorded in the anodic direction, up to 
+0.1 V vs. OCP, and in the cathodic direction, up to − 0.1 V vs. OCP, 
using independent samples for each sweep. The ex-situ methodology 
allowed for the removal of non-adherent biofilm decanted by gravity 
onto the metal surface, ensuring that only firmly adhered biofilm 
remained, thus providing more representative measurements.

3. Results and discussion

3.1. Microstructure characterization

The grain distribution in Al–Cu–Li alloys strongly influences their 
corrosion susceptibility [28]. Fig. 1 presents the microstructure of the 
AA2060-T8 alloy, where differences in brightness correspond to a 
non-uniform distribution of crystallographic grain orientations, with 
darker areas indicating regions more susceptible to metallographic 
attack.

The microstructure of the AA2060-T8 alloy exhibits elongated grains 
aligned with the rolling direction (Fig. 1b), along with a heterogeneous 
distribution of grain dimensions in both short and long section views 
(Fig. 1a and 1c). The average aspect ratio (length/width) was 18.47, 
with most values ranging from 15 to 20 (Fig. 1c). This morphology re
sults from the T8 heat treatment process, which includes solution 
treatment, cold deformation and artificial aging to optimize mechanical 
performance, such as load-bearing capacity and buckling resistance for 
aerospace applications. Additionally, this heat treatment promotes the 

Table 1 
Elemental composition of AA2060-T8 alloy used in this study.

Element Cu Li Mg Zn Ag Mn Si Al

Composition (%wt.) 3.76 0.75 0.72 0.28 0.34 0.30 0.02 Balance

Fig. 1. Microstructure of AA2060-T8 alloy: (a) cross section-short transverse, (b) rolling surface, (c) cross section-long transverse and grain aspect ratio distribution, 
and (d) TEM image showing the T1 phase morphology and Selected Area Electron Diffraction (SAED) patterns from Al matrix in the AA2060-T8 alloy.

C.G. Ramírez et al.                                                                                                                                                                                                                             Journal of Materials Research and Technology 36 (2025) 5286–5297 

5288 



precipitation of intermetallic T1 (Al2CuLi) phases. TEM analysis (Fig. 1d) 
reveals the T1 phase morphology, which nucleates and grows along the 
{111}Al planes of the α-Al matrix, both within grains and at grain 
boundaries during the artificial aging process [9]. The T1 phase serves as 
strengthening phase in Al–Cu–Li alloys, forming uniformly distributed 
precipitates that act as obstacles to dislocation motion, increasing the 
critical resolved shear stress for slip deformation on crystal planes, and 
limiting plastic deformation [29]. Despite these mechanical enhance
ments, the T1 phase is prone to localized corrosion and acts as a pref
erential corrosion site due to its cathodic behavior relative to the 
α-aluminum matrix, leading to crystallographic corrosion [8,9]. The 
susceptibility of the T1 phase to initiate localized corrosion arises from a 
phenomenon known as the "Nobility Switch," as reported by Jiang et al. 
[10]. In the first stage, the selective dissolution of Li from the T1 
(Al2CuLi) phase occurs. This causes an inversion of the “Al2CuLi (ano
dic)//α-Al matrix (cathodic)” electrochemical couple to a second pair, 
“Al2Cu (cathodic)//α-Al matrix (anodic)”. In the second stage, the local 
copper-rich remnant (Al2Cu) formed during this ‘Nobility Switch’ acts as 
a cathodic site on the surface, promoting the propagation of corrosion 
along the {111}α planes of the aluminum matrix (FCC). This dealloying 
process culminates in a third stage, where “Cu◦ (cathodic)//α-Al matrix 
(anodic) is formed, driving the localized pitting corrosion around the 
Cu◦ deposit.

Li et al. reported that localized corrosion in Al–Cu–Li alloys prefer
entially initiates at intermetallic phases, promoting their dissolution and 
formation of corrosion products, which can induce modifications in 
surface morphology [30]. On the other hand, Yasmine et al. indicated 
that surface roughness influences the energy barrier that bacterial cells 
must overcome to reach the substrate surface, decreasing as asperity size 
increases [31]. Considering the high reactivity of the T1 phase, it is 
likely that the surface morphology of the AA2060-T8 alloy undergoes 
dynamic changes during immersion in the MHCl medium, increasing its 
roughness and consequently promoting biofilm adhesion. Furthermore, 
it has been reported that the preferential dissolution of the T1 phase 
leads to a localized corrosive environment with low pH [32]. Therefore, 
the Nobility switch process may be driven not only by potential differ
ences but also by pH changes during the corrosion process. Conse
quently, the pH changes (Fig. 2b) associated with the bacterial 
metabolism could play a critical role in the MIC process observed in this 
study.

3.2. Evolution of key parameters during bacterial growth stages

Key parameters providing real-time insights into the biofilm forming 
process were measured during bacterial growth stages. The Optical 
density (OD600) reflects the bacterial population while specific biofilm 
formation (SBF) quantifies the biofilm-forming capacity under specific 
conditions [27]. Because of its capacity to produce acidic metabolites 
[33], pH serves as a simple indicator for evaluating the metabolic ac
tivity of P. aeruginosa, whereas the open circuit potential (OCP) tracks 
the processes of biofilm formation and accumulation on the metallic 
surface [34]. Fig. 2 integrates the data obtained, illustrating the evolu
tion of bacterial growth and biofilm formation on the AA2060-T8 
Al–Cu–Li alloy exposed to MHCl with P. aeruginosa.

3.2.1. Bacterial growth and biofilm formation assessment
The growth kinetics of P. aeruginosa was measured at 25 ◦C (Fig. 2a, 

left axis), exhibiting the three characteristic stages of bacterial growth. 
The lag stage (0–2 h), defined by low OD600 values, represented the 
cellular adaptation and minimal proliferation. After 2 h, the increase in 
OD600 values represents the beginning of the exponential growth stage, 
marked by intensified nutrient consumption and optimal metabolic ac
tivity [11]. During this stage, P. aeruginosa increases the production of 
EPS, which provides structural integrity to the biofilm and facilitates the 
establishment of bacterial colonies on the Al–Cu–Li alloy surface. 
Finally, the bacterial population reaches a stationary stage (20–40 h), 

characterized by a dynamic equilibrium between cell growth and death, 
primarily due to nutrient limitations. A similar behavior was described 
by Pellé et al., who associated the growth stages of P. aeruginosa with the 
Specific Biofilm Formation (SBF) over time [34]. During these stages, 
the SBF parameter can be calculated using Equation (1), as reported by 
Niu & Gilbert. [27], According to the authors, AB represents the 
absorbance of the crystal violet dye incorporated by the bacteria 
adhered to the biofilm, CW represents the control samples that account 
for dye adhered to the plates due to abiotic factors, and G is the optical 
density (OD600) of the medium at each time point. 

SBF=(AB − CW)/G (1) 

The bacterial population (OD600) measured between 2 and 10 h 
ranged from 0.20 to 0.66 (Fig. 2a, left axis). These values represent the 
transition from the lag stage to the exponential growth stage and 
consequently indicate a weak biofilm-forming capacity (Table 2). When 
the G value in Equation (1) was substituted for these OD600 values, a 
multiplier effect ranging from 5 to 1.5 resulted in the AB− CW term, 
leading to SBF values greater than 1. According to Table 2, these SBF 
values would suggest a strong biofilm-forming capacity. However, at 
this transition point (2–10 h), the bacteria have not yet reached their 
optimal metabolic activity. As a result, Equation (1) may lead to 
misinterpretation when evaluating the initial hours of biofilm 

Fig. 2. Parameters measured during bacterial growth and biofilm formation on 
AA2060-T8 alloy: (a) Overlay of P. aeruginosa growth kinetics (OD600, left axis) 
and specific biofilm formation (SBF, right axis) in MHCl medium at 25 ◦C (b) pH 
of the MHCl medium. (c) Open circuit potential (OCP) of the alloy.
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formation. Therefore, a modification of the SBF Equation (1) is proposed 
in Equation (2), where Gstat was set as a constant value (Gstat = 1.2), 
measured during the stationary stage. All SBF values shown in Fig. 2a 
were calculated every 2 h using Equation (2). 

SBF=(AB − CW)/Gstat, (2) 

Based on the semi-quantitative scale of biofilm-forming capacity 
reported by Naves et al. [35], the SBF values obtained in this study were 
correlated with each bacterial growth stage and its corresponding 
biofilm-forming capacity (Table 2).

According to Table 2, the SBF values obtained during the lag stage 
revealed a very weak biofilm-forming capacity, associated with an 
insufficient bacterial population to produce substantial EPS. However, 
in the exponential stage, EPS production increases sufficiently to achieve 
irreversible adhesion on the surface, leading to biofilm formation. 
Finally, SBF stabilized at a plateau during the stationary stage, estab
lishing a clear correlation between the bacterial growth stages and 
biofilm formation capacity over time. The maximum SBF value during 
the stationary growth stage was 1.02 (Table 2). Therefore, P. aeruginosa 
exhibits a strong biofilm-forming capacity, highlighting its ability to 
produce and accumulate biofilm on the surface of the AA2060-T8 alloy.

3.2.2. pH measurement during bacterial growth
Fig. 2b illustrates the pH changes in the MHCl medium across the 

bacterial growth stages. In the sterile MHCl medium, the pH remained 
stable over 40 h; however, significant fluctuations were observed in the 
MHCl medium with P. aeruginosa. Between 0 and 4 h, the pH decreased 
from 7.6 to 6.8, which was attributed to increased bacterial activity 
during the onset of exponential growth. As expected, the pH changes 
observed during bacterial growth were similar in the MHCl medium 
with and without the AA2060-T8 alloy, as the pH measurements were 
taken from the overall solution.

According to pH-Potential diagram for aluminum [36], this pH drop 
should not be enough to dissolve aluminum oxides or hydroxides into 
Al3+. However, the localized pH microenvironments within the biofilms 
may differ significantly. Hollmann et al. analyzed real-time three-di
mensional pH variations in P. aeruginosa biofilms, reporting a highly 
acidic environment within the core of the colonies (~pH 3.5–4.5), 
whereas the outer edges of these colonies exhibited a slightly acidic pH 
(5.5–6.0) [14]. According to the pH-Potential diagram, a pH below 4 can 
dissolve the aluminum oxide layer on the AA2060-T8 alloy. In line with 
this, Ghanbari et al. reported that the breakdown potential—the critical 
potential at which the protective oxide layer fails—of the AA2098-T8 
Al–Cu–Li alloy in 0.1 M NaCl decreases linearly as pH decreases from 
6.5 to 4.5 [37]. Consequently, the local pH values beneath the biofilm 
may have been sufficient to promote the dissolution of aluminum oxide. 
This interpretation aligns with Kolics et al., who reported that in 0.1 M 
NaCl solution, pH below 4 causes a significant reduction in the nano
metric alumina (Al2O3) layer on pure aluminum due to active metal 
dissolution and oxide film destabilization [38].

After 4 h of bacterial growth, the pH gradually increases reaching 

7.25 by 18 h. This gradual increase in pH could be associated with the 
bacterial metabolism of organic acids in the solution, as more easily 
metabolizable nutrients begin to deplete. At 18 h of exposure, a pH in
crease was recorded, which reached a value of 8.1 after 40 h of growth. 
According to Neerincx et al., P. aeruginosa can produce hydrogen cya
nide (HCN) as a competitive mechanism [39]. To prevent toxicity, this 
bacterium regulates the HCN concentration through enzymatic con
version to ammonia, which may explain the pH rise observed after 18 h 
of growth.

Therefore, initial pH decreases of MHCl medium with P. aeruginosa, 
along with the highly probable lower pH of the microenvironments near 
the bacterial colonies adhered to the surface, may compromise the 
protective properties of the aluminum oxide layer. This effect is 
particularly critical during the exponential growth stage, when bacterial 
metabolic activity reaches optimal conditions, contributing to microbi
ologically influenced corrosion (MIC) documented in this study.

3.2.3. Open circuit potential measurement
Fig. 2c illustrates the changes in open circuit potential (OCP) of the 

AA2060-T8 alloy in MHCl medium. For the samples immersed in sterile 
MHCl, the OCP increased to − 0.831 V during the first 2 h, which was 
attributed to the interaction of the native aluminum oxide with the 
aqueous environment, leading to the formation of a passive aluminum 
oxide-hydroxide layer. Between 2 and 20 h, the OCP gradually increased 
to − 0.788 V, suggesting the progressive development of the passive 
oxide layer. Subsequently, between 20 and 40 h, the OCP reached a 
plateau, indicating the dynamic steady state of the oxide-hydroxide 
layer.

For the AA2060-T8 samples immersed in MHCl with P. aeruginosa, a 
similar behavior during lag stage (0–2h) was observed, consistent with 
low bacterial activity and the weak biofilm formation capacity (Table 2). 
However, at 4 h of exposure to P. aeruginosa, a sharp increase in OCP was 
observed, coinciding with the exponential growth stage. After 4 h, the 
OCP continued to rise, beginning to stabilize around 24 h, coinciding 
with the stabilization of biofilm-forming capacity and the end of the 
exponential growth stage. Subsequently, the OCP gradually increased 
until 40 h, reaching a plateau when the specific biofilm-forming capacity 
stabilized at a constant value (SBF = 1.01).

The sharp increase at 4 h aligns with the findings of Armon et al., 
who reported an exponential increase in the adsorption kinetics of 
Pseudomonas fluorescens on the surface of AA5052 aluminum alloy after 
4 h of exposure [40]. Consequently, this sharp OCP increase at 4 h could 
likely represent early bacterial adhesion through EPS production, 
forming initial colonies during the exponential growth stage. Further
more, the observed OCP increase may have been influenced by oxygen 
(O2) generation through the catalase-mediated decomposition of H2O2. 
In aerobic bacteria, metabolic processes continuously produce hydrogen 
peroxide (H2O2). Due to its cytotoxicity, these organisms synthesize 
enzymes such as catalase to decompose H2O2 into O2. This mechanism 
has been demonstrated in three catalase-positive microorganisms: 
Escherichia coli, Staphylococcus aureus [41], as well as P. aeruginosa [42]. 
In the latter study, Javier et al. reported an increase in OCP values after 
4 h of P. aeruginosa growth in Mueller-Hinton medium, which was 
attributed to O2 production from catalase activity. Furthermore, they 
employed modified carbon electrodes to detect O2 generated by enzy
matic activity at different pH, reporting pronounced electrocatalytic 
activity of catalase at pH 7.5. This optimal pH aligns with the values 
observed during the exponential growth stage in this study (Fig. 2b). 
Based on this observation, it is plausible that the bacterium produced O2 
through the decomposition of H2O2 via catalase activity, which may 
have contributed to the increase in OCP observed during early stage.

Another important aspect to consider in OCP analysis is the 
P. aeruginosa biofilm composition, which is primarily composed of 
alginate, a polymer known for its insulating properties [33,43]. During 
the early exponential growth stage (3–10 h), an initial firmly adhered 
layer formed on the surface, as evidenced by the marked increase in OCP 

Table 2 
Semi-quantitative scale describing the biofilm-forming capacity of P. aeruginosa 
associated with its SBF values and bacterial growth stages.

Time 
range 
(h)

Measured 
OD600

Measured 
SBF

SBF 
Range 
(Naves 
et al.)

biofilm- 
forming 
capacity

Bacterial 
growth stage

0–2 0.15 - 0.20 0.09 - 0.14 <0.3 Very weak Lag
2–10 0.20 - 0.66 0.14–0.74* 0.3 - 0.7 Weak Exponential 

(early)
10–20 0.66 - 1.11 0.74–0.98 0.7 - 1.0 Moderate Exponential 

(late)
20–40 1.11 - 1.25 0.98–1.02 >1.0 Strong Stationary

To simplify the analysis, the value (*) was classified within the ‘2–10’ h range.
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at 4 h (Fig. 2c). However, biofilm-forming capacity increased in parallel 
with bacterial growth, reaching SBF40h = 1.01, indicating strong biofilm 
formation (Table 2). Considering the horizontal positioning of the alloy 
at the bottom of the electrochemical cell, the strong biofilm formation of 
exopolysaccharide, produced by the suspended bacterial population, 
progressively settled onto the AA2060-T8 surface as the experiment 
progressed. This progressive accumulation of organic deposits could 
have potentially influenced the observed OCP increase. This is consis
tent with previous observations of organic film-induced positive OCP 
shifts on AA2060-T8 Al–Cu–Li surface [44]. Furthermore, Li et al. [45] 
reported a positive OCP shift on steel surfaces, attributed to biofilm 
formation by P. aeruginosa, suggesting a similar effect by biofilm 
accumulation.

Additional processes may also occur at the metal–biofilm inter
face—such as pH changes induced by acidic metabolites or localized 
corrosion driven by differential aeration cells, both discussed in other 
sections of this study. However, the results suggest that two main factors 
could contribute to the OCP increase: (1) oxygen (O2) generation from 
the catalase-mediated decomposition of H2O2, and (2) the progressive 
accumulation of organic deposits on the AA2060-T8 alloy surface. These 
processes could act simultaneously, resulting in the positive OCP shift 
observed throughout the bacterial growth stages.

3.2.4. Potentiodynamic polarization
Potentiodynamic polarization curves in Fig. 3a reveal an anodic shift 

in the corrosion potential (Ecorr) for the samples immersed during 40h in 
MHCl with P. aeruginosa. This shift aligns with the OCP trends (Fig. 2c), 
reflecting the influence of the firmly adhered biofilm on the Al–Cu–Li 
alloy surface. A plausible explanation for this positive shift may involve 
the presence of an organic layer firmly bound to the surface via metal
–organic interactions from biofilm functional groups, as reported for 
P. aeruginosa biofilms on steel [33] and Pseudomonas putida biofilms on 
AA7075 aluminum alloy [15].

In addition, a pronounced increase in current was recorded after a 
few mV of anodic sweep for AA2060-T8 exposed to the MHCl with 
P. aeruginosa. This may be associated with the formation of acidic mi
croenvironments beneath the biofilm, which can prevent the re- 
passivation of the natural oxide film, making it prone to breakdown 
[37]. The impact of these microenvironments was evidenced by an in
crease in the corrosion currents, which reached values nearly four times 
higher than those observed in the sterile control (Table 3).

The increase in corrosion current (Icorr) observed in samples exposed 
to MHCl with P. aeruginosa can be directly correlated with the corrosion 

rate (υ) using Faraday Equation (3), which incorporates the molar mass 
of the metal (M), the number of electrons transferred (n), Faraday’s 
constant (F), the material’s density (ρ), and the exposed area (A). 

υ= M⋅Icorr

n⋅F⋅ρ⋅A
(3) 

Consequently, the increase in Icorr for the AA2060-T8 alloy after 40 h 
suggests a higher corrosion rate in the MHCl medium with P. aeruginosa. 
It is important to note that, to obtain representative current values of the 
metal surface after 40 h of exposure to the culture medium, these 
measurements were performed under ex-situ conditions, removing the 
non-adherent biofilm from the metallic surface.

Despite the correlation between the current increase and accelerated 
corrosion, this parameter only reflects the average electrochemical 
behavior. Typically, P. aeruginosa biofilms are correlated with MIC by 
two main factors: (1) generating differential cells by local variations in 
dissolved O2, Cl− , or pH, accelerating the alloy damage beneath the 
biofilm, and (2) an insulating nature attributed to the production of EPS, 
such as alginate, which can mask localized phenomena and alter the 
exposed area (Equation (3)). Based on the increase in Icorr and pH 
changes observed in this study, the first MIC-related factor appeared to 
be more relevant. However, the exact contribution of each factor re
mains unclear. Additional studies using local electrochemical tech
niques such as SVET and SECM [46] could help clarify the specific roles 
of differential aeration effects and EPS-related insulation during the 
different stages of bacterial growth on Al–Cu–Li surfaces.

Furthermore, Fig. 3b shows the macroscopic effects on the AA2060- 
T8 alloy surface after 40 h of exposure to sterile MHCl medium and to 
P. aeruginosa, followed by ex-situ anodic sweeps at +0.4 V, which pro
moted corrosion sites at the macroscopic scale. For the AA2060-T8 
sample exposed to MHCl sterile, the localized corrosion sites formed 
were more numerous but smaller in diameter. In contrast, the corrosion 
sites were significantly larger for the sample exposed to MHCl with 
P. aeruginosa. These sites, associated with severe localized corrosion, 
showed distinctive rings of corrosion products expelled during hydrogen 

Fig. 3. (a) Potentiodynamic polarization curves of the AA2060-T8 alloy after 40 h of exposure to the MHCl medium. (b) AA2060-T8 alloy surface after 40 h of 
exposure to the MHCl medium, and subsequent potentiodynamic polarization up to +0.4V vs. OCP.

Table 3 
Ecorr and Icorr determined from the polarization curves of AA2060-T8 after 40 h 
of exposure to MHCl.

AA2060-T8 Sample Ecorr (V vs SCE) Icorr (A/cm2)

Sterile − 0.690 ± 0.016 (1.9 ± 0.8) x10− 7

With P. aeruginosa − 0.539 ± 0.026 (7.0 ± 1.8) x10− 7
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gas release from within the corrosion pits [47]. The increase in site 
diameter under bacterial conditions suggests that the AA2060-T8 sur
face becomes more susceptible to severe localized corrosion due to the 
influence of bacterial metabolism. To provide a more accurate repre
sentation of the number, depth and severity of the corroded regions 
influenced by bacterial activity, further studies will complement these 
findings with morphological and quantitative techniques, including 
weight loss measurements and profilometry.

3.3. Analysis of biofilm formed on AA2060-T8 alloy

3.3.1. Surface analysis
SEM-EDS analysis was performed on the alloy surface after immer

sion in MHCl with P. aeruginosa for 3, 10, and 24 h at 25 ◦C (Fig. 4).
After 3 h of exposure to the MHCl medium with P. aeruginosa 

(Fig. 4a), no visible bacteria were observed on the alloy, indicating that 
the biofilm was insufficient to support bacterial adhesion during the first 
hours of the exponential growth stage. However, after 10 h of exposure 
(Fig. 4b), the formation of a microbial colony adhering to the alloy 
surface through a biofilm was observed, corresponding to the midpoint 
of the exponential growth stage. These colonies, visible only after 10 h, 
consist of sessile, rod-shaped P. aeruginosa bacteria (2.1 μm in length) 
attached to the Al–Cu–Li alloy through the biofilm (Fig. 4d and 4e). This 
adhesion aligns with AFM studies on steel surfaces reported by Yuan and 
Pehkonen, who demonstrated that the morphology of P. aeruginosa 
adhered to surfaces via biofilm formation [48]. After 24 h, a mature 
biofilm on the surface was observed (Fig. 4c), indicating a heteroge
neous biofilm structure formed during the stationary stage. Moreover, 
Fig. 4f shows the aluminum map, where local areas with a higher rela
tive concentration of Al can be identified, which was associated with 
localized corrosion occurring beneath the biofilm. These findings are 
consistent with the specific biofilm formation (SBF) results (Fig. 2a, right 

axis) and the marked increase in OCP observed at 4 h, attributed to 
biofilm accumulation on the surface (Fig. 2c). Therefore, a colonization 
time range of 3–10 h was identified during the first half of the expo
nential growth stage. Within this range, P. aeruginosa produced a critical 
biofilm amount sufficient to sustain irreversible adhesion on the alloy 
surface, establishing a clear correlation between biofilm development 
and bacterial adhesion.

3.3.2. Cross-sectional analysis
To understand the MIC process beneath the biofilm, a cross-section 

analysis was conducted on the AA2060-T8 alloy after 24 h of immer
sion in MHCl with P. aeruginosa at 25 ◦C (Fig. 5).

The elemental mapping of carbon (Fig. 5c) primarily corresponds to 
the fixative resin, while the mappings of Al and Cu (Fig. 5e and 5 h) 
represent the principal alloying elements in the AA2060-T8 AlCuLi 
alloy. Consequently, as shown in Fig. 5a clearly shows the distinction 
between the epoxy resin used to fix the biofilm and the alloy.

One of the critical steps in this study was to distinguish between 
biofilm and corrosion products. The oxygen mapping (Fig. 5d) captured 
oxygen signals from both the corrosion products and the organic com
ponents of the biofilm. However, the phosphorus mapping (Fig. 5f) 
helped further clarify this distinction by highlighting the phosphorus- 
rich phospholipids present in both the bacterial cell membrane and 
the biofilm, thereby differentiating the aluminum corrosion products 
from the biofilm. It is important to note that a low carbon signal from the 
biofilm region does not indicate an absence of carbon. Instead, this is 
due to a contrast effect caused by the strong carbon signal from the 
fixative resin.

A localized decrease in Al intensity and an increase in O and Cl in
tensity were observed between the biofilm and the alloy (Fig. 5e, 5.d, 
and 5.g). Based on the observed composition of the corrosion products, 
which include Al, O, and Cl, it is suggested that the resulting compound 

Fig. 4. The surface of AA2060-T8 after immersion in MHCl with P. aeruginosa at 25 ◦C, illustrating progressive changes during the biofilm formation process. (a) 
After 3 h of immersion, (b) after 10 h, (c) after 24 h, (d) SEM-EDS analysis of a bacterial colony at 10 h, (e) close-up view of the bacteria, and (f) Al mapping on a 
bacterial colony.
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could correspond to Al(OH)XCl3-X, typically formed during the localized 
corrosion process in chloride solutions [49]. Moreover, Fig. 5g shows the 
presence of Cl beneath the biofilm, suggesting that Al(OH)XCl3-X com
pounds could have formed both at the edges and beneath the biofilm. 
This indicates that the Cl-rich MHCl medium could have penetrated the 
biofilm and reached the alloy surface, thereby promoting localized 
corrosion. For this process to occur beneath the biofilm, anodic and 
cathodic reactions must proceed simultaneously. 

Anodic reaction : Al ↔ Al3+ + 3e− (4) 

Hydrolysis reaction : Al3+ +3H2O ↔ Al(OH)3 + 3H+ (5) 

Cathodic reactions : 2H2O+O2 + 4e− ↔ 4OH− or 2H+ + 2e− ↔ H2

(6) 

Once the alloy is introduced into the MHCl medium, the native 
alumina (Al2O3) reacts with water to form boehmite (AlO(OH)). During 
the exposure to the MHCl medium, soluble complexes form between 
aluminum oxides-hydroxides and chloride ions, destabilizing the passive 
layer [49]. Consequently, localized corrosion is initiates at weak points 
in the native oxide-hydroxide film, exposing the alloy to the MHCl 
medium [50]. In these exposed zones (anodic region), the formed Al3+

ions (Equation (4)) reacted immediately with water, leading to the 
formation of aluminum hydroxides (Equation (5)). Meanwhile, the 

cathodic region, located on the Cu particles at the interface between the 
Al–Cu–Li surface and the adhered biofilm (Fig. 5h), facilitates reduction 
reactions (Equation (6)), thus completing the electrochemical circuit 
[18]. Fig. 6 presents a line scan of this Cl-rich region under biofilm.

In Fig. 6, different layers of the transverse cut are identified. From 
left to right, the base metal is followed by the Al(OH)XCl3-X layer 
(characterized by Al, O, and Cl signals), the biofilm adhered to the 
surface (identified by P and O signals), and finally the fixative resin, 
distinguished by an increase in C signals and a decrease in all other 
signals.

A critical factor contributing to the biofilm adhesion observed in 
Fig. 6 is alginate, the primary EPS produced by P. aeruginosa [43]. 
Alginate is a linear copolymer of alternating guluronic and mannuronic 
acid units, known for its ability to coordinate with metal centers through 
its carbonyl groups [33]. Recently, Gómez et al. detected, via FT-IR, 
interactions between carboxylate groups from alginate (produced by 
Pseudomonas putida) and the AA7075-T6 alloy surface, promoting the 
direct bonding of biofilms to the alloy surface and enhancing adhesion 
[15]. On this basis, if this interaction were primarily between alginate 
and the metal surface, aluminum would be concentrated near the metal 
surface, progressively decreasing within the biofilm as the distance from 
the surface increases. However, the aluminum intensity measured across 
the biofilm (Fig. 6) remains relatively constant at 10K–20K counts per 
second, indicating that the aluminum concentration in the biofilm did 

Fig. 5. Cross-sectional SEM-EDS analysis of the AA2060-T8 alloy with a heterogeneous biofilm adhered to the surface after 24 h of bacterial growth.

Fig. 6. Elemental Line Scan N◦1, as depicted in Fig. 5, showing the elemental distribution across the biofilm adhered to the Al–Cu–Li alloy.
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not decrease as the distance from the surface increases. Given the acidic 
nature of the carboxyl groups of alginate, those present in the 
P. aeruginosa biofilm became progressively deprotonated as the pH 
increased, reaching 8.1 after 40 h (Fig. 2b). At this stage, the carboxylic 
groups of alginate were predominantly deprotonated and negatively 
charged, making them available to interact with positively charged 
aluminum compounds formed during the corrosion process.

Therefore, based on the constant presence of aluminum on the 
transversal section of biofilm and the deprotonated carboxylate groups 
by pH increase during bacterial growth, an alternative interpretation of 
the biofilm’s role in the MIC process is proposed. In addition to 
improving adhesion, carboxylate groups may chelate aluminum-based 
corrosion products dissolved in the medium, removing them from the 
system. According to Le Chatelier principle, this removal would shift the 
anodic reaction equilibrium (Equation (4)) towards product formation, 
acting as a driving force to further metal dissolution, thereby acceler
ating the corrosion process of the AA2060-T8 alloy during the biofilm 
forming process.

3.3.3. Close-up on biofilm channels
As discussed in the previous sections, biocorrosion is a highly com

plex process involving several factors such as metabolic activity, pH 
changes, and biofilm formation. It is generally agreed that biofilm for
mation occurs in three stages: 1) planktonic cells initiate adhesion on a 
metal surface, 2) establishment of bacterial colonies on the surface 
through the production of EPS, and 3) formation of a mature biofilm and 
its spread colonies over the surface. In this final stage, the presence of 
microbial cells on the metal surface, along with their metabolic activ
ities, alters electrochemical processes, leading to the formation of 
localized cathodes or anodes. However, direct evidence explaining how 
these zones form beneath the biofilm remains unclear. To understand 
the differential cell phenomena in our samples, close-up elemental 
mapping was performed on a localized corrosion region beneath the 
biofilm (Fig. 7).

The EDS analysis revealed localized discontinuities within the bio
film, where the intensity of Al, O, and P signals decreases (Fig. 7d, 7.e, 7. 
f) while the carbon intensity increased (Fig. 7c). This suggests that resin 
carbon infiltrated these biofilm discontinuities, confirming the 

heterogeneity of the biofilm as it did not adhere uniformly to the surface. 
Directly beneath these discontinuities, localized corrosion products 
were identified adjacent to a Cu-rich particle (Fig. 7a). This localized 
corrosion phenomenon has been previously reported in the AA2198-T8 
Al–Cu–Li alloy as a microscopic galvanic corrosion mechanism between 
Cu-rich particles and the Al-matrix [51]. This mechanism is particularly 
prevalent in T8 heat-treated alloys, such as AA2060-T8, due to the for
mation of deformed grains with a higher density of the T1 phase, which 
selectively dissolves and leads to localized corrosion. A line scan was 
performed on this localized corrosion area (Fig. 8).

The line scan in Fig. 8 shows a region between 6 and 8.6 μm where a 
maximum carbon signal was detected at 7 μm. However, the oxygen and 
phosphorus signals were very low, suggesting the absence of biofilm 
within this range. Based on these results, the carbon signal suggests that 
the resin partially filled this site, which was associated with pitting 
corrosion, as observed in Fig. 7b. Between 8.6 and 12 μm, the carbon 
signal decreases to the same level as phosphorus and oxygen, both of 
which increase slightly, which was associated with a thin organic layer 
remaining over the pitting corrosion site. Beyond 12 μm, all intensities 
dropped to nearly zero, except for carbon, which increases, indicating 
that the region above the localized corrosion was filled with epoxy resin. 
These discontinuities, formed during the biofilm formation process, 
likely served as channels during the bacterial growth stages, facilitating 
the transport of nutrients from the MHCl medium to the colonies 
adhered to the AA2060-T8 alloy surface. As a result, these channels 
exposed the surface to Cl− ions and the pH fluctuations measured during 
the biofilm formation period, closing the galvanic circuit between the 
Cu-rich particles and the aluminum matrix, thereby triggering localized 
corrosion. Furthermore, the presence of these channels suggests the 
formation of oxygen concentration cells beneath the biofilm. Further 
studies could adopt the microscale spatial approach proposed by Kle
mentiev et al. [52] to map oxygen concentration directly over the 
channels present in P. aeruginosa biofilms, thereby expanding the un
derstanding of MIC mechanisms in Al–Cu–Li alloys.

Fig. 9 summarizes the results of this study. During the first hour of 
exposure, the interaction of the native aluminum oxide with the aqueous 
environment leads to the formation of a passive aluminum oxide hy
droxide layer. Between 3 and 10 h, an initial heterogeneous biofilm 

Fig. 7. Cross-sectional SEM-EDS analysis of AA2060-T8 (close-up from Fig. 5): evidence of localized corrosion beneath the biofilm and biofilm channels.
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forms on the Al–Cu–Li surface, accompanied by a decrease in the pH of 
the MHCl medium with P. aeruginosa at 4 h of growth. The acidic 
environment (~pH 3.5–4.5) reported within the core of P. aeruginosa 
colonies [14] can dissolve the aluminum oxide layer on AA2060-T8 
[38], potentially facilitating pitting corrosion beneath the biofilm by 
prematurely destabilizing the passive layer, exposing the alloy to chlo
ride attack during biofilm formation. Finally, the channels formed 
through the biofilm promote the establishment of local differential cells, 
thereby inducing localized corrosion beneath the biofilm. Based on these 
experimental results, the MIC process in the AA2060-T8 Al–Cu–Li alloy 
was driven by the combined effects of pH decrease and the formation of 
biofilm channels. Furthermore, ongoing research in our group aims to 
investigate the role of organic compounds produced by P. aeruginosa in 
corrosion mechanisms, as well as the correlation between local pH 
changes induced by bacterial activity and the behavior of the 
lithium-rich T1 phase during corrosion processes. This work constitutes 
the first reported case of microbiologically influenced corrosion (MIC) in 
Al–Cu–Li alloys, paving the way for future protection strategies and 
broader applications in the aerospace industry in the coming decades.

4. Conclusions

Key parameters such as OD600, SBF, pH, and OCP were measured and 
correlated with the three stages of bacterial growth and biofilm forma
tion on the AA2060-T8 alloy, demonstrating that P. aeruginosa biofilm 

can adhere to and grow on the alloy. A colonization time range of 3–10 h 
was identified, during which P. aeruginosa produces a critical amount of 
biofilm that was sufficient to sustain irreversible adhesion on the alloy 
surface. The pH decrease, attributed to organic acid production during 
the exponential growth stage, could have created conditions for oxide 
layer destabilization beneath the biofilm, making the alloy more sus
ceptible to localized corrosion. Cross-sectional analysis of the alloy after 
24 h of MIC testing revealed the heterogeneity of the biofilm, specifically 
the presence of discontinuities within the biofilm that directly exposed 
the alloy surface to the electrolyte medium. These results provide direct 
evidence of the localized corrosion induced by the differential zones 
beneath the biofilm formed on the AA2060-T8 Al–Cu–Li alloy. There
fore, the MIC process in the AA2060-T8 Al–Cu–Li alloy is driven by the 
combined effects of the pH decrease and the formation of biofilm 
channels, leading to increased corrosion currents after 40 h of exposure 
to the MHCl medium with P. aeruginosa.
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