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Corrosion of aluminum alloy 7075 induced by marine
Aspergillus terreus with continued organic carbon starvation
Yuxuan Zhang1,4, Jiaqi He1,4, Li Zheng2, Zhengyu Jin1, Haixian Liu1, Lan Liu2, Zhizeng Gao2✉, Guozhe Meng1, Hongfang Liu 3✉ and
Hongwei Liu 1✉

The corrosion of aluminum alloys (AA) caused by fungi has been considered as the typical reason causing the failure of aviation materials,
but its corrosion mechanism is still unclear. In this work, AA 7075 corrosion induced by Fungus Aspergillus terreus with continued organic
carbon starvation was investigated in artificial seawater. Results indicate that A. terreus can survive with organic carbon starvation and form
a biofilm on AA surface, then accelerate AA corrosion. The pitting corrosion is more severe in biotic environments, and it is closely related
to the initial spore concentration. The higher initial spore concentration, the more A. terreus survivors, leading to the more severe pitting
corrosion. Acid corrosion caused by organic acids of A. terreus has no contribution to the corrosion acceleration of aluminum alloys. A.
terreus can help to destroy the passive film of aluminum alloys, leading to more corrosion pits compared with the control.
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INTRODUCTION
Aluminum alloys (AA) with high mechanical strength, such as AA
7075, have been widely used in the aviation industry, vehicles,
ships, and warships due to their special features, such as low
density, satisfactory plasticity, and high corrosion resistance1–3. Al,
Mg, Zn, and Cu are the main elements for the high-strength AA. A
passive film with several nanometers will be formed on the AA
surface, leading to a low corrosion rate. However, localized
corrosion still can occur due to the presence of defects in the
passive film and the harsh environment, which then leads to the
service failure of engineering equipment4,5. So, corrosion of AA
still is a big trouble for the safe running of engineering equipment.
In recent years, more and more researchers begin to focus on

microbiologically influenced corrosion (MIC) and considered that
MIC can accelerate the corrosion of metal especially in marine
environments6–8. The microorganisms related to MIC include, but are
not limited to, bacteria, archaea, fungi, lichens, and algae9–11. The
adhesion of microorganisms and the subsequent biofilm formation
on AA surface can surely accelerate the damage of surface passive
film and then increase the localized corrosion rate. Effects of MIC on
AA have also been studied in the literature. Guan et al.12 have found
the localized corrosion of AA was enhanced by anaerobic sulfate-
reducing bacteria (SRB), and element Al as a nutrient could improve
the metabolic activity of SRB. Except for the bacteria, fungi such as
Aspergillus niger, Penicillium frequentans, have been found on the
corroded areas of aircraft13. Compared with the bacteria, fungi can
grow well on the surface of AA in a humid environment, leading to
more aggressive corrosion toward AA14. Dai et al.15 investigated AA
2024 corrosion induced by A. niger, and they found that the
corrosion rate of AA with the assistance of A. niger increased by
more than 4 times compared with the control. And A. niger also
promoted the formation of severe pitting corrosion. Wang et al.16

also observed that the localized corrosion of AA 7075 was enhanced

by A. niger, and the depth of corrosion pits could reach 247 μm after
18 days of testing.
In the aviation industry, it is necessary and urgent to investigate

the mechanistic corrosion behavior and mechanism of the AA and
confirm the main influence factors. For the AA MIC induced by
fungi, acid corrosion has been confirmed as one of the key
corrosion mechanisms accelerating pitting corrosion17,18. Because,
amounts of organic acids with a high concentration, such as acetic
acid, succinic acid, glutaric acid, glyoxylic acid, were secreted by
fungi, leading to a low pH value of testing solution19. However, it is
still unclear if there are some other possible corrosion mechanisms
except for acid corrosion in the presence of fungi.
The theory of electron transfer, such as extracellular electron

transfer (EET) and direct electron transfer (DET), have been applied
to illustrate SRB corrosion behavior and mechanism by more and
more researchers20–22. SRB cells even can produce some bio-
nanowires with organic carbon starvation, and the SRB can
acquire electrons from steel by these bio-nanowires23. Acquiring
energy from metal is the main reason why microorganisms
accelerate metal corrosion24. Similarly, fungi corrosion for AA can
also aim to acquire energy or get some metal elements used to
their metabolism. Some studies have also found that fungi, such
as yeast and Cladosporium, can also have the EET process25,26. But,
the studies about EET corrosion of fungi can not be found in the
literature. Additionally, organic carbon starvation easily occurs in
the environment for the fungi adhesion on the AA surface. It is
significant to investigate fungi corrosion behavior and mechanism
with continued organic carbon starvation in the marine condition.
A. terreus, a mycelial fungus belonging to aspergillus, can secrete
amounts of organic acids which can be easily found in the marine
environment27,28. They can easily adhere to the metal surface. But,
effects of A. terreus on AA corrosion is still unknown, and more
works should be done to investigate AA corrosion mechanism
caused by A. terreus.
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In this work, the spores of the fungus A. terreus with a
different concentration in artificial seawater were prepared
without an organic carbon source. The mechanistic corrosion
and mechanism of aluminum alloy 7075 caused by fungus A.
terreus with continued organic carbon starvation were studied
in artificial seawater using various electrochemical measure-
ments and surface analysis. The effects of electron transfer
mechanisms on AA corrosion was also discussed.

RESULTS
Identification of fungus A. terreus
The polymerase chain reaction (PCR) amplification of 16S rDNA
is used to do the identification of fungus used in this work.
According to the DNA sequence, the fungus used in this work is
A. terreus.

Spore counts of A. terreus
Table 1 shows the spore counts of A. terreus initially and after
14 days of testing. The initial spore concentrations of Aspergillus
terreus are 108 spores mL−1, 106 spores mL−1, 104 s spores mL−1,
respectively. It aims to study the effects of spore concentration on
AA corrosion. The amounts of both planktonic and sessile A. terreus
can survive with continued organic carbon starvation after 14 days.
But it is also seen that more than 90% A. terreus have died compared
with the initial concentration. The presence of sessile spores
suggests that A. terreus can grow on the surface of AA and form a
biofilm. The initial pH value of artificial seawater is 8.2, but the pH
values change to 8.2, 7.4, 6.9, and 6.1 corresponding to the control
specimen and specimens with initial spore concentrations of 104

spores mL−1, 106 spores mL−1, and 108 spores mL−1, respectively.

SEM analysis
SEM images of surface films with different original spore concentra-
tions after 14 days of testing are shown in Fig. 1. And the
corresponding EDS analysis results of surface films located in various
areas are shown in Table 2. For the control specimen in the absence
of A. terreus, the scratch lines can be seen and only little corrosion
products (Fig. 1a, a3), suggesting that the corrosion AA in the abiotic
artificial seawater is slight. From the part enlarge image of Fig. 1a1,
a2, some little corrosion product particles can be observed. And the
EDS results of site A (Table 2) indicate that the key elements of
corrosion products are O, Al, C, Mg, Cu, Cr. The biofilms of A. terreus

Table 1. The pores count of A. terreus (planktonic, pores mL−1; sessile,
pores cm−2) initially and after 14 days of testing.

Serial number 0 d (Planktonic) 14 d (Planktonic) 14 d (Sessile)

1 108 105 106

2 106 104 104

3 104 103 103

Fig. 1 SEM images of surface films with different initial spore concentrations of A. terreus with continued organic carbon starvation.
a control, b 104 spores mL−1, c 106 spores mL−1, d 108 spores mL−1. Images (a1), (b1), (c1), and (d1) are the part enlarge of images (a), (b), (c),
and (d) corresponding to the blue square area, respectively. Images (a2), (b2), (c2), and (d2) are the part enlarge of images (a1), (b1), (c1), and
(d1), respectively. Images (a3), (b3), (c3), and (d3) are the different position of surface films corresponding to the control, 104 spores mL−1, 106

spores mL−1, and 108 spores mL−1, respectively.
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covered on the specimen surface can be observed. When the initial
spore concentration is 104 spores mL−1, there are amounts of
corrosion products observed on the specimen surface, and a
compact biofilm can also be seen (Fig. 1b, b1). The layered corrosion
products agglomerate together (Fig. 1b2), and EDS results (Table 2)
of site B indicate that the corrosion products are main the oxides of
aluminum. Some hyphae with a big width can be found (Fig. 1d3),
which is confirmed by the high C content of sit C (Table 2). And two
spores in the hyphae can be observed. The growth and breed of A.
terreus in biofilm are firstly found. With the increase of initial spore
concentration, i.e., 106 spores mL−1, amounts of hyphae and spores
of specimen surface can be found after 14 days of testing
(Fig. 1c–c3). It is also seen that A. terreus like to grow together due
to the presence of local agglomeration of hyphae and spores
(Fig. 1c). The high contents of C, O, and Al at sites D and E (Table 2)
confirm that the biofilms contain more organics because of the
formation of biofilm. And some wide or thin hyphae can be found in
Fig. 1c2, c3. The wide hyphae can be used to grow and breed. The
initial pores concentration increases to 108 spores mL−1, also leading
to compact surface biofilms, and some big agglomerates can be
observed (Fig. 1d). From the part enlarge images of Fig. 1d1, d2,
amounts of hyphae and spores accumulate together. EDS results of
site F include a high content of C, O, and Al, similar to the results of
site D, indicating the formation of a biofilm. Large amounts of spores
can also be found from the other area of surface biofilm (Fig. 1d3),
and EDS results of site G show the presence of C, O, and Al with high
content.

Surface morphologies
Figure 2 shows the 2D and 3D surface morphologies of AA
7075 specimens without corrosion products caused by A. terreus
corresponding to different initial spore concentrations after
14 days of testing. For the specimen in the absence of A. terreus,
i.e., the control, the surface scratch of the specimen can be seen
clearly (Fig. 2a, b), suggesting that the corrosion of the specimen
in the absence of A. terreus is slight. But there are still some small
corrosion pits that can be found from the part enlarged image of
Fig. 2c. For the test solution with an initial spore concentration of
104 spores mL−1, the localized corrosion of the specimen is more
severe compared with the control (Fig. 2d, e). There is a circular
corrosion area in Fig. 2d, which can be the area of biofilm
formation due to the agglomeration of A. terreus. Some big
corrosion pits are apparently in Fig. 2f. Localized corrosion is
apparently accelerated when the initial spore concentration
increases to 106 spores mL−1 (Fig. 2g, h). The size of corrosion
pits further increases, and some corrosion pits connect together
forming a bigger corrosion pit (Fig. 2j). For the specimen with an
initial spore concentration increases to 108 spores mL−1, the more
severe localized corrosion can be easily recognized from
Fig. 2k–m. The size of corrosion pits increases by several times
compared with the other specimens. The depth of corrosion pits is
more than 20 μm, which is also several times of the other
specimens (Fig. 2m). The surface morphologies demonstrate that

the uniform corrosion of all specimens is slight, but the localized
corrosion is enhanced apparently with the gradual increase of the
initial spore counts.
Figure 3 shows the SEM images of typical surface morphologies

of specimens after 14 days of testing in the artificial seawater. The
specimen with an initial spore concentration of 106 spores mL−1 is
chosen to investigate effects of spores on pitting corrosion
initiation of AA. The slight corrosion of the abiotic control
specimen can be neglected, but some small pits can be found
(Fig. 3a). For the biotic specimen, amounts of corrosion pits caused
by A. terreus can be clearly found (Fig. 3b), and some residual
inclusion particles due to corrosion can be found (Fig. 3c). This
further verifies that A. terreus can enhance the corrosion of AA.

Electrochemical measurements
Figure 4 shows the time-dependent Nyquist and Bode plots of
various specimens corresponding to different initial spore
concentrations of A. terreus in the artificial seawater. For specimen
in the absence of A. terreus, the diameters of Nyquist plots
decrease gradually with time but with a big value (Fig. 4a),
demonstrating that the control specimen’s corrosion is slight. The
big width of phase angle (Fig. 4b) suggests that the surface
passive film is good. For the specimen with an initial spore
concentration of 104 spores mL−1, the diameters of Nyquist plots
decrease from the 1st day to the 4th day, and change little from
the 4th day to the 10th day (Fig. 4c). But there is an apparent
increase after 10 days (Fig. 4c). For the specimen with an initial
spore concentration of 106 spores mL−1, the diameters of Nyquist
plots also decrease from 1th day to the 4th day, and then increase
gradually with time. When the initial spore concentration
increases to 108 spores mL−1, the diameters of Nyquist plots also
decrease from 1th day to the 10th day, then have an increase
(Fig. 4g). And it is also found that the diameters of Nyquist plots
are small indicating a higher corrosion rate of the specimen
(Fig. 4g). For the biotic specimen, the diameters of Nyquist plots
have a fast decrease during the initial days, and also have an
increase during the last days. These suggest that the presence of
A. terreus can apparently accelerate AA corrosion initially, but has
an inhibition effect in the later period.
All EIS data in this work are fitted using the equivalent circuit

shown in Fig. 5a. In this equivalent circuit, Rs represents solution
resistance. Qf and Rf are capacitance and resistance of the surface
film, respectively. Qdl and Rct are assigned to a double-layer
capacitance and a charge transfer resistance, respectively. In this
work, using constant phase element (Q) to replace capacitance,
because of the heterogeneity of specimen surface caused by
corrosion. The changes of Rp values fitted from the EIS data in Fig.
4 with time using an electrochemical equivalent circuit are shown
in Fig. 5b. And Rp represents the summation of fitted Rf and Rct,
i.e., Rp= Rf+ Rct. Generally, Rp values are inversely proportional to
the corrosion rates, and the lower Rp values, the higher the
corrosion rates. It is seen that the Rp values of abiotic control
specimen decrease gradually with time, but they are bigger than

Table 2. EDS analysis results of surface films located on various areas corresponding to SEM images in Fig. 1.

C O Al Mg Cu Cr Si Ca Na P S Cl N Au

A(wt.%) 17.02 4.27 77.59 0.67 0.25 0.21 – – – – – – – –

B(wt.%) 9.08 49.36 28.95 8.90 – – 3.07 0.65 – – – – – –

C(wt.%) 53.35 36.86 4.09 1.88 – – 0.49 0.13 0.23 – – – – 2.97

D(wt.%) 24.45 34.74 38.71 0.45 – 0.09 1.05 0.22 – 0.11 0.18 – – –

E(wt.%) 33.61 37.39 27.32 0.36 0.09 – 0.72 0.16 0.13 0.07 0.16 – – –

F(wt.%) 10.86 49.08 33.11 – – – – – – – 3.41 3.54 – –

G(wt.%) 39.49 15.58 38.65 0.49 – – – 0.35 – – – – 5.45 –
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these of biotic specimens, suggesting that the corrosion rate of
the control specimen is small. For the biotic specimens, the Rp
values are smaller than control, demonstrating that A. terreus can
accelerate specimen corrosion. And it is also found that the Rp
values of the biotic specimen have a fast decrease during the
initial days, but also have an increase in the last days. The Rp
values have a decline gradually with the increase of initial spore
concentration. These indicate that the corrosion of specimen is
related to the initial spore concentrations in the artificial seawater
without organic carbon source. The more initial spore concentra-
tion, the higher the corrosion rate.
Figure 6 shows the potentiodynamic polarization curves of AA

specimens corresponding to different initial spore concentrations
of A. terreus with continued organic carbon starvation after

14 days of testing in the artificial seawater. It is seen that both the
cathodic and andic reactions are accelerated with the increase of
initial spore concentration. And the higher initial spore concentra-
tion, the bigger the corrosion current density. These also suggest
that the A. terreus with continued organic carbon starvation can
promote AA corrosion, and the corrosion acceleration is related to
the initial spore concentration. These results are corresponding to
the EIS data (Figs. 4 and 5) and surface morphologies after
removing corrosion products (Figs. 2 and 3).

WBE measurements
Figure 7 shows the changes of distributions of galvanic current
density for the abiotic control WBE with time in the artificial

Fig. 3 SEM images of typical surface morphologies of specimens. a control, b and c 106 spores mL−1. Image c is part enlarge of image b.

Fig. 2 The 2D and 3D surface morphologies of specimens after removing biofilms corresponding to different initial spore concentrations
of A. terreus with continued organic carbon starvation. a–c control, d–f 104 spores mL−1L, g–j 106 spores mL−1, k–m 108 spores mL−1.
Images of c, f, j, m are the part enlarge of images of b, e, h and l.
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seawater. There is a bigger cathodic site with a higher cathodic
current density of more than 1 × 10−6 A cm−2 from 1st day to 14th
day in the absence of A. terreus, while the anodic current densities
are small. These suggest that the small cathode and big anode

appear for the control specimen in the artificial seawater, thus
leading to a low corrosion rate. It is also found that some local
anodic sites still can be found. However, the anodic current densities
are small in the initial 2 days. And the local anodic current density
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has an increase with time on the whole, and the biggest value can
reach 6.87 × 10−7 A cm−2 at electrode 62 on the 10th day (Fig. 7e).
These also demonstrate that even though the corrosion of control is
slight, but there are still some anodic sites leading to tiny localized
corrosion, corresponding to the surface morphologies in Fig. 2.
Figure 8 shows the changes of distributions of galvanic current

density for the typical WBE with an initial spore concentration of 108

spores mL−1 with time in the artificial seawater. It is seen there are
many anodic sites with a high anodic current density, which suggests
that some more corrosion pits are formed in the presence of A. terreus
corresponding to the surface morphologies (Fig. 2). Some anodic sites
change their position with the increase of testing time, demonstrating
that the MIC is a dynamic process. It is seen a bigger anodic current
peak composed of several electrodes on the 14th day, and the
biggest anodic current density at electrode 55 is 1.72 × 10−6 A cm−2

(Fig. 8f). These indicate that some anodic sites connect together, and
then form a big corrosion pit, also corresponding to the surface
morphology in Fig. 2k. There is a big cathode in the presence of A.
terreus, which is contrary to the abiotic control specimen. Thus, the
localized corrosion is accelerated in the presence of A. terreus even
with continued organic carbon starvation.

DISCUSSION
Fungi can be widely found, and they can grow well in a humid
environment with proper organics. In this work, it is found that fungus
A. terreus can survive with continued organic carbon starvation after
14 days of testing (Table 1). But more than 90% A. terreus have died.
The A. terreus survivors can also adsorb and grow on AA surface, and
then form a biofilm (Fig. 1). The A. terreus can produce spores through
the hyphae (Fig. 1b3). So, one question is how the A. terreus grow
without an organic carbon source. Some previous works have verified
that some bacteria, such as SRB, could get electrons from Fe0 to obtain
energy20,22,29. So, it can speculate that A. terreus also can get electrons
from Al0. The direct electron transfer is difficult for the A. terreus initially
due to the presence of a passive film of aluminum oxides. The
electrical conductivity of aluminum oxide is worse. But, once the

passive film is broken, the direct electron transfer can be responsible
for the A. terreus. The study of Ramos et al.30 has demonstrated that
the Escherichia coli survivors could get organic carbon from the release
of dead cells without organic carbon, and they also found that 99% of
Escherichia coli has died only after 2–3 days. Moroni et al.31 also found
that fungi could survive for a long time after removing the source of
pollutants, the organic nutrients of fungi. Fungi can subsist on almost
any organic nutrients to maintain their biological activity. The survivors
of fungus A. terreus can also get some amounts of organics from the
dead cells. So, the higher the initial spore concentration of A. terreus,
the more survivors in the absence of organic carbon source after
14 days (Table 1). Some researchers32,33 also found that some fungi,
such as mycete, could get some metal elements, such as Fe, Cu, Zn
and Mg, from AA to promote their growth, but leading to the broken
of the passive film. Some hyphae with a big width are also firstly
observed corresponding to a low initial spore concentration, which
can be beneficial to get more nutrients. This means that the fungus A.
terreus with a carbon starvation state will change their structure to
adapt to the new environment. From the above analysis, it is seen that
the survivors of fungus A. terreus can have a good ability to adapt to
the new environment.
For AA corrosion, the anodic reaction is the dissolution of Al,

and the cathodic reaction is the reduction of oxygen. Fungi can
produce amounts of organic acids, leading to the cathodic
reduction of H+ (refs. 17,24). The main reactions of AA corrosion
include the oxidation of Al, the reduction of oxygen and H+.
Anodic reaction:

Al ! Al3þ þ 3e� (1)

Cathodic reactions:

O2 þ 2H2Oþ 4e� ! 4OH� (2)

2Hþ þ 2e� ! H2 (3)

For the depolarization of oxygen, the supply of OH− will push
Reaction (4) forward:

4Alþ 3O2 þ 6H2O ! 4Al OHð Þ3 (4)

Acid corrosion has been the main factor that accelerates AA
corrosion in the presence of Fungi17. In this work, the artificial
seawater is alkaline, and the lowest pH value is 6.1 corresponding
to the specimen with the initial spore concentration of 108 spores
mL−1. These indicate that A. terreus can also produce some
organic acids leading to the decrease of pH, but with a near-
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neutral value due to the limitation of organic carbon sources. So,
acid corrosion can be neglected in this work.
Surface morphologies (Fig. 2), EIS data (Figs. 4 and 5), polarization

curves (Fig. 6), and the WBE results (Figs. 7 and 8) demonstrate that A.
terreus can accelerate AA corrosion and the corrosion is more severe
with the increase of initial spore concentrations in artificial seawater.
The passive film of AA in the abiotic solution can have a good
protective effect, leading to a slight corrosion of AA (Fig. 2a). But the
corrosion is more severe in the presence of A. terreus, suggesting the
broken of passive film is enhanced by the A. terreus. In this work, A.
terreus is difficult to get an organic caron source due to their absence,
causing more than 90% A. terreus has died (Table 1). So, the A. terreus
survivors can get electrons from Al to get energy for their

metabolism. The A. terreus survivors can have enough power to
destroy the passive film due to the energy starvation, then promote
the electron transfer from Al to A. terreus. Some areas beneath
biofilm can cause the accumulation of acid, which may accelerate the
dissolution of the passive film. The bode plots show that the width of
phase angle decreases gradually with the initial spore concentration
on the whole compared with the control specimen (Fig. 5), which
also demonstrates that the passive films are destroyed by A. terreus.
And the protective effect of the passive film will have an abrupt
decline due to the broken, then causing the increase of corrosion
rate. The broken of the passive film can promote the electron transfer
from Al to A. terreus. SEM images of surface films indicate that the
biofilms are not homogeneous and there are apparent

Fig. 7 The changes of distributions of galvanic current density for the abiotic control WBE with time. a 1 d, b 2 d, c 4 d, d 7 d, e 10 d, f 14 d.
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agglomerations of biofilm on the part location (Fig. 1). For the
scattered A. terreus, they can directly get electrons from electrons Al,
and leading to small corrosion pits (Figs. 2 and 3). The measure
results of WBE also demonstrate that there are more anodic sites
compared with the control (Figs. 7 and 8). The previous studies22,34,35

have indicated that the bacteria with organic carbon starvation could
accelerate the localized corrosion of steel. Similarly, fungi can also do
it according to the results of this work. In addition, the higher the
initial spore concentration of A. terreus, the more A. terreus survivors
(Table 1). The more A. terreus survivors can lead to more serious
damage of passive film, then results in a higher corrosion rate. So, the

AA corrosion is accelerated gradually with the increase of initial spore
concentration (Figs. 4–6).
It is also found that localized corrosion is enhanced gradually with

the increase of initial spore concentration. Localized corrosion, such
as pitting corrosion, is the chief reason causing the failure of
engineering equipment36,37. A pitting corrosion mechanism as
shown in Fig. 9 was put forward to illustrate the localized corrosion
induced by A. terreus survivors with continued organic carbon
starvation. As observed from the SEM images of biofilms, the
agglomeration growth of A. terreus tends to grow together, and
form a large biofilm cluster (Fig. 1). The agglomeration of A. terreus
can be beneficial to their metabolism due to organic carbon

Fig. 8 The changes of distributions of galvanic current density for the typical WBE with an initial spore concentration of 108 spores mL−1.
a 1 d, b 2 d, c 4 d, d 7 d, e 10 d, f 14 d.
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starvation. Fungus A. terreus is aerobic, so that amounts of dissolved
oxygen (DO) beneath the biofilm cluster will be consumed by A.
terreus fast. The transportation of DO from the solution to the area
beneath the biofilm cluster will be difficult due to the hindering
effect of the biofilm cluster. And then this will lead to an anaerobic
environment beneath the biofilm cluster. So, an oxygen concentra-
tion cell will generate, while the area without oxygen beneath the
biofilm cluster is as the anode and the other area containing DO is
as the cathode. Pitting corrosion will be apparently accelerated due
to the formation of oxygen concentration cell38. The electrons
released by the anodic area will transfer to the cathodic area
promoting the reduction of oxygen. A. terreus in the cathodic area
can get electrons in different ways. Some A. terreus on the AA
surface can directly get electrons through the direct contact
between A. terreus and AA. But the direct electron transfer between
A. terreus and AA still lacks some key shreds of evidence, and these
will need a greater degree of study in the future. Some A. terreus can
indirectly get electrons by some electron mediators, such as
riboflavin39 and flavin adenine dinucleotide (FAD)40. There are
amounts of filamentous nano hyphae produced by A. terreus, and
some called vegetative hyphae similar to the nanowire produced by
bacteria41,42, can be used to deliver electrons. Electron mediators
and filamentous nano hyphae can be the main ways used to deliver
electrons. Because most A. terreus cannot grow in an anoxic
environment. A. terreus survivors in the biofilm only get electrons
from the indirect ways from Al0 due to the organic carbon
starvation. And the higher the initial spore concentration, the higher
A. terreus survivors, which means more A. terreus can get electrons
from Al. The cathodic reaction will be promoted. The acceleration of
the cathodic oxygen reduction reaction can also enhance the anodic
reaction, i.e., the dissolution of Al. The polarization curves also
demonstrate that the presence of spores enhances both the anodic
and cathodic reactions (Fig. 6). So, the localized corrosion is more
severe for the specimen when the initial spore concentration is
higher. It also should be noted that some areas covered with the
corrosion products, such as Al(OH)3, can also limit the diffusion of
DO, then form an oxygen concentration cell promoting pitting
corrosion43.

METHODS
Aluminum alloy specimens
Aluminum alloy (AA) 7075 as experimental specimens with a different size
was used to do corrosion study. It has a chemical composition (wt.%) of
6.00 Zn, 2.50 Cu, 2.40 Mg, 0.40 Si, 0.50 Fe, 0.30 Mn, 0.18 Cr, 0.20 Ti, and Al
balance. For the electrochemical measurements, the working area of the
cylindrical AA electrode sealed by epoxy resin was 0.785 cm2. Specimens
with a size of 10mm× 10mm× 5mm were prepared to do surface
analysis. All AA specimens were mechanically polished with 400, 600, 800,
and 1200 grit silicon carbide papers in series. And then the polished
specimens were degreased with acetone, and washed with anhydrous
ethanol, respectively. The specimens were sterilized by an ultraviolet (UV)
lamp at least 30 mins before use.

Culturing and inoculation of Aspergillus terreus
Aspergillus terreus isolated from the Xisha Sea area of China was used in
this work, and the species of fungus was identified using polymerase chain
reaction (PCR) amplification of 16S rDNA. The DNA sequence of A. terreus is
as blow:
GCCAACCTCCCACCCGTGACTATTGTACCTTGTTGCTTCGGCGGGCCCGCCA

GCGTTGCTGGCCGCCGGGGGGCGACTCGCCCCCGGGCCCGTGCCCGCCGGAG
ACCCCAACATGAACCCTGTTCTGAAAGCTTGCAGTCTGAGTGTGATTCTTTGCA
ATCAGTTAAAACTTTCAACAATGGATCTCTTGGTTCCGGCATCGATGAAGAACG
CAGCGAAATGCGATAACTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTC
TTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCG
TCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGCCCTCGTCCCCCGGCTCCC
GGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGGTCCTCGAGCGT
ATGGGGCTTCGTCTTCCGCTCCGTAGGCCCGGCCGGCGCCCGCCGACGCATTT
ATTTGCAACTTGTTTTTTTCCAGGTTGACCTCGGATCAGGTAGGGATACCCGCT-
GAACTTAAGCATATCTA
A potato dextrose liquid medium with a composition (g L−1) of dextrose

20, NaCl 30, potato infusion 200 was used to culture A. terreus at 37 °C. The
culture medium of A. terreus was also sterilized at 121 °C for more than
20mins. Both the planktonic and sessile spores of A. terreus were
enumerated using a plate count method.

Spore suspension preparation of A. terreus
A. terreus were incubated at 37 °C for ~10 d, and the hyphae were removed
using sterilized gauze. Then A. terreus culture solution containing amounts
of spores were filtered using a filter membrane with the pore size of
0.22 μm. The spores were bigger than the pore size of filter membranes so

Fig. 9 Schematic diagram of localized corrosion formation mechanism. Shown for in the presence of A. terreus with continued organic
carbon starvation.
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that the spores adhere to the surface of the filter membrane. More and
more spores were enriched after several cycles and then transferred to
artificial seawater. The spores were dispersed in artificial seawater by
ultrasound for several mins. The enriched spore solution with a high
concentration was diluted to prepare the various test solution. The spore
concentration is tested using spread plate method. The spore concentra-
tions of test solution were 108 spores mL−1, 106 spores mL−1, 104 spores
mL−1, respectively. The total volume of the test solution was 250mL. The
details and steps of the separation and enrichment of A. terreus spores
are shown in Fig. 10a. The abiotic seawater was used as the control. The
artificial seawater used in this work was prepared according to the
standard of ASTMD 1141-9837. The chemical composition of artificial
seawater can be found in Table 3. The artificial seawater was also
autoclaved at 121 °C for more than 20min.

Characterizations of surface morphologies
Scanning electron microscope (SEM) and EDS (JSM-IT200, JEOL, Japan)
were applied to investigate and analyze the surface morphologies of
biofilms or corrosion product films. After 14 days of testing, the biofilm
specimens were immersed for 8 h in a phosphate buffer solution
containing 2.5% (w/w) glutaraldehyde to kill A. terreus. Then the specimens
were dehydrated using ethanol solution with different concentrations
(50%, 60%, 70%, 80%, 90%, and 100%) in a series, and each for 10mins.
Afterward, the high-purity N2 was used to dry the biofilm-covered
specimens. The biofilm-covered specimens were coated with a thin gold
film due to the low electrical conductivity of the biofilm.
The corrosion products were removed using a pickling solution

containing an inhibitor. The surface morphologies without corrosion
products and biofilm were analyzed by a Leica 3D stereoscopic microscope
(DVM6, Germany) and SEM. The localized corrosion in the biotic and abiotic
test solution was also recognized.

Electrochemical measurements
An electrochemical workstation (CS350H, Corrtest, China) with a three-
electrode cell was used to do the electrochemical measurement, and the
schematic diagrams of the setup are shown in Fig. 10b. The saturated
calomel electrode (SCE), AA 7075 specimen, and a platinum plate were used
as the reference electrode, working electrode, and counter electrode,

respectively. Prior to electrochemical impedance spectroscopy (EIS)
measurements, open-circuit potential (OCP) was monitored firstly. When
it became stable, EIS was scanned at the OCP using a 10mV sinusoidal
wave from 105 to 10−2Hz. Potentiodynamic polarization curves were
conducted on the last day of testing after EIS measurements, and the
potential scanning range was from −0.25 V to +0.5 V vs. corrosion potential
(Ecorr) at a scanning rate of 0.5mV s−1. EIS data are fitted well using
Zview2 software. More than three independent specimens are used to do
each test.

Wire beam electrode
A wire beam electrode (WBE) including 100 pieces of AA 7075 disks was used
in this work, and the diameter of a single microelectrode was 1mm. WBE
measurements were performed using an electrochemical instrument
(CST520, Corrtest, China), including the potential and current density scans,
and the reference electrode was also SCE. Each microelectrode was regarded
as the working electrode one at a time in series, and the other electrodes
were as counter electrode. All microelectrodes were connected once
finishing WBE measurements. The schematic diagram of the setup for the
galvanic current distribution of WBE is shown in Fig. 10c.
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