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Abstract: The effect of ultraviolet (UV) radiation and biocide benzalkonium chloride (BKC) on fungal-induced
corrosion of AA7075 induced by Aspergillus terreus (A. terreus) was deeply studied using analysis of biological activity,
surface analysis, and electrochemical measurements. Results demonstrated that the planktonic and sessile spore
concentrations decline by more than two orders of magnitude when UV radiation and BKC are combinedly used
compared with the control. UV radiation can inhibit the biological activity of A. ferreus and influence the stability of
passive film of AA7075. Except for direct disinfection, the physical adsorption of BKC on the specimen can effectively
inhibit the attachment of A. ferreus. The combination of UV radiation and BKC can much more effectively inhibit the
corrosion of AA, especially pitting corrosion, due to their synergistic effect. The combined application of UV radiation
and BKC can be a good method to effectively inhibit fungal-induced corrosion.
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1 Introduction

Aluminum alloys (AA), especially those with
high strength, have been commonly applied in
various industrial fields, such as the aviation
industry, because of their low-density, favorable
mechanical performance as well as high corrosion
resistance [1,2]. However, AA can still suffer
from severe localized corrosion in harsh marine
environments [3,4], including pitting corrosion [5],
stress corrosion cracking [6], and microbiologically
influenced corrosion (MIC) [7]. MIC often results
in corrosion acceleration by affecting the corrosion
kinetics or modifying the chemical composition of
the protective film. MIC has a hugely destructive
effect on engineering materials, and it is regarded as
one of the primary factors causing the corrosion
acceleration of AA in marine environments. Many
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corrosive microorganisms in natural environments,
including sulfate-reducing bacteria (SRB), fungi,
and microalgae, can significantly enhance AA
corrosion [8—10]. Currently, fungi have been found
as one of the typical corrosive microorganisms
which are responsible for AA corrosion. JIRON-
LAZOS et al [11] discovered that Aspergillus niger,
the typical fungi, promoted the formation of a
differential aeration corrosion cell, and thus
resulting in the localized corrosion of AA 6061. The
authors’ previous work [12] demonstrated that
fungus Aspergillus terreus could grow well and
form a biofilm on AA7075 even if the organic
carbon source was deficient, and it helps to destroy
the passive film of AA, causing the occurrence of
severe pitting corrosion. Fungi can usually secret
amounts of organic acids, leading to the decrease of
pH value of the test solution, so acid corrosion is
also regarded as a potential factor accelerating AA
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corrosion [7,13]. The possible electron transfer
from AA to fungi can also significantly accelerate
AA corrosion, especially for localized corrosion.
Even though researchers have done much work to
investigate AA corrosion behavior caused by fungi,
the fungal-induced corrosion mechanism is still
unclear and detailed studies are essential.

The investigations of corrosion mechanism are
the basis to do corrosion protection. Currently,
biocides are widely adopted to control MIC by
directly killing microorganisms [14—16]. Although
the use of biocides is an effective method for
inhibiting MIC, the application of large amounts of
biocides gives a big threat to environmental
protection because of their high toxicity [17,18].
Furthermore, the long-term use of the application
can increase antimicrobial resistance, leading to a
fast decrease in MIC control efficiency [19].
Therefore, the future application of biocides in
MIC control fields faces some challenges. It is a
good idea to decrease the secondary pollution of
biocides to the environment by cutting down
the used concentration. Biocide enhancers, such
as D-methionine, can effectively improve the
antibacterial efficiency of biocides and decrease the
concentration of biocides but without changing
anti-MIC efficiency [20,21].

Except for the biocide enhancers, ultraviolet
(UV) radiation can also possibly increase the
antibacterial efficiency of biocides. UV radiation is
also a comment method used to sterilize materials
because it can induce DNA damage to cells [22,23].
It is found that UV radiation has a corrosion
inhibition effect on metals [24,25]. Furthermore,
some researchers found that UV radiation can
be a good and eco-friendly method for MIC
protection [26]. Therefore, the combination of UV
radiation and biocides can be an ideal choice to
control MIC by significantly increasing MIC
inhibition efficiency. This is also helpful to decrease
the used concentration of biocides due to their
combined action. The protective effects of UV
radiation and biocides can be better if the biocides
have some corrosion inhibition effects. The
combination of UV radiation and biocides is also
helpful to decrease the applied intensity of UV
radiation. However, deep studies of the combined
effects of UV radiation and biocides are still absent.

In this work, the effect of the combination of

UV radiation and biocide on the corrosion of
high-strength AA7075 in 3.5 wt.% NaCl solution
containing Aspergillus terreus (A. terreus) was
deeply investigated based on electrochemical
measurements and surface analysis, such as
electrochemical impedance spectroscopy (EIS),
potentiodynamic and potentiostatic polarization
curves, scanning electron microscopy (SEM), and
X-ray photoelectron spectrometer (XPS). Benzal-
konium chloride (BKC), the typical biocide, was
applied, and BKC is also a corrosion inhibitor
having a good corrosion inhibition effect in abiotic
conditions [27]. This work aims to provide a deep
understanding of the synergistic inhibition effect
between UV radiation and BKC for the fungal-
induced corrosion of AA in the presence of 4. terreus.

2 Experimental

2.1 Preparation of specimens

AA7075 with a high strength was used in this
work, and its chemical components were composed
(wt.%) of Zn 6.00, Mg 2.40, Cu 2.50, Si 0.40, Mn
0.30, Fe 0.50, Ti 0.20, Cr 0.18, and Al balance. For
surface analysis and electrochemical measurements,
the specimens of 10 mm x 10 mm x 10 mm were
prepared. Only the working face was reserved
corresponding to a working area of 1 cm?, and the
other faces were coated with epoxy resin. Prior to
use, specimens were polished with grit silicon
carbide papers of grades 400", 600%, 800%, and
1200%. After polishing, all specimens
successively washed with acetone and then
anhydrous ethanol, and dried in N,. The reference
electrode, AA specimens and counter electrode
were sterilized under UV irradiation for more than
30 min to avoid the influence of miscellaneous
bacteria on MIC study.

WEre

2.2 Fungi cultivation and inoculation

A. terreus, a typical corrosive fungus isolated
from the South China Sea, was chosen for the
corrosion study [12]. The fresh medium applied to
culturing A. terreus was a potato-dextrose agar
containing NaCl of 30 g/L, glucose of 20 g/L, and
potato infusion of 200 mL/L. The culture medium
of A. terreus was firstly autoclaved at 121 °C for
20 min before use. After sterilization, 4. terreus was
inoculated in the prepared culture medium, and
was incubated at 37 °C. The biological activity of
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A. terreus depended on the changes in the counts of
planktonic and sessile spores, and spores were
counted by a plate count method.

2.3 Test solution

The test solution was composed of 3.5 wt.%
NaCl solution and 10 wt.% sterilized culture
medium of A. terreus. And the addition of 10 wt.%
sterilized culture medium aimed to improve the
biological activity of A. terreus by promoting its
growth. The abiotic test solution was the control.
The test solution was sterilized at 121 °C for 20 min
before tests. The solution volume was 300 mL in a
test vial of 520 mL. BKC with a low concentration
of 20 mg/L was added to the test solution.

2.4 Characterization of surface morphologies
SEM and EDS (JSM-IT200, JEOL, Japan)
were used to characterize the structure and
components of surface biofilms as well as the bare
morphologies of pitting corrosion. Prior to SEM
observation of biofilm, the specimens
pretreated after taking out from the test solution on
the 21st day. The pretreatment was the fixation of
biofilm in phosphate buffer solution containing
2.5 wt.% glutaraldehyde. And the fixed time was

8h to completely kill A. terreus. Then, these

were

specimens were dehydrated with a series of ethanol
solutions (30%, 50%, 70%, and 100%), and each
concentration was 15 min. After dehydration, all
specimens were dried in N». After pretreatment, a
thin gold film was coated on specimens to
significantly improve the electrical conductivity of
biofilm.

2.5 Electrochemical measurements

Open-circuit potential (OCP), EIS,
potentiodynamic and potentiostatic polarization
curves were measured by an electrochemical
workstation (CS350H, Corrtest, China). A
three-clectrode cell was constructed while AA
specimen, saturated calomel electrode (SCE) and
platinum plate corresponding to the working
electrode, reference electrode and counter electrode,
respectively. A UV light with a power of 8 W was
used, and its intensity was 28 pW/cm?. The UV
light had a wavelength of 253.7 nm. The distance
between UV light and test vial was set as 20 cm,
and the surface of the specimen was perpendicular

to UV light so that UV light can directly radiate the
specimen surface. OCP was first monitored prior to
EIS measurements. EIS was scanned by applying a
sinusoidal wave of 10mV, and the selective
frequency ranged from 10° to 102Hz. Potentio-
dynamic polarization tests with a potential scanning
range from -0.25 to 0.5V (vs OCP) were
performed on the 21st day following the EIS
measurements. The potential scanning rate was
set as 0.5 mV/s. The potentiostatic polarization
curves were measured at —0.7 V (vs SCE) using
independent specimens.

3 Results

3.1 Spore counts of A. terreus

Figure 1 shows the changes in the biological
activity of A. terreus before and after 21 d of testing
based on the counts of planktonic and sessile spores.
The original spore concentrations of A. terreus for
all test conditions are same with a value of about
10% spores/mL. The specimen in the absence of
BKC and UV radiation is used as the control. After
21d, the spore counts of sessile and planktonic
A. terreus for the control specimen are 1x10%
spores/cm? and 7.7x107 spores/mL, respectively.
These suggest that 4. ferreus can survive well in the
test solution and form a biofilm on the specimen
surface. Both the spore concentrations of planktonic
and sessile A. terreus decrease by an order of
magnitude when UV radiation or BKC are
individually applied compared with the control.
Therefore, UV radiation and BKC both have some
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Fig. 1 Planktonic and sessile spore counts showing
biological activity of 4. terreus after 21 d of testing



2790 Zheng-yu JIN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2787-2799

inhibition effect on the growth of 4. terreus, but the
antifungal effect of BKC is better than UV radiation
when they are singly used. However, their
antifungal effects are not better because the
intensity of UV radiation and the concentration of
BKC both are low. Furthermore, it is found that the
concentrations of both planktonic and sessile spores
decline by more than two orders of magnitude when
UV radiation and BKC are used in combination.
At this moment, the sessile and planktonic
spore counts of A. terreus reach 5.4x103 spores/cm?
and 1x10° spores/mL, respectively. Therefore, the
combination of UV radiation and BKC has a
synergistic antifungal effect on 4. terreus from the
changes in the biological activities of A. terreus.

3.2 Biofilm characteristics

SEM images of the formed biofilms by
A. terreus after 21 d immersion in 3.5 wt.% NaCl
solution under various test conditions are presented
in Fig. 2. For the control specimen, i.e., no application
of UV radiation and BKC, it is seen that a biofilm is
formed on the specimen containing a large number
of hyphae and spores, and the distribution of biofilm
is homogeneous (Figs. 2(a, b)), suggesting the good
growth and high metabolic activity of 4. terreus. As
a comparison, only some amounts of hyphae and
spores mixed with corrosion products are observed
on the specimen when UV radiation is individually
applied (Figs. 2(d, e)). But the biofilm in the
presence of UV radiation is heterogeneous. Compared
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Fig. 2 SEM images of surface films in the presence of 4. ferreus after 21 d immersion in 3.5 wt.% NaCl solution
under different test conditions: (a, b, ¢) A. terreus (control); (d, e, f) A. terreus + UV radiation; (g, h, i) A. terreus + BKC;

G, k, 1) A. terreus + UV radiation + BKC
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with the control, the presence of UV radiation
surely inhibits the adhesion of A. terreus as well as
the subsequent biofilm formation. When 20 mg/L
BKC is added to the test solution, it is difficult for
the adhesion of A. ferreus on the surface of the
specimen, and only a low number of hyphae and
spores cover the specimen surface (Figs. 2(g, h)).
Therefore, AA corrosion can be slight in the
presence of BKC. However, when UV radiation and
BKC are combinedly used, almost no hyphae and
spores can be found on the specimen and slight
corrosion is also seen (Figs. 2(j, k)). Compared with
the absence or individually used UV radiation and
BKC, it is easily recognized that there is a
synergistic effect inhibiting the adhesion and the
subsequent formation of fungi biofilm when UV
radiation and BKC are applied simultaneously. EDS
results also show that the mass fraction of elements
C and O has a decrease in the presence of UV
radiation and BKC no matter whether they are
individually or combinedly used.

3.3 Pitting corrosion morphology

After 21 d of testing, the corrosion products
are removed, and the bare surface morphologies of
the specimens under different test conditions are
presented in Fig. 3. It is found that the severe
pitting corrosion of the control specimen caused by
A. terreus can be observed (Figs. 3(a, b)). And some
corrosion pits are also recognized (Fig. 3(a)).
Pitting corrosion is the typical corrosion type of
AA, especially in the presence of fungi [28,29].
Therefore, A. terreus with good biological activity
can easily accelerate the pitting corrosion of AA.

Some small corrosion pits are also observed in the
presence of UV radiation or BKC individually
(Figs. 3(c—1)). The formation of corrosion pits is
caused by A. terreus because of the survival and
growth of 4. terreus in the presence of UV radiation
or BKC. However, both the UV radiation and BKC
can effectively decline the pitting corrosion
induced by A. terreus compared with the control.
Furthermore, there are no legible corrosion pits
when UV radiation and BKC appear simultaneously.
Therefore, the combination of UV radiation and
BKC can effectively decrease the pitting corrosion
of the specimen induced by A. terreus, suggesting
that UV radiation and BKC have a synergistic
corrosion inhibition effect for AA.

3.4 XPS spectra of surface films

Figure 4 presents the high-resolution XPS
spectra and the corresponding analysis results of C
Is, Al 2p, O 1s, Zn 2p and N 1s for the specimens
under various test conditions in 3.5 wt.% NaCl
solution after 21 d of testing. For the C 1s spectra,
C—H, C=0, O—C—O0 and C—N functional
groups can be found for all specimens
corresponding to the organic components of biofilm
caused by 4. terreus (Fig. 4(a)). From Al 2p spectra
(Fig. 4(b)), it is seen that the peak located at
74.3 eV is assigned to AI(OH); [30], and the peaks
at 74.6 and 74.8 eV correspond to ALO; [31].
Therefore, AI(OH); and Al,Os; are the main
corrosion products of AA that are formed by
A. terreus, and the species of corrosion products are
similar under different test conditions. In the O 1s
spectra (Fig. 4(c)), AI(OH); corresponds to the peak

Fig.3 SEM images showing surface morphologies of specimens after removing corrosion products after 21 d

immersion in 3.5 wt.% NaCl solution containing A. ferreus under different test conditions: (a,b) A. ferreus;
(c, d) A. terreus + UV radiation; (e, f) 4. terreus + BKC; (g, h) A. terreus + UV radiation + BKC
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Fig. 4 High-resolution XPS spectra of C Is (a), Al2p (b), O Is (c), Zn2p (d), and N Is (e) for specimens in the
presence of A. terreus under different test conditions after 21 d immersion in 3.5 wt.% NaCl solution

located at 532.0 eV, and the other peak at 531.0 eV
belongs to Al,Os [32,33]. Furthermore, some peaks
located at 532.3, 532.7, 533.0 and 533.4¢V are
assigned to Al oxides (Fig. 4(c)). For Zn 2p spectra,
the presence of ZnO corresponding to the peak at
1022.1 eV is seen [3,34]. The presence of ZnO
suggests part destruction of the AA passive film. In
N 1s spectra, the peak at 399.6 eV in the absence
and presence of UV radiation belongs to N—H
functional group which can be attributed to the
components of organics in biofilm (Fig. 4(e)). There
is a peak at 399.9 eV belonging to C—N functional
group due to presence of BKC (Fig. 4(e)). The

C—N functional group is the typical functional
group of BKC, and the appearance of C—N
functional group demonstrates the adsorption of
BKC on the specimen. BKC as a corrosion inhibitor
owns a good inhibition effect in abiotic conditions,
which can be conducive to the decrease of AA
corrosion rate.

3.5 Electrochemical characteristics
3.5.1 OCP results

The changes of OCP of the specimens in the
presence of A. terreus with time under different
conditions in 3.5 wt.% NaCl solution are presented
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in Fig. 5. As a comparison with the control specimen,
the presence of UV radiation or BKC promotes the
positive shift of OCP overall. When UV radiation
and BKC are combined, the OCP values are much
more positive. Therefore, no matter UV radiation
and BKC are individually or combinedly applied,
the fungal-induced corrosion tendency of AA
induced by A. terreus has a decrease.

-0.70
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—0— A. terreus + UV

—— A. terreus + BKC
075~ A. terreus +
’ UV +BKC
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Fig. 5 Changes of OCP of specimens in the presence of
A. terreus under different corrosion conditions with time
in 3.5 wt.% NaCl solution

3.5.2 EIS analysis results

EIS test was performed following a stable OCP
to investigate the fungal-induced corrosion behavior
of AA induced by A.terreus under various
corrosion conditions, and the results are presented
in Fig. 6. It shows that the diameters of Nyquist
plots in the presence of A. ferreus change little
during the initial 7d but with small values,
suggesting severe corrosion deriving from
A. terreus (Fig. 6(a)). The presence of inductive
impedance can be due to the adsorption of
metabolic intermediates secreted by A. terreus on
electrodes (Fig. 6(a)). The diameters of Nyquist
plots turn to be the smallest on the 10th day, and
then keep a stable state from the 14th to the 21st
day (Fig. 6(a)). The Bode plots in Fig. 6(b) suggest
that the passive film has a process of damage and
repair, and the damage is probably resulted by
A. terreus. When the UV radiation is applied, the
diameters of Nyquist plots show an increase in
comparison with the control, indicating that UV
radiation can inhibit the fungal-induced corrosion
(Fig. 6(c)). Furthermore, the diameters are small in
the original 2 d, but turn to be large over time

(Fig. 6(c)). This demonstrates that corrosion
inhibition of AA caused by UV radiation will suffer
from a long time. For the specimen with the
appearance of BKC, the diameters of Nyquist plots
are also higher than those of the control specimen,
suggesting that the addition of BKC can also inhibit
the corrosion of AA7075 induced by A. terreus
(Fig. 6(e)). Furthermore, the Bode plots with wide
phase angles also demonstrate that the AA passive
film has favorable stability due to the application of
BKC (Fig. 6(f)). However, the diameters of Nyquist
plots show the significant improvement when the
UV radiation and BKC are applied simultaneously
(Fig. 6(g)) in comparison to additional test
conditions. This suggests that the combination of
UV radiation and BKC is effective to inhibit
AA corrosion due to their synergistic effect.
Furthermore, a new phase angle appears in the area
of low frequency (red circle in Fig. 6(h)), also
showing good adsorption of BKC on specimens.
EIS diagrams are fitted using a proper
equivalent circuit in Fig. 7. In the meantime, the
corresponding fitted results are presented in
Fig. 8. In the electrochemical equivalent circuits,
electrochemical parameters of Rs, Rf and Ry are
assigned to the resistances of solution, biofilm, and
charge transfer, respectively, while Or and Qua
correspond to the capacitances of biofilm and
double-layer. Furthermore, L, the inductive element,
is applied, and Ry represents its resistance. The
fitted R, values correspond to the sum of Rrand R,
which can be used to do the quantitative analysis of
AA corrosion rate. A higher R, value indicates a
lower corrosion rate. The changes of R, values
with time fitted from the EIS data using
an electrochemical equivalent circuit are shown
in Fig. 8. Generally, R, values are inversely
proportional to the corrosion rates, and the lower R,
values, the higher corrosion rates. Figure 8 shows
that the R, values of the control specimen caused by
A. terreus only are the smallest, demonstrating the
highest corrosion rate due to its high corrosivity for
AA. When BKC is applied, the R, values of the
specimen increase, suggesting that BKC can inhibit
AA corrosion induced by A. ferreus. Furthermore,
the action of BKC is fast due to the high R, values
during the initial 2 d. The R, values of the specimen
after the application of UV radiation have a gradual
increase during the initial 7 d, which indicates that
UV radiation can inhibit AA corrosion induced by
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A. terreus but spend a long time. However, the R,
values of the specimen have a significant increase
with time after the combined use of UV radiation
and BKC. Therefore, the corrosion rate of AA is the
lowest due to the combination of UV radiation
and BKC, i.e., UV radiation and BKC show a
synergistic inhibition effect on fungal-induced
corrosion of AA.
3.5.3 Potentiodynamic polarization curves

The potentiodynamic polarization curves of
specimens in 3.5 wt.% NaCl solution containing
A. terreus under different test conditions after 21 d
of testing are presented in Fig. 9. The corrosion
potentials of specimens shift to the positive
direction whether the single or combined use of UV
radiation and BKC is performed. The cathodic
oxygen-reduction reaction is gradually inhibited
following the order of UV radiation, BKC, and UV
radiation and BKC, while the anodic reaction
changes little. Therefore, the application of UV
radiation, BKC, and UV radiation and BKC mainly
inhibit the cathodic reaction, leading to the decrease
of corrosion rates.

—a— /. terreus

0.4+ —o— A. terreus+UV

—+— A. terreus + BKC
—<—A. terreus+UV+BKC

Potential, p(vs SCE)/V
S
oo}

$ -7 -6 -5 -4 -3 2 -l
lg[J/(A+cm™)]

Fig. 9 Potentiodynamic polarization curves of specimens

under different test conditions in 3.5 wt.% NaCl solution

containing A. terreus after 21 d of testing

3.5.4 Potentiostatic polarization curves

To investigate the effects of UV radiation or
BKC on the anodic dissolution of Al, the anodic
potentiostatic polarization tests are performed at
—0.7 V (vs SCE). Figure 10 shows the potentiostatic
polarization curves of specimens after 24 h of
testing under various test conditions in 3.5 wt.%
NaCl solution containing A. terreus. For the control
specimen, the anodic current density in the presence
of A. terreus is the largest, suggesting that

A. terreus can significantly accelerate the corrosion
of the specimen without applying any corrosion
control strategies. The anodic current densities of
specimens in the presence of UV radiation and
BKC are close, and it is slightly high in the
presence of BKC. This indicates that the single use
of UV radiation and BKC has an inhibition effect
against the fungi corrosion caused by A. terreus.
When UV radiation and BKC are present
simultaneously, the anodic current density is the
smallest, demonstrating that the combination of UV
radiation and BKC can effectively inhibit the
anodic dissolution caused by A. terreus, and they
have a synergistic corrosion inhibition behavior.
These results are also in accordance with the above
experimental results, such as EIS data (Figs. 6 and 8)
and polarization curves (Fig. 9).

35
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301
25}
£ 20
Q
<
£ 15+ A. terreus+BKC
=
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5 —
A. terreus+UV+BKC

0 500 1000 1500 2000 2500 3000 3500
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Fig. 10 Potentiostatic polarization curves of specimens in
the presence of A. ferreus after 24 h of testing under
different test conditions in 3.5 wt.% NaCl solution

4 Discussion

The bare surface morphologies after removing
biofilm (Fig. 3), EIS data (Figs. 6 and 8), as well as
potentiodynamic and potentiostatic polarization
curves (Figs. 9 and 10), have confirmed that fungus
A. terreus has a good ability to distinctly accelerate
AA corrosion, and severe pitting corrosion can also
be induced. The corrosion acceleration of AA
derives from the good growth and metabolic
activity of A. terreus (Fig. 1) as well as the
subsequent biofilm formation on the specimens,
because the existence of large amounts of hyphae
and spores is found (Figs. 2(a) and (b)). Fungi like
to grow and keep good metabolic activity in
humid marine environments [35,36]. The previous
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studies [7,11,12,28] also verified that fungal
Aspergillus as one of the corrosive microorganisms
could significantly accelerate AA corrosion through
direct or indirect electron transfer as well as their
metabolic products, such as organic acids. In
addition, the pitting susceptibility of AA is
connected with the nature of its passive film.
Therefore, the formation of pitting corrosion
suggests that A. terreus can cause local damage to
the AA passive film. As a result, it is reasonable
that A. terreus promotes the corrosion acceleration
of AA specimens.

The control of fungal-induced corrosion is
essential. When UV radiation is applied, it is found
that the planktonic and sessile spores of A. terreus
both decline by about an order of magnitude in
comparison to those of the control (Fig. 1).
Furthermore, SEM images (Figs. 2(d) and (e)) show
that small amounts of hyphae and spores get
together, which means that UV radiation surely can
inhibit the biological activity of A. terreus. The
decrease of the growth of A. terreus especially for
the sessile spores can surely slow down AA
corrosion. On the other hand, direct UV radiation
also can influence AA corrosion. UV radiation can
change the structure of passive film leading to the
increase of passive film, stability as well as the
decrease of AA corrosion, and the incident
photons can inhibit the initiation of pitting
corrosion [24,37,38]. Therefore, the corrosion of
AA specimens caused by A. terreus should decrease
due to the action of UV radiation. And for the
fungal-induced corrosion of AA, UV radiation can
be a good and effective method. But long-term
radiation can cause the genovariation of A. ferreus,
increasing their adaptability, and then leading to the
decline of the protective effect of UV radiation.

Except for UV radiation, BKC with a
concentration of 20 mg/L is also used to control
fungal-induced corrosion. Similarly, BKC as a
biocide can inhibit the growth of 4. terreus, leading
to the decrease of spore counts (Fig.1). Some
spores can still be found on the surface of the
specimen. Therefore, the application of BKC can
also inhibit the biological activity of A. ferreus.
Previous reports [39—43] have indicated that BKC
can directly or indirectly inhibit or kill bacteria,
fungi, and algae. As discussed above, the decrease
of biological activity of A. terreus caused by
BKC should also result in the mitigation of AA

corrosion. The surface morphologies (Fig. 3) and
electrochemical measurements (Figs. 6 and 8—10)
also confirm the mitigation of AA corrosion caused
by BKC. In addition, BKC can inhibit biological
activity and metal corrosion as a corrosion
inhibitor [27,42]. The adsorption of BKC on
specimens can significantly inhibit the attachment
of A. terreus as well as the subsequent formation of
biofilm. XPS results also confirm the adsorption of
BKC on specimens due to the appearance of C—N
functional group (Fig. 4(e)). Therefore, only a few
spores can be seen on specimens (Figs.2(g) and
(h)). However, the coverage ratio of BKC on the
specimen surface as well as the germicidal
efficiency depends on the used concentration of
BKC. The BKC of 20 mg/L cannot satisfy the
requirements of good disinfection and corrosion
inhibition effects. Therefore, BKC of 20 mg/L. can
only partly inhibit AA corrosion induced by
A. terreus, but the corrosion inhibition effect is not
ideal (Figs. 8 and 10).

From the discussion above, it is seen that the
single use of UV radiation or BKC can inhibit
AA corrosion induced by A. terreus but the
corresponding corrosion inhibition efficiencies are
not ideal due to the low intensity of UV radiation
and the low concentration of BKC. However, the
combination of UV radiation and BKC can be a
good strategy to control fungal-induced corrosion
of AA. The experimental results, such as surface
morphologies (Fig. 3), EIS data (Figs. 6 and 8),
potentiodynamic and potentiostatic polarization
curves (Figs.9 and 10), demonstrate that the
combined application of UV radiation and BKC has
a synergistic corrosion inhibition effect for AA in
the presence of A. terreus due to the fast decrease
of corrosion rate compared to the single use of
UV radiation or BKC. The synergistic corrosion
inhibition of UV radiation and BKC can come from
two aspects. Firstly, the simultaneous application of
UV radiation and BKC has caused a fast decrease
of the planktonic and sessile spores of A. terreus.
The decrease of biological activity of A. terreus
makes a decrease in the corrosivity of A. terreus
against, thus then cause slight corrosion of AA.
Secondly, both the UV radiation and BKC can
inhibit the abiotic corrosion of AA as shown above.
This means that the protective efficacy of AA
passive film can be also enhanced under the actions
of UV radiation and BKC. Therefore, the
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combination of UV radiation and BKC should have
a synergistic action to inhibit AA corrosion from
the abiotic aspect. As a result, the corrosion of AA
can be effectively inhibited by UV radiation and
BKC, and almost no corrosion pits are seen
(Figs. 3(g) and (h)). Therefore, the combined
application of UV radiation and BKC can be a good
method to effectively inhibit the fungal-induced
corrosion of AA. The UV radiation of low intensity,
as well as BKC of low concentration, can avoid
their potential damage to natural environments.

5 Conclusions

(1) A. terreus can maintain good biological
activity in the test solution and the planktonic spore
count of A. terreus is 7.7x10” spores/mL after 21 d
of testing. The application of UV radiation and
BKC effectively inhibits the growth of A. terreus,
leading to the decline of fungal biological activity.
The antifungal effect of BKC is better than that of
UV radiation when they are singly used.

(2) The sessile and planktonic spore
counts of A. terreus are 5.4x10°spores/cm? and
1.0x10° spores/mL after 21 d of testing when UV
radiation and BKC are combinedly used. Therefore,
the combination of UV and BKC has a synergistic
antifungal effect for A. terreus, and inhibits the
attachment of A. ferreus on AA as well as the
formation of biofilm.

(3) A. terreus can seriously accelerate AA
corrosion, and a large biogenetical corrosion pit can
be found. The primary fungal-induced corrosion
products of AA are Al(OH); and Al,Os. The
individual use of UV radiation or BKC can inhibit
the AA corrosion induced by A. terreus, but a small
number of corrosion pits can still be observed. The
corrosion inhibition behavior of UV radiation and
BKC is different. Therefore, the corrosion
inhibition effect of UV radiation or BKC is not
ideal when they are individually applied. However,
no recognized corrosion pits can be found when UV
radiation and BKC are combinedly used.

(4) Electrochemical measurements also
confirm that the combination of UV radiation and
BKC has a higher corrosion inhibition efficiency
for AA in the presence of A. terreus. Potentiostatic
polarization curves demonstrate that the current
density of the specimen decreases by about one
order of magnitude when UV radiation and BKC

are applied simultaneously in comparison to that of
the control specimen. Therefore, it is concluded that
the combination of UV radiation and BKC has a
synergistic inhibition effect on AA corrosion
induced by A terreus.  Furthermore, the
simultaneous implementation of UV radiation and
BKC can avoid the potential damage of UV
radiation and BKC to natural environments due to
their low intensity or concentration.
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