Applied Surface Science 680 (2025) 161434

ELSEVIER

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Contents lists available at ScienceDirect » Applied
Surface Science

Full Length Article

L))

Check for

Corrosion inhibitor from nature: Fundamentals of tannic acid inhibition for | ‘e

AA2024 alloy

Rubén del Olmo ™", Alexandre Bastos”, Kiryl Yasakau”, Alesia Sushkova “, Ratil Arrabal ®,

Joao Tedim*

2 CICECO, Department of Materials and Ceramic Engineering, University of Aveiro, 3810-193 Aveiro, Portugal
b Department of Chemical and Materials Engineering, Faculty of Chemical Sciences, Complutense University of Madrid, 28040 Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords:

AA2024
Aluminium

Tannic acid
Corrosion inhibitor
Eco-friendly

Green inhibition

This study addresses the fundamentals of corrosion inhibition of AA2024 alloy by tannic acid (TA), a Cr-free and
eco-friendly natural product. To this end, the AA2024 alloy was immersed in NaCl solution (50 mM) with
different TA concentrations (0.1-10 mM) for 7 days. Surface (SEM, Raman, and SKPFM) and electrochemical
analyses (EIS, PDP, and SVET) revealed mixed inhibition after 1 day of immersion in TA solution. Long-term
immersion tests in TA solutions produced a tannate-rich oxide film on the surface. The films with low tannate
content (formed in 0.1 and 1 mM TA) showed the highest stability and corrosion resistance.

1. Introduction

Driven by the need to reduce operating costs, fuel consumption, and
increase payload capacity, the AA2024 (Al-Cu) alloy is the standard
material for damage-tolerant and fatigue-sensitive applications in the
aircraft industry [1]. However, despite its undeniable advantages, the
AA2024 alloy is highly susceptible to localized corrosion in aggressive
environments. This is mainly attributed to (i) the non-uniform distri-
bution of copper within the Al solid solution (reaching up to 5 wt%), and
(ii) the presence of cathodic Cu-rich secondary phases, ie., S-phase
(Al;MgCu), 6-phase (AlyCu), and Al-Cu-Mn dispersoids [2,3].

For this reason, AA2024 alloy is usually coated with a multilayer
protection scheme, which consists of a pre-treatment (chemical con-
version coating or anodic film) combined with multiple organic-based
layers [4,5]. Among the most effective corrosion-inhibiting additives
and pigments, Cr(VI)-derived species are the most widely used in all
layers. However, it is well-known that Cr-based compounds are cate-
gorized as substances of very high concern (SVHC) by the European
Chemical Agency (ECHA) [6] due to their high toxicity for humans and
aquatic life, carcinogenic properties, and the economic costs associated
with water treatment [4,7]. Several alternatives have been suggested to
replace Cr(VI), some of which are presented in Table 1. However, most
of these compounds are toxic and, in some cases, the inhibition is only
noticed at high inhibitor/NaCl ratios.

The protection mechanisms of benzotriazole derivates, 8-hydroxy-
quinoline (8-HQ), vanadates, and gluconates typically involve the
adsorption and/or precipitation on the alloy matrix and/or secondary
phases. The interaction of these corrosion inhibitors (Table 1) is usually
attributed to the presence of z-electrons and electronegative hetero-
atoms (nitrogen, oxygen, phosphorus, and sulfur), which act as
adsorption centers to form stable surface complexes on the metal sub-
strate [8-10]. Other inhibitors, such as cerium-based compounds,
exhibit cathodic inhibition by precipitating on the Cu-containing sec-
ondary phases [11,12]. Another group of inhibitors, the lithium-based
salts, are known to form a conversion-like coating on the AA2024
alloy, providing relatively efficient inhibition in saline media [10,13].

So far, the lack of alternatives underlines the need for available, eco-
friendly, efficient, and cost-effective corrosion inhibitors for the AA2024
alloy [7]. An interesting approach that has been attracting significant
attention in recent years is the use of natural products (e.g., amino acids,
essential oils, plant extracts, medicinal and biotechnological products)
as corrosion inhibitors [14,15].

Among them, the use of tannin-derived molecules has attracted a
great deal of attention [22,23]. The inhibitory effect of these compounds
is associated with the presence of heteroatoms (such as oxygen),
n-electrons, and conjugated bonds in the tannin structure, which favor
their adsorption on different metallic substrates [23-26]. In detail, the
stability of the inhibitor film depends on the specific functional groups,
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their aromaticity, and the interaction between the n-orbitals from the
tannin and the d-orbitals from the steel substrate. Note that several
studies also reported that tannins also act as rust converters, forming
stable metallic-tannate networks with ferric ions [27-29]. These studies
show that tannins can form chelates with Fe3* at anodic sites, further
enhancing their protective corrosion-inhibiting properties on different
types of steel [30-32].

These findings suggest a promising research avenue for the AA2024
alloy since tannins are biodegradable, bioavailable, and non-toxic
polyphenolic compounds with numerous applications in pharmacology
and the food-production industries. Additionally, tannins can be
extracted from different fruits, plants, and barks (such as bananas,
grapes, chocolate, coffee, red wine, resins, and tea), making them
readily available for mass production [22,23].

In the specific case of AA2024 alloy, the available literature is quite
scarce since only a few tannin-derived molecules (e.g., flavan-3-ol,
mimosa-, and chestnut-derived tannins) have been studied as additives
in anodizing baths and polymeric coatings [33,34]. Although these
studies reported some improvement in the corrosion resistance of these
coatings, the basis of the inhibitor effect of these compounds on AA2024
alloy is still unknown.

Therefore, the present work aims to study the corrosion inhibitor
performance and corrosion mechanism of tannic acid on the AA2024
alloy as a function of its concentration in a saline medium. To this end, a
commercial AA2024-T3 alloy was tested in various tannic acid/NaCl
solutions (0.1-10 mM tannic acid in 50 mM NaCl) over different im-
mersion times (up to 7 days). The characterization of the surface
morphology and the interaction of tannic acid with the AA2024 alloy
was assessed using optical microscopy (OM), scanning electron micro-
scopy coupled with energy dispersive spectroscopy (SEM/EDS), scan-
ning Kelvin probe force microscopy (SKPFM), optical profilometry,
water contact angle (WCA) and Raman spectroscopy. The corrosion
performance was quantified by electrochemical impedance spectros-
copy (EIS), potentiodynamic polarization (PDP), and the scanning
vibrating electrode technique (SVET).

2. Experimental part

2.1. Pre-treatment of AA2024 substrate and inhibitor solution
preparation

Commercial AA2024-T3 alloy plates (wt.%: 3.8-4.9 Cu, 1.2-1.8 Mg,
0.3-0.9 Mn, < 0.5 Fe, < 0.5Si, < 0.25 Zn, < 0.15 Ti, < 0.10 Cr, and Al
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balance) were ground using successive grades of silicon carbide paper
(up to P2500) and ethanol as a lubricant. Then, all plates were rinsed
with distilled water and dried with air.

In this study, given the structural variations among different tannins,
pure (purity: > 99 %) solid-state tannic acid (TA (CAS: 1401-55-4); non-
hydrolyzed) was used to ensure consistency and reproducibility in our
experiments. Pure sodium chloride (NaCl) was obtained from Sigma-
Aldrich (purity: > 99 %). The study solutions were prepared in a 50
mM NacCl (Sigmaaqueous solution with the following concentrations of
tannic acid: 0 M (blank), 0.1 mM, 1 mM, and 10 mM. Throughout the
manuscript, these solutions will be referred to as blank, 0.1 mM TA, 1
mM TA, and 10 mM TA, respectively. The pH of all solutions was
adjusted to 7 using a 0.1 M NaOH solution to simulate in-service con-
ditions and ensure consistent benchmarking among the different TA
concentrations. This adjustment enables a better understanding of the
corrosion mechanism and aligns with the studied conditions reported in
the literature (Section 1).

2.2. Interaction of Cu and Al with tannic acid

2.2.1. Immersion test of pure Cu and Al plates in tannic acid solution

The reactivity of the main components of the AA2024 alloy, Al and
Cu, with tannic acid, was investigated separately using bare Al (99 % Al)
and bare Cu (99 % Cu) plates. The metal plates (2 x 2 cm) were pre-
treated by polishing using Buehler Cabinet sandpapers of grades
P1000 and P2500 with ethanol as a lubricant, rinsed with ethanol, and
dried with compressed air. Subsequently, both Cu and Al plates were
immersed in 0.1 mM TA solution. The surfaces of both plates were
monitored via visual analysis using a Nikon SMZ18 stereo microscope
(Section 2.4).

2.2.2. Reactivity between Cu and Al cations with tannate anions: UV-Vis
analysis

The reactivity of Cu and Al with tannic acid was verified in chloride
solutions at a neutral pH range. Equimolar mixtures of tannic acid with
pure CuCl, and AlCl;3 (Sigma-Aldrich) solutions were prepared at con-
centrations of 10 uM, 1 mM, and 10 mM. The mixtures were visually
assessed and the filtered solutions (¢: 0.45 um) were analyzed using
UV-Vis spectroscopy (Sarspec Fabs SpectrophotometerTM) across the
wavelength range of 200-500 nm. The UV-Vis analysis was performed
at 5 and 10 pM to fit within the upper limit of quantification of the
equipment.

Table 1
Summary of the most efficient corrosion inhibitors for AA2024 alloy.
Inhibitor Time pH/ Inhibitor/NaCl Efficiency Acute Toxicity LD50 Oral "' (mg/Kg)/ References
(h) Temperature concentration (mM) (%) Carcinogenicity Toxicity " mg/L
x)

Benzotriazol derivates(2- 24-672 7/298 (5-50)/100 87-95 Equivocal tumorigenic agent (560)/ Harmful [10,16]
mercaptobenzothiazole (2-MBT) to aquatic life with long-lasting effects (25)
2-mercaptoacetic acid,
4-mercaptobenzoic acid,
benzotriazole, etc)

8-HQ 24 7 (3-50)/50 72-84 (n/a)/ Potentially mutagenic (18) [9,17]

Cerium-based salts 144-600 7/298 1/10 96-97.5 Not identified (4200)/ Very toxic to aquatic [11]
(Ce(NO3), life with long-lasting effects (0.3)

(NH4)2Ce(NO3)s,
Cex(S04)3, CeCl3)

Ferrous and zinc gluconate 48-192 7/301 (10-42)/50 99 Very toxic to aquatic life (n/a) [12,18]

Vanadate-based salts 1 3-10/298 (3.2-320)/100 Very toxic to aquatic life (n/a) [6,19,20]
(NH4VO3, NavO3)

Lithium carbonate 24 —/298 5/50 76 Known or potential hazard for reproductive [10]

toxicity (n/a)

+ Notes: 1 — The inhibitor efficiency is usually calculated by potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS), and/or mass loss

after the immersion test.
2 — The toxicity data were reported in [6,21].
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2.3. Electrochemical assessment of corrosion inhibition

2.3.1. Potentiodynamic polarization (PDP)

Potentiodynamic polarization (PDP) was performed on AA2024
samples after 1 and 1 day of exposure to the blank and the TA-based
solutions at room temperature. The ground specimens, with a surface
area of 0.4 cm?, were placed in a three-electrode configuration con-
nected to a Gamry potentiostat/ZRA Interface 1000. A saturated calomel
electrode (SCE), and a platinum foil were used as reference and counter
electrodes, respectively. To perform the test, all samples were polarized
using a sweep rate of 1 mV/s within a range of —250 to +400 mV versus
the open circuit potential (OCP). Each measurement was conducted in
triplicate inside a Faraday cage to ensure repeatability. The authors
calculated the corrosion potential (Ecorr), and corrosion current density
(icorr) by triplicate using the Tafel extrapolation from the polarization
curves [35]. Besides, both cathodic and anodic branches were consid-
ered to extrapolate their linear portions to determine the intersection,
which corresponds to the icor and Ecopr values. Note that the separate
calculation of the anodic and cathodic parts was non-reproducible.

2.3.2. Scanning vibrating electrode technique (SVET)

The scanning vibrating electrode technique (SVET) was used to
measure jonic currents in solution 100 um above the sample’s surface in
both blank and 1 mM TA solution environments. AA2024-T3 samples (4
x 4.5 mm?) were embedded in an epoxy matrix (Buehler EpoKwick FC)
and their surfaces were grounded using SiC paper up to grade P1200.
Measurements were performed with a commercial SVET system
(Applicable Electronics Inc., USA) controlled by ASET software from
ScienceWares Inc. (USA). The vibrating microelectrode was a Parylene C
insulated Pt-Ir wire (Microprobes for Life Science, USA) with a Pt black
sphere approximately 40 pm in diameter electroplated at the tip. The
probe scanned 100 pm above the surface and vibrated at frequencies of
65 Hz and 108 Hz in normal and parallel directions to the surface, each
with an amplitude of 10 pm. Only signals from normal vibration were
used in this work. Each SVET map (50 x 50 points) required approxi-
mately 23 min to complete. Further details can be found in references
[36,371].

2.3.3. Electrochemical impedance spectroscopy (EIS)

EIS was performed to evaluate the corrosion resistance of AA2024
alloy in the study solutions at room temperature. For this purpose, the
aluminium plates with an exposed area of 3.4 cm? were placed in the
same experimental set-up as described in Section 2.3.1, utilizing a three-
electrode cell configuration connected to a Gamry potentiostat/ZRA
1000 interface. A saturated calomel (SCE), and a platinum foil were used
as reference and counter electrodes, respectively.

All the EIS spectra were recorded at the open circuit potential (OCP)
after different immersion times (1 h, 1 day, 2 days, 4 days, and 7 days) in
the study solutions (blank, 0.1, 1, and 10 mM TA-based solutions). EIS
measurements were performed in a frequency range from 10° Hz to
10~2 Hz, applying a sinusoidal signal with an amplitude of 10 mV (RMS)
and 7 points per decade. For data analysis, impedance spectra were
fitted using appropriate equivalent circuits with Gamry Echem Analyst
software. The goodness of fit was ensured by chi-square values < 0.01.

2.4. Microstructural characterization of corrosion inhibition on AA2024
alloy

2.4.1. Scanning Kelvin probe force microscopy (SKPFM)

A commercial atomic force microscopy (AFM) Digital Instruments
NanoScope IITA multimode system with an Extended Electronic Mod-
ule™ was used to study the topography evolution of alloy surfaces.
Scanning Kelvin probe force microscopy (SKPFM) was used with the
same system to quantify the Volta potential difference (VPD) between
the AA2024 alloy matrix and intermetallic compounds before and after
immersion in blank and 1 mM TA solutions.
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For detailed principles, limitations, and result interpretation, refer to
[38,39]. In brief, the lift height was set at 100 nm, and an AC voltage of
5 V was applied between the tip and sample to produce electrostatically
induced oscillations of the cantilever. The Volta potential difference
between the sample surface and the tip was measured using the nulling
technique, with values reversed and normalized against a clean pure Ni
substrate.

AFM/SKPFM maps were acquired with parameters set at 40 x 40 ym
and 256 x 256 points. All measurements were conducted under room
conditions (22-24 °C; 50-55 % relative humidity) using silicon probes
coated with a Cr-Pt layer (Budget Sensors). AA2024 samples sized at 1
cm? underwent gradual polishing down to grade 0.25, followed by
cleaning on a pad soaked with ethanol. The polished surface was
exposed to the study solutions till 3 h of immersion. Afterwards, the
surface was cleaned in a flow of Milli-Q water and dried in a stream of
air. Prior to AFM/SKPFM measurements, samples were stored in a
desiccator for 0.5-2 h.

2.4.2. Optical microscopy

The surface appearance of AA2024 samples during immersion in
both blank and tannic acid-based solutions was continuously monitored
using a stereo microscope Nikon SMZ18.

2.4.3. Scanning electron microscopy (SEM)

After 7 days of immersion in the study solutions, the surface
morphology and chemical composition of the AA2024 alloy were
analyzed using a Hitachi SU-70 scanning electron microscope (SEM)
operated at 15 kV. The SEM was equipped with Quantax 400 energy-
dispersive X-ray (EDS) microanalysis hardware.

2.4.4. Raman analysis

To analyze the chemical composition of the corrosion products,
Raman spectroscopy was performed on the AA2024 surface after 7 days
of immersion in the study solutions. The measurements were performed
using a NT-MDT NTEGRA Spectra spectrometer (NT-MDT SI, Moscow,
Russia), equipped with a Solar TII MS5004i monochromator (SOL In-
struments Ltd., Minsk, Belarus), and a CCD Andor iDUS DU-420 detector
(1024 x 128 pixels) (Oxford Instruments, Abingdon, UK). A 532 nm
wavelength and 20 mW solid-state laser (with a 0.1 % ND filter atten-
uation) was used as an excitation source. Grating of 600 L/mm and
acquisition times of 900 s were used.

2.4.5. Optical profilometry

Topographic images were obtained with an InfiniteFocusSL optical
profilometer (ALICONA InfiniteFocusSL, Gmbh) to determine the
roughness and texture differences of AA2024 after 7 days of immersion
in the study solutions. Topographic information was analyzed with the
IF-Measure Suite software to extract roughness parameters, such as Ra
(arithmetic mean value in a roughness profile) and Sa (the difference in
height of each point compared to the arithmetical mean of the surface).

2.4.6. Surface wettability

The wettability of corrosion product layers on AA2024 after im-
mersion in the study solutions was evaluated using deionized with an
OCA-20 goniometer (DataPhysics Instruments, Filderstadt, Germany)
and the OneAttension software. The Laplace-Young method was used to
determine the contact angle. Cited values are the average of 6 mea-
surements (3 droplets on each of two replicate specimens).

3. Results

3.1. Short-term corrosion inhibition assessment of tannic acid on AA2024
alloy

3.1.1. Potentiodynamic polarization tests
Fig. 1 and Table 2 show the PDP curves and the electrochemical
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Fig. 1. Potentiodynamic polarization curves of AA2024 alloy after (a) 1 h and
(b) 24 h of immersion in naturally aerated 50 mM NaCl solutions with different
TA concentrations.

Table 2

The corrosion potential, current densities, and inhibition efficiency of tannic
acid on the AA2024 alloy after 1 and 24 h of immersion in naturally aerated 50
mM NaCl solutions with different TA concentrations.

Solution icorr Ecorr Epreakdown
(Acm™?) (mV) vs SCE (mV) vs SCE
1h
Blank (3.20 + 3.00) 1077 —541.0 + 10.0 —538.0 + 8.0
0.1 mM TA (6.70 + 1.70) 10°° —515.0 + 30.0 —510.5 + 20.0
1 mM TA (1.60 + 0.20) 1077 —478.0 £ 7.0 —468.0 + 10.0
10 mM TA (1.70 + 0.50) 108 —482.5 + 1.0 —475.0 £+ 3.0
24 h
Blank (2.60 + 0.50) 10°° —762.5 £ 12.0 —512.3 £ 8.0
0.1 mM TA (2.50 + 3.00) -107° —594.0 + 37.8 —489.3 £+ 27.0
1 mMTA (1.20 + 0.20)-1076 —533.0 +£ 2.0 —438.2 + 4.4
10 mM TA (2.20 + 0.10) 1077 —588.0 + 38.0 —592.4 + 28.5
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parameters of the AA2024 alloy after 1 and 24 h of immersion in the
study solutions, respectively.

It should be noted that special attention should be paid to the PDP
technique when studying the AA2024 alloy due to its susceptibility to
localized corrosion, which results in uncontrolled cathodic activity
[8,10]. Therefore, PDP is herein used to address the short-term inhibitor
performance in both cathodic and anodic processes as a comparative
tool only.

After 1 h of immersion (Fig. 1; Table 2), the presence of tannic acid
consistently shifts the corrosion (Ecq) and breakdown (Epreakdown) PO-
tentials to more positive values, thus denoting a corrosion rate decrease
of the substrate [40,41]. However, attending to the ico,r value for the 0.1
mM TA solution, the results show a higher value compared to that of the
blank solution (Fig. 1a). This result indicates that the 0.1 mM TA solu-
tion has a negligible inhibitor effect compared to 1 and 10 mM TA so-
lutions (Fig. 1a; Table 2).

After 24 h of immersion (Fig. 1b; Table 2), all TA solutions show a
great positive Ecopr shift towards more positive values compared to the
blank solution (Fig. 1a; Table 2). Notwithstanding, the lower ico values
reported for 1 and 10 mM TA indicate that this is the optimal concen-
tration range to achieve optimal corrosion inhibition (Table 2).

Note that for 10 mM TA, the negative Epreakdown and the minor Eqopr
shift suggest that the excess of tannate anions may not promote a stable
film under anodic polarization. This reduced protection could be due to
the lower stability of the adsorbed layer and the complexation reactions
between the aluminium cations and the polyphenol groups [40,42]. This
has been shown in the literature, where the highest inhibitor efficiency
is achieved in a specific concentration range (Table 1).

In the anodic branch (Fig. 1b), an increase in current density at more
positive potentials is noted in all studied solutions. This is usually related
to the S-phase dissolution (i.e., pitting corrosion) and the onset of
intergranular corrosion [8,43]. In the cathodic branch (Fig. 1b), solu-
tions with 1 and 10 mM TA show a decrease in current density, sug-
gesting that the interaction between tannic acid and cathodic Cu-rich
particles is more efficient at these concentrations. Therefore, qualita-
tively, it can be inferred that 1 mM tannic acid is the minimal concen-
tration required to achieve noticeable corrosion inhibition in the
AA2024 alloy.

3.1.2. SKPFM analysis

To quantitatively address the short-term corrosion inhibition of TA
on AA2024 alloy, SKPFM was used to analyze the response of the Al
matrix and the S-phase (Al;CuMg) after immersion in blank and 1 mM
TA solutions. Fig. 2 shows the topography and Volta potential maps
acquired for identical regions of the AA2024 alloy before and after 1 h of
immersion in the blank solution.

After immersion in the blank solution, the topographic maps (Fig. 2a,
b) show higher depth values, indicative of the dissolution of the
aluminum matrix and the S-phase (Al;CuMg) [44,45]. Besides, the Mean
square surface roughness (Ra) of the surface increased from 6.9 + 0.2
nm to 53.4 + 10.3 nm after immersion. Additionally, immersion in the
blank solution resulted in a significant rise in the matrix potential and a
noticeable broadening of the VPD around the S-phase (Fig. 2¢,d). These
changes were attributed to the S-phase dealloying and copper redepo-
sition around the dissolved S-phases [8,43,45,46].

In contrast, the topographical maps (Fig. 2 e,f) of AA2024 alloy
immersed in 1 mM TA solution reveal (i) a consistent depth profile, and
(ii) minor precipitates scattered over the surface (depicted as faint white
dots in Fig. 2f). The Mean square surface roughness increased slightly
from 5.5 + 0.7 nm to 8.6 &+ 1.0 nm.

These findings align with the Volta potential maps (Fig. 2 g,h) since
no corrosion phenomena were detected in the AA2024 sample after 1 h
of immersion in 1 mM TA solution. A notable increase in the VPD level of
the Al matrix was detected, surpassing even the S-phase before immer-
sion. Specifically, the potential shifted approximately 400 mV towards
more positive values (Fig. 2h).
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Fig. 2. (a,b) Topography and (c,d) Volta potential maps for AA2024 before and after immersion for 1 h in blank solution (50 mM NaCl). (e,f) Topography and (g,h)
Volta potential maps for AA2024 before and after immersion for 1 h in 1 mM TA solution.

Note that similar results to those acquired after 1 h of immersion
were obtained after 3 h of immersion (Figure S1).

After 3 h of immersion, the VPD shifts further to more positive values
preferentially on the Al matrix, while VPD on top of the S-phase stays at
the level close to established after 1 h of immersion (Figure S1). Besides,
note that no VPD broadening was observed, thus indicating the passive
behaviour of the S-phase at the early stages of immersion in the TA
solution [45]. This is in agreement with the cathodic activity decrease
observed in the polarization curves (Fig. 1).

To explain these findings, it should be noted that tannic acid in an
aqueous solution at neutral pH is in the form of tannate anions [22,47].
Therefore, the observed differences in the topographic and VPD maps
may be related to the interaction of tannate anions with the aluminum

matrix and/or the S-phase at the early stages of immersion in the tannic
acid solution. Interpretation of VPD changes is complex due to the
combination of numerous factors, including the semiconducting oxide
films and adsorbed species from the gas phase [48], dielectric layers
[49], hydroxyl groups on the Al surface [50], the interaction of organic
molecules with the surface [51,52], and S-phase dealloying [43], among
others. Among them, the contribution of the negatively charged tannate
molecules to a positive VPD offset is the most suitable explanation.

As was discussed by Yasakau et al. [52], VPD shifts positively when
the dipole moment (defined as a combination of the molecular and
chemical dipole moments) of an adsorbed organic layer is oriented to-
ward the metal surface. This VPD increase was also reported on TiO,
with negatively charged N719 dye adsorption [51]. Therefore, the
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proposed adsorbed tannate-rich layer results in a negative charge
located outside the molecular layer with a preferential surface-oriented
dipole moment. To meet these conditions, either the chemical dipole
(defined as the interaction between the functional groups of tannic acid)
and/or the molecular dipole (representing the orientation of the mole-
cule on the AA2024 surface) must be sufficiently strong. This suggests a
strong interaction of the TA molecules with the surface. On that basis,
although the available literature based on the interaction between Al
and tannate anions is quite scarce, the chemisorption of tannate anions
(AI-OR bonds from tannate anions) is the most suitable interaction ex-
pected [47,53].

3.1.3. SVET analysis

To assess the kinetics and electrochemical inhibition phenomena
affecting the aluminium matrix and Cu-rich secondary phases, the
AA2024 alloy was analyzed using the scanning vibrating electrode
technique (SVET) during the first 24 h of immersion in both blank and 1
mM TA solutions (Fig. 3). SVET maps show regions of anodic activity
(positive currents, shown in red) and cathodic activity (negative cur-
rents, shown in blue) across the AA2024 surface during the immersion
period.

Optical images and SVET maps of the AA2024 alloy surface
immersed in the blank solution (Fig. 3a—c) revealed (i) surface tarn-
ishing due to the formation of corrosion products, and (ii) localized
areas of high anodic activity. Note that these anodic peaks persisted in
the same locations throughout the testing period, which typically in-
dicates the presence of Cu-rich phases over the AA2024 surface [37].
This is in line with the VPD maps in the SKPFM analysis (Fig. 2a—d).

In contrast, the AA2024 sample immersed in the 1 mM TA solution
(Fig. 3d-f) showed minimal surface brightness loss. Besides, the
cathodic (blue) currents observed on the aluminium matrix after 1 h of
immersion (Fig. 3d) were comparable to those measured in the blank
solution after 24 h of immersion (Fig. 3c). Comparing these findings
with those from the SKPFM test (Fig. 2g, h), it can be inferred that
tannate anions delay aluminum dissolution in NaCl medium from the
beginning of the immersion.

1 hour
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w
-
=
)
=
-
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Regarding the electrochemical behaviour of Cu-rich secondary
phases in 1 mM TA solution, the anodic (red) currents in localized areas
were significantly lower (Fig. 3d-f) than those detected in the blank
solution (Fig. 3a—c), even after 24 h of immersion.

To further investigate the interaction of tannate anions with the
AA2024 alloy, pure Cu and Al plates were immersed in a 1 mM tannic
acid (TA) solution for 72 h (Figure S2). On the Cu plate, a yellow-
colored deposit and gradual surface darkening were observed after 72
h of immersion, while the Al plate showed a brownish color and
microscopic precipitates after 48 h of immersion.

As later discussed in Section 3.2, the brown-colored layer observed on
the Al plate can be attributed to tannate chemisorption on the Al matrix.
Regarding Cu-rich secondary phases, research by Beccaria et al. [54] on
pure copper demonstrated the chemisorption of tannate anions through
a covalent bond between Cu and the phenolic group of tannic acid (Cu-
OR). The authors also noted a low solubility of Cu-tannate complexes in
artificial seawater (0.2 ppm at pH ~ 6.5 [55]), indicating efficient
tannate chemisorption.

These observations would explain the reduced activity in localized
regions in the AA2024 alloy immersed in 1 mM TA solution, as observed
in the VPD and SVET maps. Note that upon closer examination of the 1
mM TA solution (optical images in Fig. 3d—f), several small black pre-
cipitates in the 1 mM TA solution were detected after 6 h of immersion.
It is conceivable that these black precipitates result from the interaction
between the free tannate anions in the solution with the Cu?* and AI>*
ions from the AA2024 dissolution. As a result, insoluble Al- [47] and Cu-
tannate [53,56] precipitates (Figure S2) may be formed in the solution.

To further elucidate the interaction between Al and Cu cations with
tannate anions in saline medium, equimolar mixtures (10 uM, 1 mM, and
10 mM) of tannic acid with CuCl, and AlCl; were evaluated through
UV-Vis spectroscopy (5 and 10 uM) (Fig. 4a) and visual observation
(Fig. 4b-g).

UV-Vis analysis (Fig. 4a) revealed a decrease in the intensity of the
characteristic tannic acid peak (276 nm assigned to the = — n* transition
by aromatic and C=0 groups [57]) in the presence of CuCl, and AlCl;3
(10 pM). This finding confirms a reaction between tannic acid and the Al

y/mm

y/mm

y/mm

3
x/mm

Fig. 3. Surface images and SVET maps of AA2024-T3 immersed in 50 mM NaCl (a-c) and 1 mM TA solutions (d-f). The maps were acquired after 1 h (a, d), 6 h (b, e),

and 24 h (c, f) of immersion. The current density units depicted in the maps are yA cm™~.
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Fig. 4. (a) UV-Vis absorption spectra of Tannic acid, Cu, and Al chloride solutions and corresponding mixing solutions. Equimolar mixtures of tannic acid with CuCl,
solution: (b) 10 uM, (c) 1 mM, and (d) 10 mM; and equimolar mixtures of tannic acid with AlCl3 solutions: (e) 10 pM, (f) 1 mM, and (g) 10 mM.

and Cu cations. However, in the solutions (Fig. 4b-g), only the TA-CuCly
(10 mM) mixture revealed the formation of a precipitate, thereby indi-
cating the formation of an insoluble Cu-tannate complex (Fig. 4¢). At
lower concentrations (1 mM and 1 uM), no visible precipitates were
detected (Fig. 4a,b). By contrast, TA-AlCl3 mixtures showed no visible
precipitation at any concentration (Fig. 4d-f).

Therefore, although both Al and Cu ions interact among them by
forming Al- [42] and Cu complexes [53], the observed black precipitates
in Fig. 3 are related to the reaction between Cu®" and tannate ions in the
solution.

3.2. Long-term corrosion inhibition assessment of tannic acid on AA2024
alloy

3.2.1. Electrochemical impedance spectroscopy

Fig. 5 shows the Bode plots of the AA2024-T3 alloy following im-
mersion in the study solutions for different immersion times (from 1 h to
7 days) (Nyquist plots of EIS spectra are depicted in Figure S3).

The electrochemical response in the Bode plot of the AA2024 alloy
after 1 h of immersion in the blank solution (Fig. 5a) reveals two-time
constants. The time constant at 102-10° Hz can correspond to the
presence of the native oxide layer on the alloy surface, while the one at
lower frequencies (107-1072 Hz) is related to the ongoing corrosion
process. As the immersion time progresses, a continuous decrease in
impedance magnitude values occurs (Fig. 1a), and displacement of time
constants in the lowfrequency direction is observed (Fig. 1a). After 7
days of immersion, the two-time constants may be related to corrosion
processes (intermediate frequency range) and mass-transport-related
processes (low frequency range).

For the AA2024 alloy immersed in the TA solutions (1-7 days), two
time constants were observed (Fig. S5b-d): (i) at intermediate fre-
quencies (10%-10%) Hz, associated with the presence of the oxide pro-
tected with the tannate-rich film, and (ii) at low frequencies (10°-107%)
Hz, the electrochemical activity associated with corrosion processes.

For the AA2024 alloy immersed in the TA solutions (1-7 days), two
time constants were observed (Fig. 5b-d): (i) at intermediate fre-
quencies (10%-10%) Hz, associated with the presence of the oxide pro-
tected with the tannate-rich film, and (ii) at low frequencies (10°-107%
Hz, the electrochemical activity associated with corrosion processes.

At low frequencies (10°-1072) Hz, after 1 h of immersion (Fig. 5a),
the impedance modulus at 10~2 Hz for the AA2024 alloy in the blank
solution is almost two orders of magnitude lower (~10* Q@ em?) than

that observed in TA solutions (~7-10° Q cm?) (Fig. 5b—d). However,
after 1 day of immersion, the impedance modulus decreases for both the
blank solution (~3~103 Q cmz) and the TA solutions (~10° Q cmz).

Then, after 4 days of immersion, the impedance moduli in the TA-
based solutions converged to similar values. From the fourth day of
immersion onwards, a noticeable impedance decrease was observed in
the 10 mM TA solution (Fig. 5d) compared to 0.1 and 1 mM TA solutions
(Fig. 5b, ¢). It is worth mentioning that this decrease in the low fre-
quency impedance for 10 mM TA when compared to 0.1 and 1 mM TA, is
consistent with the results of PDP performed after 24 h of immersion: the
protective layer formed in the substrate revealed to be the least pro-
tective among the three concentrations studied [10,17].

To further address the distinct impedance moduli observed with
varying TA concentrations, equivalent circuits were used to fit the
experimental data from the AA2024 alloy immersed in both the blank
(Fig. 6a, Table 3) and TA-based solutions (Fig. 6b, Table 3).

In these circuits, Rsol represents the electrolyte resistance, and
constant phase elements (CPE) were used instead of capacitances to
accommodate the non-ideal characteristics of the system. In both
equivalent circuits, R-ox is the oxide layer resistance, and CPE-ox and
noy are the constant phase element (CPE) parameters used to describe
the behavior of the outer oxide layer. R-ct is the charge transfer resis-
tance, and CPE-dl and n-dl are the parameters for the double-layer
capacitance. In the case of the blank solution fitting, a Warburg
element (W) was included to account for ionic diffusion through the
oxide layer on the alloy surface. The obtained fit parameters are pre-
sented in Table 3.

Fig. 7 represents the changes in the parameters of the outermost
oxide layer (CPE-o0x), charge transfer resistance (R-ct), and double-layer
capacitance (CPE-dl) as a function of immersion time.

Overall, the properties of the oxide layer, including capacitance and
resistance, are critical factors influenced by the passive film thickness,
dielectric constant, and resistance to Cl~ ion penetration into the bare
material [32,43]. As depicted in Fig. 7a, the similar oxide capacitances
observed for the AA2024 alloy immersed in all TA solutions suggest the
formation of a protective tannate-rich oxide layer on the AA2024
surface.

However, several differences were observed in the responses of
charge transfer resistance (R.) and double-layer capacitance (CPE-dl) of
the alloy exposed to the different TA solutions. Namely, the electro-
chemical response of the alloy immersed in 0.1 and 1 mM TA solutions
led to a higher charge transfer resistance (Fig. 7b) and lower double-
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Fig. 5. Bode plots of AA2024 alloy after different immersion times in naturally aerated (a) 50 mM NacCl solutions with different TA concentrations: (b) 0.1 mM TA,
(c) 1 mM TA, and (d) 10 mM TA.
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Fig. 6. Equivalent circuits to fit the experimental EIS data of the AA2024 in naturally aerated (a) 50 mM NacCl solution and (b) TA-containing solutions.

Table 3
Fitted electrical parameters of the AA2024 after the tested immersion times in naturally aerated 50 mM NacCl solutions with different TA concentrations.
Solution Immersion time [days] Rsol R-ox CPE-ox nox R-ct CPE-dl ndl
[Q ecm?] [KQ cm?] [Fs"1em™2 [KQ cm?] [Fs"!em™2 [mS 52 cm 2]
Blank 1h 9.2 1.3 2.0107* 0.9 3.1 11107 0.6 0.8
1 31.9 - - - 11.9 5.510°* 0.7 5.4
2 26.6 - - - 45 5.3.107* 0.6 28.0
4 23.9 - - - 1.7 3.1.1072 0.9 1.0
7 29.7 - - - 1.0 211072 0.9 0.9
0.1 mM TA 1h 7.7 138.8 2.7107° 0.9 428.0 9.410°° 0.9 -
1 15.7 111.1 3.5.10°° 0.9 376.4 2.1.10°° 0.9 -
2 24.2 57.3 6.7-107° 0.9 252.7 3.910°° 0.9 -
4 4.2 75.5 7.2107° 0.9 300.0 1.6:10°° 0.8 -
7 39.7 96.2 211074 0.8 210.3 2.4107° 0.9 -
1 mM TA 1h 31.0 455.5 6.010°° 0.9 588.7 6.210°° 0.8 -
1 9.3 40.9 1.9.10°° 0.9 415.1 2.210°° 0.9 -
2 11.5 54.8 1.0-10°* 0.8 234.8 9.1107° 0.8 -
4 16.5 88.5 1.1.107* 0.8 260.3 2.8107° 0.7 -
7 46.2 74.4 2.410°* 0.8 250.0 4.7.10°° 0.7 -
10 mM TA 1h 22.55 37.9 1.0-10°° 0.9 919.4 2.5107° 0.7 -
1 21.8 27.7 2.6107° 0.9 178.5 9.2107° 0.8 -
2 8.3 26.5 1.410°° 0.9 215.0 3.010°* 0.8 -
4 18.4 16.0 2.1107* 0.8 172.5 8.4107* 0.9 -
7 25.0 8.1 2.8.107* 0.8 18.3 7.0-107* 0.9 -

layer capacitance (Fig. 7c¢) values compared to those formed in the 10
mM TA solution (Fig. 7b,c). In the 10 mM TA solution, a progressive
decrease in the resistance was observed after the fourth day of immer-
sion, reaching values similar to those observed in the blank solution
(Fig. 7b). This trend suggests increased hydration, heterogeneities, and
enhanced conductivity as the layer degrades, thus showing reduced
passivation of the aluminium matrix in the 10 mM TA solution compared
to 0.1 and 1 mM TA solutions. This could be linked to the formation of
unstable passive layer modifications at the metal interface, diffusion-
controlled processes and the adsorption of intermediate-charged spe-
cies. As a result, an acceleration in the kinetics of the overall corrosion
process in the presence of Cl™ ions is observed [22,40].

To correlate the findings of the EIS tests with the properties of the
corrosion product layer, Fig. 8 shows the surface appearance after
different immersion times. Notably, the AA2024 alloy exposed to the
blank solution showed severe corrosion with extensive pitting after just
1 h of immersion (Fig. 8a). In contrast, samples immersed in TA-based
solutions showed minimal corrosion damage after 1 day of immersion,
indicative of the protective effect of chemisorbed tannate anions on the
AA2024 alloy, regardless of the TA concentration (Section 3.1).

After 4 days of immersion, the formation of a brown-colored corro-
sion product layer was observed on the AA2024 alloy in all the studied
solutions (Fig. 8b), consistent with the EIS results (Figs. 5, 6; Table 2)
and the immersion test of pure Al in 1 Mm TA solution (Figure S2). The

formation of this brown-colored layer is likely associated with the
incorporation or interaction of the chemisorbed tannate anions on the
forming aluminium hydroxide-rich corrosion product layer, predomi-
nantly bayerite (-Al(OH)3 [58]). Samples immersed in 10 and 1 mM TA
solutions displayed a denser and more intensely colored corrosion
product layer (Fig. 8b) compared to that in 0.1 mM TA solution. This
difference may be attributed to a higher content of tannate species in the
developing corrosion product layer (as discussed further in Section 3.3).

Besides, the noticeable pitting in the Cu-rich phases (both in terms of
number and size) after immersion in the 10 mM TA solution (Fig. 8)
confirms the limited stability of the product layer. This observation also
correlates with the observed decrease in overall Rct and increase in CPE-
dl from the fourth day of immersion (Figs. 6, 7).

While these findings help explain the different properties of the
formed corrosion product layers in the studied TA solutions, the detailed
morphological and compositional features of the AA2024 alloy after
immersion in the tested solutions remain undisclosed. Hereto, the sur-
face morphology of AA2024 immersed in TA solutions after long-term
exposure times was carefully analyzed.

3.3. Characterization of AA2024 alloy after long-term immersion in the
study solutions

To analyze the morphology and chemical composition of the
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Fig. 7. Evolution of (a) oxide capacitance, (b) charge transfer resistance, and (c) double-layer capacitance of the AA2024 alloy during the studied immersion times in

the study solutions.

corrosion product layers, SEM (Fig. 9) and EDS analysis (Table 4) were
performed on the AA2024 alloy after 7 days of immersion in the study
solutions.

As shown in Fig. 9a-b, the AA2024 sample exposed to the blank
solution revealed a heterogeneous corrosion product layer with
numerous bright deposits, presumably aluminum oxides/hydroxides,
mostly bayerite (-Al(OH)s) (Table 4) [58].

In contrast, the AA2024 alloy exposed to the TA solutions revealed
the formation of a cracked and heterogeneous corrosion product layer
over the aluminum matrix (Fig. 9¢-k). A common feature of these
samples is the presence of several pits with higher Cu content in the
center and its surroundings (represented by the green color in Fig. 9d,g,
J)- This is usually associated with the S-phase dealloying and Cu rede-
position processes [16,43]. The sample exposed to the 0.1 mM TA so-
lution (Fig. 9 c-e) displayed a more heterogeneous corrosion product
layer compared to those formed in the 1-10 mM TA solutions. This may
suggest that, although tannate anions interact with the Al matrix, their
efficient incorporation onto the corrosion product layer may depend
upon the TA/NaCl concentration ratio.

The EDS analysis of the Al matrix of the AA2024 after immersion in
the study solutions (Table 4) reveals a comparable amount of Mg and Cu
from the base material, regardless of the tested solution. However,
different content of Al, C, and O were detected as a function of the TA
concentration in the solutions.

For the AA2024 alloy immersed in the blank solution, the corrosion
product layer is primarily composed of Al and O, indicating the forma-
tion of aluminum oxide/hydroxides. Conversely, the higher C content in
the AA2024 samples immersed in TA-based solutions (Table 4) is likely
due to the incorporation of tannates into the aluminum-(hydr)oxide

10

corrosion product layer (represented by the blue color in Fig. 9d,g,j).

To ascertain the interaction of tannate anions with the corrosion
product layer, Raman analysis was performed on AA2024 samples after
7 days of immersion in the blank and TA-based solutions (Fig. 10a). Note
that the selected Raman region highlights the different signals as a
function of the tested TA solution.

The AA2024 samples immersed in all the studied TA solutions
showed the same signal in the (1600-1570) cm ™! range. This region is
usually associated with aromatic ring vibrations, i.e., in-plane bending/
stretching of C-H and C-OH bonds of the benzene ring [41,59]. These
bonds may result from the initial chemisorption of tannate anions on the
Al surface and their further incorporation into the corrosion product
layer as Al(hydr)oxides/tannates-rich precipitates, as stated in Section
3.1-3.2. This is in agreement with several studies in which it has been
reported that the interaction between tannin-bound alumina [60] and
tannic acid with different steels [28,41,61] results in a Raman signal
broadening in this range.

This shared feature reveals that the corrosion products exhibit
comparable chemical compositions. Notwithstanding, a proportional
decrease in the Raman signal is observed at lower TA concentrations.
This may be associated with a lower concentration of tannates in the
corrosion product layer [41], as shown in the EDS analysis (Table 4).

For the AA2024 alloy exposed to the 10 mM TA solution, an addi-
tional signal at 1340 cm ™! corresponds to the C-H deformation in the
aromatic ring plane [28,41,61]. The presence of this additional band
may be associated with a higher content of tannates in the corrosion
product layer [41,59].

Since the tannate content in the corrosion product layer can influ-
ence its morphology, composition, and corrosion resistance, it may also
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days of immersion in naturally aerated 50 mM NacCl solutions with different TA
concentrations.

affect water uptake. To investigate this, the water contact angle (WCA)
deviations of the AA2024 alloy immersed in the study solutions were
evaluated as a function of immersion time (Fig. 10b).

Overall, the AA2024 alloy shows high hydrophilicity, with contact
angle values below 90 degrees throughout the immersion period,
regardless of the solution used. During the first 1 day of immersion, the
AA2024 alloy exposed to the blank solution exhibited higher contact
angle values (~40°) than those for TA-containing solutions (~20-30°).
This suggests that the short-term interaction between tannate anions
and the aluminum matrix and secondary phases leads to enhanced
passivity rather than general hydrophobic protection. This interpreta-
tion of the passive behaviour aligns with the findings from SKPFM
(Fig. 2) and SVET analysis on the Al matrix (Fig. 3).

Following the initial 1 day, the WCA values for the AA204 alloy
exposed to the TA-based solutions showed a significant rise (~60-70°)

11

Applied Surface Science 680 (2025) 161434

compared to that of the blank solution (~20°). This trend prevailed
throughout the studied immersion period, regardless of the TA con-
centration used. This phenomenon may indicate a short-term enhanced
passivity by the tannate anions with the Al matrix (as discussed in Sec-
tion 3.2), and their further incorporation into the forming corrosion
product layer as the corrosion progresses, as shown in Raman analysis
(Fig. 10a).

These differences in hydrophobicity and the heterogeneous
morphology of the corrosion product layers raise the inquiry of a
possible correlation between such variations and the surface roughness
of the corrosion product layers. Since the susceptibility of AA2024-T3 to
localized corrosion is usually linked to increased surface roughness [10],
3D topographical maps of the AA2024-T3 alloy after 7 days of immer-
sion in the study solutions are shown in Fig. 11.

As depicted, the 3D topographical maps illustrate variations in sur-
face height across the sample area. For AA2024 exposed to the blank
solution (Fig. 11), corrosion products and dissolved areas were evident
throughout the surface.

In contrast, the 3D maps of AA2024-T3 samples exposed in TA-based
solutions show an almost intact aluminum surface after immersion,
regardless of the TA concentration used (Fig. 11). Regarding surface
roughness, Table 5 summarizes the quantitative roughness results (Ra,
Sa) of AA2024 after immersion in the study solutions.

As expected, AA2024 immersed in TA-based solutions showed
significantly lower roughness values compared to those from the blank
solution. Notably, AA2024 immersed in diluted TA solutions exhibited
roughness values comparable to the bare AA2024 alloy. However, in the
case of the 10 mM TA solution, slightly higher roughness values may be
attributed to the heterogeneous tannate-based corrosion product layer,
as shown in OM analysis (Fig. 8).

Based on the present findings and the distinct corrosion resistance of
the AA2024 alloy in TA-containing solutions, it is possible to further
discuss the inhibition mechanism of tannic acid on the AA2024 alloy.

3.4. Corrosion mechanism of tannic acid for AA2024 alloy in saline
medium

Fig. 12 illustrates the schematic representation of the proposed
mechanism of tannic acid inhibition for the AA2024 alloy. This mech-
anism is underpinned by findings from this study and the already-known
corrosion mechanism of AA2024 alloy in saline solutions at neutral pH
[2,8,43,45]. It should be noted that, although the proposed mechanism
is summarized in two stages for clarity, both processes occur
simultaneously.

In Stage I (Fig. 12), initial contact of the AA2024 alloy with a tannic-
free saline environment leads to the rupture of the passive film by
chloride ions, especially in the Cu-rich secondary phases, where the
oxide film is thinner and more brittle. Subsequent water uptake initiates
a chemical reaction involving aluminum from the matrix (1) and mag-
nesium from the secondary phases (2).

2Al(s) + 6H,0(1)—2AL" (aq) + 60H (aq) + 3H»(g)1 (€]

Mg(s) + 2H,0(1)~Mg** (aq) + 20H  (aq) + Hz(g)1 2
Simultaneously, in the presence of oxygen and under neutral pH con-
ditions, oxygen reduction occurs at the Cu-rich S-phase particles,
inducing a localized pH increase in these areas (3). Simultaneously,
dissolved oxygen also facilitates copper oxidation (4) and the surface
enrichment of the S-phase with copper hydroxide (if Cu is electrically

disconnected from the S-phase).
0.(aq) +2H,0(1) + 4e”—40H " (aq) 3
2Cu(s) + 02(g) + 2H,0(1)~2Cu(OH),(aq) @

On this basis, the oxidation of the Cu-containing secondary phases leads
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Fig. 9. Scanning electron micrographs of the AA2024 samples after 7 days of immersion in naturally aerated 50 mM NaCl solutions: (a,b) blank; (c-e) 0.1 mM; (f-h) 1

mM; and 10 mM (i-k) TA solutions.

Table 4

EDS analysis (at.%) of the AA2024 samples after 7 days of immersion in natu-
rally aerated 50 mM NaCl (blank) and TA-based solutions. Matrix analysis have
been performed at lower magnifications. Deposit locations are denoted on SEM
images in Fig. 9.

Solution Zone C (o] Mg Al Cu
Blank Matrix 17.2 49.4 0.4 32.3 0.7
Deposit 18.3 50.1 0.4 30.6 0.6
0.1 mM Matrix 32.6 2.4 1.1 62.9 0.9
Deposit 49.8 6.9 0.8 41.9 0.7
1 mM Matrix 49.4 4.9 0.8 44.4 0.6
Deposit 45.7 20.9 0.7 32.6 0.1
10 mM Matrix 47.4 9.9 0.8 41.3 0.6
Deposit 46.7 21.9 0.6 30.4 0.4

to the formation of a gradient of OH™ ions between the secondary phase
surface and the saline solution. Therefore, AI** cations formed from the
oxidation of the matrix (1) are also likely to react with the OH™ ions (5),
resulting in the formation of insoluble Al(OH)s.

AP (aq) + 30H (aq)—~Al(OH),(s)} (5)

In the case of AA2024 samples immersed in TA solutions, as dis-
cussed in Section 3.1, the initial passive response of the aluminum matrix
and secondary phases observed in SVET and SKPFM analyses was
attributed to the chemisorption of tannate anions (O-R groups) on both
the Al matrix (6) [42] and Cu-rich secondary phases (7) [54,55]
(depicted in Stage I; Fig. 12).

It should be noted that while tannate chemisorption occurs pre-
dominantly in the early stages of immersion, the corrosion process
involving oxidation of both the Al matrix and the secondary phases
proceeds simultaneously (Stage II; Fig. 12), as demonstrated in the SVET
analysis (Fig. 3; Section 3.1). This results in the formation of a brown-
colored oxide layer on the Al matrix. Namely, the resultant oxide
layer can be described as a mixture of tannate and aluminum hydroxide
as corrosion progresses (marked in Stage II; Fig. 12), as indicated by
Raman analysis (Fig. 10a).

However, although this mechanism is applicable across all studied
TA solutions on the AA2024 alloy, the presence of pitting (Stage II;
Fig. 12) and their different corrosion performance (Section 3.2) denotes
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Fig. 10. (a) Raman analysis and (b) water contact angle of the AA2024 samples after 7 days of immersion in naturally aerated 50 mM NaCl (blank) and TA-

based solutions.

Heicht
um

0.1 mM TA

10 mM TA

Fig. 11. 3D topographical maps of AA2024 surface after 7 days of immersion in naturally aerated 50 mM NacCl (blank) and TA-based solutions.

Table 5
Roughness values of AA2024 surface before and after 7 days of immersion in
naturally aerated 50 mM NacCl (blank) and TA-based solutions.

Ra (pm) Sa (um)
Bare AA2024 alloy 0.06 £+ 0.01 0.10 £ 0.01
Solution
Blank 0.80 + 0.01 2.80 £ 0.70
10 mM TA 0.12 £ 0.01 0.10 £ 0.02
1 mM TA 0.05 £+ 0.01 0.12 £ 0.02
0.1 mM TA 0.05 £+ 0.01 0.10 £+ 0.02

that the interaction of tannate anions with the Al matrix and the sec-
ondary phases is different according to the tested TA solutions. It is well-
known that pitting in 2024 alloy is linked to Al dissolution around Cu-
containing secondary phases, which typically occurs under low pH
conditions due to the hydrolysis of ARt (5) [2]. Therefore, at low pH
values, the OH groups of tannate anions in the surroundings of the
secondary phases may not be fully dissociated, affecting their adsorption
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ability [22,53].

By comparison, while the 10 mM TA solution exhibited the best
cathodic inhibition performance during the first 1 day of immersion
(Section 3.1), the long-term EIS results for the 0.1 and 1 mM TA solutions
demonstrated better passivation of the Al matrix. This suggests that the
higher concentration of tannate anions in the 10 mM TA solution may
lead to a lesser increase in pH around the Cu-rich secondary phases
compared to pure NaCl solutions after the first 1 day of immersion, thus
inhibiting pit formation.

However, over time, the ability to passivate the Al matrix is the
lowest at 10 mM TA. Namely, the formation of insoluble Cu-tannate
precipitates at a concentration of 10 mM (Fig. 4) may confirm that
tannate anions may not effectively inhibit pitting near the Cu-rich sec-
ondary phases at 10 mM TA, i.e., the Cu dissolution, and re-deposition in
the formed pits is favored. This could explain the lower corrosion
resistance for 10 mM TA after the long-term EIS test.

Besides, since the only difference between the passive layers formed
in TA solutions lies in the higher tannate anion content in the corrosion
product layer of the 10 mM TA solution (Fig. 10; Section 3.3), the
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Stage I) TA chemisorption on Al matrix and Cu-rich phases

R

HO

R
.;()Q—b * Tannate chemisorption
ﬁ) OH

E) OH
(=4
Al matrix
(@) (@)
AA2024

Stage II) Corrosion progression — tannate-rich corrosion product layer

* Pitting phenomena

AA2024

y

*Al hydroxide precipitation

*Formation of Al-tannate/Al

(hydr)oxide corrosion product layer

Fig. 12. Schematic illustration for inhibition mechanism of tannic acid for the AA2024 alloy.

reduced corrosion resistance of the AA2024 sample may also be attrib-
uted to the instability of the formed corrosion layer.

These factors may account for the lower corrosion resistance in long-
term EIS tests. Therefore, for the sake of comparison, although the
proposed protection mechanism (Fig. 12) is common for all the tested
solutions, the 1 mM TA solution provided a superior short- and long-
term corrosion performance, thus being the most balanced choice for
corrosion inhibition.

4. Conclusions and future perspectives

The main conclusions regarding the fundamentals of tannic acid and
its corrosion-inhibiting performance on AA2024 alloy can be summa-
rized as follows:

e Short-term corrosion (PDP) results reveal that 10 and 1 mM of TA is
the optimal concentration range needed to achieve a notable inhi-
bition on the AA2024 alloy.

e Short-term SKPFM analyses suggest the chemisorption of tannates on
both the Al matrix and S-phase, thereby hampering the dissolution of
both phases in a neutral saline medium.

e Short-term SVET analyses reveal that the anodic currents are
considerably lower than those detected in the blank solution, thus

14

indicating efficient tannate inhibition on the Cu-rich secondary
phases in a neutral saline medium.

o The long-term exposure of AA2024 alloy in TA solutions results in
the formation of a tannate-rich corrosion product layer with a higher
water contact angle and lower roughness than the sample immersed
in the blank solution.

e Long-term corrosion tests of AA2024 alloy in diluted (0.1 and 1 mM)
TA solutions result in a corrosion-protective and stable Al-tannate-
rich oxide layer. By contrast, in concentrated TA solutions (10
mM), the resultant corrosion product layer shows a higher tannate
content, lower stability, and, as a consequence, low corrosion
resistance.

The present findings reveal that tannic acid is an efficient corrosion
inhibitor when it is present at low concentrations (0.1 and 1 mM) in
saline medium. Therefore, tannic acid can be considered a highly
available, eco-friendly, and cost-effective Cr-free inhibitor for AA2024
alloy. Nevertheless, further studies should address the incorporation of
tannic acid or tannins in the most commonly used surface treatments in
the aerospace industry (pre-treatments, primers, and paints) to match
the stringent requirements of the aerospace industry.
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