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The fast leaching and robust barrier property of inhibitors are the basic fundamentals for
the formation of active protective coatings to protect aluminum alloys. Herein, an active
protective surface was developed based on an epoxy coating and an underlying lithium
carbonate (Li2CO3)-treated anodized aluminum alloy 2024-T3. The morphology of the Li-
LDH layer was studied to know its formation mechanism. The electrochemical studies
revealed that the fast and adequate leaching of lithium led to a substantial increment of
corrosion resistance of the scratched coating in 3.5 wt% NaCl from 1 to 8 days. Time of
flight secondary ion mass spectroscopy (ToF-SIMS) results indicated that Li was
distributed in the lateral direction and covered the scratched area. The 3D images
indicated that different lithium compounds were formed and 90% of the scratched
area was covered with the lithium protective layer over immersion time. A combined
approach of morphology observations, electrochemical measurements, and ToF-SIMS
showed the lithium protective layer offered good corrosion resistance. On the contrary,
lithium provided fast and adequate leaching from the coating, demonstrating good active
protection for aluminum and its alloys.
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INTRODUCTION

In the aerospace industries, the corrosion protection of aluminum alloys is of great significance
(Buchheit et al., 1993; Kendig and Buchheit, 2003; Visser et al., 2018a), which is principally achieved
by anodic oxidation incorporated with the Cr(VI) conversion process. However, this approach will
be banned by regulatory authorities in the near future due to the hazardous and carcinogenic effects
of chromate commercial coatings. 2024-T3 aluminum alloy, one of the most commonly used
aluminum alloys, is prone to localized corrosion in the chloride-containing medium due to the
presence of intermetallic particles (IMPs). The IMPs provide active sites for corrosion initiation and
propagation with respect to the surrounding matrix (Yasakau et al., 2006). Kosari et al. (2020) and
Kosari et al. (2021a) studied the initiation, propagation, and dealloying of IMPs in 0.01 M NaCl
solution by liquid phase transmission electron microscopy (LP-TEM). In situ TEM images revealed
that the main cause of corrosion initiation to the propagation of aluminum alloy was the S-phase
(Al2CuMg) and θ-phase (Al2Cu). The S-phase was more electrochemically active than the θ-phase
and showed fast local degradation upon exposure to corrosive media. Over time, different IMPs
cause local corrosion on an aluminum alloy such as pitting, intergranular corrosion, and copper
redistribution process. To eradicate the electrochemical reactions on IMPs, it is urgent to design eco-
friendly, highly protective, and cost-effective coatings to replace chromate-based surface
technologies.
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In recent years, many breakthroughs related to Cr(VI)-free
coatings have been reported, particularly for corrosion protection
of 2024-T3 aluminum alloys. In particular, the active protective
coatings possessing both the barrier property from the coating
matrix and the inhibition effect from the incorporated corrosion
inhibitors are shown to be more promising for corrosion
protection than the regular barrier-type coatings (Zhang et al.,
2018; Ma et al., 2021a; Ma et al., 2021b). In case of mechanical
damages on the coating surface, the incorporated inhibitors in the
coating will leach out and protect the damaged coating area.
Lithium salts have been demonstrated to be excellent corrosion
inhibitors toward aluminum and its alloys for active protection.
For example, Drewien et al. (1996) introduced a lithium-based
conversion layer by exposing the 1,100 aluminum alloy in Li2CO3

solution at different pH values. Visser et al. (2016), Visser et al.
(2017), Visser et al. (2018a), Visser et al. (2018b), and Visser et al.
(2019a) found another way of utilizing lithium inhibitors by
adding them directly into the epoxy coating which was applied on
the aluminum alloy surface. The lithium salts mixed in the
coating could leach out under aggressive environments and
establish an alkaline condition that enabled the generation of a
protective film on the defective area in the coating, therefore
successfully stifling the electrochemical process. In addition, a
recent work of Visser et al. (2019b) demonstrated that lithium salt
incorporated in an organic coating could leach out with high
chemical throwing power over a broad width of an artificial
coating defect. Kosari et al. (2021b) and Bouali et al. (2021)
developed a lithium-based double hydroxide (LDH) layer on the
aluminum alloy surface, and demonstrated that the immersion in
alkaline solution induced the surface enrichment of Cu which
favored the growth of the Li-LDH layer via aluminum and
magnesium dissolution. Andressa et al. (Trentin et al., 2019)
observed the effect of lithium on poly (methyl methacrylate)
(PMMA) silica sol–gel coating. The addition of lithium resulted
in a densified network of PMMA by reduction in the stacking
defect and provided active protection as restoration of the system
over a long immersion time. Many researchers performed the
plasma electrolytic oxidation (PEO) and micro arc oxidation
(MAO) on Mg and Al alloys to obtain the porous structure
that solved the relative adhesion problems of polymer top
coatings on the surfaces. Furthermore, the PEO and MAO
surfaces acted as containers to store different inhibitors, and
the pH changes provided active corrosion protection in the defect
area and improved its barrier properties (Golabadi et al., 2017a;
Yang et al., 2018a; Yang et al., 2018b; Pezzato et al., 2019; Toorani
and Aliofkhazraei, 2019; Toorani et al., 2019; Toorani et al., 2020;
Liu et al., 2021; Ostapiuk, 2021; Toorani et al., 2021; Zeng et al.,
2021; Zhang et al., 2021). Golabadi et al. (2017b) showed that the
compaction and cathodic disbondment of the epoxy coating were
enhanced on the phosphated coating consisting of different
additives.

In the present work, a new active protective coating was
designed on the 2024-T3 aluminum alloy surface to protect it
against localized corrosion. A concave anodic aluminum oxide
(AAO) layer was first formed on the 2024-T3 aluminum alloy and
was immersed in lithium carbonate solution to obtain a lithium-
based protective layer (Li-AAO). To explore the active protective

response, an epoxy coating was further applied onto Li-AAO and
was scratched before immersion in a 3.5 wt% NaCl solution. The
formation and growthmechanism of the lithium-based protective
layer on aluminum alloy were studied by various analytical
techniques including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and time-of-
flight–secondary ion mass spectroscopy (ToF-SIMS). The
corrosion resistance property of the generated layers was
investigated using electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization.

EXPERIMENTAL SECTION

Materials and Coating Preparation
As received, aluminum alloy sheets 2024-T3 [12.7 cm (L) ×
7.6 cm (W)] formed by cutting were used as the substrates. In
order to introduce the concave AAO surfaces, an electrochemical
polishing pretreatment was applied on the aluminum alloy prior
to anodization (Montero-Moreno et al., 2007). First,
electrochemical polishing was conducted at 20 V (vs. calomel
reference electrode) in a potentiostatic mode at 0–5°C, in a
mixture of ethanol (900 ml), perchloric acid (80 ml), and
distilled water (20 ml), under continuous stirring for 1 min.
Afterward, the substrate was etched in 10 wt% NaOH alkaline
solution for 5 min at 55°C, followed by desmutting in 30 vol%
HNO3 at ambient temperature. The aforementioned steps were
repeated once, followed by etching in a mixture of 6 wt% H3PO4

and 1.8 wt% CrO3 for 1 min at 55°C. The polished substrates were
thoroughly rinsed with distilled water for 2 min. Thereafter, a
two-step anodization process was used (Zaraska et al., 2010;
Elaish et al., 2018). The pretreated samples were anodized in
an electrochemical cell at 32 V (vs. saturated calomel electrode) in
0.3 M H2SO4 for 1 h, with aluminum alloy as the anode and
graphite as the cathode. The bath temperature was maintained at
0–5°C under continuous stirring. The first concave layer formed
after anodization was removed by acid etching in the mixture of
6 wt% H3PO4 and 1.8 wt% CrO3 for 5 min at 45°C. The second
anodization was performed under the same condition. Finally, the
samples were rinsed with distilled water and air-dried at room
temperature.

In order to prepare the lithium-based protective coatings,
the anodized aluminum surface was immersed in 0.1 M Li2CO3

solution at 25°C for 24 h. The Li-based film was formed by a
coprecipitation reaction involving Al; therefore, a sacrificial
aluminum substrate was also immersed in the solution and
allowed to dissolve freely. The pH of the solution was
controlled to be 11.5 during the reaction. Thereafter, the
samples were taken out and air-dried, which were named
Li-AAO substrate. The Li-AAO substrates were further
coated with an epoxy coating and cured at 55°C for 24 h
(denoted as Li-AAO/epoxy coating). The epoxy coating was
applied with a bar coater to control a final thickness of ∼25 µm
(Visser et al., 2017). An artificially scratched area (1–1.5 mm in
width) was made by a surgical knife on the Li-AAO epoxy
coating surface before immersion in 3.5 wt% NaCl solution.
For comparison, an AAO substrate without lithium inhibitor
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treatment was also coated with an epoxy coating and named
AAO/epoxy coating.

Electrochemical Measurements
The EIS measurements of the 1) AAO substrate, 2) Li-AAO
substrate, 3) scratched AAO/epoxy coating, and 4) scratched Li-
AAO/epoxy coating were conducted using Princeton applied
research PARSTAT 2273 potentiostat after immersion in
3.5 wt% NaCl solution for 1, 3, 5, and 8 days. A classic three-
electrode electrochemical cell was used, with the (coated)
aluminum substrate as the working electrode, a platinum foil
as the counter electrode, and a saturated calomel electrode (SCE)
as the reference electrode (Visser et al., 2018a). EIS tests were
executed in a frequency range 10−2–105 Hz with a perturbation of
10 mV. EIS data were fitted using suitable equivalent electric
circuits (EECs) by ZSimpWin software. To ensure
reproducibility, each measurement was repeated at least three
times. Potentiodynamic polarizations were performed on the
samples after 8 days of immersion in 3.5 wt% NaCl solution,
with a scan rate of 1 mV/s.

Surface Analytical Measurements
The top and cross-sectional images of the AAO substrate and Li-
AAO substrate were obtained by SEM (SU8200 Hitachi, Japan).
The cross section of the Li-AAO substrate was prepared using
focused ion beam (FIB) of Ga+ ion Zeiss Auriga Compact Cross
Beam SEM (ZEISS 540) and was characterized by TEM
observation (TALOS F200X).

ToF-SIMS Measurement
ToF-SIMS measurements were carried out using ToF-SIMS
GmbH (ION-TOF, Germany), equipped with a 30 keV Bi+

primary ion beam source worked in a high-current mode to
obtain the high-resolution mass spectra. Positive mass spectra
were obtained over a mass range of 1–800 amu and computed
with the known fragments. The exact mass of the fragments was
measured (in ppm) by the absolute difference between the
experimental and theoretical mass, and the obtained result was
divided by experimental mass. The lithium-layered double
hydroxide (Li-LDH), lithium with pseudoboehmite (Li-PB),
and pseudoboehmite (PB) were acquired by rastering area in
patches of 300 µm × 300 µm from the large image area. The
analysis for each patch was done for 60 s at a pixel density of 250
pixel/mm. According to the method reported by Marcoen et al.
(2018), a peak list with high-resolution spectra was established for
the reference sample and finally applied to the attained spectra.

The ToF-SIMS data were analyzed by simsMVA software, and
3D images were produced by Epina Image lab software (Shi et al.,
2020). Two functions were used in simsMVA. The first one was
the normalization and Poisson scaling of all peak intensities based
on the method reported in the literature (Trindade et al., 2018).
The second one was the non-negative matrix factorization
(NMF), which was used to identify the distribution and
presence of pure compounds on the surface.

Reference materials were made for the composition analysis of
the lithium protective layer in the scratched area. Specifically,
aluminum alloy substrates were thoroughly cleaned and coated

with epoxy coating. PB and Li–PB reference samples were
prepared according to the method reported by Gorman et al.
(2003). The samples were scratched and then exposed to the (i)
deionized water or (ii) a 0.02 M LiCl solution at 95–100°C to
acquire PB or Li–PB, respectively. The reference of the Al–Li
LDH layer is prepared by following the work of Drewien et al.
(1996). According to this method, the AA-2024T3 substrates
were immersed in 0.1 M Li2CO3 solution for 15 min. Finally, the
treated substrate was washed thoroughly with deionized water
and air-dried at room temperature. All ToF-SIMS measurements
were performed in the scratched area.

RESULTS AND DISCUSSION

Figure 1A shows the concaved AAO surface formed on the
aluminum alloy 2024-T3 substrate. Unlike the hexagonal array of
AAO on pure aluminum (Wu et al., 2019; Wu et al., 2021), the
uneven morphology of the nanopores on the AAO surface
obtained in this study can be attributed to the potential
difference between IMPs and the alloy matrix (Abrahami
et al., 2017). Figures 1B,C are the top and cross-sectional
views of the AAO surface treated with Li2CO3 inhibitors (Li-
AAO substrate), presenting a plate-like LDH layer with
somewhat irregular spacing (Visser et al., 2016). This LDH
layer is formed due to the intercalation of lithium into the
aluminum hydroxide gel. The AAO and Li-AAO substrates
were then cured at 55°C for 24 h to simulate their changes
during the curing process when epoxy coating was applied.
Figures 1D,E are the top and cross-sectional SEM images of
the Li-AAO substrate cured at 55°C. Figure 1D shows that the
LDH layer became smaller flakes after curing. From the cross-
sectional image (Figures 1E,F), the Li-AAO substrate displayed
three defined regions including the columnar, the porous, and the
barrier layers from the top to the bottom (Visser et al., 2018a).

EIS Measurements
EIS measurements were conducted on the samples with and
without lithium inhibitors, followed by epoxy top coating
during the 8 days of immersion in a 3.5% NaCl solution
(Figure 2). Figures 2A–C show the Nyquist and Bode plots of
the uncoated AAO surfaces without lithium inhibitors. The semi-
capacitive arcs in Nyquist plots become smaller due to pitting
corrosion with the prolonging of immersion time. The low-
frequency impedance value at 10−2 Hz (|Z|0.01Hz), which is a
common indicator of the corrosion resistance (Buchheit et al.,
1993), decreased slightly from 16.2 kΩ cm2 (1 day) to
11.5 kΩ cm2 (8 days). In the phase plots of Figure 2C, two
time constants were shown; the one at low frequency
(10−2–10−1 Hz) was related to the electrochemical activity on
the aluminum alloy surface, and the second one at middle
frequency (101–103 Hz) was ascribed to the oxide layer (Visser
et al., 2017). It was shown in Figure 2C that the active corrosion
was observed as the immersion time increased on the uncoated
AAO surface. The EIS spectra of the Li-AAO substrate are shown
in Figures 2D–F. The capacitive arcs remained almost
unchanged over 8 days, denoting that the lithium protective
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layer showed high interfacial resistance to the corrosion process
(Visser et al., 2018a). In the Bode impedance plots, the |Z|0.01Hz

values slightly increased from 1.0 MΩ cm2 (day 1) to 1.3 MΩ (day
8). From the phase angle plots, three time constants were
observed; the one at the low-frequency region (10−2–10−1 Hz)
represented corrosion on the metal surface, and the other two
time constants overlapped in the broad middle frequency range
and were attributed to the dense and porous regions of the
lithium protective layer (Liu et al., 2016). The EIS spectra of
Li-AAO illustrated that the lithium protective layer showed a
significant corrosion protection as compared to the uncoated
AAO substrate. The EIS spectra of the scratched AAO/epoxy
coating are illustrated in Figures 2G–I. The Nyquist plots showed
a decrease in size of the capacitive arcs after 1 day. In the Bode
impedance plots, the |Z|0.01Hz displayed a small change within
8 days. The Nyquist and Bode plots of scratched Li-AAO/epoxy
coating are presented in Figures 2J–L. The obvious increase in
the size of capacitive arcs signified the growth of the protective
layer in the scratched area. From the Bode impedance plots, the |
Z|0.01Hz value changed from 0.6 MΩ cm2 (1 day) to 2.2 MΩ cm2

(8 days), determining that the corrosion protection property was
improved. From the Bode phase plots, three time constants were
observed. The time constant at low frequency (10−2 Hz) at day 1
was ascribed to the electrochemical activity. The second and third
time constants were noticed at the middle frequency region
(101–103 Hz), which were referred to the dense and porous
regions of the lithium protective layer (Visser et al., 2018a;
Trentin et al., 2019). The time constant at the low frequency
disappeared after 1 day of immersion. It should be noted the EIS
spectra of Li-AAO in Figures 2D–F present slightly different
results compared with those of the scratched Li-AAO/epoxy
coating (Figures 2J–L). The main reason is associated with the
lithium leaches from the complex network of the columnar region

into the scratched area that further densified the porous and
barrier regions next to the substrate. In contrast, the Li-AAO
substrate shows the EIS measurements from the top surface with
no scratched area. As a result, the corrosion protection of the
scratched Li-AAO/epoxy coating was increased over time (Kosari
et al., 2021b). The EIS spectra of scratched Li-AAO/epoxy coating
showed that lithium leached from the lithium protective layer and
provided active protection in the scratched area over the
immersion time. Diping and their coworkers performed
plasma electrolytic oxidation (PEO) on UNS A97075 Al alloy
and further sealed this layer with silane. The corrosion property
of PEO sealed with silane was measured by electrochemical
impedance spectroscopy (EIS). The measured corrosion
resistance of aluminum alloy was good but lower than that of
the present study (Zeng et al., 2021).

The EIS measurements were fitted by the EECs in Figure 3 to
evaluate the electrochemical response of different substrates.
Figure 3A displays an EEC with two time constants, which is
used to describe the electrochemical response in the damaged
area without the lithium inhibitors. In this circuit, Rsol describes
the solution resistance; Roxide and CPEoxide represent the
resistance and capacitance of the AAO layer; and Rct and
CPEdl depict the electrochemical responses at the aluminum
alloy surface via charge transfer resistance and double layer
capacitance, respectively (Visser et al., 2018a; Visser et al.,
2017). Generally, CPE is used instead of a pure capacitance to
define the non-ideal capacitive behavior of elements, which is
mainly attributed to the uneven growth of the generated layer
(Hsu and Mansfeld, 2001). An EEC with three time constants in
Figure 3B is used to fit the EIS data of AAO with lithium
inhibitors. In this model, an additional time constant is
contributed to the generated lithium-based protective layer,
which is in good agreement with the SEM and TEM results in

FIGURE 1 | SEM images of (A) the top view AAO surface on 2024-T3 substrate, (B) top view, and (C) cross-sectional view of the Li-AAO substrate; SEM images of
(D) top view and (E) cross-sectional view of the Li-AAO substrate after curing at 55°C; (F) TEM image of the cross-sectional view of the Li-AAO substrate after curing
at 55°C.

Frontiers in Materials | www.frontiersin.org January 2022 | Volume 8 | Article 8043284

Minhas et al. Active Corrosion Protection of 2024-T3 Aluminum Alloy

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Figures 1E,F. Rsol describes the solution resistance, Rporous and
CPEporous represent the resistance and capacitance of the porous
layer, respectively, and Roxide and CPEoxide refer to the
capacitance and resistance of the combination of the AAO
layer and dense layer, respectively. Figure 3B shows that an
additional time constant attributed to the porous oxide layer
formed on the barrier layer. The equivalent capacitance values of
different elements in Figures 3A,B can be calculated by using
CPE values (Q and n) with their respective resistance according to
the following Eq. 1 (Golabadi et al., 2017b).

C � Q1/nR(1−n)/n. (1)

Figure 4A illustrates the variation of Roxide with respect to the
immersion time. For the AAO substrate, the Roxide value was as
low as ∼100 kΩ cm−2 at the beginning of immersion (1 day),
whereas the Roxide value of the Li-AAO substrate was relatively
high (2590 kΩ cm−2) after 1 day. After application of the epoxy
coating, the Roxide of the scratched AAO/epoxy coating remained
as low as ∼463 kΩ cm−2 during the 8 days of immersion. The
Roxide of the scratched Li-AAO/epoxy coating was
∼2500 kΩ cm−2 after 1 day, which increased to
∼7,500 kΩ cm−2 after 5 days, and then decreased to
4,300 kΩ cm−2 after 8 days. The corresponding CPEoxide values
of different coatings are shown in Figure 4B. The CPEoxide of the

FIGURE 2 | EIS spectra of the (A–C) AAO substrate, (D–F) Li-AAO substrate, (G–I) scratched AAO/epoxy coating, and (J–L) scratched Li-AAO/epoxy coating
during immersion in 3.5% NaCl solution from 1 to 8 days.
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AAO substrate and scratched AAO/epoxy coating showed an
increase over time. The CPEoxide values of the Li-AAO substrate
and the scratched Li-AAO/epoxy coating were much lower, and a
slight increase in the CPEoxide was observed after 1 day, which was
attributed to the development of the lithium-based protective
layer. The corrosion rate of the surfaces can be estimated by Rct

values, which are shown in Figure 4C. The Rct of samples without
inhibitors showed much lower values throughout the entire
immersion. Rct was higher in case of the Li-AAO substrate,
which was ∼267 kΩ cm−2 after 1 day, and increased to
∼552 kΩ cm−2 after 5 days, and then decreased to 363 kΩ cm−2

after 8 days. The Rct of the scratched Li-AAO/epoxy coating was
the highest, being 389 kΩ cm−2 after 1 day, and increased up to

∼1,469 kΩ cm−2 after 5 days, and then slightly decreased to
1,075 kΩ cm−2 after 8 days. In Figure 4D, the variation of the
CPEdl values is in good agreement with that of the Rct values for
all samples. The samples containing Li inhibitors possess higher
resistance values and smaller CPE values, demonstrating a better
corrosion protection property. The active protection by the
lithium protective layer was determined by the Roxide and Rct

values. Comparing Li-AAOs with the uncoated AAO and
scratched AAO/epoxy coating, the Roxide and Rct values
showed a remarkable increment. A similar trend was observed
in the CPEoxide and Cdl values as compared to the oxide resistance
(Roxide) and charge transfer resistance (Rct) values. The higher Rct

values of Li-AAOs after 1 day displayed that the lithium

FIGURE 3 | Equivalent electric circuits used to fit EIS spectra (A) without inhibitors and (B) with inhibitors.

FIGURE 4 | Evolution of the (A) oxide resistance (Roxide), (B) oxide capacitance (Coxide), (C) charge transfer resistance (Rct), and (D) double-layer capacitance (Cdl)
of the AAO substrate, Li-AAO substrate, scratched AAO/epoxy coating, and scratched Li-AAO/epoxy coating.
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protective layer showed good barrier properties. Further
increment in Rct values from 3 to 8 days ascribed the lithium
leaching from the lithium layer, providing active protection in the
scratched area. Toorani et al. (2019) performed micro arc
oxidation on AZ31-magnesium alloy, and the existing porous
structure was closed by cerium oxide and was epoxy-coated
further. The different nominal concentration of cerium oxide
was used, and the corrosion property was observed at the defined
scratched zone. The layer exhibited good corrosion protection
and was much comparable with the present study (Toorani and
Aliofkhazraei, 2019).

Potentiodynamic Polarization
Measurements
Figure 5 shows the polarization measurements of the AAO
substrate, Li-AAO substrate, scratched AAO/epoxy coating,
and scratched Li-AAO/epoxy coating after 8 days of
immersion in 3.5% NaCl solution. The curves of the AAO

substrate and the scratched AAO/epoxy coating overlapped
with each other. Both curves showed active corrosion during
anodic polarization with respect to the open circuit potential
(OCP). The cathodic branches exhibited higher current densities
than the Li-AAO substrate, which were ascribed to the diffusion-
limited reduction of dissolved oxygen (Visser et al., 2016; Visser
et al., 2018a). In contrast, the Li-AAO substrate showed effective
corrosion inhibition after 8 days of immersion. The anodic
polarization of the Li-AAO substrate showed a small passive
range from −670 to −570 mV. Unlike the Li-AAO substrate, the
scratched Li-AAO/epoxy coating after 8 days of immersion in
3.5% NaCl solution showed passivation behavior in the anodic
region (Visser et al., 2017). The anodic polarization exhibited the
anodic passive range, with no sign of pitting corrosion as
compared to the Li-AAO substrate. The cathodic branches of
Li-AAOs showed lower current density, indicating the oxygen
reduction reaction is suppressed. This shows that the cathodic
inhibition of Li-AAOs is due to the leaching of lithium from the
lithium protective layer. The corrosion current (icorr) is measured
by extrapolating the cathodic branch that has a linear Tafel region
to intersect with OCP. By analyzing the electrochemical
parameters in Figure 5, it can be deduced that the Li-AAO
samples yield a corrosion inhibition effect as compared to the
samples without inhibitors.

Li Distribution and Composition Tested by
ToF-SIMS
Li is a low atomic number element that is very difficult to be
detected using the typical surface analytical approaches
(Marcoen et al., 2018). ToF-SIMS with high sensitivity to
the lithium element was hence proposed to analyze the
distribution and composition of the generated protective
layer on AA2024-T3. ToF-SIMS measurements are
performed in the scratched area with the omission of areas
near the edges to eradicate the artefacts. A multivariant
analysis method, that is, non-negative matrix factorization
(NMF), was used to figure out the various elements present
on the protective surface. The NMF function was applied to
know the relative chemical composition of Li species after
leaching in the scratched area with respect to the reference
material. Three reference materials (Li-LDH, Li–PB, and PB)

FIGURE 5 | Potentiodynamic polarization curves of the AAO substrate,
Li-AAO substrate, scratched AAO/epoxy coating, and scratched Li-AAO/
epoxy coating.

FIGURE 6 | Reference material data for ToF-SIMS analysis: (A) mass spectrum, (B) surface coverage, (C) ToF-SIMS, and (D) 3D image.
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were prepared, and their respective data are shown in Figures
6A–D (Yang et al., 2018a; Visser et al., 2019b).

Figure 7 shows the NMF mapping of all spectra within 8 days
of immersion and was produced by applying the method of
Trindade et al. (2018). These maps showed fast leaching of Li+

over a long immersion time in the scratched area. The NMF
mapping was used to determine three chemical compositions in

the scratched area. The major attention in the mass ranges was
paid to two peaks located at 6 and 7 (m/z), which can be attributed
to the minor isotope 6Li+ and Li+ ion, respectively. The presence
of both peaks in each spectrum indicates that lithium was
incorporated in the LDH structures. The maps for lithium
distribution are monitored by the minor isotope 6Li+ in the
scratched area. Li+ was found to saturate in the detector, and
its natural abundance was reported to be 92.5%, and the
remaining was minor isotope 6Li+ ion (Marcoen et al., 2018).
Figure 8 discloses that the Li distribution covered the scratched
area after 1 day. The inspected scratched areas of 3, 5, and 8 days
of coatings revealed different amounts of 6Li+ concentration,
suggesting that the surface compositions are different.
Furthermore, Figure 7 shows that the maximum enrichment
of Li was seen after 5 days. These results are in good agreement
with the EIS data in Figure 2.

The 3D images in Figure 9 show different compound formation
in the scratched area over 8 days of immersion. The 3D images
showed that different Li-LDH layers were found in the scratched
area. The different compounds of lithium were observed due to
changes in local pH values in the scratched area, and the leaching of
lithium occurred from the lithium protective layer. Figure 10
illustrates the percentage surface coverage of three different
compounds in the scratched area, and the surface coverage data
extracted from Figure 9. Two or three different regions were seen in
the scratched area, indicating that the protective layers were made of
different compounds. The formation of the Li-LDH layer depends
on the higher pH values, and adequate amounts of Al(OH)−4 , OH−,
CO−

3 , and Li+ ions should be present in the scratched zone. In

FIGURE 7 | Positive ToF-SIMS mass spectra data from PB, Li–PB, and
Li-LDH; the mass spectra are normalized to the total ion intensity.

FIGURE 8 | ToF-SIMS and SEM images of the scratched Li-AAO/epoxy coating in the scratched area during immersion in 3.5%NaCl solution from 1 to 8 days; the
ToF-SIMS images are normalized to the total ion intensity.
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Figure 10, 1 and 8 days show three compounds formation, while 3
and 5 days display only two compounds in the scratched area. After
1 day, the leaching of lithium over the immersion time increased,
and the main compound that covered the scratched area is Li-LDH.
Due to changes in pH values, the Li–PB and PB regions are also
observed in the scratched area.

Mechanism of Active Corrosion Inhibition
The mechanism of the lithium protective layer to achieve active
corrosion protection in damaged coating can be described as
follows based on the EIS, polarization, and ToF-SIMS results. As
the scratched Li-AAO/epoxy coating is exposed to the chloride
environment, the presence of IMPs on the exposed aluminum
alloy substrate such as the S-phase is susceptible to more rapid
corrosion. As a result, Al and Mg are dissolved, which leads to Cu
enrichment. The oxygen reduction on the Cu develops the
alkaline environment that triggers the leaching of lithium from
the lithium-based protective layer. Meanwhile, uniform corrosion
of Al also occurred, and Al2O3 is formed. As the immersion time
increased, the continuous increment in the pH value accelerates

the lithium leaching rate. It is reported that Al(OH)−4 was found
on the Cu particles at higher pH values, and lithium is easily
intercalated into aluminum hydroxide gel (Kosari et al., 2021b;
Bouali et al., 2021). Therefore, the Li-LDH layer is observed in
high amounts during the 8 days of immersion, gradually covering
the scratched area. The pH values in the scratched area are
different due to different alloying elements. At mild pH values,
a small amount of PB is observed. At higher pH values, Li–PB is
also found over the scratched area (Yan et al., 2020). The
corrosion process of the scratched Li-AAO/epoxy coating
slows down after 1 day, a dense barrier layer (Li-LDH and
Li–PB) is formed, and active corrosion protection is thereby
achieved as the immersion time prolonged.

CONCLUSION

In this work, a novel active protective surface was developed on
anodized 2024-T3 with Li2CO3 inhibitors. The growth and
barrier property of the lithium protective layer in 3.5 wt%
NaCl solution was investigated by SEM and TEM analyses,
electrochemical techniques, and ToF-SIMS. The main
conclusions of the study are as follows:

1) The active protective coating on 2024-T3 aluminum alloy was
formed as a result of precipitation by exposure of anodized 2024-
T3 in Li2CO3 solution. The formed layer plays a significant role
to provide active protection to 2024-T3 aluminum alloy.

2) The EIS results confirmed that the formed layer provided
active corrosion protection through the leaching of lithium
from the lithium-based layer in the scratched area over the
immersion time. The ToF-SIMS analysis provided useful
information about the Li distribution in the scratched area.

3) The 3D images of the scratched Li-AAO/epoxy coating showed
that the leading compound in the scratched area was Li-LDH,
and it can be observed after 1 day of immersion in chloride
solution. Another lithium compound, namely, Li–PB, was also
observed in the scratched area, and its amount decreasedwith the
immersion time.

FIGURE 9 | 3D images of PB, Li–PB, and Li-LDH derived from ToF-SIMS data.

FIGURE 10 | Surface coverage percentage of PB, Li–PB, and Li-LDH
derived from 3D images.
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