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A B S T R A C T

A coating with self-sealing and self-healing properties is prepared on the LY12 aluminum alloy by microarc 
oxidation (MAO). The in situ growth of CePO4 and Al2O3 creates a mixed melt that fills the discharge pores, while 
the mixed amorphous and nanocrystalline structure enhances the corrosion resistance. Electrochemical and 
saltwater immersion tests demonstrate that the Ce-doped MAO coating has excellent corrosion resistance without 
local pitting corrosion after immersion for 336 h. During immersion, CePO4 releases Ce3 + to form Ce(OH)3 to fill 
the loose corrosion product Al(OH)3, consequently creating a denser product film with self-sealing and self- 
healing capabilities.

1. Introduction

Aluminum (Al) alloys have a wide range of applications in aerospace, 
marine equipment, automotive, and 3 C electronic components due to 
their low density, high strength, and easy processing [1–3]. However, 
components made of Al alloys are prone to corrosion in service [4–6], 
and protective coatings and subsequent painting treatments are 
commonly deposited for commercial applications [7,8]. Among them, 
the coating on the substrate surface includes anodizing, micro arc 
oxidation (MAO), etc., which are crucial for the corrosion resistance and 
wear resistance of the coating [9]. For instance, MAO produces an 
alumina layer in situ with enhanced corrosion resistance [10]. However, 
the arc discharge on the insulating layer produces pores on the surface 
[11,12] rendering the coating susceptible to the penetration of corrosive 
species through the pores to corrode the substrate during long-term use 
[13,14].

Generally, a secondary sealing process can reduce or prevent the 
permeation of corrosive medium through pores. Sealing techniques 
typically involve organic sealing and nanoparticle sealing [15,16]. In 
organic sealing, organic compounds such as epoxy resin, poly
acrylamide, and so on are introduced into the MAO coating to cover the 

pores [17]. However, organic coatings may not adhere strongly to the 
substrate, giving rise to possible delamination, and also are susceptible 
to aging and failure [18]. In comparison, sealing with nanoparticles by 
MAO facilitates the aggregation and sealing of pores [19,20]. Never
theless, nanoparticles tend to aggregate and precipitate in the electro
lyte, leading to poor pore-sealing effects [21]. Therefore, it is important 
to modify the particles’ surface charge thus making the process quite 
complex. Hence, precise control of the electrolyte is crucial [22,23]. Wu 
et al. have designed an electrolyte to prepare MAO coatings doped with 
zinc phosphate in situ on Al alloy [24]. During long-term corrosion, the 
surface zinc phosphate dissolves to release Zn2+ and form Zn(OH)2 
precipitate, which plays a self-healing role, and the neutral salt spraying 
lifetime is 5000 h. Dong et al. have prepared LDH films on MAO coatings 
on Mg alloys and integrated corrosion inhibitors and anchoring lubri
cants. The outermost sliding surface of the coating exhibits water 
resistance and self-healing ability, providing effective corrosion resis
tance [25]. However, in spite of self-healing, the risk of corrosion due to 
weak pores cannot be eliminated totally [26–32]. In this regard, Zhang 
et al. have constructed a composite MAO coating containing Ce to seal 
pores by exploiting the release of Ce3+/Ce4+ during corrosion [33]. 
However, the bonding strength of the coating is still insufficient. It is 
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desirable to develop a one-step process that can introduce both 
self-sealing and self-healing effects. In MAO, pores are formed by 
discharge breakdown and the subsequent reaction between the substrate 
and electrolyte to generate oxide and metal salts [34,35]. The local high 
temperature causes the reaction products to melt and solidify upon 
exposure to the cold electrolyte [36,37]. In this respect, if the molten 
materials can be enriched at the pores, they can, in principle, backfill the 

pores to accomplish in situ self-sealing.
In this study, Ce3+ with self-healing properties is introduced into a 

phosphate electrolyte to produce CePO4-doped MAO coatings in situ on 
the LY12 Al alloy. The melt of CePO4 and Al2O3 fills the pores. The 
coatings are characterized, and the corrosion characteristics are deter
mined by immersion in a NaCl solution. The self-healing properties are 
investigated by introducing scratch damage and performing subsequent 
immersion studies.

2. Experimental section

2.1. Preparation of MAO coatings

The LY12 Al alloy (50 × 25 × 1 mm3) was polished with 2000 grit 
sandpaper and cleaned ultrasonically with deionized water and anhy
drous ethanol for 10 min each. Microarc oxidation (MAO) was con
ducted in the constant current mode in an electrolyte doped with Ce3+

using a 15 kW AC power supply, with the Al alloy as the anode and the 
stainless-steel electrolytic cell as the cathode. The current density, fre
quency, duty cycle, and discharge time were 5 A⋅dm− 2, 500 Hz, 15 %, 
and 10 minutes, respectively. The base electrolyte consisted of 15 g⋅L− 1 

Na4P2O7, 5 g⋅L− 1 NaOH, and 5 g⋅L− 1 EDTA-2Na. The coatings were 
produced by adding 0/5/10/15 g⋅L− 1 Ce(CH3CO2)3 ⋅ xH2O to the base 
electrolyte (samples designated as MAO, Ce5, Ce10, and Ce15, respec
tively). Cooling by circulating water was used to ensure that the tem
perature of the electrolyte was below 45 ◦C.

Fig. 1. Discharge curves during MAO of the LY12 Al alloy in the Ce-doped 
electrolytes.

Fig. 2. SEM and LCSM images of the MAO coatings doped with different concentrations of Ce: (a) MAO, (b) Ce5, (c) Ce10, and (d) Ce15.
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2.2. Electrochemical and immersion tests

Electrochemical and salt solution immersion tests were performed. 
The electrochemical evaluation was carried out on an electrochemical 
workstation (Gamry1010E) with a three-electrode configuration in a 
3.5 wt% NaCl solution at room temperature, in which the sample, 
saturated calomel (SCE), and Pt were the working, reference, and 
counter electrodes, respectively. The sample was subjected to a 30-min
ute open circuit potential (OCP) operation in the solution for stabiliza
tion before electrochemical impedance spectroscopy (EIS) and 
polarization (Tafel) were conducted. EIS was carried out between 
100 kHz and 100 mHz using a sinusoidal signal with an amplitude of 
10 mV. The data were fitted and analyzed by ZsimpWin. The Tafel data 

were acquired by the dynamic potential test at a scanning rate of 
1 mV⋅s− 1, and the corrosion potential and corrosion current density 
were calculated by Tafel extrapolation. The salt solution corrosion 
experiment was conducted in a 3.5 wt% NaCl solution for 336 h. The 
samples were performed by a hundred grid scratch test and subjected to 
immersion tests to assess their self-healing properties. All the tests were 
done in triplicate to improve the statistics.

2.3. Characterization

The microstructure and corrosion product morphology of the MAO 
coatings were examined by scanning electron microscopy (SEM, Carl 
Zeiss, SUPRA55), and the elemental composition and distribution were 

Fig. 3. SEM/EDS image and elemental maps: (a) MAO and (b) Ce10.
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determined by energy-dispersive X-ray spectroscopy (EDS). The crystal 
structure and phase were investigated by X-ray diffraction (XRD, Bruker, 
D8 Advance), and the surface chemical states were determined by X-ray 
photoelectron spectroscopy (XPS, Thermo Fisher, ESCALAB 250X). A 
focused ion beam (FIB, Scios, FEI) was used to cut and thin the samples 
to less than 100 nm prior to transmission electron microscopy (TEM, 
JEM-3200FS). A 3D laser confocal microscope (LCSM, VK-X200 series) 
was used to obtain the surface profile and determine the surface 
roughness Ra. The color bar in the LCSM image represents the difference 
between the highest and lowest points of the coating measured in 3D 
mode. Image-J was employed to analyze the pore size and distribution 
and calculate the sealing rate.

3. Results and discussion

Fig. 1 illustrates the discharge process in the preparation of the Ce- 
doped MAO coatings on the Al alloy. The discharge process exhibits 
three stages: surface passivation (0–60 s), passivation layer breakdown 
(60–300 s), and rapid and stable growth (300–600 s). During the initial 
0–60 s, the Al alloy forms a dense Al2O3 passivation layer by oxidation in 
the electrolyte containing phosphate, leading to a rapid increase in the 
voltage. With increasing Ce concentrations, the rate of voltage increase 
accelerates because a larger Ce concentration diminishes the free path 
for ion movement in the solution, consequently reducing the conduc
tivity of the phosphate electrolyte and resulting in a higher passivation 
voltage. As the voltage approaches the breakdown voltage of the 
passivation layer, significant charges accumulate on the surface and 
begin to discharge, resembling the discharge phase of a capacitor and 
transitioning to the arc discharge stage (60–300 s). The voltage of the 
sample rises progressively, with a more pronounced voltage increase 
observed when the Ce salt content is higher. In this stage, as the voltage 
goes up, the insulating passivation layer on the surface is formed 

gradually while the arc that punctures the passivation layer shapes the 
discharge pathway. Consequently, the aluminum matrix melts and dis
perses, and chemical or plasma reactions occur with the electrolyte to 
produce aluminum oxide and aluminum metal salts. The high temper
ature in the discharge channel facilitates the interaction between Ce3+

and PO4
3- in the electrolyte, culminating in the formation of cerium 

phosphate. After 300 seconds, the process enters the rapid growth stage 
characterized by a gradual increase in the coating discharge voltage and 
intensification of the arc discharge. The resistance of the coating goes up 
with Ce concentration, leading to a more substantial rise in the voltage. 
In the subsequent to 600 s, local breakdown arcs may emerge, resulting 
in coating erosion. The MAO discharge process is then terminated to 
form the MAO coating.

Fig. 2(a–d) display the surface microstructure of the MAO coatings 
doped with different concentrations of Ce salts. The SEM images reveal a 
porous structure. The edges of the pores are like volcanic craters because 
the MAO discharge resembles volcanic eruption. As a result, the molten 
materials formed accumulate at the top of the pores. The MAO coatings 
doped with different amounts of Ce have different pore sizes and dis
tributions. The undoped MAO coating has a dense pore distribution with 
small pore size, large pores exceeding 5 μm, and nanopores in close 
proximity. This is because of the lower voltage and discharging through 
small arcs. In contrast, the Ce-doped MAO coatings have fewer and 
larger pores, and the pore size increases with Ce concentrations. This is 
because cerium salts alter the physical properties of the electrolyte, 
leading to a significant voltage increase, and the metal salts and oxide 
impact breakdown and discharge formation. Consequently, more com
plex phases and higher voltages lead to preferential breakdown at weak 
areas forming discharge channels.

There is a significant amount of filler inside the pores of the coating 
doped with Ce, and internal sealing is almost accomplished. The filling 
materials become more prominent as the size of the pores increases, 

Fig. 4. Surface morphologies and corresponding micropore distributions of the MAO coatings: (a) MAO, (b) Ce5, (c) Ce10, and (d) Ce15; (e) Average pore size; (f) 
Surface porosity; (G) Sealing percentages.
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Fig. 5. Cross-sectional SEM images and EDS elemental maps (a) MAO, (b) Ce5, (c) Ce10, and (d) Ce15.
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which is different from many reports on added or self-generated CeO2 
nanoparticles [27,38,39]. Generally, the sealing of pores with added or 
self-generated nanoparticles only results in the accumulation of particles 
in the surface pores, leaving pores between the particles. However, the 
low discharge energy on the surface makes it difficult to achieve com
plete sealing of the pores through the melting polymerization of nano
particles. Therefore, the corrosion resistance in long-term service 
environments may be compromised. This MAO coating is unique as the 
self-sealing of pores is accomplished in a single step. This is primarily 
attributed to the exogenous phosphate of Ce produced during the 
discharge process and backfilling of the coating, thus creating a mixture 
with the generated oxide and sealing the pores. The LCSM images 
disclose uneven molten material protrusions on the surface, but the 
roughness of the MAO coatings doped with different concentrations of 
Ce shows no significant difference (Fig. 2(a4–d4)).

Fig. 3 and Figs. S1–S2 show the EDS results of the MAO coatings 
revealing the presence of Al, O, and P (Fig. 3(a)) and Ce in the Ce-doped 
coatings. Fig. 3(b) clearly demonstrates the presence of Ce, P, and O in 
the pores, indicating that the molten materials seal the pores. The pro
trusions on the outer wall of the pores exhibit significant enrichment of 
Al and O due to Al2O3. After coating breakdown, the molten Al2O3 ac
cumulates at the edges to form the outer wall of the pores. Subsequently, 
the phosphate of Ce and Al2O3 migrate back to the pores to accomplish 
self-sealing. The surfaces of the Ce5 and Ce15 exhibit similar elemental 
distributions (Figs. S1–S2).

Fig. 4 shows the porosity, size, and self-sealing percentages. Fig. 4
(a1–d1) are processed to generate the images of the pores, as illustrated 
in Fig. 4(a2–d2). Black color represents pores, while white represents 
coatings or fillers. There are numerous small pores, and the number of 
pores decreases after Ce doping. Many irregular black circular pores now 

appear white, suggesting self-sealing. Fig. 4(a2–d2) show the porosity, 
average pore size, and self-sealing percentages. As the Ce concentrations 
increase, the average pore size increases gradually, while the surface 
porosity decreases. The average pore sizes of MAO, Ce5, Ce10, and Ce15 
are 3.14 ± 1.23 µm, 4.19 ± 1.31 µm, 4.53 ± 1.24 µm, and 5.52 
± 1.69 µm, respectively (Fig. 4(e)), while the surface porosities are 4.03 
± 0.35 %, 1.75 ± 0.27 %, 1.23 ± 0.19 %, and 0.88 ± 0.31 %, respec
tively (Fig. 4(f)). This is due to the increase in the discharge voltage for a 
larger Ce concentration, resulting in a larger density but decreased 
quantity. Fig. 4(g) indicates that the self-sealed pores fail when the pore 
size is less than 3 µm maybe because of the lower arc energy and shorter 
duration, as the exogenous phosphate of Ce does not melt in time to 
backfill the pores. When the pore size is between 3 and 10 µm, the self- 
sealing percentages of Ce5, Ce10, and Ce15 are 32 %, 53 %, and 42 %, 
respectively. The difference may be related to the nonuniformity of 
randomly generated arcs. Generally, the higher the sealing rate, the 
better the corrosion resistance. When the pore size is greater than 10 µm, 
the self-sealing percentages of Ce5, Ce10, and Ce15 coatings reach 
100 %, suggesting that large pores can self-seal. This can be attributed to 
the extended duration of the large arc, which ensures the generation of 
phosphate of Ce and facilitates mixing with Al2O3 to seal the pores. 
Typically, larger pores are susceptible to corrosion, and the self-sealing 
of larger pores greatly improves the compactness of the MAO coatings.

Fig. 5 presents the cross-sectional morphology and elemental dis
tributions of the MAO coatings doped with different concentrations of 
Ce. The coating thickness increases with Ce salt doping. The thicknesses 
of MAO, Ce5, Ce10, and Ce15 are 18.5 ± 2.5 μm, 20.2 ± 1.2 μm, 21.1 
± 1.1 μm, and 23.8 ± 2.3 μm, respectively. This is because the discharge 
voltage promotes the growth of the insulating layer. Typically, there is 
no definitive correlation between the thickness of MAO coatings and 

Fig. 6. Phase constituents and chemical composition of the MAO coatings doped with different concentrations of Ce salts: (a) Surface elemental concentrations by 
EDS, (b) XRD patterns, (c) Total spectra, and (d) Ce XPS 3d spectra.

C. Yang et al.                                                                                                                                                                                                                                    Corrosion Science 245 (2025) 112706 

6 



their corrosion resistance. This is because larger coating thicknesses 
typically lead to the formation of larger pores on the surface due to 
higher voltages, which ultimately does not improve corrosion resistance. 
There are larger pores in the MAO coating resulting from the typical 
discharge channel formation. In contrast, the cross-sections of Ce5, 
Ce10, and Ce15 do not show open pores but only a few closed pores on 
account of backfilling. In addition, no larger pores are observed on the 
surface, indicating a self-sealing effect of the molten filler. EDS shows Al, 
O, P, and Ce with relatively uniform distributions and no segregation.

Fig. 6(a) shows the surface elemental contents. The Al concentrations 
in MAO, Ce5, Ce10, and Ce15 are 34.87 at%, 23.97 at%, 18.86 at%, and 
10.96 at%, respectively. The P concentrations increase gradually, 
indicative of the generation of phosphide. Typically, the phosphides in 
MAO coatings prepared in aqueous electrolytes are mainly hydrated 
phosphides, but after cleaning and heating, they will dehydrate to form 
anhydrous phosphides. In addition, the MAO contains 2.57 at% P, in 
comparison with 2.57 at% of Ce5 and 10.51 at% of Ce15. Fig. 6(b) 

shows the XRD patterns of the MAO coatings. Compared with the LY12 
Al alloy, the MAO coatings exhibit α-Al2O3 and γ-Al2O3 peaks between 
15 ◦ - 80 ◦, in addition to the characteristic peak of Al. Ce5, Ce10, and 
Ce15 show broad peaks between 15◦ and 35◦, indicating amorphous 
phases in the coatings. This may be related to the faster growth rate. Ce5 
shows the CePO4 peak and AlPO4 peaks are observed, indicating that Al 
not only exists as oxide. Ce10 and Ce15 show higher intensity and more 
crystal planes in the CePO4 peak due to the larger Ce concentration. 
However, the AlPO4 peak disappears from Ce10 and Ce15 related to the 
competition between high concentrations of Ce and Al for PO4

3-. The 
results reveal that the Ce-doped coatings have mixed phases of CePO4 
and Al2O3 and also a combination of amorphous and crystalline 
structures.

Fig. 6(c and d) show the XPS results, which are consistent with EDS 
and XRD. Fig. 6(d) shows that the Ce 3d peak is composed of Ce 3d3/2 
and 3d5/2, denoted as v0, v′, and u0, u’, respectively [40]. Additionally, 
for high-content Ce-doped Ce10 and Ce15 coatings, there is a 

Fig. 7. TEM images of the cross-section of fillers in the pores of Ce10: (a) EDS elemental maps; (b, c) Low-magnification TEM image, (d) High-resolution TEM image 
and (e) SAED pattern of the blue box in (c); (f-i) High-resolution TEM image of the red box in (c), (j-l) HR-TEM image and (m) SAED pattern of the purple box in (c).
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low-intensity peak u′’ corresponding to Ce 3d3/2 at 916.8 eV, indicating 
the presence of Ce 4+, which may correspond to CeO2 [27]. This result 
indicates that Ce3+ in the electrolyte is mainly to react with PO4

3- to form 
phosphides in the discharge state. However, a small amount of Ce3+ will 
oxidize and produce high valence phases at higher voltages.

To further investigate the phase composition and distribution of the 
self-sealing fillers, Ce10 is examined by TEM analysis, as shown in Fig. 7. 
The cross-section of the self-sealing fillers inside the pores is thinned by 
FIB to a thickness of 100 nm. EDS shows that the distributions of Al, O, 
P, and Ce are relatively uniform, consistent with the cross-sectional SEM 
image (Fig. 7(a)). As shown in Fig. 7(b), the near-surface position of the 
cross-section is magnified. The magnified TEM image in Fig. 7(c) shows 
a distinct layered structure, with the outer layer that is approximately 
50 nm thick being an amorphous layer (Fig. 7(d, e)), followed by a 
transition layer and a mixed crystal layer on the bottom. The outer 
amorphous structure is related to the contact with the liquid electrolyte, 
which promotes rapid cooling. XPS and EDS show a mixed phase of 
CePO4 and Al2O3. Amorphous phases are usually more corrosion- 
resistant than crystalline phases due to the absence of microscopic de
fects such as grain boundaries [41,42]. Fig. 7(f) shows the interface of 
the amorphous structure, which is mainly composed of the α-Al2O3 
(210) crystalline phase, together with CePO4 (111) grains and Al2O3 
(420) with a size of approximately 10 nm enveloped by the amorphous 
phase (Fig. 7(h and i)). This may be because the lower temperature near 
the surface causes CePO4 to form low-energy (111) crystal planes rather 
than high-energy crystal planes or oxides [43]. Fig. 7(j) depicts the 
enlarged area of the bottom purple box in Fig. 7(c). More and larger 
crystal phases are encapsulated in the amorphous phase, including 
α-Al2O3 on the (210) and (210) crystal planes, as well as CePO4 on the 
(111) and (101) crystal planes (Fig. 7(k and l). These larger grain sizes 
arise from the relatively high energy inside the melt, which promotes 
grain growth and the transition from the amorphous to crystalline state. 
Therefore, these grains exhibit a fuzzy interface with an 

amorphous/crystalline hierarchical structure. The selected-area elec
tron diffraction (SAED) pattern confirms the mixed phase revealing the 
γ-Al2O3 phase on the (400) and (222) crystal planes. The results indicate 
that the molten materials inside the pores are a mixture of Al2O3 and 
CePO4, primarily consisting of a blend of amorphous and nanocrystal
line crystals. Furthermore, the nano amorphous layer on the surface is 
expected to improve the corrosion resistance of the weak pores.

Electrochemical tests are conducted on the LY12 Al alloy, MAO, Ce5, 
Ce10, and Ce15 in a 3.5 wt% NaCl solution to determine the corrosion 
resistance. The Tafel results are shown in Fig. 8 and Table 1. After MAO, 
the corrosion potential of LY12 Al alloy coating increases from − 1.322 V 
to − 1.238 V. Doping with Ce increases the corrosion potential. The 
corrosion potentials of Ce5, Ce10, and Ce15 are − 1.063 V, − 0.788 V, 
and − 0.802 V, respectively. Correspondingly, the corrosion current 
densities decrease from 2.649 × 10− 6 A⋅cm− 2 of the substrate to 
9.546 × 10− 9 A⋅cm− 2, 2.381 × 10− 9 A⋅cm− 2, 2.694 × 10− 10A⋅cm− 2, 
and 3.415 × 10− 10 A⋅cm− 2 of MAO, Ce5, Ce10, and Ce15, respectively, 
showing a maximum decrease of nearly four orders of magnitude. With 
Ce doping, the breakdown potential (Ebd) and corrosion resistance in
crease gradually, with Ce10 showing the best results, indicating that the 
self-sealing molten filler at weak pores hinders the penetration of the salt 
solution.

EIS is performed to analyze the corrosion resistance of the MAO 
coatings (Fig. 9). According to the Nyquist data, the MAO coatings 
exhibit a capacitance behavior during the initial immersing corrosion 
process (1 h). With increasing Ce contents, the capacitance circuit 
diameter increases (Fig. 9(a1)), indicating a gradual improvement in 
corrosion resistance. The Bode impedance plot at low frequencies cor
responds to the impedance modulus [44,45]. With increasing Ce con
tents, the low-frequency resistance of the MAO coating increases. It 
increases from 3.116 × 105 Ω⋅cm2 of MAO to 2.672 × 106 Ω⋅cm2 of Ce5, 
1.579 × 108 Ω⋅cm2 of Ce10, and 1.317 × 108 Ω⋅cm2 of Ce15, respec
tively (Fig. 9(a3)).

The impedance of the MAO coatings immersed in the salt solution for 
longer time durations (48 h, 168 h, and 336 h) is determined. With the 
exception of MAO, which exhibits inductance representing pitting 
corrosion after immersion for 168 and 336 h, the other coatings show a 
significant capacitance behavior (Fig. 9(b1–d1)). The low-frequency 
impedance values are utilized to assess changes in corrosion resis
tance. As the immersing time increases, the capacitance arc radius and 
low-frequency impedance decrease, indicating different degrees of 
corrosion (Fig. 9(b3–d3)). The capacitance arc radius and low-frequency 
impedance exhibit a significant decrease, possibly due to the diffusion of 
corrosive media and the progression of corrosion. In contrast, the low- 
frequency impedance of Ce5 shows a slight decrease after immersion 
for 48 hours due to the self-sealing effect. As the Ce concentration in
creases, the in situ growth and self-sealing effect of CePO4 allay corro
sion. After immersion for 336 h, the low-frequency impedance of Ce10 
and Ce15 decreases slightly. Notably, the sealing rate of Ce15 in pores of 
3–10 μm is lower than that of Ce10, ultimately resulting in better 
corrosion resistance of Ce10 compared to Ce15 [44].

The equivalent circuits (ECs) (Fig. 10) based on the time constant in 
the Bode phase angle plot are shown in Fig. 9(a2–d2), together with the 
fitted EIS results. The relaxation process at low frequencies corresponds 
to natural Al2O3 passivation, while the capacitance circuit in the mid- 
high frequency is related to the MAO coating. The electrochemical 
behavior in the low-frequency is caused by the interface reaction be
tween the coating and Al alloy in the salt solution. Owing to the 
roughness, porosity, and uneven surface chemical composition of the 
coating, the non-uniformity of the system cannot be analyzed using ideal 
capacitors and resistors. Therefore, the constant phase element (CPE) 
expressed by Formula (1) is chosen to illustrate the non-ideal resistance 
and capacitance behavior of the coating [46]: 

ZCPE =
1

T(jω)n − 1 ≤ n ≤ 1 (1) 

Fig. 8. Tafel results of the MAO coatings doped with different concentrations of 
Ce salts.

Table 1 
Ecorr and icorr of the MAO coatings doped with different concentrations of Ce.

Sample Ecorr（V） icorr（A⋅cm− 2）

LY12 − 1.322 2.649 × 10− 6

MAO − 1.238 9.546 × 10− 9

Ce5 − 1.063 2.381 × 10− 9

Ce10 − 0.788 2.694 × 10− 10

Ce15 − 0.802 3.415 × 10− 10
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where ZCPE represents the resistance of CPE, n is the CPE index, T is 
the CPE coefficient, ω represents the angular frequency (related to the 
frequency f, ω=2 π f), and j = <maceqn> \sqrt {{\minus}1} 
< /maceqn> is the imaginary unit. When n is equal to 1, − 1, and 0, 
respectively, it represents an ideal capacitor, an ideal inductor, and an 
ideal resistor. The EIS data after immersion for 1 h and 48 h are fitted by 
the ECs in Fig. 10(a), while the EIS data after immersion for 168 and 
336 h are fitted by adding inductance (Fig. 10(b)). The EIS data of Ce5, 
Ce10, and Ce15 are fitted by ECs with added Warburg resistance in 
Fig. 10(c), where, CPEp, and Rp are the capacitance and resistance of the 
external MAO coating, CPEd and Rd are the capacitance and resistance of 
the interface dense layer, CPEdl and Rct are the double-layer capacitance 
and charge transfer resistance in the Faraday process, respectively, and 
W is the Warburg resistance.

Tables S1-S4 display the CPE and R of MAO, Ce5, Ce10, and Ce15. 
The higher the resistance, the better the corrosion resistance. The 
changes in the resistances, including low-frequency impedance Rlf, 
external coating Rp, interface dense layer Rd, and charge transfer resis
tance Rct, are shown in Fig. 11. As the immersion time increases, the 
resistances decrease. After immersing for 336 h, the order of resistance 
is Ce10 > Ce15 > Ce5 > MAO, suggesting that the higher the Ce con
tent, the greater the resistance and the better the corrosion resistance. 
The effective sealing of surface pores produces larger Rlf, Rp, Rd, and Rct 
for Ce10 and Ce15. As the immersing time increases, Rd and Rct decrease 
(Fig. 11(c, d)), indicating that the pores pose a significant corrosion risk. 
The corrosive medium can easily penetrate the dense layer and interface 
through the pores causing localized corrosion. In contrast, Rd and Rct of 
Ce5, Ce10, and Ce15 decrease slowly, showing that pore sealing reduces 

Fig. 9. EIS results of the MAO coatings doped with different concentrations of Ce after immersion in the salt solution for (a) 1 h, (b) 48 h, (c) 168 h, and (d) 336 h.
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localized corrosion. Furthermore, during corrosion, the change in CPE is 
directly opposite to the resistance (Table S1-S4) because it depends on 
the pore area, dielectric properties, and coating thickness [47]. The 
newly formed corrosion products enlarge the surface area, and Cl- in
creases the ion conductance of the coating, leading to a gradual increase 
in CPE [48]. However, it is challenging to precisely match specific CPE 
values as they are linked to the type and quantity of corrosion products.

Fig. 12 shows the corrosion morphology of the MAO coatings after 
immersion in a 3.5 wt% NaCl solution for 336 h. The surface of the 
undoped MAO coating is covered by dense corrosion products with a 
loose sponge-like structure and cracks (Fig. 12(a1–a3)) formed by Cl- 

corrosion along the pores. In contrast, after immersion for 336 h, there 
are only some nano corrosion products on the surface and inside the 
pores of Ce5 (Fig. 12(b1)), while the smooth surface of the molten filler 
shows more interlaced corrosion products, likely formed by the release 
of Ce3+ from CePO4. The changes on Ce10 and Ce15 are minimal after 
immersion. Only minor corrosion products are observed from the pore 
edges, while corrosion products are visible on the molten filling inside 
the pores, similar to Ce5. This indicates that cerium phosphate helps to 
block the corrosive medium to improve corrosion resistance. In addition, 
we conducted a 336 h neutral salt spray experiment on the Ce10 coating 
with the best corrosion resistance to evaluate its dynamic corrosion 
behavior. The results are shown in Fig. S5. Optical images show that no 
pitting corrosion was observed on the surface of Ce10 coating after 72 h, 
168 h, and 336 h of neutral salt spray. The high and low magnification 
SEM images also indicate that there is no pitting corrosion occurring in 
the coating, and the molten material inside the pores still exists and the 
surface is covered with a layer of nano flocculent material, similar to the 
results of salt water immersion, indicating excellent dynamic corrosion 
resistance of the coating.

EDS and XPS are performed on the unsealed MAO and self-sealing 

Ce10 coatings after immersion in 3.5 wt% NaCl for 336 h to deter
mine the composition of the corrosion products. Fig. 13(a) shows that 
the elemental composition of the MAO coating remains unchanged, 
consisting of Al, O, and P. The Al concentration increases slightly in
creases due to Al(OH)3 corrosion products. The Al-O-H peak [49] in the 
XPS O 1 s spectrum indicates that the primary corrosion product of the 
unsealed MAO coating is Al(OH)3, while the lattice O peak [50] reveals 
the presence of oxide (Fig. 13(b)). There is no significant change in the 
elemental composition of the self-sealing Ce10 coating, with Ce enriched 
in the pores (Fig. 13(c)). The P-O-Ce peak in the O 1 s spectrum [51]
confirms the presence of CePO4 and the Al-O-H and Ce-O-H peaks [52]
show Al(OH)3 and Ce(OH)3 in the mixed corrosion product (Fig. 13(d)). 
EDS performed on Ce5 and Ce10 after corrosion exhibits the same trend 
(Figs. S3 and S4). The results indicate that CePO4 and self-sealing 
mitigate long-term corrosion.

The pH and Ce3+ concentration changes are determined after im
mersion for different periods. As shown in Fig. 14(a), the pH increases 
with immersion time. The pH value of the solution of the unsealed MAO 
coating increases the fastest, reaching 7.62, 7.87, 8.15, and 8.42 after 
12 h, 48 h, 168 h, and 336 h, respectively. This is due to the presence of 
numerous pores on the MAO coating, allowing the salt solution to easily 
come into contact with the substrate through the pores and undergo 
corrosion reactions, causing the dissolution of Al3+ and the release of 
OH-. As the corrosion continues, although corrosion products are grad
ually formed and can cover local corrosion micro areas, the loose nature 
of these products does not block the path for ion penetration, allowing 
corrosion to persist. With the addition of Ce salt, the large pores on the 
surface of the MAO coating are sealed, making it challenging for cor
rosive media to penetrate the coating. Therefore, the pH of Ce5, Ce10, 
and Ce10 coatings increase slowly after immersion in a salt solution, 
reaching 8.18, 7.75, and 7.86, respectively. This indicates that self- 

Fig. 10. ECs based on the EIS data shown in Fig. 10: (a) MAO immersed in the salt solution for 1 h and 48 h, (b) MAO immersed in the salt solution for 168 h and 
336 h, and (c) Ce5, Ce10 and Ce15 immersed in the salt solution.
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sealing improves the corrosion resistance of MAO coatings. Higher Ce 
salt doping content leads to better corrosion resistance, effectively 
delaying the OH- release at the interface.

Fig. 14(b) illustrates the changes in Ce3+ concentration of various 
samples in the salt solution after immersing. Compared with MAO 
coatings, Ce5, Ce10, and Ce15 coatings exhibit Ce3+ in the solution after 
immersion, with the ion concentration gradually increasing over time. 
After 336 h, the Ce3+ concentration in the solution reaches 1.65 mg/L, 
1.29 mg/L, and 1.45 mg/L, respectively, indicating the release of CePO4 
from the coating. Moreover, the Ce5 coating shows the highest ion 
concentration after immersion, while the Ce10 coating has the lowest. 
This difference can be attributed to the excellent corrosion resistance 
and slower corrosion reaction of Ce10 coating compared to Ce5 coating. 
Therefore, the opportunity for CePO4 to release Ce3+ is reduced. 
Nonetheless, this does not compromise the protective effect of the 
corrosion products generated by the highly corrosion-resistant Ce10 
coating, as its inherent corrosion resistance and self-sealing properties 
are also excellent.

To further investigate the corrosion behavior of the coating/sub
strate interface, the MAO coating and Ce10 coating are artificially 
scratched and then immersed in a 3.5 wt% NaCl solution for 336 h to 
observe the corrosion of the interface. Fig. 15(a, b) show the 
morphology of artificial scratches on the MAO coating before immer
sion, with a visible scratch width of about 40 μm. The scratches show a 
typical plow groove morphology inside and expose the Al alloy sub
strate. Fig. 15(c, d) show the corrosion morphology changes around and 
inside the scratches of the MAO coating after immersion for 336 h. 
Compared to ordinary immersion corrosion (Fig. 12(a)), severe localized 
corrosion occurs around and inside the scratch once the coating is 
scratched, accompanied by a large accumulation of corrosion products. 
The corrosion product is micro-nano particles of Al(OH)3, as confirmed 

by EDS surface scanning and line scanning results (Fig. 15(e, f)). The 
above results indicate that once the MAO coating is damaged, it cannot 
provide any protection for the substrate, and local corrosion can accel
erate the corrosion of the substrate.

In contrast, the immersion corrosion results of the Ce10 coating 
surface shows minimal changes inside and around the artificially created 
scratches, with self-sealing pores present. No severe localized corrosion 
occurred, demonstrating excellent corrosion resistance (Fig. 16(a–c)). A 
thin layer of corrosion products and a small amount of microscale 
corrosion product flakes are observed on the flat metal surface inside 
(Fig. 16(d)). Surface scanning by EDS inside the scratch reveals the 
presence of P and Ce elements on the Al alloy substrate in addition to Al 
and O (Fig. 16(e)). Among these, the Al element is enriched at the edge 
of the scratch, while P, O, and Ce are locally enriched in the coating. 
Based on the morphology, it can be deduced that these are scattered 
coating fragments. Notably, the signal collection with a high content of 
Ce element throughout the entire scratch area indicates its uniform 
distribution. The EDS line scan results inside the scratch also show the 
same result (Fig. 16(f)). This interesting finding can be attributed to the 
self-healing properties of Ce3+. When the coating is damaged, the Ce3+

released from the coating at the interface will enter the substrate 
interface with the solution and react with the local OH- to form Ce(OH)3. 
This eventually covers the local corrosion micro-area together with Al 
(OH)3, providing corrosion protection for the substrate [53]. The above 
results indicate that the MAO coating doped with Ce salt displays 
self-healing properties and can provide effective active corrosion pro
tection for the interface of the Al alloy substrate.

Due to the presence of numerous pores in the MAO coating surface of 
Al alloys, corrosive media can easily penetrate the coating along the 
pores and reach the interface between the coating and substrate, form
ing local pitting corrosion [54,55]. Surface sealing can delay the 

Fig. 11. Electrical parameters of the ECs of MAO coatings doped with different concentrations of Ce: (a) Rlf, (b) Rp, (c) Rd, and (d) Rct.
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Fig. 12. SEM images of the MAO coatings doped with different concentrations of Ce salts after immersion in the salt solution for 336 h: (a) MAO, (b) Ce5, (c) Ce10, 
and (d) Ce15.

C. Yang et al.                                                                                                                                                                                                                                    Corrosion Science 245 (2025) 112706 

12 



penetration of corrosive media into coatings, while endowing coatings 
with self-healing properties can prevent premature failure and maintain 
corrosion resistance [56,57]. In this work, a self-sealing and self-healing 
MAO coating is applied to LY12 Al alloy, resulting in a significant 
improvement in the corrosion resistance of the coating. Based on the 
above corrosion results, the corrosion resistance mechanism of MAO 
coating doped with CePO4 on the Al alloy are further analyzed, as shown 
in Fig. 17.

For the MAO coating without Ce doping, Cl- in the corrosive medium 
is difficult to corrode the coating body Al2O3, but it is easy to penetrate 
the coating along the internal pores to reach the substrate interface, 
causing anodic dissolution of the Al [58], as shown in formula (2): 

Al → Al3+ ＋ 3e-.                                                                           (2)

At the cathode, an oxygen absorption reaction occurs [59], as shown 
in formula (3): 

O2 + 2H2O + 4e- → 4OH-.                                                              (3)

The Al3+ generated at the corrosion interface react rapidly with OH- 

to generate the corrosion product Al(OH)3 [60], which deposits on the 
corrosion micro zone. However, the corrosion product Al(OH)3 is not 
stable and can be further eroded by Cl- to the formation of loose Al 
(OH)3-nCln (where n = 1, 2, 3) [61], as shown in formulas (4, 5): 

Fig. 13. (a) SEM/EDS image, elemental maps, and spectrum; (b) XPS O 1 s spectrum after of MAO after immersion in the salt solution for 336 h; (c) SEM/EDS image, 
elemental maps, and spectrum; (d) XPS O 1 s spectrum of Ce10 after immersion in the salt solution for 336 h.

Fig. 14. (a) pH and (b) Ce3+ ion concentrations of the solutions after immersion in the salt solution for 336 h.
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Al3+ ＋ 3OH– → Al(OH)3                                                               (4)

Al(OH)3 + nCl- → Al(OH)3-nCln + nOH–, n = 1, 2, 3                        (5)

The loose corrosion products lack protective properties, which ac
celerates the immersion corrosion process and ultimately leads to the 
failure of MAO coatings due to the accelerated formation of localized 
pitting.

For the MAO coating doped with Ce, the in-situ grown CePO4 and 
Al2O3 combine to create a mixed melt that fills the pores. This creates a 
self-sealing effect that effectively prevents the penetration of corrosive 
media along the pores. Compared to many studies on Ce-doped MAO 
coatings, nanoparticles are unable to completely seal, resulting in gaps 
between particles that serve as defects incapable of withstanding long- 
term corrosion. The CePO4 in the coating is mainly uniformly distrib
uted in the form of nanocrystals throughout the coating. During the 
long-term corrosion, it is inevitable that the corrosive medium will 
locally penetrate the interface of coating/substrate and undergo the 
reaction of formula (3− 5). The generated Al(OH)3 will further dissolve 

with Cl- to create a corrosion micro-zone. The nearby CePO4 in the 
coating is likely to release Ce3+ and generate the corrosion product Ce 
(OH)3 with a low solubility product constant (Ksp = 6.3 × 10− 24) at a 
faster rate, as shown in formula (6) [53,62]: 

Ce3+ ＋ 3OH– → Ce(OH)3                                                               (6)

Typically, the corrosion product of loose Al(OH)3 is unable to 
effectively prevent further diffusion corrosion of Cl-, resulting in the 
longitudinal development of localized pitting corrosion. In contrast, the 
simultaneous deposition of Ce(OH)3 enhances the density of Al(OH)3, 
forming a mixed corrosion product layer, effectively preventing local 
pitting corrosion. The coating thus exhibits self-healing properties, 
effectively alleviating the failure of MAO coatings caused by local 
corrosion and coating detachment, greatly improving the long-term 
corrosion protection performance of MAO coatings on Al alloy 
substrates.

Fig. 15. SEM images of the scratched MAO coating: (a, b) Before and (c, d) After immersion in the salt solution for 336 h; (e) EDS elemental maps and (f) Line profiles 
of the scratches after immersion.
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4. Conclusion

Self-sealing and self-healing MAO coatings are prepared on the LY12 
Al alloy by a one-step method. Ce reacts with the phosphate electrolyte 
during the discharge process to form CePO4, which is mixed with molten 
Al2O3 to fill the pores and create self-sealing effects. The mixed melt 
consists of an amorphous layer approximately 50 nm thick, which offers 
better corrosion protection than the crystalline phase. The CePO4 
nanocrystals mixed with Al2O3 produce a mixed amorphous structure. 
Analysis of the surface pores indicates that pores larger than 10 μm 
undergo complete sealing. Electrochemical tests show that Ce-doped 
MAO coatings have higher corrosion potentials, smaller corrosion cur
rent densities, and excellent corrosion resistance compared to undoped 
MAO coating. With increasing Ce concentrations, enhanced corrosion 
protection is accomplished. After immersion in a salt solution for 336 h, 
Ce10 and Ce15 show almost no pitting corrosion due to self-sealing. The 
results of salt solution immersion following artificial scratching confirm 
the self-healing properties of the Ce-doped MAO coatings. CePO4 in the 
coating releases Ce3+ during immersion and reacts with locally gener
ated OH- to form Ce(OH)3. This fills the porous structure of the corrosion 

product Al(OH)3 and creates a more uniform and dense corrosion 
product layer that prevents pitting at the coating/substrate interface. 
The self-sealing and self-healing MAO coating provides long-term 
corrosion protection for Al alloys to withstand harsh working 
conditions.
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Fig. S1. SEM/EDS image and elemental maps of the Ce5 coating. 
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Fig. S2. SEM/EDS image and elemental maps of the Ce15 coating. 
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Fig. S3. SEM/EDS image, elemental maps, and spectrum of the Ce5 coating after 

immersion in a salt solution for 336 h. 
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Fig. S4 SEM/EDS image, elemental maps, and spectrum of the Ce15 coating after 

immersion in a salt solution for 336 h. 
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Fig. S5 Neutral salt spray corrosion results of Ce10 coating: (a) Optical images of 

coating at 0 h, 72 h, 168 h, and 336 h; (b-d) SEM image of coating at 336 h; (e) EDS 

results of (d). 
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Table S1. EIS result of the MAO coating after immersion in a salt solution for different 

time durations based on the EC. 

 

Immersion time 1 h 48 h 168 h 336 h 

Rs (Ω·cm2) 32.3 30.5 30.8 34.6 

CPEp 

 (Ω-1·cm-2·sn) 

 

4.652×10-5 9.127×10-5 6.713×10-4 5.212×10-3 

np 0.92 0.84 0.91 0.73 

Rp (Ω·cm2) 1.462×103 4.216×102 2.012×102 1.012×102 

CPEc 

 (Ω-1·cm-2·sn) 

 

5.252×10-6 1.841×10-5 7.542×10-5 4.542×10-4 

nc 0.77 0. 94 0.79 0.67 

Rc (Ω·cm2) 2.357×104 6.425×103 1.024×103 3.153×102 

CPEdl 

 (Ω-1·cm-2·sn) 

 

3.920×10-6 9.262×10-6 4.365×10-5 2.612×10-4 

ndl 

 

0.87 0.80 0.76 0.91 

Rct (Ω·cm2) 3.821×104 1.034×104 3.453×103 5.542×102 

W(S·sec0.5·cm-2) — — — — 

L (H·cm2) 

 

16.78 — 2.762×103 1.522×103 

Rl (Ω·cm2) 94.47 — 8.703×103 3.841×103 

χ2 

 

3.3×10-4 

 

4.1×10-4 2.9×10-3 5.2×10-4 
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Table S2 EIS results of the Ce5 coating after immersion in a salt solution for different 

time durations based on the EC. 

 

Immersion time 1 h 48 h 168 h 336 h 

Rs (Ω·cm2) 29.5 31.6 29.9 32.1 

CPEp 

 (Ω-1·cm-2·sn) 

 

8.021×10-6 3.716×10-5 8.836×10-5 5.721×10-4 

np 0.75 0.81 0.83 0.85 

Rp (Ω·cm2) 3.621×104 1.018×104 5.272×103 1.365×103 

CPEc 

 (Ω-1·cm-2·sn) 

 

8.321×10-7 3.424×10-6 9.736×10-6 4.631×10-5 

nc 0.82 0.89 0.99 0.98 

Rc (Ω·cm2) 2.234×106 1.022×106 5.832×105 1.006×105 

CPEdl 

 (Ω-1·cm-2·sn) 

 

6.321×10-7 9.894×10-7 5.836×10-6 2.973×10-5 

ndl 

 

0.69 0.70 0.92 0.85 

Rct (Ω·cm2) 1.681×106 5.335×105 1.276×105 7.392×104 

W(S·sec0.5·cm-2) 7.816×10-7 3.812×10-6 8.971×10-6 3.861×10-5 

χ2 

 

4.2×10-3 

 

1.8×10-4 3.7×10-3 5.3×10-3 
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Table S3. EIS result of the Ce10 coating after immersion in a salt solution for different 

time periods based on the EC. 

 

Immersion time 1 h 48 h 168 h 336 h 

Rs (Ω·cm2) 30.2 30.7 30.5 29.8 

CPEp 

 (Ω-1·cm-2·sn) 

 

3.793×10-7 5.821×10-7 8.917×10-7 4.715×10-6 

np 0.95 0.69 0.76 0.86 

Rp (Ω·cm2) 2.467×105 1.823×105 1.053×105 6.489×104 

CPEc 

 (Ω-1·cm-2·sn) 

 

5.235×10-8 8.965×10-8 3.614×10-7 8.213×10-7 

nc 0.88 0.91 0.86 0.74 

Rc (Ω·cm2) 6.132×106 4.022×106 2.683×106 6.356×105 

CPEdl 

 (Ω-1·cm-2·sn) 

 

3.659×10-8 7.832×10-8 1.097×10-7 4.826×10-7 

ndl 

 

0.72 0.67 0.91 0.83 

Rct (Ω·cm2) 3.254×107 2.172×107 6.541×106 1.645×106 

W(S·sec0.5·cm-2) 4.821×10-8 7.816×10-8 1.817×10-7 6.751×10-7 

χ2 

 

2.9×10-4 

 

3.1×10-4 6.2×10-3 2.0×10-3 
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Table S4. EIS result of the Ce15 coating after immersion in a salt solution for different 

time periods based on the EC. 

 

Immersion time 1 h 48 h 168 h 336 h 

Rs (Ω·cm2) 32.4 29.7 29.8 30.8 

CPEp 

 (Ω-1·cm-2·sn) 

 

5.731×10-7 9.216×10-7 4.812×10-6 8.998×10-6 

np 0.83 0.92 0.84 0.75 

Rp (Ω·cm2) 2.104×105 1.349×105 7.764×104 3.037×104 

CPEc 

 (Ω-1·cm-2·sn) 

 

7.127×10-8 1.002×10-7 4.765×10-7 1.216×10-6 

nc 0.62 0.94 0.83 0.81 

Rc (Ω·cm2) 5.862×106 3.654×106 1.227×106 3.616×105 

CPEdl 

 (Ω-1·cm-2·sn) 

 

4.621×10-8 9.182×10-8 3.733×10-7 8.248×10-7 

ndl 

 

0.76 0.79 0.65 0.82 

Rct (Ω·cm2) 2.874×107 1.126×107 3.244×106 7.896×105 

W(S·sec0.5·cm-2) 8.271×10-8 3.861×10-7 8.991×10-7 3.716×10-6 

χ2 

 

2.6×10-4 

 

8.3×10-3 9.1×10-3 2.8×10-4 
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