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A B S T R A C T   

The self-healing performance with the improved corrosion resistance of novel CeO2-sealed micro-arc oxide 
(MAO) film on Al alloy was studied in this work for the first time. There are three steps involved, including: (1) 
Preparing porous film by performing MAO treatment on Al alloy with the average thickness of ~15 μm; (2) 
loading corrosion inhibitor by soaking MAO sample in Ce(NO3)3 solution to fulfill micropores-sealing process; (3) 
evaluating the self-healing ability of the sealed MAO film in acidic, alkaline and neutral solutions by scratch tests. 
The experimental results indicated that the corrosion inhibitor was characterized to be CeO2 which can locally 
fill the micropores to seal the MAO film. The optimized CeO2-sealed MAO film owned the lower porosity and the 
improved the corrosion resistance, which can be testified from the corrosion current density (Icorr) decreased by 2 
orders of magnitude compared with the MAO film. Furthermore, the micropores in the MAO film acted as 
microcontainers to hold corrosion inhibitor to make CeO2-sealed MAO film showed self-healing ability. In the 
acidic environment (pH = 2 (8 mL/L H2SO4 + 20 mL/L H2O2)), the novel CeO2-sealed film exhibited positive 
self-healing effect morphologically with improved corrosion test result, and the underlying self-healing mech
anism was discussed in detail.   

1. Introduction 

Nowadays, the annual output of Al alloy is only second to the iron & 
steel in the metallic materials to meet the demand of lightweight ten
dency for structural materials [1]. Due to their lower density, higher 
specific strength and higher specific stiffness, Al alloys are widely used 
in the civilian field and aerospace fields [2–4]. For example, the high 
strength 7085 Al alloy with low quenching sensitivity can be used to 
manufacture the wing girders and wing auxiliaries of Airbus A380 
[5–7]. However, its wider application has been hindered by the high 
chemical activity and low corrosion resistance of Al alloy [8]. Many 
surface treatments, i.e., thermal spraying [9,10], physical vapor depo
sition [11,12], chemical vapor deposition [13], and laser cladding 
[14–16], have been used to improve the corrosion resistance of Al alloy. 
These methods can improve the corrosion resistance of Al alloy in 
different degrees, and thus to increase its industrial utilization. Practi
cally, the survey shows that Al alloy workpiece after surface treatment 

may occasionally be destroyed in the process of transportation or 
application [17–19]. Once the surface film is destroyed, the substrate 
can be vulnerable to local corrosion, leading to the film falling off and 
the failure of the Al alloy workpiece. The research on self-healing film 
[20] aims to address this problem, which is supposed to prevent the 
occurrence and further expansion of corrosion behavior in damaged 
areas on the Al alloy. 

Self-healing film has attracted the researchers` attention in recent 
years owing to its intelligent repair ability [21,22]. Initially, it is a 
transformation film with the self-healing effect that introduces the 
corrosion inhibitor into the surface film. Moreover, the corrosion resis
tance of the film can be repaired by inhibiting the corrosion on the 
substrate once the film is destroyed [23,24]. Currently, the self-healing 
options include chemical conversion coating [25], doped self-healing 
coating [26] and microcontainer self-healing film [27]. Among these 
methods, the chemical conversion coating is the initial strategy which 
has received intensive interests. Herein, the heavy chromate conversion 
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coating, as a typical of chemical conversion coating, has good self- 
healing capability, mainly because the Cr(VI) oxide and the Cr(III) 
oxide are the main components of the conversion coating [28]. If the 
film is damaged, the Cr(VI) ion in the film can be released to form Cr2O3 
and Cr(OH)3 over the damaged area to inhibit its further corrosion 
occurrence [29]. However, the chromate has been banned because of its 
toxicity, which can do serious harm to humans and the environment. 
Therefore, there are many studies on the novel chemical conversion 
coating to replace the chromate. For example, Yoganandan et al. [30] 
prepared Zr&Ce conversion coating on the surface of 2024 Al alloy to 
study its self-healing ability. The corrosion resistance of samples soaked 
in 0.6 M NaCl solution for 168 h was slightly better than that soaked for 
1 h. The Zr&Ce conversion coating showed self-healing effect, although 
the effect was weak due to the fewer content of the corrosion inhibitor in 
this coating. 

Recently, the microcontainer self-healing film has gained increas
ingly investigations, such as nano-capsules [31], microvascular net
works [27] and porous materials [32]. Normally, the preparations of 
nano-capsules and microvascular networks are considered complex. In 
regard to porous material, the micropores in the material can act as the 
natural microcontainers. In porous film, micropores can hold corrosion 
inhibitor, and the inhibitor fills the pores to seal the film. There are 
typically two steps involved to prepare porous self-healing film, i.e., (1) 
To fabricate a porous protective film on the metals. Herein, both anodic 
oxidation [33] and micro-arc oxidation (MAO) [34] methods can pro
duce a layer of porous film on the metal surface to increase the corrosion 
resistance. The MAO method, as an environment friendly method, has 
exhibited its advantages on the higher hardness and improved corrosion 
resistance for the surface film [35]. As a result, the MAO treatment is 
more popular on the metals for the corrosion protection currently. (2) To 
load corrosion inhibitors in the porous film. Normally, the micropores of 
MAO film are desired as carriers of inhibitors. For example, there are 
available reports based on the MAO method on Mg alloys to load 
corrosion inhibitors to make the self-healing MAO film. Gnedenkov et al. 
[36] added organic corrosion inhibitor (8-hydroxyquinoline) into the 
MAO film on Mg alloy, and found that both corrosion resistance and self- 
healing performance were improved hereby in the neutral NaCl solution. 
Liu et al. [37] added both organic (2-mercaptobenzothiazole) and 
inorganic corrosion inhibitors (Na3PO4) to the MAO film on Mg alloy, 
and this duplex composite coating showed self-healing properties in the 
neutral NaCl solution by exerting their synergistic effects. 

To expand the application of Al alloy, it is crucial to improve its 
corrosion resistance or induce its self-healing ability. However, there are 
rarely researches on self-healing MAO film for Al alloy. Furthermore, the 
work related to the self-healing film on alloys in the acidic and/or 
alkaline environments is also rare. Different from the chromate based 
solution, the Cerium-based solution has been reported to introduce the 
corrosion inhibitor on Al alloys [38]. Therefore, the Cerium-based 
corrosion inhibitor has a chance to fill the pores in the MAO film. 
Therefore, this work studied the self-healing film based on the MAO film 
on the 7085 Al alloy loaded with the corrosion inhibitor by soaking in Ce 
(NO3)3 solution. For the first time, we investigated the self-healing 
performance of such novel film in acidic, alkaline and neutral environ
ments. Thus, a method to repair the damaged MAO film of Al alloy can 
be provided. 

2. Experimental details 

2.1. Materials 

The as-cast 7085 Al alloy (Zn: 7.46 wt%, Mg: 1.63 wt%, Cu: 1.61 wt 
%, Zr: 0.15 wt% and Al balance) used in this experiment was home- 
made, and the elemental compositions were investigated via induc
tively coupled plasma mass spectrometry (ICP-AES) technique. At the 
beginning, the as-cast alloy was cut to make Φ 30 mm × 5 mm alloy 
sample. These samples were mechanically polished to a smooth surface 

by 80#, 180# and 400# SiC sandpaper in turn, washed with ethanol and 
deionized water, and dried in cold air finally. 

2.2. Micropores sealing process 

An AC power supplier (WHD-30) was utilized in the MAO experi
ment, in which the alloy sample was working as the anode, and the 
stainless-steel plate working as the cathode. The electrolyte used for the 
MAO treatment was the traditional silicate electrolyte, including 10 g/L 
Na2SiO3⋅9H2O, 2 g/L NaOH and 2 g/L EDTA. During the MAO process, 
the constant pressure mode was performed with the forward voltage was 
350 V, and the negative voltage was 60 V. The voltage rose from 0 V to 
350 V within 55 s at a rate of 6.4 V/s, and remained 350 V until the end 
of the reaction, which lasted for 15 min. During the MAO experiment, 
the electrolyte temperature was kept below 30 ◦C using an external 
circulation cooling system. After the MAO treatment, the sample was 
washed with deionized water at room temperature and dried with a hair 
dryer. Furthermore, the MAO treated alloy sample with porous film on 
its surface was named as the “MAO sample” for clarity. Tested by the 
ED400 Type EDDY current gauge, the average film thickness in the MAO 
sample was ~15 μm under this condition. 

The MAO samples were impregnated in the Ce(NO3)3 solution to 
make the micropores-sealing process. This solution was prepared by the 
dissolution of Ce(NO3)3 and H2O2 in deionized water at 20 ◦C with the 
constant mechanical stirring. The Ce(NO3)3 content and H2O2 dosage in 
the solution were 6 g/L and 30 mL/L, respectively. Moreover, these 
MAO samples were soaked for certain durations to load the corrosion 
inhibitor, which can also fulfill the micropores-sealing process, accord
ingly. After the sealing treatment, these samples were washed with 
deionized water, and dried in the air. The MAO sample treated by the 
Micropores-Sealing process was named as the “Sealing sample” for 
convenience. For the Sealing sample, the sealed film which was made up 
of the porous film with the corrosion inhibitor inside. The whole 
experimental process is shown in Fig. 1. 

2.3. Self-healing performance 

In order to characterize the self-healing properties of sealed films in 
the Sealing samples in acidic, alkaline, and neutral solutions, each 
Sealing sample with an artificial scratch was immersed in acidic solution 
(pH = 2 (8 mL/L H2SO4 + 20 mL/L H2O2)), alkaline solution (pH = 13 
(4 g/L NaOH)) and neutral solution (pH = 7 (36 g/L NaCl)) to simulate 
the damage of Al alloy workpieces during the service life, accordingly. A 
17 mm (length) × 100 μm (width) scratch was made on the film surface 
with a turning tool. It was observed with an optical microscope to ensure 
that the scratch reached the Al substrate. 

2.4. Materials characterizations 

The SJ410 surface roughness meter was used to measure the surface 
roughness of the MAO and the Sealing samples. In order to ensure ac
curacy, the roughness of each sample was measured five times to obtain 
the average value. Besides, the porosity of the films for the MAO and the 
Sealing samples was measured by ImageJ software. 

The Scanning Electron Microscopy (SEM, MIRA 3 XMH, TESCAN) 
equipped with the Energy-dispersive X-ray Spectroscopy (EDS) facility 
was used to observe the morphologies of the films for the MAO sample, 
Sealing sample and the Sealing sample after self-healing treatment. 
Furthermore, the element distribution on the Sealing sample surface was 
detected. It is necessary to conduct gold spraying treatment to enhance 
the electrical conductivity of these sample surfaces before SEM obser
vation. The gold spraying treatment was made on the type MSP-1S 
vacuum gold spraying machine. 

The X-ray Diffractometer (XRD, D8 ADVANCE Da Vinci) was used to 
detect the phase compositions of the studied samples with the 2θ range 
from 10◦ to 90◦ at a scanning rate of 2◦/min. The X-ray Photoelectron 
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Spectroscopy (XPS, Thermo Scientific K-Alpha) with the use of Al Kα 
radiation was utilized to probe the film composition for the Sealing 
sample and the self-healing product over the scratched area of the film, 
after they were immersed in acidic, alkaline and neutral solutions. 

The CHI660C electrochemical workstation (Shanghai Chenhua) was 
employed to test the Potentiometric Polarization and Electrochemical 
Impedance Spectrum (EIS) to characterize the electrochemical features 
of the samples. In detail, the sample was immersed in 3.5 wt% NaCl 
solution with an exposed surface area of 1 cm2. A typical three-electrode 
device was used with the sample as the working electrode, the saturated 
calomel electrode as the reference electrode, and the platinum electrode 
as the counter electrode. In order to obtain a stable Open Circuit Po
tential (OCP), the immersion time was 30 min. The Electrochemical 
Impedance Spectroscopy measurement was carried out with the 

frequency ranged from 0.1 Hz to 105 Hz, and the amplitude was 10 mV. 
In the determination of potentiometric polarization curve, the scanning 
speed was set to be 30 mV/min. In order to ensure the accuracy of the 
experimental results, three parallel tests were conducted. 

3. Results and discussions 

3.1. Micropores-sealing behavior 

3.1.1. Macroscopic morphology observation 
Four MAO samples are immersed in the Ce(NO3)3 solution for 

different durations to perform the sealing treatment. In detail, there are 
four soaking durations (i.e., 10, 30, 60 and 90 min) to make four Sealing 
samples, accordingly. The macroscopic morphologies of one MAO 

Fig. 1. Schematic diagram of the alloy sample treated by the MAO and micropores sealing processes.  

Fig. 2. Macroscopic morphologies of the MAO sample (soaking for (a) 0 min) and the four Sealing samples (soaking for (b) 10, (c) 30, (d) 60 and (e) 90 min); (f) 
surface roughness of the MAO sample and the four Sealing samples. 
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sample and four Sealing samples are presented in Fig. 2(a–e), where the 
color changes of these samples are clearly observed, accordingly. 
Obviously, the colors of these samples are gradually deepened and turn 
from gray white (MAO sample without soaking treatment) to yellow 
brown with the increase of soaking time. It is well known that the Ce4+

ions can make the solution or compound show the yellow based 
appearance [39]. Therefore, it is reasonable to infer that the corrosion 
inhibitor should be gradually formed inside the MAO films, and be 
related to the Ce4+ based compound with the increasing soaking 
duration. 

Furthermore, the surface roughness of one MAO sample and four 
Sealing samples can be elevated with the prolonging soaking duration 
(Fig. 2(f)). This evidence should be correlated with the higher amount of 
formed corrosion inhibitor with the extension of soaking time. 

3.1.2. Surface morphology observation and chemical composition analysis 
The surface morphologies of MAO sample (Sealing-0 min sample), 

Sealing-60 min sample and Sealing-90 min sample are shown in Fig. 3 
(a–c), accordingly. For the Sealing-0 min sample, the number and the 
size of micropores in its sealed film are both larger (Fig. 3(a)). Specif
ically, the porosity of this film is measured to be 3.06% (Fig. 3(f)). For 
the Sealing-60 min sample, the surface morphology is obviously 
different from that of the MAO sample, and the porosity of the sealed 
film has decreased to 1.57% (Fig. 3(f)). When the MAO sample sealed for 
90 min, more obvious cracks appeared on the surface in the Sealing-90 
min sample (Region C in Fig. 3(c)). Correspondingly, the porosity of 
Sealing-90 min sample has increased to 1.84% (Fig. 3(f)). It seems the 
porosity does not decrease all the time with the increase of soaking time, 
indicating that the soaking efficiency for the formation of corrosion 

inhibitor changes in a near parabolic pattern. 
Fig. 3(d) exhibited an enlarged image of region A, the micropores 

boundary in the MAO film (Sealing-0 min sample) is smooth and clear, 
which is different from the micropores morphology in the Sealing-60 
min sample (Fig. 3(e)). To clarify the dispersion state of corrosion in
hibitor in the sealed film, the EDS elemental mapping of the Sealing-60 
min sample has been carried out on its surface. The elements distribu
tions of Al, Ce and O elements are reflected in Fig. 3(g–i), accordingly. 
Notably, Al (Fig. 3(g)) and O (Fig. 3(i)) are uniformly distributed on the 
surface, indicating that Al2O3 is the main phase of the film in Sealing 
sample. It is interesting to found that the micropores indicated by the 
arrows and dotted lines in Fig. 3 (e) are the Ce-rich regions (Fig. 3(h)), 
which means that the Ce-based compound can locally fill the micropores 
to seal MAO film under capillary action, which illustrates that the mi
cropores of the MAO film can act as microcontainers to hold corrosion 
inhibitor. 

In order to figure out the corrosion inhibitor in the Sealing sample, 
the chemical composition of this sample has been characterized by XRD 
and XPS characterization methods. Fig. 4(a) presents the XRD pattern of 
the Sealing-0 min sample and Sealing-60 min sample. Both samples have 
shown to be composed of γ-Al2O3 and α-Al2O3, without any significant 
difference in phase composition. To further determine the corrosion 
inhibitor in the sealed film, XPS analysis is adopted. The high-resolution 
spectra of Ce 3d (Fig. 4(b)) and O 1s (Fig. 4(c)) are exhibited. Fig. 4(b) 
displays that Ce 3d peak signal is rarely detected in the Sealing-0 min 
sample, while the Sealing-60 min sample shows the obvious Ce 3d peak. 
It implies that the corresponding compounds have been created into the 
Sealing samples successfully. In detail, the Ce 3d spectrogram of the 
Sealing-60 min sample is fitted by peak fitting, and the original 

Fig. 3. Surface morphologies of the MAO sample (soaking for (a) 0 min) and the Sealing samples (soaking for (b) 60, (c) 90 min), (d) enlarged image of region A, (e) 
enlarged image of region B; (f) porosity of the MAO sample and the four Sealing samples; the EDS elemental mapping of region B: (g) Al map; (h) Ce map; (i) O map. 
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spectrogram is found to be highly consistent with the standard spec
trogram of Ce 3d4+, which demonstrates that the corrosion inhibitor in 
the Sealing sample contains Ce 3d4+. The XPS peaks at the binding en
ergies of ~882.7 eV, 881.8 eV, 898.3 eV, 900.8 eV, 907.3 eV and 916.7 
eV represent the existence of CeO2 [40,41] in the Sealing sample. Fig. 4 
(c) illustrates that the peak of O 1s peak can be divided into 3 peaks. 
Determined by comparison with NIST database, the peaks at the binding 
energies of ~531.3 eV, 532.2 eV corresponding to Al2O3 [42,43] and 
529.4 eV corresponding to CeO2 [44], accordingly. Therefore, it can be 
concluded that the phase composition of the film in the MAO sample is 
γ-Al2O3 and α-Al2O3, and the corrosion inhibitor created in the sealed 
film of the Sealing sample is CeO2. The related chemical reactions are 
suggested thereafter. 

The Ce(NO3)3 solution used to seal the micropores in the MAO 
sample is orange. Because the H2O2 addition can cause the oxidation of 
Ce(NO3)3, this should convert the Ce3+ ions to Ce4+ ions following the 

chemical reaction (Eq. (1)). Since the amount of H2O2 in the corrosion 
inhibitor solution has far exceeded the required H2O2 amount for the 
completed oxidation of Ce3+ ions, the Ce element should mainly exist as 
Ce4+ ions before the sealing treatment. 

When the MAO sample is immersed in the Ce(NO3)3 solution, the 
reduction of molecular oxygen is a major electrochemical mechanism of 
the sealing process, in which O2 is reduced to OH− via a direct four- 
electron reduction path way [45] according to Eq. (2). Subsequently, 
the solution pH increases with the elevating OH− ions concentration. 
Especially, the higher local pH value on the surface of MAO film can 
induce the reaction around micropores (Eq. (3)). Thereby, CeO2 is 
formed around or inside the micropores, and seals the porous film 
indeed. However, the created OH− ions (Eq. (2)) probably have dis
solving effects on the alumina-based MAO film, and thus to degrade the 
integrity and corrosion resistance of samples in the over-longed sealing 
treatment. 

Fig. 4. (a) XRD spectra of the Sealing-0 min sample and Sealing-60 min sample; XPS spectra of the Sealing-60 min sample (b) Ce, and (c) O.  

Fig. 5. (a) Potentiometric polarization curves, (b) Nyquist plot with a high magnification inset, (c) Bode impedance plot, (d) Bode phase plot for the MAO sample 
(soaking for 0 min) and the four Sealing samples (soaking for 10, 30, 60 and 90 min). 
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2Ce3+ +H2O2 + 2H2O→2Ce(OH)2
2+

+ 2H+ (1)  

2H2O+O2 + 4e− →4OH− (2)  

Ce(OH)2
2+

+ 2OH− →Ce(OH)4→CeO2 + 2H2O (3) 

Combined with the above analysis, it has concluded that the Ce 
(NO3)3 has the ability to seal the micropores of the MAO film by the 
formation of CeO2 compound in these pores. 

3.1.3. Electrochemical measurements 
From the morphological observation, the corrosion inhibitor has 

shown sealing effect on the micropores. Then, the electrochemical 
behavior is further studied to evaluate the corrosion resistance of CeO2- 
sealed MAO film for the Sealing sample. Potentiometric polarization 
curves employed to characterize the corrosion resistance of the Sealing 
samples (Fig. 5(a)). The corrosion current density (Icorr) is capable to 
reflect the corrosion resistance directly [46]. It is worth noting that there 
is an inverse relationship between Icorr and corrosion resistance. Among 
the MAO sample and the four Sealing samples, the Icorr of the Sealing-60 
min sample is the most negative. Table 1 lists the fitting data of the 
polarization curves. Correspondingly, it is confirmed that the corrosion 
inhibitor is beneficial to improve the corrosion resistance of the MAO 
sample. When the sealing time is 60 min, the Icorr of the Sealing sample 
decreases by two orders of magnitude from 8.4 × 10− 7 A⋅cm− 2 to 6.4 ×
10− 9 A⋅cm− 2 compared with the Sealing-0 min sample, which indicates 
that the corrosion resistance of the MAO sample is significantly 
improved. In addition, the corrosion voltage (Ecorr) also expresses the 
similar rule with the Icorr. 

The Nyquist plots of one MAO sample and four Sealing samples are 
shown in Fig. 5(b). In this case, it is found that the radii of these curves 
show the clear difference. Since the EIS results represent the corrosion 
behavior of the Sealing samples, the Nyquist curve with a larger radius 
indicates the improved corrosion resistance [47]. When the immersion 
time is from 0 to 60 min, the radii of the curves gradually increase with 
the increasing soaking time. It has thus signified that the corrosion re
sistances of these Sealing samples gradually increase. This change also 
implies that the charge transfer process is inhibited, and corrosion in
hibitors are effectively loaded into the MAO films [48]. More ions have 
entered the MAO film, and more corrosion inhibitors are formed with 
the extension of soaking time, leading to the gradual improvement of 
sealing effect. The corrosion resistance appears a downward trend when 
the soaking time is 90 min. This phenomenon should be inclined to be 
attributed to the dissolving effect on the CeO2-sealed film has dominated 
in the sealing duration. 

Furthermore, the Bode impedance plot and phase plot of one MAO 
sample and four Sealing samples are shown in Fig. 5(c) and (d), 
respectively. In the low frequency region, the film with a higher Z 
modulus (|Z|) always has a better corrosion resistance. It is evident that 
the Sealing-60 min sample shows the best corrosion resistance owing to 
its higher Z modulus (Fig. 5(c)). Analyzed from Fig. 5(d), two-time 
constants can be found in the spectra of the films in MAO sample and 
Sealing-90 min sample, and one-time constant is found in the spectrum 
of the other Sealing samples (soaking for 10, 30, and 60 min). The 
equivalent electrical circuits are fitted by the EIS data of MAO sample 
(Fig. 6(a)), Sealing samples (soaking for 10, 30, and 60 min) (Fig. 6(b)), 

and Sealing-90 min sample (Fig. 6(c)). Rs refers to the resistance of the 
solution. As a common sense, the MAO film consists of an outer porous 
layer and an inner compact layer [49]. Therefore, Rp and Rb in (Fig. 6(a)) 
refer to the resistance of the porous layer and barrier layer, respectively; 
Qp and Qb refer to the capacitance of the porous layer and barrier layer, 
respectively. The equivalent electrical circuit model with constant phase 
angle element (Q) is usually adopted in the electrolyte section to replace 
capacitor [50]. Q is used to describe the physical quantity in which the 
parameter of capacitance is deviated. It is related with two variables, i. 
e., Y (admittance, the reciprocal of impedance) and n (phase factor). If n 
= 1, Q = C (capacitor). The parameters derived from the corresponding 
equivalent electrical circuit models are listed in Table 2. 

The Bode phase plot of the Sealing samples (soaking for 10, 30, and 
60 min) only shows one-time constant, it must because that the corro
sion inhibitors are introduced into the MAO film successfully. The 
corrosion resistance of porous layer is improved and the invasion of 
corrosive medium is effectively suppressed. When the soaking time 
reaches to 90 min, the Sealing-sample shows poor corrosion resistance, 
the Bode phase plot of the Sealing-90 min sample reveals two-time 
constants again. Combined with the observation of morphology in 
Fig. 3(c), the long-time immersion in Ce(NO3)3 causes more cracks on 
the surface of the MAO film, which accelerates the corrosion reaction. 

Conclusively, both electrochemical measurements and SEM mor
phologies can demonstrate that the corrosion resistance of the MAO film 
can be improved by the micropores sealing process. Moreover, the 
corrosion resistance reaches its best for the CeO2-sealed film when the 
sealing time is 60 min. 

3.2. Self-healing performance 

3.2.1. Self-healing morphology and electrochemical measurements 
The Sealing-60 min sample with the best sealing effect is scratched to 

study its self-healing ability in acidic solution (pH = 2 (8 mL/L H2SO4 +

20 mL/L H2O2)), alkaline solution (pH = 13 (4 g/L NaOH)) and neutral 
solution (pH = 7 (36 g/L NaCl)). Specifically, the scratch morphologies 
of the parallel Sealing-60 min samples are to be self-repaired in acidic 
(Fig. 7(a1)), alkaline (Fig. 7(b1)) and neutral (Fig. 7(c1)) solutions are 
presented. Furthermore, the self-healing experiments are performed in 
acidic, alkaline and neutral solutions for 60, 30 and 120 min, accord
ingly. This is due to the corrosion behaviors of Sealing samples in the 
acidic, alkaline and neutral solutions are different. In consideration of 
the possible failure of sealed films, the appropriate self-healing time is 
ascertained in different environments. 

Notably, Fig. 7(a2) exhibits that the scratch can be repaired effec
tively in the acidic solution, indicating that self-healing products are 

Table 1 
Polarization fitting results of the MAO sample (soaking for 0 min) and the four 
Sealing samples (soaking for 10, 30, 60 and 90 min).  

Sample βa/mV⋅dec− 1 − βc/mV⋅dec− 1 Icorr/A⋅cm− 2 Ecorr/V Rp/Ω⋅cm2 

0 min  2.84  42.54  8.4E-07  − 0.795 1.6E4 
10 min  18.86  35.64  3.8E-08  − 0.734 4.7E5 
30 min  9.86  10.28  1.2E-08  − 0.767 3.1E6 
60 min  2.51  11.32  6.4E-09  − 0.674 6.5E6 
90 min  14.11  41.15  1.9E-07  − 0.941 3.2E5  

Fig. 6. Equivalent electrical circuits used for fitting the EIS data of (a) MAO 
sample, (b) Sealing samples (soaking for 10, 30, and 60 min), (c) Sealing-90 
min sample. Rs: the resistance of the solution, Rp: the resistance of the porous 
layer, Rb: the resistance of the barrier layer, Qp: the capacitance of the porous 
layer, Qb: the capacitance of the barrier layer, Rf: the resistance of the sealed 
film, Qf: the capacitance of the sealed film, R1: the resistance of the film, R2: the 
resistance of the interface between film and substrate, Q1: the capacitance of 
the film, Q2: the capacitance of the interface between film and substrate. 
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generated herein. In the alkaline solution (Fig. 7(b2)), a certain degree 
of repair is observed on the sample surface as well. Besides, there is 
hardly obvious repair morphology observed above the scratch in the 
neutral solution, as shown in Fig. 7(c2). Generally, it can be speculated 
from the macroscopic morphologies of the scratches that the CeO2- 
sealed film in the Sealing-60 sample has a favorable self-healing effect in 
the acidic environment. 

To observe the self-healing products, the microscopic morphologies 
of the scratches after the self-healing treatment in acidic (Fig. 8(b)), 
alkaline (Fig. 8(c)) and neutral (Fig. 8(d)) solutions are presented. Fig. 8 
(a) shows the scratch on the Sealing-60 min sample without self-healing 
treatment. Unlike corrosion morphologies in Fig. 8(c) and (d), there are 
new self-healing products (indicated by the arrows) generated on the 
original scratch area (Fig. 8(b)). Comparably, the color of the scratch 
area turns black, and corrosion pit appears in alkaline solution (Fig. 8 
(c)). Seriously, there are much more corrosion pits on the scratch area 
after the self-healing treatment in the neutral solution (Fig. 8(d)). 
Therefore, the appearance of corrosion morphology accounts for that the 
CeO2-sealed film has little self-healing capability in alkaline and neutral 
solutions. 

In order to further determine the self-healing effect, the electro
chemical test is carried out on the scratch area. Fig. 9 illustrates the 
polarization curves of the scratches on Sealing-60 min samples with/ 
without the self-healing treatment in different solutions. Combined with 
the polarization fitting results in Table 3, the Icorr above the scratched 
area without self-healing is 8.5 × 10− 7 A⋅cm− 2. Surprisingly, for the 
Sealing-60 min sample in acidic solution, the Icorr decreases by only ~1 

order of magnitude to 5.3 × 10− 8 A⋅cm− 2. The improvement of corro
sion resistance proves that the scratch is repaired effectively after self- 
healing treatment in acidic solution. Namely, the self-healing products 
observed in Fig. 8(b) should be conducive to the improvement of 
corrosion resistance, which ascertains that CeO2-sealed film has self- 
healing capability in acidic environment. Comparably, the Icorr value 
increases by ~1 order of magnitude in alkaline and neutral solutions. 
These results manifest that the CeO2-sealed films have rarely self- 
healing effect, and are severely corroded in both alkaline and neutral 
conditions. 

3.2.2. Self-healing process analysis 
Scratch areas are detected by XPS to confirm the components of self- 

healing products in different solutions (Fig. 10). Fig. 10(a) shows the 
peak fitting of element Ce 3d. Unexpectedly, the Ce 3d peak signal is 
hardly detected from the Sealing-60 min sample after the immersion in 
the acidic solution. It is probably because CeO2 in the sealed film reacted 
with H2SO4 to form Ce2(SO4)3 at first (Eq. (4)). Notably, Ce2(SO4)3 is 
easily soluble in the aqueous solution. 

2CeO2 +H2O2 + 3H2SO4 = Ce2(SO4)3 + 4H2O+O2↑ (4) 

In addition, the high-resolution spectrogram of O 1s is shown in 
Fig. 10(b). The O 1s peak of the Sealing-60 min sample after self-healing 
in acidic solution can be divided into two peaks, 531.4 eV for Al(OH)3 
[51] and 532.2 eV for Al2O3 [43]. This is because the Ce4+ ion has strong 
oxidation property under acidic condition which should oxidize H2O2 to 
give off O2, leading to an increase in pH value. Thereby, the exposed Al 

Table 2 
Parameters from equivalent electrical circuit model of MAO sample and the Sealing samples (soaking for 10, 30, and 60 min). The unit of resistance and capacitance is 
Ω⋅cm2 and F⋅cm− 2, respectively.  

Sample Rs Rp Rb Qp np Qb nb Rf Qf nf R1 R2 Q1 n1 Q2 n2 

0 min  117.1 5.9E3 1.4E4 9.7E− 6 0.67 2.2E− 7 0.8 – – – – – – – –  
10 min  51.32       1.1E6 4.1E− 7 0.73 – – – – –  
30 min  56.68       4.2E6 1.1E− 7 0.8 – – – – –  
60 min  29.47       1.1E7 8.5E− 8 0.87 – – – – –  
90 min  1.895 – – – – – – – – – 8.4E5 3.8E5 2.7E− 6 0.68 1.3E− 7 0.9  

Fig. 7. Macroscopic morphologies of the scratches on the parallel Sealing-60 min samples (a1, b1, c1) before and (a2, b2, c2) after self-healing in acidic, alkaline and 
neutral solutions. 
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surface may be reacted with O2 and H2O to form Al(OH)3 (Eq. (5)). 

4Al+ 3O2 + 6H2O = 4Al(OH)3 (5) 

Interestingly, the CeO2 peaks of the Sealing-60 min samples after 
self-healing in alkaline and neutral solutions are similar with the 

Sealing-60 min sample without scratching. It signifies that CeO2 has not 
participated in the self-healing reaction under both circumstances. 
Treated by the alkaline solution, the XPS peaks of the Sealing-60 min 
sample are found to contain Al2O3, NaAlO2 and CeO2. The chemical 
reaction occurring in this environment is shown in Eq. (6). 

A12O3 + 2NaOH = 2NaAlO2 +H2O (6) 

Additionally, the peaks of the Sealing-60 min sample after self- 
healing in neutral solution are Al2O3 and CeO2. According to the 
microscopic appearance of the scratch (Fig. 8(d)), a large number of 
corrosion pits appeared, which means that corrosion reaction must have 
occurred here. However, the corrosion product is yet detected by XPS. 
This is probably because the corrosion product related to AlCl3 is solu
ble. In the environment of NaCl, Cl− ions in the solution should be 
adsorbed on the surface to replace O2− ions, thus forming AlCl3 [52]. 
The structure of the CeO2-sealed film is damaged, and corrosion pits are 
formed because AlCl3 is easily soluble in water. Seriously, the corrosion 
pits should become the corrosion channel for harmful substances to 
erode the substrate, leading to a reduced corrosion resistance CeO2- 
sealed film for the Sealing sample. 

To describe a possible self-healing mechanism of CeO2-sealed film, 
the self-healing process of the Sealing sample after self-healing in acidic 
environment is illustrated in Fig. 11. The whole process is divided into 
the following two parts: (1) CeO2 can react with H+ and H2O2 to release 
Ce3+ ions and O2 molecules; (2) Al should react with O2 and H2O to form 
Al(OH)3 to repair the film on the scratched area. 

CeO2 mainly exists in the outer porous layer of the MAO film, while 
the compact layer is mainly composed of A12O3, as presented in Fig. 11 
(a). Under the stimulation of acidic environment, CeO2 should react 
with H+ and H2O2 to release Ce3+ ions and O2 molecules at the scratch 
area. Since the fact that the MAO film almost turns gray at the end of the 
self-healing process (Fig. 7(a2)), suggesting that CeO2 has participated 
in the reaction thoroughly to release Ce3+ ions (Eq. (4)). In order to 
maintain the electronic balance of charge layer, cations in the solution 
are moving into the CeO2-sealed film as indicated in Fig. 11(b) and (c). 
Sequentially, the exposed Al matrix at the scratch can react with O2 and 

Fig. 8. Morphologies of the scratches on the parallel Sealing-60 min samples (a) without self-healing, after self-healing in (b) acidic, (c) alkaline, and (d) 
neutral solutions. 

Fig. 9. Potentiometric polarization curves of the Sealing-60 min samples with/ 
without self-healing in acidic, alkaline and neutral solutions. 

Table 3 
Polarization fitting results of the Sealing-60 min samples with/without self- 
healing in acidic, alkaline and neutral solutions.  

Sample βa/mV⋅dec− 1 − βc/mV⋅dec− 1 Icorr/A⋅cm− 2 Ecorr/V 

Acid  33.59  66.88 5.3E− 08  − 0.696 
Alkaline  17.22  22.47 4.8E− 06  − 0.928 
Neutral  2.41  21.66 2.1E− 06  − 0.853 
Without healing  10.28  114.05 8.5E− 07  − 0.894  
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H2O in a locally oxygen-enriched solution to form a protective layer, 
thereby inhibiting further penetration of the corrosive medium, as pre
sented in Fig. 11(d). This should be the reason for the difference in self- 
healing effect between acidic environment and other two environments. 

4. Conclusion 

In this work, the self-healing performance with the improved 
corrosion resistance of novel CeO2-sealed MAO film on Al alloy was 
studied for the first time. Firstly, we have performed the MAO treatment 
on the 7085Al alloy. The porous film on the MAO film sample is pre
pared on the Al alloy, and the film has the average thickness of ~15 μm. 
Secondly, the micropores sealing process has been made on the MAO 
sample using the Ce(NO3)3 solution to induce the creation of corrosion 
inhibitor. Such inhibitor is characterized to be CeO2 on the Sealing 
samples. Furthermore, it is found that the CeO2 is locally enriched filling 
the microspores to seal the film, which illustrates that the micropores of 

the MAO film can act as microcontainers for holding corrosion inhibitor. 
When the micropores sealing process lasts for 60 min, the porosity of the 
CeO2-sealed film is the lowest and the corrosion resistance is the best, 
which can be testified from the corrosion current density (Icorr) decreases 
by 2 orders of magnitude compared with the MAO sample without 
sealing treatment. 

Finally, the scratch tests have been made on Sealing samples with the 
optimized corrosion resistance to evaluate the self-healing ability in 
acidic, alkaline and neutral solutions.  

• In acidic environment (pH = 2 (8 mL/L H2SO4 + 20 mL/L H2O2)), the 
CeO2-sealed MAO film has exhibited the positive self-healing effect 
morphologically with improved corrosion test result. Therefore, this 
method can provide an inspiration to repair the damaged MAO film 
of Al alloy, which normally occurs in the process of transportation or 
application. 

Fig. 10. XPS on the scratches for the parallel Sealing-60 min samples after self-healing in acidic, alkaline and neutral solutions: (a) Ce 3d; (b) O 1s.  

Fig. 11. Schematic diagram of self-healing mechanism in acidic environment.  
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• In alkaline environment (pH = 13 (4 g/L NaOH)), the scratch area 
presents a partially repaired macroscopic morphology, but the 
corrosion resistance of the CeO2-sealed MAO film is not improved.  

• In neutral solution (pH = 7 (36 g/L NaCl)), there is rarely self-healing 
effect generated in the CeO2-sealed MAO film, and the corrosion pits 
are clear on the scratched surface. 

The self-healing mechanism of the CeO2-sealed film in acidic envi
ronment can be understood as the following two parts: (1) CeO2 can 
react with H+ and H2O2 to release Ce3+ ions and O2 molecules; (2) Al 
should react with O2 and H2O to form Al(OH)3 to repair the film on the 
scratched area of the surface. 
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