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Novel anodic oxide film with self-
sealing layer showing excellent 
corrosion resistance
Yinghao Wu

1,2, Wenjie Zhao1, Wurong Wang2, Liping Wang1 & Qunji Xue1

In the present work, the novel anodic oxide film (AOF) with self-sealing layer was successfully fabricated 
on 2024Al alloys by using an improved anodic oxidation method. The presence of the self-sealing layer 
on the porous layer of AOF was verified by Field emission scanning electron micro scope. Confocal laser 
scanning microscope (CLSM) and X-ray photoelectron spectroscopy (XPS) were used to evaluate the 
morphology and the corrosion products of the AOF after salt spray test. The microhardness test showed 
that the self-sealing AOFs still displayed high hardness even after salt spray test. Electrochemical test 
and salt spray test results illustrated the excellent corrosion performance of the novel structured self-
sealing anodic oxide film (SAOF) compared with common porous AOFs. The narrow diameter makes it 
difficult for chlorine ions ingress into the pores of SAOFs. The self-sealing layer played an important role 
in protecting the SAOF from corrosion.

Aluminum and aluminum alloys are widely used in the aerospace, automotive industry and ocean environment 
due to their excellent performances, such as high speci�c strength, corrosion resistance and biocompatibility for 
both technical and economic considerations1. �e 2024 aluminum alloys contain cooper, magnesium elements 
which were used to improve its mechanical properties. However, these elements in alloys appeared as active 
matrix, the microscopic galvanic couples formed by these elements make the alloy exceedingly sensitive to cor-
rosion. To enhance the corrosion resistance and mechanical performance of aluminum alloys, the matrix was 
frequently treated by anodic oxidation2.

Among various techniques, anodic oxidation is a wide applied method to fabricate a passive oxide �lm on 
aluminum alloys3. In order to improve the corrosion resistance ability of anodic oxide �lm (AOF) on aluminum 
alloy, various electrolytes such as sulfuric acid4–6, chromic acid7–9, tartaric acid10–12, phosphoric acid13–15 and mix-
ture of acid16–19 have been employed. �e aluminum alloys cathode and the aluminum sulfate in the electrolyte 
hindered the dissolution of the AOFs formed by anodic oxidation, the pore size on the surface was reduced20. 
�e oxalic acid added in the electrolyte can reduce the current density of the active region21, 22, and electric-�eld 
intensity of each cross-section of the oxide �lm tended to be identical. �e addition of weak acid in electrolyte 
decreased the aggressiveness of the acid mixture, improved the formation of oxide layer and increased the thick-
ness of �lms23. �erefore, a novel structured AOF with low surface roughness self-sealing layer showing excellent 
anti-corrosion performance was obtained successfully.

During the past several decades, lots of investigations on aluminum anodic oxidation were carried out to study 
the formation mechanism of AOFs24, 25. Generally, the typical AOFs contain a thin compact barrier layer and a 
thick porous layer, which is generally 103–104 times thicker than barrier layer. �e �lm has increased the hard-
ness, wear resistance and corrosion resistance of Al alloys. �e in�uence of corrosion resistance of anodic oxide 
�lm responded to the �lm thickness26 and the morphology27. �e element which in�uenced the growth of AOF 
such as current density28, temperature29, anodizing time30, composition31 and concentration32 of electrolyte will 
in�uence its corrosion behavior. Most previous research was devoted to study the in�uence factor on porous layer, 
such as pore size, pore morphology. �e porous layer has been sealed by several kinds of anti-corrosion materials 
to increase the corrosion resistance of AOFs.
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In the ocean industry, whenever anodized Al alloys are used in service, the layer must be either painted or 
sealed. Several works have evaluated several kinds of coatings to enhance the anti-corrosion performances of 
AA2024 AOF. Grégory Boisier et al.33 investigated four monocarboxylic acids with di�erent carbon chain lengths 
as a post-treatment for sealing AA2024 AOFs. It was shown that the organic �lm formed very fast and contributed 
to the improvement of anti-corrosion of the sealed AOFs, the formation of aluminum soap owned hydrophobic 
performances to the surface and thus supply a protection of corrosion compared to untreated specimens.

Cerium sealing treatment was cooperated with investigate the practicability of in-situ TiB2p/A356 compos-
ite for anti-corrosion purpose by Moutarlier et al.34 Cerium oxide and cerium hydroxide were the main chem-
ical composition for the sealing layer, which was composed of spherical deposits. �e results indicated that 
the coordination e�ect of anodized �lm and cerium sealing layer resulted in a higher level of protection in a 
chloride-containing environment than a single anodized �lm for TiB2p/A356 composite, which was contributed 
to that the sealing layer completely sealed the pores and also hided most defects of anodic �lm.

V.R. Capelossi et al.2 anodized AA2024 Al in a tartaric-sulfuric acid bath and subsequently protected either by 
typical Cr-free water sealing treatment or by using of a hybrid sol-gel coating. �e results illustrated that the treat-
ment with the hybrid sol-gel strengthened the anti-corrosion properties of the pores compared to the common 
water sealing, deterring the access of aggressive species to the barrier layer.

Based on the above results, it was found that the sealed AOF have superior corrosion resistance when com-
pared with unsealed AOF. However, the sealed layer on aluminum need a post-treatment, which was prone 
to wear, poor aging-resistance, got chalking and infected the appearance of the AOF. Until now, research on 
the in-situ growth of smooth outer surface of AOFs which contain self-sealing layer on the porous layer by an 
improved anodic oxidation was investigated little.

In this work, design and fabricate smooth and compact AOFs on aluminum was investigated. �e self-sealing 
layer on the porous layer was fabricated via improved anodic oxide by adding oxalic acid and aluminum sulfate 
in electrolyte and replaced the graphite cathode by aluminum alloy. �e novel self-sealing layer structure behaved 
excellent corrosion resistance, especially the corrosion protective in salt spray test (SST). Surface morphology 
analysis and electrochemical test were used in this work to investigate the formation and corrosion behavior of 
the novel structured AOFs and the anticorrosion mechanism of the AOFs.

Results and Discussion
�e AOFs were prepared by using the common anodizing method. �e electrochemical reactions35 at pore wall 
and barrier layer/Al substrate interface were shown in Fig. 1. �e formation of the self-sealing layer on AOFs was 
attributed to the adding of oxalic acid and aluminum sulfate in electrolyte and aluminum cathode. �e aluminum 
alloys cathode and the aluminum sulfate in the electrolyte increased the Al3+ concentration which hindered the 
dissolution of the outer surface of AOFs20. �e oxalic acid added in the electrolyte reduced the current density 
of the active region21, 22, and the electric-�eld intensity of each cross-section of the oxide �lm tended to be iden-
tical. �e addition of weak acid in electrolyte decreased the aggressiveness of the acid mixture and increased the 
thickness of AOFs36. �e self-sealing layer was named for comparing with the typical PAOFs shown in Fig. 1b. 
�e porous layer can be found below the self-sealing layer, the diameter of the pores for porous layer and the total 
thickness of two types of AOFs was about the same size (30–50 µm). �e diameter of pores for PAOFs was in a 
range of 30–50 nm. For SAOFs, the surface layer was compact and nano-scaled pores presented on the outer sur-
face of SAOFs in Fig.1b which was hardly seen by our eyes. �e pore diameter of porous layer below the surface 
layer were about 20–35 nm shown in Fig. 1b at the defect region. �e thickness of the self-sealing layer was about 
3–4 µm. �e pores’ outlet on the interface of electrolyte and sample surface should beyond a critical pore size and 
wide enough to make sure the electrolyte penetrated into the pores and the Al3+ could translate from the pores 
into electrolyte37.

In corrosion process, the chloride ions and other corrosive medium competitively adsorbed on the surface of 
AOFs and ingressed into the pores which lead the corrosion of AOFs38. In Fig. 1b, the corrosion medium such as 

Figure 1. �e formation of self-sealing layers on AOF in anodic oxidation and the morphology of PAOF and 
SAOF.
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chloride ions could easily ingressed into the pores of PAOF. In �e narrow outlet of the pores of SAOFs lead to the 
chloride ions ingressed into pores of AOFs di�cultly.

Potentiodynamic polarization was carried out for the SAOFs and PAOFs in a 3.5% NaCl solution, the obtained 
results were given in Fig. 2. �e self corrosion current density (icorr) values received for self-sealing AOFs are one 
(SAOF1) to three (SAOF2) orders of magnitude lower than PAOFs respectively. From Fig. 2a, it shown that in 
the anodic branch exist a step rise in current density above the self corrosion potential (Ecorr) indicating the pit 
corrosion appeared on the bare Al alloy. However, the current density of AOFs higher than Ecorr changed gently in 
anodic region illustrating the passive nature of the anodized Al alloys. For the two types of AOFs, they displayed 
higher Ecorr and lower icorr than Al alloy, which indicated the two types of AOFs increased the corrosion resistance 
of Al alloys. In the case of self-sealing AOFs, the self-sealing layer of SAOF hindered the chlorine ions ingress into 
the pores of �lms, the higher Ecorr and lower icorr indicating better corrosion resistance.

�e electrochemical impedance spectra (EIS) of the SAOFs, PAOFs and Al alloy have been investigated in 
this study. Figure 2b showed the impedance spectra (Bode plots) of SAOFs, PAOFs and bare Al alloy. �e value 
of impedance at low frequency (10 mv) is an intuitive parameter that can be used to compare the corrosion 
resistance of two types AOFs. �e impedance values of SAOFs were higher than 108 Ωcm2, which were about one 
order of magnitude larger than the PAOFs and three orders of magnitude larger than Al alloy. �e high imped-
ance modulus of SAOFs was attributed to the self-sealing layer by prevent chlorine ions from ingressing into the 
porous layer though the nano-scaled outlet of pores.

�e equivalent circuits shown in Fig. 3c were obtained by curve �tting analysis of SAOFs and PAOFs. For 
PAOFs, the corrosion resistance was characterized by the resistance Rb and capacitance CPEb. �e Rb and CPEb 
described the barrier layer, for it is fairly homogeneous and free of defects, it was the main corrosion resistance 
of the PAOFs39. RS responded to the resistance of electrolyte which was full of pores. For SAOFs in Fig. 2c, the 
capacitive response of the self-sealing layer was represented by a pure capacitor with a n value40 which was 0.95, 
0.89 and 0.83 for SAOF2, SAOF3 and SAOF1 respectively indicating that CPESL was more capacitive in nature. 
�e parameter n is the frequency dispersion factor and can be considered as a capacitor when it reached 1. �e 
CPESL for SAOFs associated to the changes of EIS response according to the formation of self-sealing layer out 
of the porous layer compared with PAOFs. �e excellent corrosion resistance associated to the RSL represented 
the important role of self-sealing layer on hindering the chlorine ions ingressed into the porous layer of AOFs. 
�erefore, for the self-sealing sample the resistive and CPE elements characterizing the EIS response around 
the pores of the AOFs were denominated CPESL and RSL to di�erentiate from the common PAOFs. �e CW was 
responded to the capacitive behavior of the pore wall. �e capacitive behavior of pore wall represented a constant 
phase element rather than a pure capacitor, the value changed with the thickness of porous layer. �e electrical 
equivalent circuit of SAOF was similar to the previous research for PAOF sealed with corrosion resistance materi-
als, which veri�ed the anti-corrosion role of self-sealing layer played on the common PAOF surface2, 33.

�e surface morphologies of SAOFs corroded with di�erent salt spray tests (SSTs) time were shown in Fig. 3. 
Before the SST (Fig. 3a1), the surface of SAOFs was smooth and compact, the pores existed on the outer surface 
were nano-scaled which can’t be distinguished extremely. In Fig. 3e1 and f1, it can be found that there existed 
uniform pores under the self-sealing layer, the corroded surface morphology veri�ed the novel multilayer struc-
ture of SAOFs which shown in Fig. 1b. In SST process, chlorine ion adsorbed on the surface and ingressed into 
the porous layer of AOFs which resulting in the corrosion of AOFs and was the key factor for the onset of passive 
�lm dissolution. �e dissolution on surface destroyed the self-sealing layer and exposed the porous layer out. 
For the early 1600 h, the corrosion on SAOFs was light and slow. A�er that, the hollows on surface appeared and 
grew bigger and deeper. For 1600 h in Fig. 3e1, the porous layer exposed and the thickness of self-sealing layer 
remained to be several nanometers. No corrosion pit appeared on the surface, the uniform corrosion was the key 
corrosion style. However, for Fig. 3f1 (2000 h), the small sized (0.5–1 µm) corrosion pits spread all over the sample 
surface. Take the reverse into consideration, for Fig. 3d1, the nano-scaled hollows can be regarded as the germi-
nation of pitting corrosion. �e chlorine ions were easily absorbed on pores outlets of PAOF and ingressed into 
the pores. �e chlorine ions absorbed on the surface and permeated into the Al substrate for SAOFs were much 
di�cult than that of PAOFs, the dissolution on SAOF surface was slight. In Fig. 3d2, the dissolution on PAOF 

Figure 2. Potentiodynamic polarization, bode plot and equivalent circuits of self-sealing AOFs, PAOFs and Al 
alloy.
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was serious and uncontrollable, the corrosion pits on PAOFs formed and grew quickly (50–200 µm). �e cracks 
initiated and propagated on PAOF surface. By comparing with SAOFs and PAOFs, when the SST time was 1200 h, 
the corrosion pits on SAOF were about 200–600 nm, which illustrated that the corrosion resistance of SAOF was 
much better than PAOF.

Figure 3g1 showed the surface microhardness of SAOFs changed with SST time. �e SAOF2 was selected to 
investigate the change of microhardness compared with the PAOF2. SAOF2 and PAOF2 were selected because of 
their high hardness and better corrosion resistance in the microhardness test and electrochemical test before salt 
spray test, and they represented the two kinds of typical microstructure of AOFs. Before salt spray test, the micro-
hardness of SAOF was about 4–7 times higher than untreated Al alloys (56.5 HV). In Fig. 3g1, the microhardness 
decreased with SST time. In 0–1200 h, the hardness decreased slowly because the corrosion medium were slowly 
ingressed into the AOFs, and the hardness of self-sealing AOF decreased more slowly compared with the porous 
AOF which was due to the better corrosion resistance. As time goes on, the corrosion on surface become more 
serious and the microhardness of SAOF decreased fast. A�er 1200 h, the corrosive medium ingressed into the 
self-sealing layer of AOF, the corrosion on the SAOF surface got more serious and the sample surface dissolved 
quickly which lead to the decreased of surface microhardness. As the corrosion on SAOF surface getting com-
plicated with the increase of SST time, the decrease of hardness could not be ignored. However, the SAOF2 still 
kept a high microhardness value even a�er been corroded in salt spray test for 2000 h which demonstrated SAOFs 
obtained in this work showing promising application in various �elds. Compared with the SAOFs, the microhard-
ness of PAOFs decreased fast in the early 1200 h (Fig. 3e2). For 1200 h, the hardness of PAOFs decreased to half of 
the value before SST. �e chlorine ions absorbed on the surface and corroded the �lms, the dissolution on surface 
and corrosion pits caused the hardness decreased quickly.

�e 3D surface morphologies and surface roughness (Ra) of SAOFs changed with SST time were shown in 
Fig. 4a. Before SST, the surface of AOFs was smooth and compact which represented low surface roughness. As 
time goes by, surface dissolution appeared on AOFs caused of chlorines ions adsorbed on surface and ingressed 
into the pores. �e dissolution of �lm in salt spray resulted in surface roughness increased rapidly a�er 1200 h. 
�e color changed on samples surface for 1200 h illustrated the surface were not smooth, there existed pits and 
protrusion on surface which were due to corrosion. For 2000 h, the sample AOF2 was less colorful indicating that 
the dissolution of �lm surface was slightly. �e chlorine ions ingressed into the pores of SAOFs di�cultly and the 
AOF2 represented the best corrosion resistance. Compared with the decreased surface roughness of PAOF, the 
SAOFs presented less change of Ra value which displayed the excellent corrosion resistance of self-sealing layer.

�e de-convoluted XPS core level Al 2p, O 1 s and Cl 1 s spectra of SAOF2 was shown in Fig. 4b. It is evident 
that the broad spectra of Al 2p and O 1 s corresponded to the Aluminum hydroxide. De-convolution of the 
obtained spectrum indicated the presence of the peak of 2p3/2 at 75.85 eV corresponding to Al(OH)3. From the 
core level of O 1 s spectrum, the relative intensities of de-convoluted O component peaks the presence of metal 
hydroxides, respectively. �e core level Al 2p spectrum of self-sealing AOF also showed the presence of aluminum 
hydroxides, respectively. In the present investigation, the presence of Al(OH)3 illustrated the hydration of Al2O3 

Figure 3. Surface morphologies and microhardness of SAOF and PAOF corroded with di�erent SST time, (a1 
and a2) 0 h, (b1 and b2) 400 h, (ca and c2) 800 h, (d1 and d2) 1200 h, (e1) 1600 h, (f1) 2000 h, g1 and e2 showed 
microhardness decreased with time.
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and formation of Al(OH)3 during the salt spray test. �e binding energy of Cl 1 s was approximately 199.3 eV, 
corresponding to corrosion products a�er fretted in NaCl, and it was believed that Al(OH)ClX was produced 
in SST a�er the sample immersed in salt fog for long time41. �e obtained at.% of chlorine on SAOF and PAOF 
were about 4% and 23%, respectively. �e results illustrated that the PAOF was corroded more serious. �erefore, 
based on the above results the corrosion reactions during salt spray test are given below:

+ →Al O 3H O 2Al(OH)2 3 2 3

+ →
−Al(OH) Cl Al(OH)Cl3 X

�e chlorine ion selective absorbed ability of AOFs makes the dissolution on surface morphology was di�er-
ently a�er SST. �e corrosion resistance of SAOFs and PAOFs was decreased with the increase of SST time. A�er 
1200 h SST, the PAOFs corroded extremely seriously. However, the SAOFs corroded for 2000 h in SST begin to 
form pits (Fig. 3f1). A�er the exposure of porous layer of SAOFs, the chlorine ions ingressed into the porous layer 
became easier and the corrosion on the �lms quickly and the anti-corrosion property of SAOFs decreased. In 
Fig. 5b, the Potentiodynamic polarization changed with SST time illustrated the SAOFs showed a better corrosion 
resistance than PAOFs. For the early 1200 h SST for SAOFs, the self corrosion potential decreased and the self cor-
rosion current density increased slowly due to the barrier e�ect of self-sealing layer. �ough corroded in salt fog 
for 1200 h, self corrosion potential and the self corrosion current density estimated the SAOF were still displayed 
a better corrosion resistance than PAOFs. A�er 1200 h, the self-sealing layer was corroded and the porous layer 
exposed, the self corrosion potential decreased and the self corrosion current density increased quickly. In Fig. 5a, 
the self corrosion potential decreased and the self corrosion current density increased fast, which illustrated the 
corrosion resistance of PAOFs decreased quickly just a�er 1200 h SST.

Figure 5d showed the impedance spectra of SAOF2 changed with SST time. It can be found that the plateau 
for SAOF2 at the middle range of frequency existed stably before 2000 h SST, which could be attributed to the 
strengthened corrosion resistance. With times goes by, the plateau for PAOF disappeared a�er 400 h SST and 
1600 h SST for SAOF which meant serious corrosion appeared on the AOFs, the disappearance of plateau was 
owing to the high Permeability of the chloride ions through the porous layer with the SST time42. Compared 
with SAOF and PAOF, the novel structure of surface layer made the Permeability of the chloride ions become 
di�cult. When the porous layer exposed due to the dissolution of self-sealing layer, the high mobility of the 

Figure 4. Surface roughness of SAOFs changed with salt spray test time and XPS analysis of corrosion product 
a�er salt spray test.
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chloride ions ingressed into the porous layer decreased the corrosion resistance of AOFs. �e value of impedance 
was decreased with time faster and faster. Compared with the PAOFs, the impedance of SAOFs decreased much 
slowly. For PAOFs a�er SST in Fig. 5c, the chlorine ions absorbed on the surface quickly and ingressed into the 
pores easier than SAOFs, which caused the dissolution of surface seriously, the size of pits grew fast and the thick-
ness of AOF decreased quickly. �e chlorine ions ingressed into the pores and permeate into substrate through 
the barrier layer.

In Fig. 6a, the chloride ions could easily ingressed into the pores of PAOF and absorbed on the pore walls. In 
Fig. 6b, the narrow outlet of the pores of SAOFs lead to the chloride ions ingressed into pores of AOFs di�cultly. 
�e chlorine ions migration occurred once a critical anodic potential or critical adsorbed chloride ions concen-
tration was reached. �e chloride ions migrated from the liquid drop/AOFs interface into the passive AOFs, 
resulted in initiation of pitting corrosion43. With time goes by, the ingress of chlorine ions caused the surface dis-
solution and the pitting corrosion showed in Fig. 3. �e concentration of chloride ions adsorbed on AOFs surface 
increased with time. �e dissolution of surface make the corroded surface were easier be attacked by chlorine 

Figure 5. Potentiodynamic polarization, (a) (SAOF), (b) (PAOF) and impedance modulus of samples changed 
with SST time, (c) (SAOF), (d) (PAOF).

Figure 6. �e mechnism of the anti-corrosion of SAOF and PAOF.
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ions. A�er that, the microhardness decreased (Fig. 3), the dissolution of AOFs surface in salt fog accelerated 
(Fig. 4a) and the self corrosion potential decreased (Fig. 5).

A novel structured SAOF characterized with self-sealing layer was fabricated by improved anodic oxidation, 
the composition and concentration of electrolyte, current density and the aluminum cathode was tailored to form 
the self-sealed AOFs. �e electrochemical test and salt spray test were carried out to investigate the corrosion per-
formance of SAOFs and PAOFs. �e CLSM and XPS were used to study the surface morphology and corrosion 
products a�er SST. �e mircohardness test illustrated the hardness of SAOFs decreased slowly with SST time. 
SEM images and 3D morphology of surface estimated the SAOFs appeared fast corrosion a�er 1600 h SST. �e 
electrochemical test, SEM image and 3D morphology illustrated the self-sealing layer play a more important role 
in corrosion preventive compared with porous layer of AOFs. �e narrow outlets of the pores on SAOFs success-
fully prevent chlorine ions from ingressing into the pores of SAOFs. �e corrosion pits appeared on the surface 
of SAOFs until the SST was 2000 hours. �e corrosion resistance of SAOF a�er been corroded for 1200 h in SST 
was still better than PAOF without SST. �e results in this work provided a new train of thought for protecting 
aluminum alloys from corrosion.

Method
�e 2024 Al substrates were ground by emery paper (no. 800, 1200, 1500, 2000) gradually, and mechanically 
polished until polish scratch can’t be seen by eyes. �en the substrates were ultrasonically cleaned in acetone 
and ethanol for 10 min each. �e anodic oxidation process was carried out using constant current operation 
in 45–120 mg/mL sulfuric acid, 10 mg/mL oxalic acid and 5 mg/mL aluminum sulfate solution for 30 min, the 
anodic oxidation current density was tailored from 3.5 A•dm−2 to 6.5 A•dm−2 (included 3.5, 5 and 6.5). In order 
to enhance the growth speed and alleviate the dissolution speed of oxide �lm, the Al alloy was used as both of 
anode and cathode in this work. A�er being ultrasonically cleaned with deionized water, the obtained specimens 
were dried at 60 °C for 10 min. �e sample anodized in 45 mg/mL, 90 mg/mL and 180 mg/mL sulfuric acid bath 
with the current density of 5 A•dm−2 was marked as AOF1, AOF2 and AOF3, respectively.

Surfaces structures of self-sealing anodic oxide �lms (SAOFs) and porous anodic oxide �lms (PAOFs) fabri-
cated in this work were studied by a Confocal laser scanning microscope (CLSM) and a �eld emission scanning 
electron microscope (SEM, FEI Quanta 250 FEG, USA) under a vacuum environment, with an accelerating volt-
age of 20 KV. �e samples were also investigated using a PHI-5702 multi-functional X-ray photoelectron spec-
troscope (XPS, Perkin-Elmer, USA) to characterize the corrosion products a�er SST, using monochromatic Al 
Ka irradiation and the chamber pressure was about 3 ×10−8 Torr. �e binding energy of adventitious carbon was 
provided as a base reference. �e micro hardness was measured by a standardized Vickers hardness test device 
using 300 g load and the dwell time was 10 s on the surface of AOFs. �e microhardness value presented in this 
work is an average of at least 10 measurements.

Electrochemical corrosion tests were investigated by an electrochemistry workstation (Modulab, Solartron, 
USA) using potentiodynamic polarization in a three-electrode system: the specimen was treated as the working 
electrode with a evaluate area of 1 cm2, a platinum wire counter electrode, and a saturated calomel reference 
electrode. Electrochemical measurements were implemented in 3.5 wt.% NaCl aqueous solution at room tem-
perature. Tafel polarization curves were dynamically performed on respect to the reference at a scanning rate of 
2 mV/s. �e electrochemical impedance spectroscopic measurements were executed in the frequency range from 
0.01 Hz to 103 Hz.

�e corrosion performance of the novel structured SAOFs and PAOFs were investigated using corrosion 
accelerated experiments (Q-FOG, Q-lab Corporation, USA), according to Standard Method ASTM B11744 in 
5 wt% NaCl solution (6.5 < pH < 7.2) at (35 ± 2) °C with a spray �ow rate of 40 mL/h. �e samples were period-
ically taken out from the chamber for visual evaluation of the extent of corrosion. �e corrosion progress was 
evaluated from micrographs of the exposed surfaces that were recorded with increasing exposure times. �e 
samples were taken out periodically to test the roughness, 3D morphologies, microhardness and electrochemical 
properties of the samples when the corrosion time was 400 h, 800 h, 1200 h, 1600 h and 2000 h. �e samples were 
washed with �owing water at 35 °C to remove the saline deposits on the surface before electrochemical test. �en, 
the samples were dried at room temperature for 20 min.

References
 1. �ompson, G. E., Furneaux, R. C., Wood, G. C., Richardson, J. A. & Goode, J. S. Nucleation and growth of porous anodic �lms on 

aluminum. Nature 272, 433–435, doi:10.1038/272433a0 (1978).
 2. Capelossi, V. R. et al. Corrosion protection of clad 2024 aluminum alloy anodized in tartaric-sulfuric acid bath and protected with 

hybrid sol–gel coating. Electrochimica Acta 124, 69–79, doi:10.1016/j.electacta.2013.09.004 (2014).
 3. Diggle, J. W., Downie, T. C. & Goulding, C. W. Anodic oxide �lms on aluminum. Chem. Rev. 69, 365–405, doi:10.1021/cr60259a005 

(1969).
 4. Mohilner, D. M., Argersinger, W. J. & Adams, R. N. Investigation of kinetics and mechanism of anodic oxidation of aniline in 

aqueous sulfuric acid solution at a platinum electrode. Journal of the American Chemical Society 84, 3618–3622, doi:10.1021/
ja00878a003 (1962).

 5. Wu, Y., Zhao, W., Wang, W. & Sui, W. Fabricating binary anti-corrosion structures containing superhydrophobic surfaces and sturdy 
barrier layers for Al alloys. Rsc Advances 6, 5100–5110, doi:10.1039/C5RA25153B (2016).

 6. Chu, S. Z., Wada, K. & Inoue, S. Fabrication of Ideally Ordered Nanoporous Alumina Films and Integrated Alumina Nanotubule 
Arrays by High-Field Anodization. Advanced Materials 17, 2115–2119, doi:10.1002/(ISSN)1521-4095 (2005).

 7. Moutarlier, V., Gigandet, M. P., Ricq, L. & Pagetti, J. Electrochemical characterisation of anodic oxidation �lms formed in presence 
of corrosion inhibitors. Appl. Surf. Sci. 183, 1–9, doi:10.1016/S0169-4332(01)00364-6 (2001).

 8. Minagar, S., Berndt, C. C., Wang, J., Ivanova, E. & Wen, C. A review of the application of anodization for the fabrication of nanotubes 
on metal implant surfaces. Acta Biomater. 8, 2875–2888, doi:10.1016/j.actbio.2012.04.005 (2012).

 9. Li, A. P., Muller, F., Birner, A., Nielsch, K. & Gosele, U. Polycrystalline nanopore arrays with hexagonal ordering on aluminum. 
Journal of Vacuum Science & Technology A Vacuum Surfaces & Films 17, 1428–1431 (1999).

http://dx.doi.org/10.1038/272433a0
http://dx.doi.org/10.1016/j.electacta.2013.09.004
http://dx.doi.org/10.1021/cr60259a005
http://dx.doi.org/10.1021/ja00878a003
http://dx.doi.org/10.1021/ja00878a003
http://dx.doi.org/10.1039/C5RA25153B
http://dx.doi.org/10.1002/(ISSN)1521-4095
http://dx.doi.org/10.1016/S0169-4332(01)00364-6
http://dx.doi.org/10.1016/j.actbio.2012.04.005


www.nature.com/scientificreports/

8Scientific RepoRts | 7: 1344  | DOI:10.1038/s41598-017-01549-y

 10. Iglesias-Rubianes, L. et al. Cyclic oxidation processes during anodizing of Al-Cu alloys. Electrochimica Acta 52, 7148–7157, 
doi:10.1016/j.electacta.2007.05.052 (2007).

 11. Garcia-Segura, S. & Brillas, E. Mineralization of the recalcitrant oxalic and oxamic acids by electrochemical advanced oxidation 
processes using a boron-doped diamond anode. Water Res 45, 2975–2984, doi:10.1016/j.watres.2011.03.017 (2011).

 12. Brillas, E., Garcia-Segura, S., Skoumal, M. & Arias, C. Electrochemical incineration of diclofenac in neutral aqueous medium by 
anodic oxidation using Pt and boron-doped diamond anodes. Chemosphere 79, 605–612, doi:10.1016/j.chemosphere.2010.03.004 
(2010).

 13. Raja, K. S., Misra, M. & Paramguru, K. Formation of self-ordered nano-tubular structure of anodic oxide layer on titanium. 
Electrochimica Acta 51, 154–165, doi:10.1016/j.electacta.2005.04.011 (2005).

 14. Jagminas, A., Bigeliene, D., Mikulskas, I. & Tomasiunas, R. Growth peculiarities of aluminum anodic oxide at high voltages in 
diluted phosphoric acid. J Cryst Growth 233, 591–598, doi:10.1016/S0022-0248(01)01625-6 (2001).

 15. Zaraska, L., Sulka, G. D. & Jaskuła, M. �e e�ect of n-alcohols on porous anodic alumina formed by self-organized two-step 
anodizing of aluminum in phosphoric acid. Surface & Coatings Technology 204, 1729–1737 (2010).

 16. Li, A. P., Muller, F., Birner, A., Nielsch, K. & Gosele, U. Hexagonal pore arrays with a 50–420 nm interpore distance formed by self-
organization in anodic alumina. Journal of Applied Physics 84, 6023–6026, doi:10.1063/1.368911 (1998).

 17. Keller, F., Hunter, M. S. & Robinson, D. L. Structural Features Of Oxide Coatings On Aluminium. Journal of the Electrochemical 
Society 100, 411–419, doi:10.1149/1.2781142 (1953).

 18. Ono, S. & Masuko, N. Evaluation of pore diameter of anodic porous �lms formed on aluminum. Surface & Coatings Technologys 
169–170, 139–142 (2003).

 19. Li, A. P., Müller, F., Birner, A., Nielsch, K. & Gösele, U. Hexagonal Pore Arrays with a 50–420 nm Interpore Distance Formed by Self-
Organization in Anodic Alum. Journal of Applied Physics 84, 6023–6026, doi:10.1063/1.368911 (1998).

 20. Fukuda, Y. & Fukushima, T. Anodic oxidation of aluminium in sulphuric acid containing aluminium sulphate or magnesium 
sulphate. Electrochimica Acta 28, 47–56, doi:10.1016/0013-4686(83)85086-5 (1983).

 21. Zhang, W., Zhang, D., Le, Y., Li, L. & Ou, B. Fabrication of surface self-lubricating composites of aluminum alloy. Applied Surface 
Science 255, 2671–2674, doi:10.1016/j.apsusc.2008.07.209 (2008).

 22. Zhou, F., Baron-Wiecheć, A., Garcia-Vergara, S. J. & Curioni, M. E�ects of current density and electrolyte temperature on the 
volume expansion factor of anodic alumina formed in oxalic acid. Electrochimica Acta 59, 186–95, doi:10.1016/j.
electacta.2011.10.052 (2012).

 23. Moutarlier, V., Gigandet, M. P., Pagetti, J. & Normand, B. In�uence of oxalic acid addition to chromic acid on the anodising of Al 
2024 alloy. Surface & Coatings Technology 182, 117–123 (2004).

 24. Furneaux, R. C., Amp, W. R. R. & Davidson, A. P. �e Formation of Controlled-Porosity membranes from Anodically Oxidized 
Aluminium. Nature 337, 147–149, doi:10.1038/337147a0 (1989).

 25. Su, Z. & Zhou, W. Formation Mechanism of Porous Anodic Aluminium and Titanium Oxides. Advanced Materials 20, 3663–3667, 
doi:10.1002/adma.v20:19 (2008).

 26. O’Sullivan, J. P. & Wood, G. C. �e morphology and mechanism of formation of porous anodic �lms on aluminium. Proceedings of 
the Royal Society of London 317, 511–543, doi:10.1098/rspa.1970.0129 (1970).

 27. Gong, J., Butler, W. H. & Zangari, G. Tailoring morphology in free-standing anodic aluminium oxide: control of barrier layer 
opening down to the sub-10 nm diameter. Nanoscale 2, 778–85, doi:10.1039/c0nr00055h (2010).

 28. Skeldon, P., Zhou, X., �ompson, G. E. & Habazaki, H. Adhesion of anodic �lms on aluminum-lithium alloys. Corrosion -Houston 
Tx 55, 561–565, doi:10.5006/1.3280496 (1999).

 29. Lee, S. J., Han, M. S., & Kim, S. J. Evaluation of corrosion resistance for two-step aluminum anodizing with processing time. 16, 
11262–11266 (2016).

 30. Mohammadi, I., Ahmadi, S. & Afshar, A. E�ect of pulse current parameters on the mechanical and corrosion properties of anodized 
nanoporous aluminum coatings. Materials Chemistry & Physics 183, 490–498 (2016).

 31. Stojadinovic, S., Vasilic, R., Petkovic, M. & Nedic, Z. Luminescence properties of oxide �lms formed by anodization of aluminum in 
12-tungstophosphoric acid. Electrochimica Acta 55, 3857–3863, doi:10.1016/j.electacta.2010.02.011 (2010).

 32. Chung, I. C., Chung, C. K. & Su, Y. K. E�ect of current density and concentration on microstructure and corrosion behavior of 6061 
al alloy in sulfuric acid. Surface and Coatings Technology 313, 299–306, doi:10.1016/j.surfcoat.2017.01.114 (2017).

 33. Boisier, G., Lamure, A., Pébère, N., Portail, N. & Villatte, M. Corrosion protection of AA2024 sealed anodic layers using the 
hydrophobic properties of carboxylic acids. Surface & Coatings Technology 203, 3420–3426 (2009).

 34. Moutarlier, V., Neveu, B. & Gigandet, M. P. Evolution of corrosion protection for sol–gel coatings doped with inorganic inhibitors. 
Surface & Coatings Technology 202, 2052–2058 (2008).

 35. Poinern, G. E. J., Ali, N. & Fawcett, D. Progress in Nano-Engineered Anodic Aluminum Oxide Membrane Development. Materials 
4, 487–526, doi:10.3390/ma4030487 (2011).

 36. Moutarlier, V., Gigandet, M. P., Pagetti, J. & Normand, B. In�uence of oxalic acid addition to chromic acid on the anodising of Al 
2024 alloy. Surface & Coatings Technology 182, 117–123 (2004).

 37. Mozalev, A., Magaino, S. & Imai, H. �e formation of nanoporous membranes from anodically oxidized aluminium and their 
application to Li rechargeable batteries. Electrochimica Acta 46, 2825–2834, doi:10.1021/ac301506t (2001).

 38. Yu, S. Y., O’Grady, W. E., Ramaker, D. E. & Natishan, P. M. Chloride Ingress into Aluminum Prior to Pitting Corrosion An 
Investigation by XANES and XPS. Journal of the American Chemical Society 147, 2952–2958 (2000).

 39. Mansfeld, F. & Kendig, M. W. ChemInform Abstract: Evaluation of Anodized Aluminum Surfaces with Electrochemical Impedance 
Spectroscopy. Journal of the Electrochemical Society 19, 828–833, doi:10.1149/1.2095786 (1988).

 40. Zoltowski, P. On the electrical capacitance of interfaces exhibiting constant phase element behaviour. Journal of Electroanalytical 
Chemistry 443(1), 149–154, doi:10.1016/S0022-0728(97)00490-7 (1998).

 41. Hagyard, T., Earl, W. B., Hagyard, T. & Earl, W. B. Potential of Aluminum in Aqueous Chloride Solutions. Journal of the 
Electrochemical Society 114, 694–698, doi:10.1149/1.2426708 (1967).

 42. Balaraju, J. N., Srinivasan, A., Yoganandan, G., William Grips, V. K. & Rajam, K. S. E�ect of Mn/Mo incorporated oxide layer on the 
corrosion behavior of AA 2024 alloy. Corrosion Sci 53, 4084–4092, doi:10.1016/j.corsci.2011.08.016 (2011).

 43. Mubarok, M. Z., Wahab, Sutarno & Wahyudi, S. E�ects of Anodizing Parameters in Tartaric- Sulphuric Acid on Coating �ickness 
and Corrosion Resistance of Al 2024 T3 Alloy. Journal of Minerals & Materials Characterization & Engineering 03, 154–163 (2015).

 44. ASTM American Society for Testing of Materials, ASTM B117-07a Standard Practice for Operating Salt Spray (Fog) Apparatus 
(2007).

Acknowledgements
�is work was supported by the National Key Basic Research Program of China (973) (2014CB643302), the 
National Natural Science Foundation of China (51202263, and 51475280).

Author Contributions
Y.H.W., W.J.Z., W.R.W., L.P.W. and Q.J.X. conceived, set up and carried out the experiments. Y.H.W., W.J.Z., and 
L.P.W. analysed the data and wrote the manuscript.

http://dx.doi.org/10.1016/j.electacta.2007.05.052
http://dx.doi.org/10.1016/j.watres.2011.03.017
http://dx.doi.org/10.1016/j.chemosphere.2010.03.004
http://dx.doi.org/10.1016/j.electacta.2005.04.011
http://dx.doi.org/10.1016/S0022-0248(01)01625-6
http://dx.doi.org/10.1063/1.368911
http://dx.doi.org/10.1149/1.2781142
http://dx.doi.org/10.1063/1.368911
http://dx.doi.org/10.1016/0013-4686(83)85086-5
http://dx.doi.org/10.1016/j.apsusc.2008.07.209
http://dx.doi.org/10.1016/j.electacta.2011.10.052
http://dx.doi.org/10.1016/j.electacta.2011.10.052
http://dx.doi.org/10.1038/337147a0
http://dx.doi.org/10.1002/adma.v20:19
http://dx.doi.org/10.1098/rspa.1970.0129
http://dx.doi.org/10.1039/c0nr00055h
http://dx.doi.org/10.5006/1.3280496
http://dx.doi.org/10.1016/j.electacta.2010.02.011
http://dx.doi.org/10.1016/j.surfcoat.2017.01.114
http://dx.doi.org/10.3390/ma4030487
http://dx.doi.org/10.1021/ac301506t
http://dx.doi.org/10.1149/1.2095786
http://dx.doi.org/10.1016/S0022-0728(97)00490-7
http://dx.doi.org/10.1149/1.2426708
http://dx.doi.org/10.1016/j.corsci.2011.08.016


www.nature.com/scientificreports/

9Scientific RepoRts | 7: 1344  | DOI:10.1038/s41598-017-01549-y

Additional Information
Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Novel anodic oxide film with self-sealing layer showing excellent corrosion resistance
	Results and Discussion
	Method
	Acknowledgements
	Figure 1 The formation of self-sealing layers on AOF in anodic oxidation and the morphology of PAOF and SAOF.
	Figure 2 Potentiodynamic polarization, bode plot and equivalent circuits of self-sealing AOFs, PAOFs and Al alloy.
	Figure 3 Surface morphologies and microhardness of SAOF and PAOF corroded with different SST time, (a1 and a2) 0 h, (b1 and b2) 400 h, (ca and c2) 800 h, (d1 and d2) 1200 h, (e1) 1600 h, (f1) 2000 h, g1 and e2 showed microhardness decreased with time.
	Figure 4 Surface roughness of SAOFs changed with salt spray test time and XPS analysis of corrosion product after salt spray test.
	Figure 5 Potentiodynamic polarization, (a) (SAOF), (b) (PAOF) and impedance modulus of samples changed with SST time, (c) (SAOF), (d) (PAOF).
	Figure 6 The mechnism of the anti-corrosion of SAOF and PAOF.


