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Abstract 

The effect of temperature of a Ce-H2O2 post-treatment on the corrosion resistance of clad 

AA2024-T3 anodized in tartaric-sulfuric acid as well as the distribution of Ce oxyhydroxides 

in the anodized layer was investigated. Electrochemical impedance spectroscopy tests showed 

that samples post-treated at moderate temperatures (up to 50oC) presented more stable and 

slightly higher impedance modulus than untreated ones. Increasing the post-treatment 

temperature to 75oC decreased the corrosion resistance, likely due to damaging of the porous 

and barrier layer protective properties, as indicated by electric equivalent circuit fitting. 

Scanning electron microscopy characterization showed that Ce oxyhydroxides deposition (3+ 

and 4+ oxidation states as determined by X-ray photoelectron spectroscopy) was enhanced with 

increasing post-treatment temperature, and that pores were not blocked. Glow Discharge 

Optical Emission Spectrometry and Rutherford Backscattering Spectrometry analyses indicated 

local enrichment of Ce species at the bottom of the pores, whereas scanning transmission 

electron microscopy confirmed the presence of Ce-containing nanoparticles stuck to the pore’s 

walls. Analyses of corroded samples showed increased amounts of Ce oxyhydroxides on the 

surface and that Ce species remained inside the pores, indicating that the post-treatment 

protocol successfully and durably incorporated Ce ions within the structure of the anodized 

layer. 

Keywords: Aluminium, TSA, Ce post-treatment, Ce nanoreservoirs, S/TEM. 

 

1. Introduction 

High mechanical strength Al alloys used in the aerospace industry have a complex 

microstructure due to thermomechanical treatments to which they are submitted, presenting 

intermetallics (IMs), dispersoids and hardening particles [1]. The presence of these particles, 

particularly IMs, generates local differences in the composition of the alloy and may cause 

microgalvanic effects leading to localized corrosion [2,3,4]. The high safety requirements of 

the aerospace industry demand that a robust corrosion protection system be employed. 



2 
 

Currently, the aerospace industry standards employ Cr(VI)-containing compounds at all stages 

of surface treatment [5]. This is justified by the active corrosion protection afforded by these 

compounds to the metallic substrate, favouring the regeneration of the oxide layer at defective 

sites through the reaction of hexavalent chromium ions leached from the protection system with 

species of the medium, a phenomenon known as self-healing [6,7]. However, hexavalent 

chromium compounds are harmful to health and to the environment, and their use is restricted 

or vetoed in several industrial sectors [8]. 

One of the most widely used methodologies to increase the corrosion resistance of Al and its 

alloys is anodizing. Briefly, the procedure consists in anodically thickening the Al oxide layer 

in a bath of suitable composition. Anodizing in acid electrolyte results in an oxide with duplex 

structure, comprising a thick porous layer (few microns of thickness) and a thin barrier layer 

(few dozen nanometers) [9,10]. While the barrier layer provides a considerable increase in 

corrosion resistance, the open structure of the porous layer acts as an excellent base for the 

adhesion of organic coatings [11]. When the porous anodic layer is formed on pure or 

commercially pure Al, it exhibits a regular columnar structure [9,10]. However, the situation 

may dramatically change when the substrate is an Al alloy with complex microstructure, such 

as those of the 2XXX and 7XXX series. In these cases, incorporation of metallic or oxidized 

Cu particles in the oxide structure, triggering oxygen generation during the layer growth [12], 

and differences between the oxidation rates of the base matrix and the IMs [13,14,15], may lead 

to the development of a more defective oxide layer [16,17]. However, regardless of the 

substrate, the anodic layer must be further protected to ensure effective anticorrosion 

performance. 

Chromic acid anodizing (CAA) is the benchmark in the aerospace industry. This procedure has 

been used for more than six decades, mainly in structural components [18]. The preference for 

CAA is justified by the self-healing properties provided by Cr (VI) compounds, giving excellent 

corrosion resistance, by the relatively low impact on the fatigue resistance of the parts and 

because the produced layer offers an excellent basis for painting application [19]. Tartaric-

sulfuric acid (TSA), the electrolyte used in the present work, in addition to being considered 

environmentally friendly, according to some authors, results in anodized layers with corrosion 

resistance comparable to those produced in CAA [20]. According to some studies [21,22], the 

addition of tartaric acid to the sulfuric acid bath, while not significantly affecting the growth 

mechanism of the porous layer, reduces the anodizing current density. Presumably, this should 

lead to the formation of porous layers with lower thicknesses, which should positively affect 

the fatigue strength of the anodized alloy compared to the anodized material in sulfuric acid. 

Anodized parts are usually stored prior to their use and topcoat application [5]. To protect the 

material against corrosion during this period, a primer layer is applied, which is also intended 

to serve as a link between the anodized substrate and the applied organic coating at the finishing 

step. The aerospace industry employs the commercial compound Alodine®, which contains Cr 

(VI) and F-, to produce a chemical conversion coating providing further protection of the 

substrate by the already mentioned self-healing properties [20]. Although this procedure shows 

recognized efficiency in the aerospace industry, as mentioned earlier, it poses risks to human 

health and the environment. Thus, there is a need to investigate the performance of 

environmentally friendly methodologies to replace the current technology. 
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Ce-based post-treatments relies among the most promising substitutes for Cr(VI)-based surface 

treatments for Al alloys [23]. The initial works on the corrosion protection of Al alloys by Ce-

based corrosion inhibitors were performed by Hinton et al. [24,25,26]. They developed 

corrosion investigations of AA7XXX alloy in NaCl solution and verified that the addition of 

cerous cations could effectively reduce the corrosion rate of the alloy. The authors reported the 

precipitation of a Ce4+/Ce3+ oxyhydroxide film on the metal surface, the thickness of which 

increased with Ce ions concentration, immersion time and increased pH [25]. They also 

proposed an island growth mechanism for the protective layer, the driving force of which was 

the pH increase near cathodic sites, mainly IM particles, leading to the blockage of the cathodic 

reaction [25]. However, these initial works reported a relatively long immersion time to form a 

thick and protective conversion layer. This drawback was overcome by adding hydrogen 

peroxide to the conversion bath, which effectively reduced the treatment time to less than 10 

minutes [27]. According to the literature [28] the addition of H2O2 to the conversion bath leads 

to the formation of complexes, such as Ce(H2O2)
3+, which is followed by deprotonation, 

oxidation and precipitation of Ce oxyhydroxides. 

Two main approaches have been used for obtaining corrosion protection of Al alloys by means 

of Ce compounds: their direct application onto the substrate (conversion coatings, as those 

suggested by Hinton et al. [26,27] and the incorporation of Ce species into more complex 

protection systems. In the former approach the main sought effect is the blockage of surface-

active sites (mostly cathodic ones), whereas in the latter the more sophisticated self-healing 

effect is the aim of the research [29-34]. In their seminal work about Ce conversion coatings 

production, by means of weight loss measurements, Hinton and Wilson [27] indicate that 

increasing the bath temperature did not significantly affect the protective properties of the 

coatings; however, a close examination of the presented plot (Figure 5 in [27]) shows a slight 

but continuous decrease of the corrosion rate when the bath temperature was increased up to 

70oC. In another work, Dabala et al. [35] reported superior corrosion resistance of Ce-

conversion coatings when the conversion bath temperature was raised to 50oC. Even though 

particularities like alloy brand and conversion bath composition may be relevant for the 

determination of the optimized conditions for Ce conversion coatings application, several 

works investigating the corrosion behaviour of these coatings were performed at temperatures 

close to 50oC [36,37], this seems to be a compromise between enhanced efficiency and extended 

bath life, as H2O2 is sensitive to thermal decomposition in aqueous solution. According to 

Bethencourt et al. [36] increasing the bath temperature favours the development of the alumina 

film over the metal matrix, improving the protective properties of the conversion layer. 

However, recent works also report enhanced anticorrosion properties for Ce-conversion 

coatings produced at room temperature (near 25oC) [38,39]. Therefore, it seems that there is 

not a complete agreement in the literature about the ideal bath temperature for obtaining a Ce-

conversion coating. Another relevant issue is that, to the best of the authors’ knowledge, these 

conversion coatings were all obtained using Al alloys as substrate, which, due to their 

heterogeneous microstructure, offers ideal conditions for the island growth mechanism above 

cathodic IMs [25], increasing the efficiency of the process. This scenario differs from the one 

investigated in the present study, where the substrate is an anodic layer grown from a 

commercially pure aluminium substrate. 

In the literature, only few works employed a post-treatment step using Ce salts to improve the 

corrosion protection of anodized Al alloys. The experimental procedures involve immersion of 

the anodized samples in Ce ions containing baths for varying times either at boiling temperature 
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[11,40], in a procedure similar to the classical hydrothermal sealing, or at temperatures well 

below this value (ranging from room temperature to 50oC) [41-46]. All studies reported that the 

Ce-based post-treatment enhanced the protective properties of the anodized layer, and some of 

them described improved or similar corrosion protection abilities when compared with 

chromate-based sealing procedures [11,41,42,43]. In the investigations performing post-

treatments below the boiling point, H2O2 was added to the post-treatment bath to accelerate the 

oxidation of Ce3+ to Ce4+ [42-46], thus reducing the post-treatment time. The survey also 

showed that only some of these works presented SEM images of the samples surface [40,43-

46], and, among them, only the micrographs presented by Prada-Ramirez et al. [45, 46] clearly 

showed that the pores of the anodized layer were kept open after the Ce post-treatment step. 

Nevertheless, even in the works presenting no SEM characterization [11,41,42], there were 

clear references to pores sealing, indicating that they must have been plugged during the Ce 

post-treatment step. 

As stated in the previous paragraph, the porous anodized layers post-treated in the Ce ions 

containing bath produced by Prada-Ramirez et al. [46] kept the pores open, thus maintaining 

the adhesion properties of the oxide layer aiming at future application of organic coatings. The 

authors investigated the effects of H2O2 concentration and immersion time in the corrosion 

protection by electrochemical impedance spectroscopy (EIS) and concluded that a more stable 

behaviour was obtained when the samples were immersed for two minutes in a 50 mM 

Ce(NO3)3 solution with the addition of 10% (w/w) H2O2. The present work extends this research 

to evaluate the effect of the post-treatment bath temperature on the corrosion resistance of the 

anodized layer. Taking into account the literature findings [27, 35-39] and that industrial 

hydrothermal sealing procedures are performed at temperatures close to the water boiling point 

for immersion times longer than 20 minutes, the chose temperature range was 25-75oC, 

maintaining the two minutes post-treatment determined by Prada-Ramirez et al. [46], in order 

to minimize the possibility of pore plugging. This latter feature is a differential of the present 

research when compared to most of the works using Ce-based post-treatment for corrosion 

protection of anodized Al alloys. It also focusses in the evaluation of Ce distribution on the 

sample surface and inside the pores of the anodized layer. A clad substrate was employed to 

allow better characterization of Ce distribution within the more defined pore structure of the 

anodized layer.  

 

2. Experimental 

2.1 Material and treatments 

The clad AA2024-T3 sheet, with clad nominal composition: 0.3 wt.% Si, 0.4 wt.% Fe, 0.1 wt.% 

Cu, 0.05 wt.% Mn, 0.05 wt.% Mg, 0.1 wt.% Zn, 0.03 wt.% Ti and 0.03 wt.% others and balance 

of Al, was provided by an industrial partner. Microstructural characterization of the clad layer 

(not presented) showed the presence of Fe-Si IMs sparsely distributed on the surface [45].  

Prior to anodizing, as-received specimens with dimensions (6.0x4.5x0.105) cm were degreased 

by sonication in acetone for 10 min. Surface treatment was performed by dipping the samples 

in an alkaline etching solution: NaOH (40 g.L−1) at 40 ºC for 30 s and in a chromate-free 

commercial acid desmutting bath (Turco® Smuttgo-Henkel) at room temperature for 15 s. 

Between each step and at the end of the surface preparation procedure, the specimens were 

thoroughly washed for 5 min with distilled water. 
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Anodizing was carried out according to procedures already employed by our group by applying 

a constant voltage of 14 V for 20 min to the samples immersed in a TSA bath (40 g L-1 H2SO4 

+ 80 g L-1 C4H6O6) maintained at 37oC [46,47,48]. After anodizing, the samples were rinsed 

with deionized water and then post-treated for 2 min in a 50 mM Ce(NO3)3.6H2O + 10 % v/v 

H2O2 aqueous solution at different temperatures: (25 ± 2)°C (Ce10P 25C 2M); (50 ± 2)°C 

(Ce10P 50C 2M) and (75 ± 2)°C (Ce10P 75C 2M). The post-treatment conditions, as well as 

the acronyms that will be used to identify the samples throughout the text, are summarized in 

Table 1. 

 

Table 1. Post-treatments conditions and their acronyms. 

Condition 
Ce(NO3)3.6H2O, 

mM 

H2O2,                   

% v/v 

Temperature,     

°C 

Time,              

min 

UNS     

Ce10P 25C 2M 50 10 25 2 

Ce10P 50C 2M 50 10 50 2 

Ce10P 75C 2M 50 10 75 2 

 

2.2 EIS characterisation  

The corrosion behaviour of samples as-anodized (UNS) and post-treated in the Ce-H2O2 bath 

at different temperatures was evaluated using EIS in NaCl solution for 10 weeks (1680 h). In 

the first 5 weeks (840 h), the concentration of the electrolyte was 0.1 M, which was then 

increased to 0.5M until the completion of the tests. This procedure was adopted due to the 

stability of the EIS response of most of the samples. Prior to each EIS experiment, the stability 

of the open circuit potential (OCP) was checked for about 10 minutes. Moreover, after 

increasing the electrolyte concentration (0.1M to 0.5M), to allow the system stabilization, a 24h 

interval was given before the next EIS experiment. Differently from the initial work developed 

by Prada-Ramirez et al. [46], the samples were exposed in the vertical position, avoiding the 

deposition of corrosion products and improving reproducibility. 

A three-electrode cell comprising the anodized piece (3.14 cm2 of exposed area), an Ag/AgCl 

reference electrode and a platinum sheet (approximately 15 cm2) counter electrode was 

employed. A Potentiostat/Galvanostat/ZRA Gamry reference 600+ was used for the 

measurements. The frequency range was 105 Hz to 10-2 Hz, and the amplitude of the ac signal 

was 15 mV (rms) with an acquisition rate of 7 points per decade. For verifying reproducibility, 

measurements were performed at least in triplicate. The diagrams were fitted using Electric 

Equivalent Circuits (EECs) by means of the software Zview®. For the fitting procedure, only 

stable points were considered. 

 

2.3 Morphological and compositional characterization  

The morphological characterization of as prepared and EIS-tested samples was carried out by 

scanning electron microscopy (SEM) with field emission gun – FE-SEM - Inspect 50, equipped 

with secondary and backscattered electron detectors, and with facilities for energy dispersive 

X-ray analysis (EDS).  

The oxidation state of the Ce species in the layers was determined using a ThermoFisher 

Scientific XPS spectrometer, k-alpha+ model. The equipment operates with an Al-k-alpha 
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monochromatic radiation source. The pressure in the analysis chamber was approximately 10-7 

Pa. Narrow scan spectra were obtained in the Ce3d region. To evaluate the chemical state of 

Ce, the experimental curves were adjusted using the Avantage software using a Smart 

algorithm. Surface distribution maps were also acquired using this technique. The analysed area 

was approximately 20 mm2, using a spot size of 30 m. 

The thicknesses of the anodized layers generated in TSA were determined using Glow 

Discharge Optical Emission Spectrometry (GDOES) using a Horiba Jobin Yvon profiling 

instrument at a pressure of 650 Pa and power of 35 W with a Cu anode of 4 mm in diameter. 

The instrument is equipped with a Runge Paschen polychromator, with 28 acquisition channels. 

The method of analysis was “sputtering rate”, calibrated using 20 different standards (Certified 

Reference Materials (CRM) and Setting Up Samples (SUS)). The measurements were 

performed following qualitative graphs and stopped when the erosion reached the substrate. 

This technique was also useful to evaluate the Ce distribution within the pores of the anodized 

layer. 

Rutherford Backscattering Spectroscopy (RBS) was used to determine the presence of Ce 

species on the surface and within the pores of as-prepared anodized samples (Ce10P 50C 2M) 

and after 15 days immersion in 0.1M NaCl (to accelerate the corrosion process, the sample was 

exposed horizontally). The spectra were obtained using an electrostatic accelerator (Pelletron-

tandem, model 5SDH built by NEC) of the Laboratory of Analysis of Materials by Ionic Beams 

of the University of São Paulo (LAMFI-USP), with a He ion beam with energies of 3.8 and 4.4 

MeV. The backscattered ions were measured with two surface-barrier detectors positioned at 

120º and 170º. The adjustment was performed using simultaneous analysis of all the 

experimental data using the MultiSIMNRA [49] software with SIMNRA 7 [50] software for 

physics simulation, thus obtaining the multielemental depth profile. 

 

2.4 Scanning transmission electron microscopy (S/TEM) characterization 

Electron-transparent lamella from bulk clad AA2024-T3 anodized and Ce post-treated 

specimen was prepared using a conventional focused ion beam (FIB) technique for transmission 

electron microscopy (TEM) sample preparation [51]. A FEI Versa 3D dual beam Scanning 

Electron Microscope (SEM) and Ga+ FIB operating a field emission gun (FEG) at 30 keV was 

used for electron-transparent sample preparation. In order to protect the surface of the bulk 

specimen from either Ga contamination or FIB induced-damage, a 2.25 µm Pt layer was 

deposited onto the surface prior the trenching and milling stages [52]. After attaching the 

lamella into a 3-post Gatan Omniprobe Mo grid, the specimen was polished (using cleaning 

cross-section patterning) up to a thickness of approximately 70 nm as constantly monitored by 

the electron beam within the SEM.  

The electron-microscopy characterization of the FIB-produced electron-transparent lamella 

was carried out in a ThermoFisher Scientific™ Talos F200X G2 transmission and scanning 

transmission electron microscope (STEM) operating a X-FEG at 200 keV. Prior the 

characterization, the sample was subjected to Ar plasma cleaning for 5 minutes. The 

characterization was performed using both the TEM mode, with bright-field TEM (BFTEM) 

and selected-area electron diffraction (SAED), and in STEM mode, with the high-angle annular 

dark field (HAADF) and bright-field (BF) detectors. The spatial resolution of the STEM-

HAADF mode is around of 0.14 nm. This microscope is also equipped with Super-X energy 

dispersive X-ray (EDX) spectroscopy which was also used in this work for analysing the cross-

sectional line profiles and elemental distribution along the electron-transparent lamella. 
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Quantification of the STEM-EDX results was performed both in the ThermoFisher Velox and 

the ImageJ [53] softwares. 

 

3. Results and discussion 

3.1 EIS behaviour 

Bode plots for clad AA2024–T3 anodized in TSA are shown in Figures 1 to 4 for samples UNS, 

Ce10P 25C 2M, Ce10P 50C 2M and Ce10P 75C 2M, respectively. As previously explained, 

samples were exposed to NaCl 0.1M for 5 weeks (840h), and then the concentration was 

increased to 0.5 M up to the end of the experiment, totalizing 10 weeks (1680h). Overall, the 

low frequency (LF) impedance modulus remained stable with immersion time, except for the 

Ce10P 75C 2M sample (Figure 4), which showed a steady decrease of the impedance modulus 

from 672h of immersion. However, independently of the LF behaviour, from 168h onwards, 

there is a progressive increase of the impedance modulus in the high (HF) to medium (MF) 

frequency domain. This response coincides with the onset of a new time constant in the HF 

range, which becomes more defined and capacitive (higher phase angles) as time elapses. For 

anodized Al, this response is associated with physicochemical phenomena taking place inside 

the pores, leading to their sealing and resulting in a greater difficulty to current flow, thus 

increasing the impedance modulus in this frequency range [46,47,48,54,55,56]. 

The analysis of the phase angle diagrams offers a clear picture of the changes occurring in the 

anodized layer due to the interaction with the test electrolyte. For short immersion times, the 

pores are open and filled with the conductive solution. Thus, the interface response consists of 

a single capacitive time constant that characterizes the barrier layer properties. The phase angle, 

close to 90 degrees in the whole frequency range, associated with the high LF impedance 

modulus, reflects the good protective properties of this layer [11]. As immersion time increases, 

aluminium oxyhydroxides and corrosion products precipitate inside the pores [55], 

progressively blocking them, a process denominated self-sealing [54]. This imposes a resistance 

to current flow through the pores and a new capacitive time constant develops in the HF domain. 

With increased precipitation and stronger pore blockage, this time constant becomes better 

resolved and more capacitive [54], and the impedance modulus in the HF region increases. 

However, for less protective systems, as the one presented in Figure 4 (Ce10P 75C 2M), these 

changes take place earlier. As shown in Figure 4, two-time constants are visible since the early 

immersion times, indicating precipitation inside the pores. Moreover, the separation between 

the time constants is less evident, pointing to overlapping phenomena. Therefore, for this 

particular sample, the post-treatment seems not to be effective, and aggressive species may 

reach the barrier layer resulting in increased corrosion activity and earlier failure. 
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Figure 1. Bode plots in 0.1M NaCl (4h – 840h) and 0.5M NaCl (840h – 1680h) solution of 

Alclad AA2024‐T3 anodized in TSA (UNS). 

 

 

Figure 2. Bode plots in 0.1M NaCl (4h – 840h) and 0.5M NaCl (840h – 1680h) solution of 

Alclad AA2024‐T3 anodized in TSA and post treated in 50mM Ce (NO3)3 and H2O2 (10% 

v/v) for 2 minutes at 25°C (Ce10P 25C 2M). 
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Figure 3. Bode plots in 0.1M NaCl (4h – 840h) and 0.5M NaCl (840h – 1680h) solution of 

Alclad AA2024‐T3 anodized in TSA and post treated in 50mM Ce (NO3)3 and H2O2 (10% 

v/v) for 2 minutes at 50°C (Ce10P 50C 2M). 

 

 

Figure 4. Bode plots in 0.1M NaCl (4h – 840h) and 0.5M NaCl (840h – 1680h) solution of 

Alclad AA2024‐T3 anodized in TSA and post treated in 50mM Ce (NO3)3 and H2O2 (10% 

v/v) for 2 minutes at 75°C (Ce10P 75C 2M). 

 

The Nyquist plots of the samples have similar shapes (data not presented), indicating that the 

corrosion process is alike for all of them. In such cases, the LF impedance modulus can be used 

to compare the corrosion resistance of the samples [44,57,58,59]. Figure 5 displays the 

evolution of the LF (10 mHz) impedance modulus with immersion time for the UNS sample 

and for the samples post-treated in the Ce-H2O2 containing bath at different temperatures. Error 

bars were included for each measurement to demonstrate reproducibility. Besides confirming 

the worst performance of the sample post-treated at 75oC (Ce10P 75C 2M), already evident in 

the Bode plots, the Figure shows that throughout the test period, the Ce10P 50C 2M and Ce10P 

25C 2M samples presented more stable behaviours than the UNS sample and similar LF 
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impedance modules, with a small differentiation between them in the tests performed after 

1344h, at which the impedance modulus was slightly higher for the sample post-treated at 50ºC. 

 

Figure 5. Evolution of the impedance modulus at 10 mHz with immersion time in 0.1M NaCl 

(4h – 840h) and 0.5M NaCl (840h – 1680h) of Alclad AA2024‐T3 anodized in TSA, 

untreated (UNS), and post treated according to the different procedures. To the right of the 

vertical dotted line experiments were performed in 0.5M NaCl. Error bars are included to 

demonstrate reproducibility.  

 

Figure 6 shows the EECs used to fit the EIS diagrams of the UNS sample and of the samples 

post-treated at different temperatures in the bath containing Ce-H2O2. They are similar to others 

employed in the literature for anodized Al [46,47,60], and the different proposed schemes 

consider the evolution of the interface with immersion time. The EEC of Figure 6(a) was used 

to fit the diagrams from 4 to 72 h of most samples. In this period, the pores of the porous layer 

were still open; thus, it comprises the solution resistance (Rs) in series with the response of the 

barrier layer (Rb and CPEb) at the pores bottom. After 168 h of test, enough precipitation had 

occurred inside the pores promoting their partial sealing; therefore, another time constant was 

added (CPEp and Rp) to consider this phenomenon (Figure 6(b)). Finally, the EEC of Figure 

6(c) was employed to fit the data from 336 h until the end of the experiments. In this EEC, a 

parallel capacity (Cpw-capacity of the pore walls) was added to the EEC of Figure 6(b) to take 

into account the deterioration of the porous layer and the increase of the Rp parameter, which 

imposes increased resistance for the current to flow through the blocked pores. Physically, the 

capacitance of the pore walls (Cpw) in Figure 6(c) must display a parallel resistive pathway 

(Rpw), corresponding to the resistance of the pore walls, as proposed by Gonzales et al. [54]; 

however, the resistive response of the porous layer is too high when compared with the other 

resistive elements, and no current must pass through this element [61]. Therefore, as Rpw is not 

detected by the impedance measurement, it was omitted from the EEC model representation. 
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Figure 6. Electrical equivalent circuits (EECs) used to fit the EIS diagrams in 0.1M NaCl (4h 

– 840h) and 0.5M NaCl 840h – 1680h) of Alclad AA2024‐T3 anodized in TSA untreated 

(UNS) and post-treated according to the different procedures. The immersion times at which 

each EEC was employed for the different samples are also indicated. 

 

The variation in the resistance of the barrier layer (Rb) and of the corrosion products 

precipitated inside the pores (Rp) (partial sealing) as a function of immersion time is presented 

in Figures 7(a) and 7(b), respectively. For the samples with stable corrosion behaviour (UNS, 

Ce10P 25C 2M and Ce10P 50C 2M), Rb is about four orders of magnitude higher than Rp, 

confirming that the barrier layer is the main responsible for the corrosion resistance [11]. These 

samples also showed fairly stable Rb values until the end of the test, indicating that aggressive 

species fail to damage the protective properties of this layer. In accordance with the overall 

corrosion performance presented in Figure 5, the Ce10P 50C 2M sample presented slightly 

higher Rb values throughout the test time, indicating better performance. In turn, Rb for the 

Ce10P 75C 2M sample showed a very unstable behaviour and effectively failed when the NaCl 

concentration was increased from 0.1M to 0.5M. This indicates that this post-treatment was 

detrimental to the integrity of the barrier layer, as it presented a far worse response than the 

UNS sample. 

Similar Rp behaviours were observed for all the samples (Figure 7(b)). An increase with 

immersion time was verified, indicating permanent precipitation of aluminium 

oxyhydroxides/corrosion products inside the pores and increased blockage to current flow 

[46,54]. Interestingly, the sample with the worst corrosion resistance presented the higher Rp 

values, indicating that this parameter cannot be used to evaluate the anticorrosion performance. 

As presented later, SEM characterization of the Ce10P 75C 2M sample after the post-treatment 

showed large amounts of Ce precipitates, pointing to an excessive attack of the porous layer. 

This result is similar to that obtained previously, at which an excess immersion time, 20 min, 

in the bath containing Ce ions and 10% H2O2 led to the deterioration of the corrosion resistance 

of the anodized sample [46], and confirms that excessive interaction with the Ce-H2O2 solution, 

characterized either by longer post-treatment periods [46] or excessively high temperatures (in 

the present case 75oC), impairs the corrosion protection of the anodized layer. The joint analysis 

of the results presented in this paragraph and in the previous one allows us to assume that the 
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integrity of the anodic layer of the sample post-treated at 75o C was compromised during the 

post-treatment step. 

Figures 7(c) displays the evolution of the constant phase element associated with the barrier 

layer (CPEb). The fitting procedure showed “n” very close to 1 (most of them were superior to 

0.95), indicating an almost perfect capacitive response. For the samples with stable corrosion 

behaviour: UNS, Ce10P 25C 2M and Ce10P 50C 2M, CPEb increased slightly in the early test 

times and then progressively decreased. The overall response indicates that the initial behaviour 

could be associated with progressive hydration (note that thinning could also cause this 

response; however, in this case, a continuous increase of the capacitance should be expected). 

The posterior decrease of CPEb indicates a positive interaction with the precipitated products 

inside the pores leading to an improvement in the capacitive response. In turn, for the Ce10P 

75C 2M sample, a quasi-continuous increase of CPEb was observed until the sample failed, 

confirming the deleterious effect of the post-treatment at 75oC to the protective properties of 

the barrier layer. Overall, CPEb was slightly lower for the Ce10P 25C 2M and Ce10P 50C 2M 

samples indicating a positive effect of the post-treatment step at these two temperatures. 

The variation in CPEp was similar for all samples: the values decay with immersion time 

(Figure 7(d)). This response is related to the self-sealing process, resulting in a progressive 

closure of the pores with consequent increase of the difficulty to current flow, and is in 

agreement with the increase in the impedance modulus and in the capacitive behaviour in the 

HF and MF ranges observed in the EIS experiments. Overall, the CPEp and Rp responses 

suggest increased precipitation inside the pores for longer immersion times [46,54,62]. The 

exponents of CPEp were close to 0.5 (between 0.45 and 0.6). In the literature, this low exponent 

value has been associated to a transmission line model, in accordance with the porous nature of 

the anodized layer [61]. However, the de Levie model assumes that the walls of a porous 

electrode must be conductive and reactive [63,64], which is not the case for the aluminium 

oxide formed during the anodizing procedure, which is basically dielectric. Recently, Prada 

Ramirez et al. [46] suggested that this CPE response could be associated with an in-depth 

distribution of the resistance and/or capacity of the precipitates inside the pores, in line with 

recent developments in the interpretation of the CPE response of oxides and protective layers 

[65,66], which, in our opinion, more realistically represents the phenomena taking place within 

the blocked pores. 

Finally, as shown in Figure 7(e), the capacity of the pore walls (Cpw) was fairly constant, 

indicating its stability. The fitted values are about three orders of magnitude lower than those 

found for the barrier layer (Figure 7(c)) and are compatible with the thickness of the porous 

layer, as determined in other works [46,47,59]. Cpw was slightly higher for the samples post-

treated in the Ce-H2O2 containing solution, indicating interaction with the post-treatment bath. 
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Figure 7. Results of the fitting of the EIS diagrams with the EECs of Figure 6 for the Alclad 

AA2024‐T3 anodized in TSA bath, without (UNS) and after post-treatments: Ce10P 25C 2M, 

Ce10P 50C 2M, Ce10P 75C 2M, (a) Rb, (b) Rp, (c) CEPb, (d) CEPp (e) Cpw. 

 

The differences between the corrosion behaviour of the samples post-treated at different 

temperatures may be related to the dissolution of the anodized layer in the post-treatment bath 

(pH=3.08). As mentioned by Lin et al. [67] and Gordovskaya et al. [44], the first step in the 

formation of Ce conversion layers on anodized aluminium alloys is the dissolution of the oxide 

layer in the conversion bath according to reaction (1). 
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Al2O3 + 6H+ → 2Al3+ + 3H2O  (1) 

Figure 8 displays SEM micrographs of as-produced UNS, Ce10P 25C 2M, Ce10P 50C 2M and 

Ce10P 75C 2M samples. They show the open pore structure already verified and discussed in 

another work [46] and evidence a strong precipitation of Ce oxide, confirmed by EDS analysis, 

when the post-treatment was performed at the highest temperature (Figure 8(d)). According to 

Gordovskaya et al. [44], whichever reaction involved in the precipitation of Ce oxyhydroxides 

consumes hydroxyl ions. Therefore, increased Ce precipitation must decrease the interfacial 

pH, potentiating reaction (1), leading to a stronger dissolution of the anodized layer during the 

post-treatment step. However, a critical temperature threshold must exist for the increased Ce 

deposition and oxide layer dissolution processes, as increasing the post-treatment bath 

temperature from 25oC to 50oC only slightly increased Ce oxide deposition, as shown in the 

inserts in Figures 8(b) and 8(c), and did not hinder the corrosion resistance. Finally, it is 

important to stress that even though increased Ce oxyhydroxides deposition was verified for 

the Ce10P 75C 2M sample, which exhibited a faint yellow colour, the typical dry mud pattern 

associated with the Ce conversion layers was not observed, indicating that the Ce layer was 

much thinner than that reported by Gordovskaya et al. [44]. 

 

 

 

Figure 8. SEM micrographs of the clad AA2024‐T3 anodized in TSA bath: (a) as-produced 

(UNS) and after post-treatments, (b) Ce10P 25C 2M, (c) Ce10P 50C 2M, (d) Ce10P 75C 2M. 

The inserts in (b) and (c) show Ce oxide deposition. 
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3.2 Investigation of the incorporation of Ce ions in the anodized layer 

As already mentioned in the introduction, Ce-based post-treatments are among the most 

promising surface treatments to replace Cr(VI)-based procedures, and, frequently, the presence 

of Ce ions has been associated to self-healing abilities [29-34]. Although this specific feature 

is not investigated in the present work, it is important to verify the presence of Ce ions in the 

structure of the anodized layer before and after the corrosion tests. 

3.2.1 Analyses of uncorroded samples 

3.2.1.1 XPS characterization 

The SEM images presented in Figure 8 already demonstrated the precipitation of Ce 

oxyhydroxides on the samples surface during the post-treatment step; however, for samples 

Ce10P 25M 2M and Ce10P 50C 2M, only few dispersed spots presented sufficient Ce 

accumulation to be significantly analysed by EDS. Therefore, XPS analyses were performed to 

investigate the Ce oxidation state and its distribution on top of the anodized layer. The 

deconvoluted high-resolution XPS spectrum of Ce3d acquired on the as-prepared Ce10P 50C 

2M sample (Figure 9-sample with the best anticorrosion performance) is similar to others 

reported in the literature for Ce conversion layers [44,68,69]. According to Uhart et al. [69], the 

10 peaks of the deconvoluted spectrum, the bindings energies (BE) of which are presented in 

Table 2, can be ascribed as follows: two doublets to Ce3+ (v0-u0 and v'-u') and 3 doublets to 

Ce4+ (as v-u, v''-u'' and v'''-u'''). The authors also state that the peak u''' at a BE of 916.0eV is 

considered a fingerprint of Ce4+ [69]. Table 2 also shows that the Ce3+/Ce4+ ratio extracted from 

the XPS spectrum is equal to 2.13, which is in good agreement with the results from Yu and Li 

[68], who reported increased amounts of Ce4+ species in the superficial layers due to oxidation 

upon exposure to the air. Gordovskaya et al. [44] reported much higher amounts of Ce4+ ions 

in their Ce conversion layers (Ce3+/Ce4+ ratio of about 0.45 for anodized layers produced under 

similar conditions to those reported in this work). However, in the work by Gordovskaya et al. 

[44], the post-treatment time was 30 minutes, as compared to 2 minutes in the present 

investigation, which must have increased the amount of Ce4+ ions in the bulk post-treatment 

solution [43,44]. Indeed, the XPS spectra acquired on samples post-treated for 5 minutes in the 

Ce-H2O2 solution for 5 minutes (data not presented) showed a decrease in the Ce3+/Ce4+ ratio 

(0.92), which was ascribed to increased oxidation of Ce3+ to Ce4+ in the bulk post-treatment 

bath, as indicated by its increased yellow hue. Therefore, the longer post-treatment time used 

by Gordovskaya’s et al. [44] must explain the differences with the present work. Finally, note 

that the literature documents that Ce3+ ions are the main responsible for self-healing properties 

in corrosion protection systems for aluminium alloys [70]. Therefore, increased amounts of this 

ion in the Ce layer could favour self-healing properties when using this post-treatment step as 

a part of a more complex corrosion protection system (ongoing research). 
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Figure 9. Deconvoluted high resolution spectrum of Ce3d for the Ce10P 50C 2M sample. 

 

Table 2. Binding energies of the peaks in Figure 9 and Ce3+/Ce4+ ratio extracted from the 

XPS data.  

Sample/component 

Ce3+ Ce4+ 

Ce3+/Ce4+ 
v0-u0 v’-u’ v-u v’’-u’’ v’’’-u’’’ 

BE 

(eV) 
at.% 

BE 

(eV) 
at.% 

BE 

(eV) 
at.% 

BE 

(eV) 
at.% 

BE 

(eV) 
at.% 

Ce10P 50C 2M 
881.6-

900.4 
34.9 

885.1-

904.1 
33.2 

882.0-

903.0 
4.8 

887.7-

907.0 
8.2 

897.8-

916.0 
18.9 2.13 

 

The distribution map of Ce3d, O1s and Al2p on the surface of the Ce10P 50C 2M sample was 

also determined by XPS (Figure 10), which was obtained from the individual elemental 

distribution maps displayed in Figure 11. The aim of such representation is to give a visual 

indication of the sites where each element is encountered and its relative concentration over the 

analysed area, according to the scale bars shown at right of Figure 10. It shows an almost 

homogeneous distribution of Ce over a large fraction of the analysed area, indicating that a very 

thin Ce oxyhydroxide layer may have precipitated on most of the surface. Conversely, as 

expected, the quantification of the atomic fraction of each element (Figure 11) showed that the 

largest amount was associated to O1s, followed by Al2p from the anodized layer with Ce3d at 

a smaller quantity. The map in Figure 11c reveals that the sites where Ce concentration is low 

(dark regions) are relatively few when compared to those where it is more intense. At these 

sites, Al and O predominate, as observed in Figures 11a and 11b. Figure 10 shows the overlaid 

image of these individual distributions. 
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Figure 10. XPS map showing the distribution of Ce3d, Al2p and O1s at the surface of Ce10P 

50C 2M sample. 

 

Figure 11. XPS maps showing the atomic fractions of a) Al2p; b) O1s and c) Ce3d on the 

surface of the Ce10P 50C 2M sample. 

 

3.2.1.2 GDOES analysis 

Figure 12(a) shows the GDOES depth profiles of the relevant species for the Ce10P 50C 2M 

sample. The aluminium concentration profile allows defining three regions: the first, with an 

approximately constant Al content (about 4.0-μm thick), corresponds to the thickness of the 

porous oxide layer, and is in good agreement with values determined by SEM (3.9 ± 0.1) μm, 

the micrograph of which is presented in a previous work [46]; the second (between 4.0 μm and 

7.0 μm) exhibiting a gradual increase of the aluminium percentage, possibly corresponding to 

the interphase between the oxide layer and the substrate (clad layer); and the last, ascribed to 

the substrate, is characterized by a high and almost constant aluminium content. Note that the 
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fact that the anodizing procedures were performed in as-received samples must partially explain 

the broad interphase between the oxide layer and the substrate. Oxygen percentages showed a 

quasi-specular behaviour in relation to aluminium, with an almost constant content in the 

anodizing layer, a decreasing trend at the interface between the oxide and the clad layer, and 

approximately constant low levels in the region corresponding to the substrate. In accordance 

with literature results [22,47,48], the GDOES plot in Figure 12(a) shows the incorporation of 

sulphur in the anodic layer. The content increases from the bottom to the top of the anodized 

layer, indicating continuous incorporation of species from the electrolyte during the anodizing 

procedure. 

The zoomed plot presented in Figure 12(b) indicates the incorporation of Ce ions in the pores 

of the anodic layer. The depth profile shows slightly higher amounts on the surface of the 

anodized layer and at the bottom of the pores. Even though the Ce content is very low, this 

result must be considered relevant as no such species was detected in the depth profile of the 

UNS sample (plot not presented). Interestingly, a bump in the Ce amount was verified at a depth 

that may correspond to the lower part of the pores, indicating that Ce may have accumulated in 

the inner part of the porous layer (see the graphical abstract). 

 

Figure 12. (a) Glow discharge optical emission spectrometry profiles of Ce10P 50C 2M 

samples; (b) zoomed region of (a) evidencing Ce incorporation into the pores. 

 

3.2.1.3 RBS analysis 

Figure 13 shows the experimental and simulated RBS spectra for the UNS and Ce10P 50C 2M 

samples. It was possible to detect Al, O and S signals in the UNS sample (Figure 13(a)), which 

agrees well with the composition of the anodized layer obtained by GDOES. For the Ce10P 

50C 2M sample (Figure 13(b)), the presence of signals corresponding to the incorporation of 

Ce into the anodized layer can be observed. These are characterized by a plateau between 

channels 360 and 600 and a stronger peak in channel 710. The signal between 360 and 600 

refers to the Ce embedded in the pores of the anodized layer, which is in agreement with the 

GDOES results, while the peak on channel 710 can be assigned to Ce on the surface layer, 

already detected in the SEM and XPS analyses. Since Ce is the element with the largest atomic 
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mass, the signal for the atoms on the surface appears free from the background noise produced 

by the other elements, as can be seen in the zoomed plot in Figure 13 (b) [71]. For the two 

samples, the aluminium signal shows that the interface between the anodized and the clad layer 

appears approximately in channel 100, indicating that the anodized layer thickness was not 

modified by the post-treatment step [71]. As for the UNS sample, S and O signals were detected, 

but they will not be commented on, as they present the same characteristics, regardless of 

whether the sample was subjected to the post-treatment or not. 

 

 

Figure 13. RBS spectra of Alclad AA2024‐T3 anodized in TSA, (a) untreated (UNS) and (b) 

post treated in 50mM Ce (NO3)3 and H2O2 (10% vol) for 2 minutes at 50°C (Ce10P 50C 2M).  

 

3.2.1.4. S/TEM – Analytical and Quantitative Results 

A full scanning transmission electron microscopy characterization of the UNS and Ce10P 50C 

2M samples was performed aiming to better evaluate the presence and distribution of Ce oxide 

within the pores of the anodized layer after the Ce post-treatment step.  
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3.2.1.4.1 Characterization of the UNS sample in the TEM mode 

The microstructure of the lamella of the UNS sample after FIB is shown in the BFTEM 

micrograph in Figure 14(a), where the Al alloy substrate and the anodic layer can be 

distinguished by their characteristic diffraction contrast. By using phase contrast (or Fresnel 

contrast), long vertical nanopores are visible along with the profile of the anodic layer as 

exhibited in the BFTEM micrographs in Figure 14(b) and 14(c), taken respectively under and 

overfocus. In the underfocus condition, the nanopore walls exhibit typical bright fringes whilst 

in the overfocus condition, the pore walls are of a dark fringe contrast. The characterization of 

the nanoporosity in the anodic layer using BFTEM is similar to the characterization of voids 

and inert gas bubbles in solids as reported by Jenkins [72]. Using the SAED aperture as shown 

in the micrograph in Figure 14(d), an electron diffraction pattern of the anodic layer was 

recorded and it is confirmed that this layer is amorphous as demonstrated by the diffraction 

pattern in Figure 14(e). 

 

 

Figure 14. TEM characterization of the anodic layer of the UNS sample. The BFTEM 

micrographs in (a), (b) and (c) were taken at focus, underfocus and overfocus, respectively, 

with a defocus of ±4.9 µm. The SAED micrograph in (d) was taken only in the anodic layer 

and its respective diffraction pattern is shown in image (e). Note: the scale bar in (a) also 

applies to (b-d). 

 

3.2.1.4.2. Characterization of the Ce10P 50C 2M sample in the analytical STEM mode 

In order to investigate the anodic layer and its characteristic nanoporous structure after the post-

treatment step in the Ce containing solution, STEM mode was used to characterize the cross 

section of the Ce10P 50C 2M sample. As can be observed in the HAADF and BF STEM 
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micrographs in Figure 15(a) and 15(b), it is evident the presence of nanometer-sized round-

shaped nanoparticles within the nanoporous structure of the anodic layer. In the HAADF, the 

nanopores have a distinct dark contrast while in BF, the nanopores are bright: this is attributed 

to mass thickness contrast as within the pores, there is a lack of material. As the HAADF 

detector is sensitive to Z-contrast (i.e. elemental composition), it is clear in Figure 15(a) that 

the nanoparticles are of a different material as they are brighter than the nanopores and also 

their walls. The STEM micrographs of Figures 15(a-b) also reveal that such nanoparticles are 

present inside the nanopores, but more prone to be stuck onto the pore walls.  

STEM-EDX elemental maps were obtained with the electron-transparent lamella of the Ce10P 

50C 2M sample and the results are shown in the set of images in Figure 16. The Ce map reveals 

the presence of the Ce-containing nanoparticles within the anodic layer. The element S, a 

component of the anodizing bath, was also detected. Using the O and the Al maps, the size of 

the nanopores were estimated to be in the range of 10-20 nm, which is in accordance with the 

literature [45,47,61,73].   

 

Figure 15. HAADF and BF STEM micrographs showing the presence of nanometer-sized 

nanoparticles within the pores, onto the pore walls and deposited at the bottom of the pores of 

the Ce10P 50C 2M sample. Note: the scale bar in (a) also applies to (b). 
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Figure 16. STEM-EDX elemental mapping of the anodic layer of the Ce10P 50C 2M sample. 

The presence of Ce-containing nanoparticles was confirmed. The elemental maps were 

generated using the weight fraction wt.% quantification. Note: the scale bar in the HAADF 

image applies to all micrographs in the figure. 

It is important emphasising that the microstructural characterisation of the Ce 10P 50C 2M 

sample within the electron microscope either on the TEM or STEM modes shows that the 

sample was not subjected to common FIB-induced artefacts [74], like damaging, cracks or even 

precipitation. This is due to the low ion beam current used in the final stages of polishing (0.5 

nA to 0.1 nA) and the Pt protective layer applied prior the stages of milling and trenching. 

3.2.1.4.3. Distribution of Ce-containing nanoparticles: size and areal density 

Three different areas of the anodic layer of the Ce10P 50C 2M sample were investigated using 

the STEM-EDX technique, thus allowing a quantification of the Ce-containing nanoparticles 

as shown in Figure 17. A typical composite map containing the elements O, Al and Ce is shown 

in Figure 17(a). With these three analysed areas, approximately 600 Ce-containing 

nanoparticles had their diameter estimated via analysis of the Ce STEM-EDX maps within the 

software ImageJ confirming they have an average diameter of 16.39±0.04 nm as shown in the 

histogram in Figure 17(b). The line profile in Figure 17(c), corresponding to the distance 

marked by the black arrow in Figure 17(a), shows that these nanoparticles have Ce enrichment. 

The size quantification also allowed an areal density estimation for the Ce-containing 

nanoparticles. The overall average areal density of the analysed sample was estimated to be 

6.1±1.9×1010 nanoparticles‧cm-2. This result reflects three areas measured with STEM-EDX. A 

trend was observed on the areal distribution of Ce-containing nanoparticles to be rather larger 

(~2.3 times larger) in the middle of the anodic layer than close to the interface with the clad 

substrate: at regions closer to the interface with the substrate, the average areal density was 

estimated to be of around 4.2±0.5×1010 nanoparticles‧cm-2 whereas in the middle of the anodic 
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layer, the trend shows an areal density of around 9.9×1010 nanoparticles‧cm-2, therefore, more 

than twice. 

 

 

Figure 17. Quantification of the Ce-containing nanoparticles within the anodic layer of the 

Ce10P 50C 2M sample. In the combined micrograph in (a), the black arrow shows the 

distance covered by the line profile presented in (c). The histogram of Ce-containing 

nanoparticles sizes in (b) was generated with approximately 600 nanoparticles measured 

using STEM-EDX of three different anodic layer regions. 

 

3.2.2 Analyses of corroded samples 

Figure 18 shows optical micrographs of the clad AA2024‐T3 anodized in TSA after 1680h 

immersion in NaCl solution (0.1M 0-5 weeks, 0.5M 5-10 weeks) for the conditions: (a) as-

produced (UNS) and after the post-treatments Ce10P 25C 2M (b), Ce10P 50C 2M (c), Ce10P 

75C 2M (d). A strong loss of brightness is observed for the UNS sample (Figure 18(a)), 

indicating intense precipitation of corrosion products. In addition, this sample showed the 

formation of numerous pits (some selected pits are surrounded in the respective Figure), being 

visible at naked eye. In accordance with the EIS results, the samples post-treated for 2 minutes 

in the 50 mM cerium nitrate solution with 10% vol. of H2O2 showed a temperature-dependent 

behaviour. The Ce10P 25C 2M sample (Figure 18(b)) showed small defects randomly 

distributed on the surface (one of them is indicated by the circle), while the Ce10P 75C 2M 

(Figure 18(d)) showed a large amount of larger surface pits easily detectable with naked eye 
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(some selected pits are surrounded in the respective Figure), which can be directly associated 

to the early drop in the BF impedance module and the layer resistance values for this latter 

sample, as discussed in the previous items. For the Ce10P 50C 2M sample (Figure 18(c)), it 

was not possible to detect pits with naked eye, but a decrease in surface brightness was noted, 

indicating precipitation of corrosion products. Even so, the surface of this sample was 

practically intact, confirming its more stable behaviour and better resistance to corrosion as 

verified in the EIS tests.  

 

 

Figure 18. Optical micrographs of the clad AA2024‐T3 anodized in TSA bath after 1680h 

immersion in NaCl solution (0.1M 0-5 weeks, 0.5M 5-10 weeks): (a) as-produced (UNS) and 

after post-treatments, (b) Ce10P 25C 2M, (c) Ce10P 50C 2M, (d) Ce10P 75C 2M. 

 

Figures 19 (a), (b) and (c) show, respectively, SEM-EDS analysis of samples UNS, Ce10P 50C 

2M and Ce10P 75C 2M after 1680h immersion in NaCl solution (0.1M 0-5 weeks, 0.5M 5-10 

weeks). For the UNS sample, a homogeneous layer of corrosion products could be observed, 

with the presence of agglomerates at few sites, that can be likely associated with defective 

regions of the original anodized layer, as indicated by the presence of Si in the EDS analysis 

(Figure 19(a)).  

The Ce10P 50C 2M sample (Figure 19(b)) showed no signs of localized corrosion like 

developed pits. Nevertheless, it presented globular cerium oxide precipitates randomly 

distributed on the surface. The EDS analysis of some of these sites showed the presence of Fe 

and Si, indicating that corrosive activity may have started or are stronger near defective regions 

originated by the presence of IM [15,16], the increased pH due to cathodic reaction on these 

sites leads to the precipitation of Ce-oxyhydroxides, possibly hindering further corrosion 

activity. It is worth noting that higher amounts of surface cerium oxide precipitates were 
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observed after immersion in NaCl when compared with the as produced condition. This 

indicates that Ce stored in the structure of the anodized layer may be leached and precipitate on 

the surface of the samples when the corrosion process is triggered. For Ce10P 75C 2M sample 

(Figure 19(c)), as expected, higher amounts of Ce oxide precipitates could be observed. They 

showed the dry mud appearance ascribed to cerium conversion layers in the literature 

[44,69,75], indicating its thickening, a feature not presented in the unexposed sample, 

reinforcing the increased precipitation of Ce compounds due to corrosion activity.  

 



26 
 

 

Figure 19. SEM micrographs and EDS analyses of corrosion products on the surface of the 

(a) UNS, (b) Ce10P 50C 2M and (c) Ce10P 75C 2M samples after 1680 hours of immersion 

in NaCl (0.1M (4h – 840h) and 0.5M (840h – 1680h)). 

 

To verify if Ce ions could be retained inside the pores of the anodized layer after exposure to 

an aqueous electrolyte, a CeP10 50C 2M sample was immersed in 0.1M NaCl for 360 hours 
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(15 days) and then analysed by RBS. As described in the experimental procedure, to accelerate 

the corrosion process, the sample was exposed horizontally. Figure 20 presents the comparative 

depth profile of this sample with an unexposed one. The results show that, despite presenting a 

small decrease, Ce is still present in the anodized layer structure, even after a relatively long 

exposure period to the aggressive medium. The depth profile also indicates a stronger 

deposition of Ce on the surface of the anodized layer as well as at the bottom of the pores, 

confirming that the pores of the anodized layer may act as a nanoreservoir for Ce ions. These 

results are important in three aspects: first, they indicate that Ce oxyhydroxides are not easily 

leached by the aqueous solution, as this element continues to be detected even after 15 days of 

exposure of the sample to the test electrolyte without any protection; second, it proves that Ce 

was stably incorporated within the pores of the anodized layer; lastly, they indicate that the 

incorporated Ce can be progressively leached (dissolved) by the electrolyte, being able to act 

as a corrosion inhibitor when incorporated to a more complex protection system. Finally, it is 

worth mentioning that the RBS depth profiles indicate a thickness of about 4µm for the 

anodized layer, which is in accordance with the GDOES determination and with our previous 

results published elsewhere [46]. 

 

 

 

 

 

 

 

 

 

Figure 20. Ce depth profile of Ce10P 50C 2M samples before and after 360 hours (15 days) 

of immersion in 0.1M NaCl, acquired by RBS.  

 

4. Conclusions 

The results of the present studies showed: 

- The post-treatment of the TSA anodized layer in Ce-H2O2 containing solution at 

moderate temperature (25oC and 50oC) contributed to stabilizing the corrosion 

behaviour of the samples while maintaining the open structure of the pores. However, 

increasing the post-treatment temperature to 75oC decreased the corrosion resistance, 

apparently due to damages to the protective properties of both the porous and the barrier 

layer, as indicated by the EIS fitting procedure. 

- Different characterization techniques showed the presence of Ce on the surface (SEM, 

XPS, GDOES and RBS) and within the pores (GDOES, RBS and S/TEM) of the 

anodized layer. XPS showed that Ce was present predominantly in the 3+ oxidation 

state, whereas GDOES and RBS showed accumulation of Ce species within the pores, 
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a feature confirmed by S/TEM analysis, indicating that the pores of the anodized layer 

may provide a nanoreservoir for the Ce ions. 

- Analysis of corroded samples by SEM showed an increased amount of Ce 

oxyhydroxides on the samples surface as compared to uncorroded species. The Ce 

precipitates were frequently found near defective sites of the anodized layer, indicating 

that Ce ions were released acting as corrosion inhibitors. For these samples, the RBS 

analysis showed the presence of Ce species inside the pores, even after 15 days of free 

exposure to the aggressive electrolyte, showing that Ce can be effectively stored within 

the porous structure of the anodized layer. 

- S/TEM revealed Ce nanoparticles inside and attached to the pore’s walls of the anodic 

layer. 
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