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Abstract 

The effect of a post-treatment for short time in 50 mM Ce(NO3)3 solution, with or without 

H2O2, on the corrosion of AA2024-T3 anodized in tartaric-sulfuric acid was investigated. 

Electrochemical (EIS, polarization curves) and corrosion (immersion) tests showed improved 

performance for samples post-treated at 50 
o
C in the H2O2 containing solution. 

Microstructural characterization (SEM, STEM, GDOES) evidenced the presence of Ce 

oxyhydroxides both at the surface and within the pores of the anodized layer, and their 

preferential interaction with defective sites both at micro and nanoscale. Important amounts of 

Ce-species were found near corrosion products, indicating active corrosion protection by Ce 

ions. 

Keywords: Anodization, Aluminium Alloy, Electrochemical Impedance Spectroscopy, 

Scanning Transmission Electron Microscopy, Ce nanoparticles. 
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1. Introduction 

The modification of materials through the action of external physicochemical forces – such as 

corrosion – is nowadays responsible for economic impact and losses in the order of 300 

billion dollars only in the United States[1]. Thus, the development of new corrosion-resistant 

materials and better corrosion-related technical methodologies are of mandatory importance 

to achieve higher levels of materials’ sustainability in a wide variety of fields ranging from 

the aerospace industry to functional materials applied in the energy sector. The desirable 

mechanical properties, high tensile strength and low density, of aluminium alloy 2024-T3 

(AA2024-T3) makes it a material of first choice in the aerospace industry [2]. The good 

mechanical properties result from a complex microstructure, comprising a range of 

dispersoids and strengthening particles [3,4], achieved by means of alloying elements 

addition, such as Mg, Mn and Cu, and thermomechanical treatments carried out during the 

production of the alloy [5]. However, during the solidification process, alloying elements and 

impurities also segregate and precipitate as large (typically few tenths up to more than 10 

micrometres) intermetallic particles (IM) [5], severely hindering local corrosion resistance of 

the alloy, as they frequently exhibit different electrochemical potential compared to the 

matrix, thus, enhancing local galvanic activity [5–10]. Moreover, IMs are often found in 

colonies constituted of particles, either of the same or of different types, providing ideal sites 

for pitting and intergranular corrosion initiation and propagation [5]. Therefore, to achieve the 

levels of protection required in the aerospace industry AA2024-T3 needs an efficient 

corrosion protection system [11,12]. 

In the aeronautical industry, anodizing is frequently used to protect Al alloys from corrosion. 

The procedure is performed in acidic electrolyte and results in an oxide layer exhibiting a 

duplex structure composed of a thick porous layer and a thin barrier layer [13,14]. The former 

layer provides the basis for adhesion of protective organic coatings, whereas the latter 

enhances the corrosion protection [15]. When clad or commercially pure Al is used as 

substrate for anodizing, the oxide layer presents a regular columnar structure [11,16–19]. 

However, the oxide structure changes dramatically when the microstructure of the Al alloy is 

more complex, as in the case of alloys of the 2XXX series. For these materials, it is claimed 

that both the incorporation of Cu particles into the anodic oxide layer during its growth, 

activating O2 generation [20], and the differences in the oxidation rates of the matrix and the 

IMs [21] produce defective structures [22–25]. However, in an aircraft, independent of the 

substrate, the oxide layer is further protected to guarantee reliable corrosion protection.  

Chromic acid anodizing (CAA) is the standard procedure in the aerospace industry. Following 

CAA, the piece is generally post-treated by immersion in Alodine (Henkel Alodine®), a 

commercial post-treatment mainly containing Cr(VI) and F
-
 species [26], and protected with a 

primer containing strontium chromate (SrCrO4) as corrosion inhibitor [27]. The extensive use 

of surface treatments with chromates to protect metallic substrates against corrosion is 

justified by their low cost and by the fact that, besides providing efficient corrosion 

protection, chromate ions exhibit self-healing abilities [28–30]. Although consolidated and 

efficient as a methodology for corrosion protection, chromate-based surface treatments are 

aggressive for the environment and for the human health; however, although already 
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prohibited in various industrial fields, their application in the aerospace industry is still 

allowed, due to safety requirements [31,32]. Nevertheless, considerable efforts have been 

made by industries and scientists to find a suitable substitute for chromates in the Al surface 

treatment industry, as can be verified by numerous works published in the literature. Several 

anodizing procedures employing alternative electrolytes are already being used in commercial 

aviation, like boric and sulfuric acid by Boeing [33], tartaric-sulfuric acid (TSA) by Airbus 

[34], and phosphoric and sulfuric acid that is intended to be used by Fokker [35]. In the 

present work, we have employed TSA, which, in addition to its environmental friendliness, 

produces anodic oxide layers with corrosion protection performance similar to those produced 

with CAA [26]. 

Rare earth salts, particularly Ce salts, have been used to inhibit corrosion of Al alloys [36–

41]. In the previous works carried out by Hinton and co-workers [42,43], it has been shown 

that the addition of a few hundred ppm of cerium salts to a NaCl solution caused the 

formation of a conversion layer composed of Ce(III) Ce(IV) oxides, and hydroxides, 

significantly reducing the corrosion rate. However, in these initial works, the formation and 

thickening of the oxide layer resulting from the aqueous solution occurred very slowly and 

could take several days [43,44]. Several later works have shown that the addition of H2O2 to 

an aqueous solution containing Ce salts reduced the treatment time to just a few minutes, 

creating a relatively thick conversion layer on the aluminium alloy surface [36,37,40,45,46]. 

Mechanisms available in the literature propose that the addition of H2O2 accelerates the 

oxidation of Ce
3+

 to Ce
4+

, which then precipitates as Ce oxides and hydroxides at cathodic 

sites due to increased pH [45,47,48], thus hindering electrochemical activity.  

Post-treatments based on Ce ions have also been used to protect anodized Al alloys 

[16,47,49–52]. In this sense, Saeedikhani et al. [49] studied the effect of the addition of 

cerium sulphate to the anodizing bath (sulfuric/boric/phosphoric acid) for the AA2024-T3, 

they concluded that the presence of Ce ions leads to increased homogeneity of the anodic 

layer and a greater thickness of the barrier layer, improving the corrosion resistance of the 

anodized substrate. Another strategy, is to use Ce salts in a post-anodizing treatment step 

aiming to produce a cerium oxide layer on top of the anodic oxide film [29,47,50]. 

Gordovskaya et al. [47] produced Ce oxide layers on pure Al and AA7075 previously 

anodized either in sulfuric acid or in tartaric-sulfuric acid (TSA) bath, by immersion in a 

solution containing cerium nitrate and hydrogen peroxide. Their results showed the 

development of a Ce oxide layer with about 50-100 nm on top of the anodized substrates 

resulting in a significant improvement in the corrosion resistance, evaluated by means of 

immersion tests in NaCl containing solution; the authors also report that adding tartaric acid 

to the anodizing bath entails the precipitation of Ce-oxide within the pores of the anodized 

layer resulting in a thicker, more uniform and corrosion resistant cerium layer [47]; however, 

the TEM images displayed in the paper indicate the blockage of the pore openings, which 

must be a consequence of the relatively long post-treatment time (30 min). Carangelo et al. 

[29] used a similar Ce post-treatment to that employed by Gordovskaya et al. [47] to seal an 

AA2024-T3 anodized in TSA, and used EIS to compare the behaviour with hot water and 

sodium chromate sealing, all sealing procedures performed during 30 minutes. They 

confirmed the deposition of Ce-oxide on top of the porous oxide layer and reported improved 
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EIS performance of the Ce-sealed sample after short immersion time in sulphate solution 

when compared with the other two sealing procedures [29]. By fitting the EIS diagrams 

acquired during the sealing procedure with electrical equivalent circuits, they reported an 

increase in the capacity of the barrier layer during sealing in the sodium chromate solution, 

not verified during Ce-based or boiling water sealing, and concluded that sodium chromate 

post-treatment heavily attacks the porous oxide structure associated with a thinning of the 

barrier layer [29]. Complementing their previous work [29], Carangelo et al. [50], by means 

of EIS and immersion tests in 3.5% NaCl solution, showed a best corrosion behaviour of the 

Ce-sealed samples compared to the chromate and hot water sealing. In another work, Terada 

et al. [51] reported that the addition of Ce ions to the hydrothermal sealing bath increased the 

corrosion resistance of AA2024-T3 anodized in TSA and then coated with an hybrid sol-gel 

coating. 

In two previous works, Prada-Ramirez et al. [16,52] investigated the use of a post-treatment 

step in solutions containing Ce(NO3)3.6H2O2 to improve the corrosion resistance of clad 

AA2024-T3 anodized in TSA. The effects of Ce concentration, temperature, immersion time 

as well as the addition of H2O2 were studied. In accordance with results reported in the 

literature for Ce conversion layers applied to bare (non-anodized) Al alloys [36,37,40,45,46], 

it was found that adding H2O2 to the Ce solution enhanced the precipitation of Ce-

oxyhydroxides [16] , thus beneficial effects were also verified by moderate heating, up to 50 
o
C, the Ce containing solution. Conversely, in these previous investigations, as the anodic 

oxide layer obtained from the clad substrate was quite homogeneous, the precipitation of Ce 

containing compounds was not intensively observed on the samples surface, even though 

S/TEM analysis have showed precipitation of Ce-rich nanoparticles within the pores of the 

anodized layer [16]. In the present investigation, the most promising conditions identified in 

these two previous works [16,52] were used as a post-treatment step to improve the corrosion 

resistance of the more microstructurally complex AA2024-T3 anodized in TSA. In this 

present research, the main focus is to investigate the corrosion resistance and the distribution 

of Ce species in the anodized layer, as well as their interaction with regions with intermetallic 

inclusions of the anodized substrate. As opposed to  the previous works of Gordovskaya et al. 

[47] and Carangelo et al. [29,50] the post-treatment was applied for a short period, 2 min, 

aiming to keep the pores mouth open for subsequent application of a primer layer, a step 

already under investigation. 

 

2. Experimental  

2.1. Samples preparation 

AA2024-T3 sheets with nominal composition (in wt. %) 3.8-4.9 Cu, 1.2-1.8 Mg, 0.3-0.9 Mn, 

0.5 Fe, 0.5 Si, 0.25 Zn, 0.15 Ti, 0.1 Cr and balance of Al were used as substrate [53]. The 

sheets were cut as samples with (6 x 4 x 0.105) cm and cleaned by sonification in acetone for 

10 minutes. Surface pre-treatment consisted in dipping the samples in an alkaline etching 

solution (40 g.L
-1

 NaOH) at 40 °C for 30 s, followed by their immersion in a chromate-free 
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commercial acid dismutting bath (Turco Smuttgo) at room temperature for 15 s. Abundant 

washing with deionized water was used after the end of each step of the procedure. 

2.2. Anodizing procedure 

TSA anodizing (40 g.L
-1

 H2SO4 + 80 g.L
-1

 C4H6O6) was carried out at a constant voltage of 

14 V for 20 minutes and at a controlled temperature of 37±2 °C [11,16,52,54]. Then, after 

rinsing with deionized water, the samples were post treated for 2 min under the following 

conditions: 50 mM Ce(NO3)3.6H2O at 50°C (Ce 50C); 50 mM Ce(NO3)3.6H2O + H2O2 (10% 

v/v) at 25°C (CeP 25C) or at 50°C (CeP 50C). Non-post treated samples, named unsealed 

(UNS), were used as control. Table 1 summarizes the experimental conditions and presents 

the acronyms that will be used hereafter. 

 

Table 1. Applied post-treatments and their acronyms. 

Condition Ce(NO3)3.6H2O 

mM 

H2O2 

% v/v 

Temperature 

°C 

Time 

min Acronyms 

UNS - - - - 

Ce 50C 50 - 50 2 

CeP 25C 50 10 25 2 

CeP 50C 50 10 50 2 

 

2.3. Corrosion behaviour 

Potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS) in 

0.1 mol L
-1

 NaCl solution were used to evaluate the corrosion behaviour of the different 

samples. A three-electrode cell consisting of the anodized piece (3.14 cm
2 

of exposed area), 

an Ag/AgCl (KCl satd) reference and a platinum sheet counter electrode was employed. The 

experiments were carried out with a Potentiostat/Galvanostat/ZRA (Gamry reference 600+). 

Potentiodynamic polarization curves were acquired after 4h stabilization of the open circuit 

potential (OCP) in a range from -0.5 V to +1.0 V vs. OCP with scan rate of 1 mVs
-1

. For the 

EIS tests the AC signal perturbation amplitude was 10 mV (rms) in the frequency range from 

10
5
 Hz to 10

-2
 Hz. Seven points were acquired for each frequency decade. For all samples, the 

EIS experiments were terminated at 168 h (1 week) when corrosion zones were visible in the 

surface of the samples with best performance. To check for reproducibility, all experiments 

were carried out at least in triplicate. Electric equivalent circuits (EEC) (Zview®) were 

employed to fit the EIS diagrams. 

2.4. Microstructural Characterization 

Microstructural characterization of the samples (surface and cross-section) was done using a 

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

with facilities for energy dispersive X-ray analysis (EDX). As-prepared and corroded (after 
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the end of the EIS experiments) samples were analysed, which were also observed by optical 

microscopy (ZEISS reference Stemi 2000-C stereomicroscope). 

Lamellae for Scanning Transmission Electron Microscopy (STEM) were prepared using a 

conventional Focused Ion Beam (FIB) to obtain electron-transparent samples [55]. To protect 

the anodic layer from possible FIB-induced damage, a 2 m thick Pt layer was deposited onto 

the top of the sample prior the milling and trenching stages. Further details on both sample 

preparation method and electron-microscopy for analysing these samples in the STEM are 

given in a previous publication by our group [16]. Imaging and EDX maps were acquired. 

Atomic Force Microscopy (AFM) was employed to evaluate samples roughness. 

Measurements were carried out with a Veeco Multimode IV atomic force microscope, 

equipped with a j-type scanner (100×100×5 μm scan range), having a resolution 

limit/detection 1 nm (XY direction) and 0.1 nm (Z direction) [56,57] and were performed in 

tapping mode, with silicon probes operating at a resonance frequency of about 320 kHz and a 

force constant of 42 N/m. The analysis of the images was carried out with the Gwiddeon 

software (version 2.37). 

2.5. Glow Discharge Optical Emission Spectroscopy (GDOES) 

Depth profiles of the anodized layers without and with Ce post-treatment were acquired by 

GDOES. The depth profile analysis was carried out with a HORIBA GDProfiler 2. Argon 

sputtering of the sample surface was performed at a pressure of 650 Pa and power of 30 W. 

The measurements were stopped when the erosion reached the substrate. The thickness of the 

anodic oxide layer as well as the Ce distribution within the pores were evaluated with this 

technique. 

 

3. Results and discussion 

3.1 Microstructural characterization  

Figure 1 shows a SEM image and the corresponding EDX maps of the AA2024-T3 surface 

showing the distribution and chemical composition of the IMs. The average area of these 

particles was around 1.89±0.17 µm
2
, indicating the predominance of small-sized IMs, and the 

area fraction occupied by them was about 2.45±0.29 %, consistent with the results reported by 

Queiroz et al. [9] for the same alloy, but slightly lower than the 2.83% determined by Boag et 

al. [3]. Two main types of IMs were identified: one containing Cu and Mg (possibly S-phase 

Al2CuMg) and the other containing Cu, Fe and Mn, in accordance with the composition of the 

IMs of the AA2024-T3 reported in the literature [3,4,9,54]. Si-rich IMs were seldom 

identified in the studied alloy. The presence of these particles disturb the regular growth of the 

oxide layer, introducing defective regions and reducing the overall corrosion resistance of the 

anodized sample [13,14,21,58]. 
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Figure 1. SEM and EDX maps of the AA2024-T3. 

 

Surface and cross-section SEM images of the anodic layer are presented in Figure 2. The top 

surface exhibits a large number of defective sites (Figure 2(a)), possibly related to the 

presence of IMs in the base metal which have been totally or partially dissolved during the 

anodizing treatment [20,26,59–61]. The oxide thickness is in the range of (2.9 ± 0.2) µm 

(Figure 2(b)), well in accordance with results previously published in the literature for TSA 

anodized Al alloys [12,59,62], but thinner than that reported for a clad alloy anodized under 

the same condition [52], indicating enhanced dissolution of the anodized layer formed on the 

AA2024-T3 substrate during its growth. A cavity in the cross section of the oxide layer is 

depicted in Figure 2(c), the EDX analysis of the marked area evidences the presence of Al, Cu 

and Mg (Figure 2(d)), and its dimensions are typical of the larger IMs found in the alloy 

microstructure, indicating that it may have originated due to partial/incomplete oxidation 

during the anodizing process. The cavity is surrounded by the anodic oxide, suggesting that 

the particle oxidation may have occurred during the early stage of anodizing; however, the 

formed oxide layer is thinner and defective, as shown by the cracks in the peripheral region 

(indicated with arrows in (c)). The occluded geometry of such defect may constitute a 

preferential site for electrolyte stagnation and aggressive species accumulation impairing the 

corrosion protection of the anodized alloy; furthermore, the morphology of the oxide in this 

region is cracked and thinner, which can further increase the susceptibility to local attack. 
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Figure 2. SEM-EDX characterization of the AA2024-T3 anodized in TSA: (a) top surface, 

(b) cross-section thickness, (c) cross-section cavity, (d) EDX analysis performed in the 

defective region. Cracks in the anodic oxide layer are indicated by white arrows in (c), 

 

Figure 3 displays photographs of the surfaces of the anodized samples after the different post-

treatments. Clearly, only the sample CeP 50C (Figure 3(d)) exhibits a significant superficial 

difference, presenting a homogeneous yellow coloration, whereas the other samples showed a 

homogeneous grey surface. This indicates the precipitation of a Ce conversion layer [50,63]; 

however, general identification of Ce in this particular sample was not possible by EDX, 

indicating that the precipitated layer must be very thin, confined to the nanoscale. The 

increased precipitation of Ce compounds on the sample post-treated in the CeP 50C solution 

may be associated with the facilitated formation of Ce(IV) complexes upon heating. 

Photographic documentation of the conversion solutions (not presented here, but available in 

[63]) showed that the CeP 50C post-treatment solution exhibited a yellow/orange colour, not 

presented by the others solutions, which remained either transparent or milky white. 

Moreover, previous XPS results [16] showed a predominance of Ce(IV) compounds on the 

surface of TSA-anodized clad AA2024-T3 alloy post-treated in a CeP 50C solution. In 

addition, the technical literature shows that Ce(IV) compounds are frequently yellow 

coloured, for instance, Cerium Ammonium Nitrate (CAN), which consists of a Ce(IV) 
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coordinated with six (NO3)
-
 ions neutralized by a pair of NH4

+
 counter ions, is presented as an 

orange-red crystal [64]. Finally, Gordovskaya et al. [47] associated the intense yellow colour 

of some of their Ce conversion layers to increased presence of Ce(IV) compounds. However, 

albeit these evidences, further investigation is still necessary to unveil the role of temperature 

in the acceleration of Ce conversion layer precipitation. 

 

 

Figure 3. Digital images of the surfaces of the (a) UNS, (b) Ce 50C, (c) CeP 25C and (d) CeP 

50C samples. 

 

Figure 4 presents SEM magnified surface micrographs of UNS (a) and post-treated: Ce 50C 

(b), CeP 25C (c) and CeP 50C (d) samples. At this magnification, no significant alterations 

could be observed for the different samples, whose morphologies are similar to those reported 

in the literature for porous anodic layer [26,51]. However, the presence of sparsely distributed 

white precipitates was evident on the surface of the CeP 50C sample (Figure 4(d)), whose 

EDX analysis associated with its white colour showed to be oxygen-rich Ce compounds 

(Figure 5), frequently ascribed in the literature to the precipitation of mixed Ce oxy-

hydroxides [16,45,47]. The images confirm that, whichever the post-treatment, no thick 

deposit was found in the oxide layer surface, thus keeping the top of the pores open, at 

variance with previously published works [29,47,50] and in consonance of the aim of the 

present investigation. 
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Figure 4. SEM micrographs of the AA2024-T3 anodized in TSA bath, (a) without (UNS) and 

after post-treatments: (b) Ce50C, (c) CeP 25C, (d) CeP 50C.  

 

 

Figure 5. (a) SEM micrographs of the CeP 50C sample and (b) EDX analysis of the selected 

area.  
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Figure 6 shows a SEM image of a micrometric defective region on the surface of the anodic 

oxide layer of the CeP 50C sample associated with the EDX elemental compositional maps of 

the whole region. Besides Ce, the maps show the presence of Cu, Fe and Mn, indicating that it 

can be associated with a former large Cu-Fe-Mn IM. It is documented in the literature that, 

from Ce-rich aqueous solution, Ce oxy-hydroxides precipitates due to local increased surface 

pH associated with cathodic reactions [36–38,48]. From the two main IMs present in the 

microstructure of AA2024-T3: Al-Cu-Mg and Al-Cu-Fe-Mn, see Figure 1, the latter is always 

cathodic to the matrix [65,66]. The SEM-EDX analysis indicates that local cathodic activity 

associated with some of these sites still remains after the anodizing process, thus enhancing 

Ce deposition. The exploration of the surface of the samples submitted to the other pre-

treatments did not allow to identify deposition of Ce at defective regions, indicating that they 

had insufficient oxidizing power to promote Ce deposition. 

 

 

Figure 6. SEM-EDX characterization of a defective site at the surface of the anodic oxide 

layer of the CeP 50C sample. 

 

3.2 Electrochemical characterization 

3.2.1. Potentiodynamic polarization 

Figure 7 presents the potentiodynamic polarization curves in 0.1M NaCl of the AA2024-T3 

without (bare) and with the anodized layer: as produced (UNS) and with the different post-

treatments. The anodic branch for the samples UNS, Ce 50C and CeP 25C show an increase 

of current from the corrosion potential (OCP). This is because the pitting potential of the alloy 

is around the OCP value. In the case of CeP 50C sample a quasi-passive region (about 200 

mV) followed by a well-defined current increase is depicted, that could be associated with the 

pitting potential of the post-treated alloy with Ce(NO3)3 + H2O2 at 50 ºC. 
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However, in general the anodic behaviour shows an active response, indicating a relatively 

poor protection afforded by the different post-treatments, which can be ascribed to pitting 

starting at the flaws in the anodic film through which Al oxidation can takes place, as 

evidenced in Figure 2(c). This anodic active response is in accordance with Garcia-Rubio et 

al. findings for TSA and TSA-alodine post-treated samples in 0.5 M NaCl solution [26], 

ascribed to pitting onset just above the corrosion potential. However, this scenario changed 

when considering the cathodic response. In the case of the cathodic branch a more 

pronounced polarization could be observed for all anodized samples, with a reduction of 

about one order of magnitude of the current density in the diffusion-controlled region, 

pointing to oxygen as the main oxidant, which is also in accordance with Garcia-Rubio et al. 

[26] findings. This indicates that, overall, the anodizing process was successful in reducing 

cathodic sites on the electrode surface, and, therefore, the corrosion current density. 

Comparing only the anodized samples, polarization curves cannot clearly differentiate the 

corrosion behaviour of UNS, CeP 25C and Ce 50C samples, whereas a clear improvement 

was observed for the CeP 50C sample as a consequence of the increased polarization of the 

cathodic reaction. Ecorr displayed in Table 2 shows lower values for the anodized samples, as a 

consequence of the polarization of the cathodic reaction, and, among them, CeP 50C sample 

showed the lowest Ecorr. 

  

Figure 7. Polarization curves after 4h in NaCl 0.1M of AA2024-T3 anodized in TSA as-

produced (UNS) and post-treated with the different protocols. As a reference the curve for a 

polished non-anodized AA2024-T3 sample is also presented. 
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Table 2. Corrosion potential for the different samples after 4h of immersion in NaCl 0.1M. 

Samples 
Ecorr 

[V vs Ag/AgCl] 

AA2024 -0.484 ± 0.005 

UNS -0.533 ± 0.003 

Ce 50 -0.517 ± 0.006 

CeP 25 -0.505 ± 0.007 

CeP 50 -0.607 ± 0.002 

 

3.2.2 EIS behaviour  

Figure 8 depicts the EIS diagrams registered during 168 h (1 week) of immersion in the test 

electrolyte for the AA2024-T3 anodized in TSA as-produced (UNS) and with the different 

post treatments. After the completion of the tests the samples were damaged at different 

extents, as will be shown and discussed later. For each condition, as a reference, the diagram 

acquired after 4 hours immersion of a bare AA2024-T3 sample was added. Globally, the low 

frequency (LF) impedance modulus decreases as the immersion time elapses, indicating that 

the protection afforded by the layer is continuously deteriorating; however, this feature is 

sharper in the first 24 h of test. Independently of the sample condition, the phase angle 

diagrams evolve from a capacitive response spreading over a wide frequency range for short 

immersion times to a more complex behaviour that will be better discussed in the fitting with 

electrical equivalent circuit (EEC) procedure. Clearly, except for the CeP 50C sample, a LF 

time constant progressively develops for longer immersion times; however, the time 

necessary to the onset of this LF phenomenon is not the same for all the samples. 

The evaluation of the time necessary for the different anodized samples to achieve a LF 

impedance modulus of the same order of magnitude of the non-anodized sample (AA2024-T3 

4 h) can provide a preliminary insight about the long-term corrosion protection capability of 

the different systems. For the UNS sample (Figure 8(a)), this time span is only 24 h, for the 

Ce 50C (Figure 8(b)) and CeP 25C (Figure 8(c)): 96 h; whereas for the CeP 50C sample 

(Figure 8(d)), even after 168 h of test, the LF impedance modulus is about one order of 

magnitude higher than that exhibited by the non-anodized samples. Thus, this preliminary 

analysis demonstrates that, even though producing more corrosion resistant systems than the 

bare alloy for short immersion times (Figure 7 and EIS diagrams acquired after 4 h immersion 

in Figure 8), the capabilities of each system (without and with post-treatment) to retard the 

long-term corrosive process are different. Moreover, it also shows that, even though 

presenting similar polarization behaviour as the UNS sample after 4h immersion, samples 

CeP 25C and Ce 50C keep their corrosion protection ability for longer times. 
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Figure 8. Bode plots of AA2024-T3 anodized in TSA: (a,b) as-produced (UNS) and post 

treated in (c,d) 50mM Ce(NO3)3 at 50°C (Ce 50C), (e,f) 50mM Ce(NO3)3 + H2O2 (10% v/v) 

at 25°C (CeP 25C), (g,h) 50mM Ce(NO3)3 + H2O2 (10% v/v) at 50°C (CeP 50C), obtained in 
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0.1 M NaCl solution until 168h. As a reference, the diagram for a polished non-anodized 

AA2024-T3 sample after 4 h of immersion is presented in each plot. 

 

The impedance modulus at LF (10 mHz) for the whole set of samples after different 

immersion times is exhibited in Figure 9. This methodology is frequently employed to 

compare the anticorrosion performance of samples presenting similar EIS responses 

[16,34,46,52,67], to prove reproducibility, error bars were added for each condition. The 

figure shows that the CeP 50C sample presented the highest impedance modulus during the 

whole test period, as well as a more stable response, characterized by a slower decrease of the 

impedance modulus. For this sample, at the first immersion hours, the LF impedance modulus 

is of the same order of magnitude of similar substrate with different sealing processes 

[26,29,50,51,68] and also submitted to Alodine® post-treatment [26]. However, it was not 

possible to compare the time evolution of the CeP 50C impedance modulus with previous 

published data due to the lack of long-term electrochemical tests for protection systems using 

the same substrate (AA2024-T3) and with a similar structure (anodic layer topped with a Ce 

conversion coating) [47,50]. 

 

 

Figure 9. Evolution with immersion time in NaCl 0.1 M of the impedance modulus at 10 

mHz for AA2024-T3 anodized in TSA: as-produced (UNS) and post treated with the different 

experimental protocols. 

 

Figure 10 depicts the EECs used to fit the EIS diagrams for the different samples; they were 

conceived considering the variation of the EIS responses with immersion time as a 

consequence of degradation due to corrosion. Frequently, it was necessary to replace the 
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capacitors for constant phase elements (CPE) to consider the non-ideal behaviour of the 

interface [11,16,29,69,70]. 

The EEC of Figure 10(a) is similar to others employed in the literature for slightly damaged 

anodic layers [11,16,52,54,69,71–73], and considers that, at short immersion times, the pore 

structure is open and the corrosion process takes place at the flaws of the barrier layer; CPEb 

and Rb correspond, respectively, to the capacitance and resistance of the pores (defects) of the 

barrier layer, whilst Rct and CPEdl account for the charge transfer resistance and the double 

layer capacitance. At this stage, the electrolyte can easily reach the interface through the open 

pore structure, and corrosion is mild at the barrier layer flaws, resulting in relatively high 

impedance modulus. 

The EEC of Figure 10(b) was employed to fit a major part of the EIS diagrams of the post-

treated samples, except CeP 50C. The physical model points to precipitation of corrosion 

products inside the pores (Rp//Cp), acting as a protective barrier (partial sealing) 

[12,15,16,52], and that the EIS measurements no longer detect the resistance of the barrier 

layer, indicating increased corrosion activity at the defective regions due to enlargement of 

defective sites (Rb <<< Rct). Moreover, a finite diffusion-controlled process was detected in 

the LF region, which is characterized by a flat phase angle in the Bode diagrams (see Figure 

8) and by a straight line in the Nyquist diagrams (not presented). At this stage, impedance 

moduli steadily decrease, indicating that, even though retarding the deterioration of the 

samples, the blocking corrosion products are not able to impede aggressive species to reach 

the interface, and corrosion activity is enhanced with immersion time. 

The evolution of the EIS response described in the two previous paragraphs is supported by 

recent findings by Ma et al. [59] on the corrosion behaviour of AA2025 anodized in TSA, 

which were drawn by means of careful SEM observation of the cross-section of corroded 

areas. According to these authors [59], the localized corrosion of the anodized Al alloy can be 

divided in two stages: in the early immersion period, when corrosive activity is low, corrosion 

is controlled by the inward diffusion of aggressive electrolyte and the outward diffusion of 

corrosion products through the anodic film and the material does not present noticeable 

corrosion, indicating a slow process; in the later stage, rapid propagation of localized 

corrosion takes place due to direct access of the aggressive electrolyte to the underneath Al 

matrix at defective sites of the anodic film, most frequently associated to cavities generated 

by incomplete oxidation of IMs, sites at which a defective barrier layer is generated (see 

Figure 2(c)). The EEC represented in Figure 10(a) is associated with the early stage of 

corrosion, whereas the EEC of Figure 10(b) characterizes the later stage of the process 

described by Ma et al. [59]. Diffusion of species through the corrosion products precipitated 

within the pores would account for the LF diffusion-controlled process. 

The EIS responses of the UNS (for immersion times longer than 96 h) and CeP 50C (from 24 

h on) samples, represented, respectively, by EEC of Figure 10(c) and 10(d), largely differ 

from those previously reported. For the former sample, after 96 h of test, the corrosion 

products precipitated inside the pores are no longer detected by the EIS measurements for 

either or both of the two reasons: the corrosion products (formed by aluminium oxy-

hydroxides) are less stable and/or the anodic layer is greatly damaged (see Figure 12(b)). On 
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the other hand, for the CeP 50C sample, the corrosion products precipitated inside the pores, 

even though with decreasing protection tendency (impedance modulus decreases with time), 

continue to be an effective barrier against corrosion, thus retarding the kinetics of the 

interfacial processes (note that EEC (d) corresponds to EEC (b) without the LF diffusion-

controlled process). 

 

 

Figure 10. Electrical equivalent circuits (EEC) used to fit the EIS diagrams of all the samples, 

with the periods for which each of the circuit was used for the different samples. 

 

Table 3 presents the results of the fitting procedure. After 4 h, both Rb and Rct are relatively 

high, confirming the low corrosion activity; the sparse corrosion products formed during this 

period precipitate within the pores, close to defective sites, but they are not sufficient to 

provoke their partial blockage. Rb is about one order of magnitude higher for the samples 

post-treated in the solutions containing H2O2 (CeP 25C and CeP 50C), indicating a positive 

impact of H2O2 addition to the post-treatment bath in the protective properties of the oxide 

layer, which seems to become less defective. From 24 hours on, globally, there is a tendency 

to a Rp decrease and a Cp increase with immersion time. This can be ascribed to the 

continuous ingress of aggressive species, reducing the protective nature of the corrosion 

products, which, nevertheless, are present at increased amounts, associated with the damage 

of the porous layer. In accordance with its superior performance, Rp is much higher and Cp 

smaller and more stable for the CeP 50C sample, indicating a more protective nature of the 

corrosion products (Ce oxy-hydroxides, as indicated in Figure 12). In accordance with the 

increased deterioration of the corrosion resistance of the oxide layer, for the whole set of 

samples, Rct decreases, indicating easier electrochemical reactions at the interface, and Cdl 

increases, as a consequence of a larger exposed unprotected area. Finally, the resistance 

 

Electrical equivalent circuits UNS Ce 50C CeP 25C CeP 50C 

 

4h 4h 4h 4h 

 

24-72h 24-168h 24-168h - 

 

96-168h - - - 

 

- - - 24-168h 

Rs CPEb

Rb CPEdl

Rct

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPEb-T Fixed(X) 0 N/A N/A

CPEb-P Fixed(X) 1 N/A N/A

Rb Fixed(X) 0 N/A N/A

CPEdl-T Fixed(X) 0 N/A N/A

CPEdl-P Fixed(X) 1 N/A N/A

Rct Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0,001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs Rp

Cp

Rct W

CPEdl

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

Rp Fixed(X) 0 N/A N/A

Cp Fixed(X) 0 N/A N/A

Rct Fixed(X) 0 N/A N/A

W-R Fixed(X) 0 N/A N/A

W-T Fixed(X) 0 N/A N/A

W-P Fixed(X) 0,5 N/A N/A

CPEdl-T Fixed(X) 0 N/A N/A

CPEdl-P Fixed(X) 1 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0,001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs Rct W

CPEdl

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

Rct Fixed(X) 0 N/A N/A

W-R Fixed(X) 0 N/A N/A

W-T Fixed(X) 0 N/A N/A

W-P Fixed(X) 0,5 N/A N/A

CPEdl-T Fixed(X) 0 N/A N/A

CPEdl-P Fixed(X) 1 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0,001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs Rp

Cp

Rct

CPEdl

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

Rp Fixed(X) 0 N/A N/A

Cp Fixed(X) 0 N/A N/A

Rct Fixed(X) 0 N/A N/A

CPEdl-T Fixed(X) 0 N/A N/A

CPEdl-P Fixed(X) 1 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0,001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

(a) 

(b) 

(c) 

(d) 
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associated with the diffusion process (R-W) exhibits unexpected high values for the UNS 

sample. This can be related to the large amount of corrosion products precipitated on the 

surface of this particular sample; however, the small Rct values determined in the EEC fitting 

procedure indicates that corrosion products are non-protective, which was confirmed by the 

visual analysis of the sample (Figure 11). The sum of the resistive elements of the fitting 

procedure throughout the test period corresponds to the same corrosion resistance ranking 

previously identified: CeP 50C > CeP 25C > Ce 50C > UNS. 

Table 3. Results of the fitting procedure of the EIS diagrams with the EECs of Figure 10 for 

the AA2024-T3 anodized in TSA without and with the different post-treatments. “n” stands 

for the exponent of the CPE.  

UNS 

Time     

(h) 

Rs        

(Ω.cm2) 

Rp        

(Ω.cm2) 

Cp       

(F.cm-2) 

Rb        

(Ω.cm2) 

CPEb       

(F.cm-2.S(n-1)) 
nb 

Rct        

(Ω.cm2) 

CPEdl       

(F.cm-2.s(n-1)) 
ndl 

R-W 

(Ω.cm2) 
nw 

4 68 
  

3.32E+5 1.74E-6 0.92 4.49E+5 2.17E-6 0.81 
  

24 61 3552 6.84E-6    1.05E+4 1.92E-5 0.72 2.22E+5 0.42 

48 66 3268 9.27E-6    5.46E+3 3.71E-5 0.68 8.64E+4 0.34 

72 72 2379 1.33E-5    9.79E+3 7.43E-5 0.65 1.82E+5 0.50 

96 78 
  

   4.30E+3 2.58E-5 0.87 2.61E+5 0.54 

168 57 
  

   3.39E+3 1.14E-4 0.90 2.49E+4 0.53 

Ce 50C 

Time     

(h) 

Rs        

(Ω.cm2) 

Rp        

(Ω.cm2) 

Cp       

(F.cm-2) 

Rb        

(Ω.cm2) 

CPEb     

(F.cm-2.S(n-1)) 
nb 

Rct        

(Ω.cm2) 

CPEdl       

(F.cm-2.s(n-1)) 
ndl 

R-W       

(Ω.cm2) 
nw 

4 71 
  

3.81E+5 1.75E-6 0.90 4.14E+5 3.03E-6 1.00 
  

24 66 1479 9.60E-6    2.78E+4 6.67E-6 0.80 1.21E+5 0.50 

48 69 2886 7.54E-6    2.12E+4 2.28E-5 0.70 1.34E+5 0.50 

72 69 4716 8.15E-6    2.09E+4 5.97E-5 0.63 7.72E+4 0.50 

96 70 4036 1.36E-5    2.53E+4 1.22E-4 0.63 1.69E+4 0.50 

168 73 2508 7.36E-5    6.57E+3 1.64E-4 0.77 1.58E+4 0.50 

CeP 25C 

Time     

(h) 

Rs        

(Ω.cm2) 

Rp        

(Ω.cm2) 

Cp       

(F.cm-2) 

Rb        

(Ω.cm2) 

CPEb       

(F.cm-2.S(n-1)) 
nb 

Rct        

(Ω.cm2) 

CPEdl       

(F.cm-2.s(n-1)) 
ndl 

R-W       

(Ω.cm2) 
nw 

4 70 
  

1.38E+6 1.42E-6 0.93 1.33E+6 8.46E-7 1.00 
  

24 60 11919 3.85E-6    8.16E+4 4.43E-6 0.84 3.28E+5 0.50 

48 57 7985 4.08E-6    2.73E+4 1.48E-5 0.74 1.29E+5 0.50 

72 62 6243 6.24E-6    1.31E+4 2.60E-5 0.69 2.91E+4 0.52 

96 69 3666 1.00E-5    2.75E+4 8.22E-5 0.61 3.71E+4 0.50 

168 68 2970 6.54E-5    1.69E+4 1.82E-4 0.75 1.36E+4 0.55 

CeP 50C 

Time     

(h) 

Rs        

(Ω.cm2) 

Rp        

(Ω.cm2) 

Cp       

(F.cm-2) 

Rb        

(Ω.cm2) 

CPEb       

(F.cm-2.S(n-1)) 
nb 

Rct        

(Ω.cm2) 

CPEdl       

(F.cm-2.s(n-1)) 
ndl 

R-W       

(Ω.cm2) 
nw 

4 73   4.08E+06 7.88E-07 0.97 3.20E+06 5.56E-06 1.00   

24 64 380310 3.92E-06    1.79E+06 2.50E-06 0.87   

48 58 97732 2.41E-06    5.88E+05 3.18E-06 0.86 
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3.3 Analyses of corroded samples  

Figure 11 displays optical micrographs of the different samples before (a, c, e, g) and after (b, 

d, f, h) the completion of the EIS tests. All of them presented pitting corrosion; however, the 

intensity of the surface attack is well in agreement with the results of the impedance tests. 

Except for the CeP 50C, at which pits were smaller and uniformly distributed, large pits could 

be identified in the other samples (encircled black spots). They are generally surrounded by a 

corrosion product ring, inside of which a zone relatively free from corrosion can be identified, 

well in agreement with the severe localized corrosion (SLC) sites pointed out by Ma et al. 

[74] for Al-Li alloys. The images also attest a stronger overall surface damage for the UNS 

sample and show that the CeP 50C sample is better preserved. 

 

72 60 56659 3.90E-06    3.97E+05 2.28E-06 0.89 
  

96 60 40222 3.45E-06    3.42E+05 2.43E-06 0.89 
  

168 58 18941 6.30E-06    3.20E+05 1.93E-06 0.90 
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Figure 11. Optical micrographs of the surface of the (a,b) UNS, (c,d) Ce 50C, (e,f) CeP 25C, 

and (g,h) CeP 50C samples, before (a,c,e,g) and after (b,d,f,h) 168 h of immersion in 0.1 M 

NaCl. Large pits are highlighted in the different images by means of red circles. 
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Figure 12 shows SEM images of the whole set of samples after 168 h (1 week) immersion in 

0.1 M NaCl solution. The cracked patterns presented in the lower magnification micrographs 

(Figure 12 (a), (d), (g), (j)) are similar to those presented by Ma et al. [59], and can be 

associated to the localized corrosion process occurring in the matrix underneath the anodic 

layer, after corrosion initiation at defective sites. The EDX analysis (Figures 12 (c), (f), (i), 

(l)) of the brighter spots presented in the higher magnification micrographs (Figures 12 (b), 

(e), (h), (k)) showed large amounts of Cu, indicating that, independently of the sample, stable 

localized corrosion sites are established near Cu-rich IM of the parent alloy, underneath the 

oxide layer, similarly to the mechanism of localized corrosion proposed for bare AA2024-T3 

alloy, stating that pitting corrosion propagates in relatively large clusters of IMs buried 

beneath the alloy surface [8,66,75]. Ce oxides were identified in the corrosion product of the 

less damaged CeP 50C sample, indicating that their precipitation may act to retard the 

corrosion process. 
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Figure 12. SEM micrographs and EDX analyses of defects on the surface of (a,b,c) UNS, 

(d,e,f) Ce 50C, (g,h,i) CeP 25C, (j,k,l) CeP 50C samples after 168 h immersion in NaCl 0.1M. 

 

4. Characterization of the anodic layer of the CeP 50C sample 

For the specimen presenting the best corrosion behaviour, CeP 50C, a detailed investigation 

was performed in order to evaluate Ce distribution in the anodic layer. In some instances, 

results for the UNS sample are presented as a reference. 

 

Jo
ur

na
l P

re
-p

ro
of



23 
 

4.1 AFM analysis 

Figure 13 shows AFM micrographs of UNS and CeP 50C samples where a smoother 

coverage is associated with this latter sample. The root mean-square roughness parameter 

(RMS) was determined to be 66.9 nm for UNS sample and 58.5 nm for the CeP 50C, 

indicating a slight decrease in surface roughness with the post-treatment. Often, anodizing 

affects the surface finish of the aluminium substrate, due to dissolution of microstructural 

components in the anodizing bath [76], being the extent of change in the surface roughness 

largely dependent on the type of the anodic process performed. The smoother surface revealed 

for the CeP 50C sample can be a consequence of the precipitation of the Ce conversion layer 

on top of the porous layer (see Figure 3), and the coverage of defective sites associated with 

IMs in the micrometre range (usually cathodic due to Cu and Fe enrichment), see Figure 6. 

 

 

Sample RMS (nm) 

UNS 66.9 

CeP 50C 58.5 

Figure 13. AFM topography images of anodized samples without post-treatment – UNS: 

(a) and (c); and post-treated with 50 mM Ce(NO3)3.6H2O + H2O2 (10% v/v) at 50°C - CeP 

50C (b) and (d). Table: root mean square roughness parameter (RMS) determined by AFM of 

the analysed samples. 
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4.2 GDOES analysis 

Depth profiles of the UNS and CeP-50C sample were assessed by means of GDOES and are 

presented in Figure 14. Besides the elements already reported in other works with TSA-

anodized samples: Al, O and S [11,16,26,34], the depth profiles also show the presence of 

small amounts of Ce (CeP-50C) through the whole oxide layer thickness with an increased 

amount accumulated at the pores bottom, as indicated by the bump in the quantitative depth 

profile (Figure 14(b)), which is in accordance with previously reported results [16]. 

Considering the O profile as a reference, a thickness of about 3.0 – 3.5 µm can be estimated 

for the oxide layer of the two samples. The broad Al interface can be a consequence of the 

roughness of the AA2024-T3 used in the as-received condition after some chemical etching 

procedures, as described in the experimental part. 

 

 

Figure 14. GDOES depth profiles of (a) UNS sample and (b) CeP 50C sample. 
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4.3 Scanning transmission electron microscopy (STEM) characterization 

The cross-section of the anodic layer onto the CeP 50C sample is shown in bright-field TEM 

(BFTEM) micrograph in Figure 15. In good agreement with the SEM and GDOES analysis, 

the anodic layer was found to have a thickness around 3.5 m in average (micrograph not 

presented). The cross-section reproduces features already revealed by other authors for TSA 

anodic layers produced in AA2024-T3 [12,73,77] and is clearly divided in two different 

regions: near the substrate surface (top image), at which fresh oxide is produced, a quasi-

tubular structure reproduces fairly well the regular pores pattern expected for an Al anodic 

layer [11,16,78–80], on the other hand, lateral porosity, which can be evidenced using Fresnel 

contrast either under or in overfocus condition, characterizes the top region of the layer 

(bottom images). This latter region was regular and spreads over the upper part of the cross-

section (about two third of the total thickness) and its morphology was noted to be composed 

of a dual character: some porosity resembling spherical voids, but an intricated network of 

lateral tubular-shaped voids constitutes a major part of the porous morphology (see details in 

Figure 16(a)). Another interesting observation made with BFTEM is the presence of regions 

where voids are more pronounced, as exhibited in the white circle in Figure 15 (top 

micrograph): in this region (herein referred as a “defective region”), both size and density of 

the pores are higher than in the overall layer. The diffraction pattern displayed in Figure 16(b) 

confirmed the amorphous nature of the anodic layer. Lateral porosity has been reported for 

anodic layers formed on AA2024-T3 substrates [12,73,79]. Torrescano-Alvarez et al. [79] 

ascribed this feature to oxygen generation triggered by the incorporation of copper oxide 

nanoparticles in the anodized layer, whereas the defective region can be generated at sites of 

incompletely oxidized former IM particles; experimental evidences of both processes will be 

presented in the next paragraphs. 
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Figure 15. BFTEM cross-section of the anodic layer of the CeP 50C sample. The anodic 

layer has a thickness of around 3.5 m. The images were acquired in underfocus condition 

and show the porous regions in brighter contrast. The defocus degree for the image is –2 m. 

Top image corresponds to the substrate-oxide layer interface, whereas the bottom image 

corresponds to the top of the anodized layer. 
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Figure 16. Porous structure and diffraction pattern of the anodized layer on CeP 50C sample 

are shown in (a) and (b), respectively. The HAADF micrograph in (c) shows in detail the 

presence of the barrier layer in between the AA2024-T3 substrate and the porous layer: 

thickness of around 30-40 nm. BFTEM micrograph in (d) shows the presence of a layer 

between the Pt protective coating (black contrast) and the anodic layer with a thickness of 

around 50 nm. Note: micrographs (a) and (d) were taken with –800 nm and –2.0 m defocus, 

respectively. 

 

Two regions of interest are noted in Figure 16: the presence of a strong dark contrast between 

the AA2024-T3 substrate and the porous layer (Figure 16(c)) and a continuous and 

homogenous layer on the top of the lamella (Figure 16(d)), both of them indicated by white 

arrows. The first – the barrier layer – is depicted in detail in the high-angle annular dark-field 

(HAADF) micrograph in Figure 16(c), presenting a thickness of around 30-40 nm. The layer 

on top of the lamella – an oxide – is shown in the BFTEM micrograph in Figure 16(d), 

presenting a thickness of around 50 nm. EDX analysis of this latter layer showed a high 

amount of Pt, indicating an interaction between the Pt deposit and the oxide layer. 
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Figure 17. STEM-EDX mapping of three distinct regions of the anodic layer on CeP 50C 

sample: top row shows the interface between the AA2024-T3 substrate and the anodic layer, 

middle row was collected in the middle of the anodic layer and the bottom row shows 

mapping around a defective region within the anodic layer (as indicated in the white circle in 

Figure 15). Note: The element S has been identified in all regions and its maps are not shown 

for clarification. 

 

To investigate the composition of the anodic layer and to evaluate the Ce distribution along its 

cross-section, STEM mapping with EDX spectroscopy was used. Figure 17 top image depicts 

STEM-EDX maps of Al, O and Ce over the interface with the AA2024-T3 substrate, in the 

middle of the lamella and around the defective region shown in the white circle in Figure 15 

(bottom image), for the two latter regions maps of relevant elements were added. Concerning 

the porous layer composition, the EDX maps revealed the presence of Cu-rich regions within 

the bulk anodic layer (maps acquired at the central region), supporting the hypothesis that 

oxygen evolution at semiconducting Cu oxide may generate the lateral porosity observed in 

the anodic layer [12,73,79], in addition, Cu and Fe enrichment at the “defective region” 

(bottom image) indicates the incorporation of remnants of non-completely oxidized IMs 

within the anodic layer microstructure. Interestingly, Cr-enrichment was also detected at the 

two Cu-enriched regions; to the best of the authors knowledge, this feature has never been 

previously reported, and indicates that Cr added to achieve grain refinement [53] may 

redeposit during anodizing at regions at which oxygen evolution is favoured, the mechanism 

behind this process remains to be investigated. 

The maps of Figure 17 show that Ce-rich nanoparticles deposition starts immediately after the 

barrier layer (see the top image) and are quite uniformly distributed throughout the anodic 

layer cross-section, proving Ce deposition within the pores. Nevertheless, heavier Ce 

deposition was observed near Cu (and Cr) enriched regions. This was an important outcome 

in the frame of the corrosion protection mechanism afforded by Ce conversion coatings 

previously discussed [47,49–51] as it shows that Ce nanoparticles also covers cathodic sites 
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within the inner structure of the porous layer, indicating hinderance of degradation due to 

corrosion also at the nanoscale level in the porous structure of the anodized layer. 

The STEM-images of Figure 17 were also used to estimate the mean diameter of the Ce 

nanoparticles and the outcome was the following: 12.9 ± 1.7 nm at the interface (pores 

bottom), 9.5 ± 1.6 nm in the middle of the layer and 12.2 ± 1.8 nm in the defective region. 

These results are well in agreement with the GDOES findings, indicating an accumulation of 

Ce at the pores bottom; however, the average diameter of the nanoparticles was smaller than 

that determined for a clad AA2024-T3 sample submitted to this same surface treatment 

procedure: 16.39±0.04 nm [16], even though the areal density (not determined) of Ce 

nanoparticles was visibly higher for the sample investigated in the present work. The smaller 

size of the Ce nanoparticles allied with their higher areal density is well in agreement with 

crystal nucleation principles at which, for a given solution concentration and nucleation 

condition, the higher the number of stable nuclei the smaller the crystals sizes [81,82]. 

 

5. Conclusions 

In this work, the corrosion resistance of AA2024-T3 anodized in TSA and post-treated for 2 

minutes in solutions containing 50 mM of cerium nitrate, without or with 10% (w/w) H2O2, 

was studied, two temperatures were investigated in the H2O2 containing solution: 25 
o
C and 

50 
o
C. The polarization curves and the EIS experiments disclosed that the post-treatment 

consisting in the immersion of the samples in the H2O2 containing bath at 50°C was the most 

efficient to improve the corrosion resistance while maintaining the open structure of the pores 

of the anodic layer, as confirmed by SEM analysis. SEM-EDX surface analysis of the samples 

post-treated in this solution, before and after the corrosion tests, showed the presence of Ce 

precipitates in the vicinity of Cu-rich cathodic regions. For the corroded samples, Ce 

precipitates were frequently found in the vicinity of defective regions of the anodic oxide 

layer, indicating that these ions can be released and act as corrosion inhibitors. 

Detailed analysis of the CeP 50C sample by AFM showed a smoother surface after the Ce 

post-treatment suggesting the precipitation of a Ce conversion layer on top of the anodized 

porous layer, confirmed by the yellow colour exhibited by the macroscopic sample, and the 

partial coverage of surface defective sites associated with IMs. Furthermore, GDOES analysis 

revealed the presence of Ce through the whole thickness of the oxide layer, indicating the 

precipitation of Ce-rich particles within the pores, with higher concentration at the pores 

bottom.  

BFTEM of CeP 50C confirmed the development of lateral porosity in the porous layer 

structure, which, according to the literature, is developed due to Oxygen evolution in 

semiconducting Cu particles, the presence of this latter element within the whole thickness of 

the anodic oxide layer was confirmed via STEM-EDX mapping. STEM-EDX maps also 

showed that Ce oxide nanoparticles are distributed through the length of the pores of the 

anodic layer. However, an accumulation of Ce nanoparticles was indicated both at the bottom 

of the pores and at defective regions of the anodic oxide layer characterized by Cu 
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enrichment, showing that Ce may contribute to hinder the corrosion process also at the 

nanoscale. 
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Highlights 

 The post-treatment increases the corrosion resistance of the anodic layer.  
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 The pores of the anodic layer remain open. 

 The deposition of Ce nanoparticles within the pores of the anodic layer has been 

demonstrated. 

 Evidences that Ce ions durably remains in the layer hindering corrosion activity. 
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