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Abstract

:

The AA 2198-T851 is a third-generation Al-Li alloy developed for use in the aircraft industry. Al-Li alloys are susceptible to localized corrosion due to their complex microstructure resulting from the used thermomechanical treatment. In order to prevent localized corrosion, these alloys are usually protected by anodizing in order to avoid a corrosive environment. Subsequently, for anodizing, a sealing treatment is usually performed for parts. Some sealing treatments use hexavalent-chromium-ion-containing solutions. In this investigation, a chromium-free sealing treatment in a solution with cerium ions has been carried out, and the effect on the corrosion resistance of the AA2198-T851 alloy was investigated. Hydrothermally sealed or unsealed samples were also tested for corrosion resistance for comparison reasons. The corrosion resistance of the anodized aluminum alloy, either hydrothermally sealed or in a cerium-ion-containing solution, was evaluated in a sodium chloride solution by electrochemical impedance spectroscopy as a function of immersion time. The samples sealed in a cerium-containing solution increased their corrosion resistance when compared to the hydrothermally sealed. The effectiveness of the sealing process with cerium that was observed in the electrochemical tests indicated that after the corrosive attack of the barrier layer, there was a “sealing” process of the sample surface.
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1. Introduction


The increasing requirement for materials with high strength and low density for aerospace applications has led to a substantial interest in Al-Li alloys. Since aluminum is a light metal, there are a small number of alloying elements which could be used to obtain weight reduction. Among the alloying elements of lower density than Al (Si, Be, Mg, and Li), only Mg and Li present high solubility in Al (higher than 10%) [1]. Aluminum alloys containing magnesium (Mg), such as AA2024-T3, present high localized corrosion susceptibility [2]. The authors still state that Al-Cu-Mg (S-phase) IMSs become cathodic due to the selective corrosion of Al and Mg leaving nobler Cu-rich remnants that provoke the corrosion of the adjacent matrix accelerating localized corrosion [2]. Al-Li alloys are still susceptible to localized corrosion due to the high reactivity of the Li and the resultant Li-containing phases of Al-Li alloys [2,3]. Initially, the anodic T1 phase, with respect to the matrix, undergoes selective corrosion of Li and Al leading to Cu-rich remnant and severe localized corrosion [4]. Lithium presents high solubility at high temperatures, yet aging treatments of Al-Li alloys lead to fine precipitates, increasing the strength and hardness of these alloys [5]. For instance, the addition of 1 wt% of Li in an aluminum alloy increases its elasticity modulus by 6% and reduces density by about 3% [6,7]. However, Al-Cu-Li and AL-Cu-Mg alloys are susceptible to localized corrosion as Li and Mg are extremely reactive elements, and their presence in Al alloys favors local de-alloying, generating unstable Cu-rich clusters. Moreover, the presence of Mg slightly decreases the intergranular corrosion resistance.



The interest in the potential properties of Al-Li alloys appeared in the 1950s when the first generation of Al-Li alloys was used in specialized applications due to their cracking susceptibility [8,9]. The second generation of these alloys tried to overcome this problem by changing the alloy composition and thermomechanical processing. Despite the improvements in the second generation of Al-Li alloys, they still presented reasonably high corrosion rates and localized corrosion [10].



The third generation of Al-Li alloys was mainly developed for military and space applications with lower Li than Cu levels being designated as 2xxx alloys. The aim of this generation was to meet the demands of future commercial airframes. This generation has been increasing interest in aerospace applications due to their remarkable lightweight leading to their use in some modern aircraft [11,12,13]. The latest generations of commercial aircraft have been increasing the use of Al-Cu-Li alloys, mainly in applications requiring high specific strength and excellent damage tolerance [10]. The mechanical properties of Al-Li alloys have been largely investigated. The microstructure and crystallographic texture of these alloys can be controlled in order to improve not only their mechanical behavior [5,14,15] but also their damage tolerance [5,6,14,16,17,18,19].



The literature reports some Al-Li alloys, such as Al-Li-Zr and Al-Mg-Li-Zr alloys, that are more resistant to stress corrosion than most conventional alloys subjected to the same heat treatments [20]. The literature also reports the slightly lower corrosion resistance of AA2198-T851 when compared to AA2524-T3, suggesting the former as a potential replacement for the latter [17]. However, the susceptibility to localized corrosion has been lately associated with Al-Cu-Li alloys [21,22,23,24,25]. In order to prevent localized corrosion, anodizing processes have been studied trying to diminish their exposure to corrosive environments [26,27,28,29,30,31]. Subsequently, following anodizing, the components intended for use without coatings are hydrothermally sealed or sealed in a hexavalent-chromium-containing solution. Due to environmental constraints, treatments involving the use of hexavalent chromium ions are being increasingly banned [25].



The literature reports positive results related to TSA anodized aluminum alloys sealed with a solution containing cerium ions, obtained with electrochemical impedance spectroscopy technique as a function of immersion time in a sodium chloride solution [26,27,28,29,32]. In a study of AA2524-T3 TSA alloy anodized and partially sealed with a cerium-containing solution, corrosion resistance recovery was observed, indicating self-healing properties [31]. An investigation of partial sealing of the AA2024-T3 alloy followed by the application of a sol-gel coating indicated that the presence of Ce III ions causes self-healing without preventing the protection attributed to the sol-gel-boehmite layer [30]. Finally, the addition of peroxide to the cerium sealing solution was evaluated for Alclad 2024, indicating the incorporation of these ions into the pores of the anodized layer and increasing the corrosion resistance [32].



In this investigation, a chromium-free sealing treatment was proposed and carried out using a sulfuric-tartaric acid process (TSA). The effect on the corrosion resistance of AA2198-T851 was investigated. Hydrothermally-sealed or cerium-containing solution-sealed samples were evaluated by electrochemical impedance spectroscopy (EIS) as a function of immersion time in a sodium chloride solution.




2. Materials and Methods


AA2198-T851 produced by Constellium and provided as 1.6 mm sheets without any cladding was analyzed by Arcos optical emission spectroscopy (Spectro Analytical Instruments GmbH, Chemical Department, University of São Paulo, São Paulo, Brazil), and the chemical composition is shown in Table 1.



Samples of 5.0 cm × 7.0 cm × 0.126 cm were degreased by sonication in acetone for 10 min and immersed in a commercial alkaline degreasing bath (Turco® 4215 NCLT, Henkel AG & Co. KGaA (Dusseldorf, Germany)) at 50 °C for 10 min. In addition, the samples were dipped in an alkaline etching bath (NaOH solution, 40 g∙L−1) at 40 °C for 30 s and in a chromate-free commercial acid dismutting bath (Turco® Smuttgo, Henkel AG & Co KGaA), at room temperature for 15 s. Between each step, these samples were rinsed in deionized water. The anodizing process was performed in a tartaric sulfuric acid bath (TSA) composed of 40 g∙L−1 H2SO4 + 80 g∙L−1 C4H6O6 at a constant voltage of 14 V for 20 min at 37 °C. After anodizing, some of the samples were hydrothermally sealed, either in water at 96 °C or in a stirring solution of 50 mM of hydrated cerium nitrate at 96 °C. The sealing treatment was carried out for 25 min. The samples were positioned vertically. The anodized surface exposed to the electrolyte was 1.0 cm2. Visual observation of corrosion development on the TSA anodized surface as a function of immersion time to the electrolyte was also carried out.



The corrosion resistance of these anodized and sealed samples was evaluated in naturally aerated 0.5 mol∙L−1 NaCl solution at (22 ± 1) °C by EIS test as a function of exposure time. Unsealed samples were also tested for comparison reasons.



A PCI4/300 potentiostat-frequency response analyzer system (Gamry, Energy and Nuclear Research Institute) was used to evaluate the corrosion resistance of the samples. EIS was carried out in a classical three electrodes arrangement using a 1.00 cm2 area of the specimen as the working electrode, Ag/AgCl (+0.197 V vs. SHE) as the reference electrode, and a platinum plate as the counter electrode. EIS measurements were taken at different immersion times at room temperature in a naturally aerated 0.5 mol∙L−1 NaCl solution, over a frequency range from 105 to 10−2 Hz with 10 points per decade using an AC signal amplitude of 20 mV (rms). The monitoring of the electrochemical behavior during the immersion test was carried out for up to 72 h.



Scanning electron microscopy characterization was performed in a Field Emission Gun Microscope Quanta 650 (FEI, Brazilian Nanotechnology National Laboratory, Campinas, SP, Brazil).




3. Results


Figure 1 shows scanning electron microscopy (SEM) micrographs of the cross-section and from the top surface of the anodized and unsealed AA2198-T851. Figure 1A–C show, respectively, the anodic layer at lower magnifications displaying some depression in the film, a homogeneous distribution of pores in the anodic film at higher magnification, and the cross section of the layer on the AA2198-T851 supporting the presence of areas of lower thickness (seen as depression on the top view). The thickness of the anodized layer was estimated as (2.71 ± 0.56) μm, in good agreement with the literature [33,34,35].



Figure 2 presents SEM micrographs of the anodized hydrothermally sealed surface. The surface is covered by pseudoboehmite or boehmite (AlOOH) produced during the sealing carried out for 25 min.



Figure 3 shows the surface hydrothermally sealed in a cerium-containing solution. The layers of smudges are similar to the ones shown in Figure 2. However, a high amount of cerium oxide can be noticed on the surface in white areas, indicated by the arrows—Figure 3A,B (around 40% wt, in comparison with the 2% wt found in most parts of the surface). Figure 3C,D show two representative EDX analyses, the first one at a random area and the second at one of the white areas, indicated by the arrows in Figure 3A. The distribution and the size of these white areas on the surface of the samples suggest they are located on the flaws of the oxide layer. The cracks all over the surface could be explained by residual tension during the drying process and the precipitation of cerium hydroxide.



The electrochemical behavior of anodized and unsealed samples as a function of immersion time in 0.5 mol∙L−1 NaCl solution was carried out by electrochemical impedance spectroscopy, and Figure 4 shows these results: Nyquist plots for 24 h, 48 h, 72 h, and 96 h, all of them presenting two-time constants. The time constant at higher frequencies is related to the unsealed porous layer, and the one at lower frequencies to the barrier layer. Figure 4 also presents an equivalent electric circuit (EEC) proposed to fit the experimental data of the anodized and unsealed AA2198-T851. Constant phase elements (CPE)—instead of pure capacitances (C)—were used to simulate the experimental data in order to consider the non-homogeneous structure of the layers. Rp and its associated CPEp correspond to the electrolyte resistance through the porous layer. A resistance Rb and a capacitance CPEb describe the barrier layer, which is the main aspect responsible for the corrosion resistance of the system [32,36,37,38,39].



Table 2 presents the values of EEC components obtained from fitting the experimental data to the EEC proposed for the anodized and unsealed AA2198-T851 alloy exposed to the 0.5 mol∙L−1 naturally aerated NaCl solution for 24, 48, 72, and 96 h.



Figure 5A,B show the Nyquist and equivalent electric circuit proposed to fit the experimental data of the AA2198-T851 anodized and hydrothermally sealed exposed to 0.5 mol∙L−1 NaCl solution at various exposure periods (24 h, 48 h, 72 h, and 96 h). Up to 48 h of immersion, the surface was stable.



Figure 6A,B show the electrochemical impedance spectroscopy results and equivalent electric circuit proposed to fit the experimental data of the AA2198-T851 anodized and sealed in cerium-containing solution exposed to 0.5 mol∙L−1 NaCl solution as a function of exposure time (24 h, 48 h, 72 h, and 96 h). It is interesting to notice the impedance oscillations for this surface. For instance, EIS impedance values increased between 24 h and 48 h of immersion, decreased between 48 h and 72 h, and increased again between 72 h and 96 h of the test. This behavior was highly reproducible and might be explained by a “self-healing” effect of the precipitation of cerium hydroxide partially blocking the corroding areas due to the attack of aggressive species in the electrolyte. The impedance associated with this surface is always superior to that related to hydrothermally sealed surfaces even at the initial periods of immersion indicating the protection of the anodized layer occurs even during the sealing treatment in this solution. The similarity of curves corresponding to 24 h and 72 h and those related to the results for 48 h and 96 h suggests the complete recovery of the protective properties of the anodized layer after its attack by the electrolyte.



Table 3 and Table 4 present values obtained from fitting the data to the EEC components, composed of three time constants. In this circuit, the porous layer is characterized by the electrolyte resistance through the pores Rp and its associated CPEp. A resistance Rb and a capacitance Cb also describe the barrier layer which is the main aspect responsible for the corrosion resistance of the system. The use of a pure capacitor to describe the pore walls (Cpw) and the barrier layer suggests that the systems are homogeneous and free of defects. The use of a pure capacitor instead of a CPE was due to the proximity of the α value to 1. A third resistance (R) appears in parallel with Cpw and in series with CPEp//Rp and Cb//Rb. This R is lower than 600 Ω·cm2 in both cases and can be related to the electrolyte in the pores and the defects of an intermediate layer, as has been proposed in the literature [22,23,25,35].



After the electrochemical tests, TSA-anodized and sealed AA2198-T851 samples were analyzed using SEM—Figure 7. Figure 7A,B show some corrosion products on the surface of the hydrothermally sealed samples, despite the high Rp and Rb values obtained by EIS fittings. On the other hand, Figure 7C,D show the absence of corroded areas and the similarity of the smudges of the cerium-containing sealed samples with Figure 3, indicating that the cerium improved the corrosion resistance of these samples.




4. Discussion


Figure 8A,B present the fitting data values of Rp-CPEp components for unsealed and sealed layers of anodized AA2198-T851, respectively, in 0.5 mol∙L−1 NaCl solution. The slight increase in Rp values of the unsealed anodized layers when exposed to aggressive electrolytes is associated with the progressive precipitation of hydrated alumina inside the pores during the partial sealing process [29,30,31,32,33,34]. These results show the resistance of the porous layer oscillating with the time of immersion for the sealed samples. It also indicates the protective effect of the sealing treatment in cerium-ion-containing solution in the first days of immersion is not related to the protective properties of the porous layer. At 96 h of immersion, the Rp values of both sealed samples are similar although slightly higher than the sample sealed in the cerium-containing solution, indicating the increasing resistance of this sealing treatment with the time of exposure. This was likely due to partial blockage of the pores by the precipitation of cerium hydroxide at the regions surrounding the corroding areas caused by the attack of the environment-aggressive species. The oscillation of CPEp values with the time of exposure for the anodized alloy sealed in cerium-containing solution in comparison with a more stable behavior for the hydrothermally sealed alloy (Figure 8) indicates the higher complexity of the first type of oxide layer. In fact, the anodic layers resulting from sealing in the cerium-containing solution presented cracks that were not seen on the hydrothermally sealed samples.



For the barrier layer, the results in Figure 9 show the highest impedances, associated with the layer sealed in the cerium-containing solution due to the modification in this layer. Oscillations in the values of Rb with time were detected due to the reaction of the anhydrous alumina with adsorbed water leading to voluminous hydrated alumina resulting in a self-sealing effect and an increase in the resistance of the porous layer. Despite the self-sealing effect with time and the penetration of the corrosive environment, gradual deterioration of the barrier layer arises, leading to a decrease in the Rb. However, each decrease in Rb was followed by a subsequent increase in the aluminum alloy sealed in a cerium-containing solution and there was a trend of Rb increasing with time. This “healing” effect might have been caused by cerium hydroxide precipitation due to the presence of cerium ions in the barrier layer in the neighborhood of the corroding areas. This precipitation at the base of the pores explains the combined effects found on both the porous and barrier layers. According to the literature, the self-sealing mechanism involves degradation, gelling, agglomeration, and a precipitation process [23,24,25,26]. The CPEb and Cb values slowly decrease as the hydration process progresses and might lead to the decreased homogeneity of the barrier layer.



The variations of the αp parameter with time—Figure 10—take into consideration the non-ideal capacitive behavior of porous layers. In aqueous environments, unsealed films are subjected to self-sealing caused by the hydration process leading to a decrease in defects in the porous layer. The aging of unsealed anodic films improves sealing quality. However, at the same time, due to the absorbing properties of the unsealed layers, a gradual deterioration of the barrier layer caused by corrosion decreased the αb values as indicated in Figure 11. This parameter is close to 1 at the first hours of immersion indicating the homogeneity and the low number of defects in the barrier layer.



Figure 12A,B show the Rw-CPEw values’ variation with the time of exposure to the electrolyte. The pair Rw-CPEw is assumed to represent the response of the pore walls. The resistance of the pore walls of the sealed samples in cerium-containing solution was initially lower than hydrothermally sealed ones. However, the resistance associated with the former oscillated with time, whereas it slowly increased for the latter. Nonetheless, the CPEw values for the cerium-sealed samples were initially significantly superior to the hydrothermally sealed ones, but it largely decreased after 48 h of exposure, and at the end of the test (96 h), it was slightly lower. This is supposedly related to the cracked characteristics of the anodic layer on the anodized samples sealed in cerium-containing solutions and the increased blockage of the cracks by the hydrated and precipitated products leading to the filling of the cracks in these products.



Figure 13 presents the Bode IZI diagram comparing all the results from EIS tests. The cerium effect at lower frequencies is evident as the impedance value of these sealed samples in cerium solution increased by two orders of magnitude in comparison with the hydrothermally sealed samples.




5. Conclusions


The sealing procedure proved to be efficient in the process of the incorporation of Ce into the anodic layer pores. The results indicated an increase in the corrosion resistance of the anodized AA2198-T851 sealed in a cerium-containing solution when compared to the hydrothermal sealing. The EIS suggested a sealing process following the corrosive attack of the barrier layer for the samples sealed in the cerium-containing solution. The sealing, associated with a healing effect, was achieved by cerium hydroxide precipitation due to the presence of cerium ions in the barrier layer around the corroding areas, indicating the effectiveness of the sealing process.
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Figure 1. SEM micrographs of the anodized and unsealed AA2198-T851. (A) Top view, (B) same as (A) at higher magnifications, and (C) cross-section showing the anodic film thickness. 
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Figure 2. SEM micrographs of the AA2198-T851 surface anodized and hydrothermally sealed (B), same as (A) at higher magnifications. 
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Figure 3. SEM micrographs of the AA2198-851 anodized and sealed in cerium-containing solution (B), same as (A) at higher magnifications; (C) representative EDX analysis performed at a random area and (D) EDX analysis performed at one of the white areas indicated by the arrows. 






Figure 3. SEM micrographs of the AA2198-851 anodized and sealed in cerium-containing solution (B), same as (A) at higher magnifications; (C) representative EDX analysis performed at a random area and (D) EDX analysis performed at one of the white areas indicated by the arrows.
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Figure 4. EIS results for the anodized and unsealed AA2198-T851 as a function of exposure time to 0.5 mol∙L−1 NaCl electrolyte. (A) Nyquist diagram and (B) equivalent electric circuit proposed to fit the experimental data. 
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Figure 5. EIS results for the AA2198-T851 anodized and hydrothermally sealed in 0.5 mol∙L−1 NaCl solution as a function of exposure time (A) Nyquist diagram and (B) equivalent electric circuit proposed to fit the experimental data. 
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Figure 6. EIS results for the AA2198-T851 anodized and sealed in cerium-containing solution as a function of exposure time to 0.5 mol∙L−1 NaCl solution. (A) Nyquist diagram and (B) equivalent electric circuit proposed to fit the experimental data. 
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Figure 7. Micrographs of the TSA anodized and sealed AA2198-T851 surface after 96 h of immersion in 0.5 mol∙L−1 NaCl solution. (A) hydrothermally sealed, (B) same as (A), at higher magnification, (C) sealed in cerium ions containing solution, and (D) same as (C), at higher magnifications. SE. 
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Figure 8. Variation of the (A) Rp and (B) CPEp component values as a function of the exposure time to NaCl 0.5 mol∙L−1 solution. 
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Figure 9. Variation of the (A) Rb, (B) CPEb, and Cb component values as a function of the exposure time to NaCl 0.5 mol∙L−1 solution. 
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Figure 10. Variation in the αp component values as a function of the exposure time to NaCl 0.5 mol∙L−1 solution. 
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Figure 11. Variation in the αb component values as a function of the exposure time to NaCl 0.5 mol∙L−1 solution. 
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Figure 12. Variation in the (A) Rw and (B) CPEw values for AA2198-T851 alloy anodized and sealed as a function of exposure time to NaCl 0.5 mol∙L−1 solution. 
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Figure 13. Bode IZI comparing all the results obtained from EIS tests. UNS represents the unsealed samples; H2O, the hydrothermally sealed samples; and Ce, the samples sealed in Ce solution. 
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Table 1. Chemical composition (wt%) of the AA2198-T851 used in this study.
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	Elements
	Cu
	Mg
	Li
	Si
	Fe
	Ti
	Zr
	Zn
	Al





	AA2198-T851
	3.68
	0.31
	1.01
	0.03
	0.08
	0.027
	0.12
	0.01
	Balance
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Table 2. Values of EEC components obtained from fitting the experimental data to the EEC proposed in Figure 4 for the anodized and unsealed AA2198-T851 alloy exposed to the 0.5 mol∙L−1 naturally aerated NaCl solution for 24, 48, 72, and 96 h.






Table 2. Values of EEC components obtained from fitting the experimental data to the EEC proposed in Figure 4 for the anodized and unsealed AA2198-T851 alloy exposed to the 0.5 mol∙L−1 naturally aerated NaCl solution for 24, 48, 72, and 96 h.





	
AA2198-T851 Unsealed




	

	
24 h

	
48 h

	
72 h

	
96 h




	

	

	
Error (%)

	

	
Error

(%)

	

	
Error

(%)

	

	
Error

(%)






	
Rsol

(Ω·cm2)

	
25.21

	
-

	
27.68

	
-

	
25.11

	
-

	
50.39

	
-




	
CPEp

(F/cm2·sa−1)

	
1.33 × 10−5

	
2.2

	
2.39 × 10−5

	
0.7

	
2.44 × 10−5

	
1.3

	
1.69 × 10−5

	
1.7




	
αp

	
0.82

	
0.4

	
0.88

	
0.3

	
0.89

	
0.6

	
0.92

	
0.7




	
Rp

(Ω·cm2)

	
1.28 × 104

	
1.4

	
5.50 × 103

	
1.3

	
8.23 × 103

	
1.9

	
7.57 × 103

	
2.1




	
CPEb

(F/cm2·sn−1)

	
1.46 × 10−3

	
6.4

	
3.83 × 10−4

	
2.3

	
3.40 × 10−4

	
3.3

	
1.13 × 10−4

	
1.6




	
αb

	
1.0

	
-

	
0.78

	
1.4

	
0.73

	
1.7

	
0.72

	
0.7




	
Rb

(Ω·cm2)

	
1.44 × 104

	
11.7

	
2.72 × 104

	
3.3

	
7.66 × 104

	
10.4

	
8.45 × 104

	
2.9
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Table 3. EEC components values obtained from fitting the experimental data to the model proposed and shown in Figure 5 for the AA2198-T851 alloy when anodized, sealed in hot water, and exposed to 0.5 mol∙L−1 naturally aerated NaCl solution for 24 h, 48 h, 72 h, and 96 h.






Table 3. EEC components values obtained from fitting the experimental data to the model proposed and shown in Figure 5 for the AA2198-T851 alloy when anodized, sealed in hot water, and exposed to 0.5 mol∙L−1 naturally aerated NaCl solution for 24 h, 48 h, 72 h, and 96 h.





	
AA2198-T851 Alloy Anodized and Sealed in Hot Water




	

	
24 h

	
48 h

	
72 h

	
96 h




	

	

	
Error

(%)

	

	
Error

(%)

	

	
Error

(%)

	

	
Error

(%)






	
Rsol (Ω·cm2)

	
61.82

	
7.2

	
62.82

	
13.4

	
100.1

	
4.5

	
80.65

	
5.2




	
Cpw (F/cm2)

	
1.91 × 10−8

	
7.2

	
1.77 × 10−8

	
12.4

	
1.62 × 10−8

	
5.4

	
1.50 × 10−8

	
4.2




	
R (Ω·cm2)

	
150.6

	
2.4

	
164.6

	
4.2

	
208.7

	
1.9

	
255.8

	
1.7




	
CPEp (F/cm2·sa−1)

	
7.86 × 10−7

	
1.1

	
9.09 × 10−7

	
2.8

	
1.01 × 10−6

	
1.7

	
9.56 × 10−7

	
1.4




	
αp

	
0.86

	
0.2

	
0.86

	
0.5

	
0.85

	
0.3

	
0.85

	
0.3




	
Rp (Ω·cm2)

	
4.64 × 106

	
2.1

	
1.62 × 106

	
4.9

	
8.46 × 106

	
3.3

	
1.97 × 106

	
2.8




	
Cb (F/cm2)

	
6.28 × 10−6

	
-

	
2.29 × 10−6

	
-

	
1.36 × 10−6

	
-

	
1.95 × 10−6

	
-




	
Rb (Ω·cm2)

	
5.88 × 106

	
17.7

	
5.71 × 106

	
6.9

	
8.63 × 106

	
3.2

	
1.14 × 107

	
4.3
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Table 4. EEC components values obtained from fitting the experimental data to the model proposed and shown in Figure 6 for the AA2198-T851 alloy anodized, sealed in cerium-ion-containing solution, and exposed to 0.5 mol∙L−1 naturally aerated NaCl solution for 24 h, 48 h, 72 h, and 96 h.






Table 4. EEC components values obtained from fitting the experimental data to the model proposed and shown in Figure 6 for the AA2198-T851 alloy anodized, sealed in cerium-ion-containing solution, and exposed to 0.5 mol∙L−1 naturally aerated NaCl solution for 24 h, 48 h, 72 h, and 96 h.





	
AA2198-T851 Alloy Anodized and Sealed in Solution with Cerium Ions




	

	
24 h

	
48 h

	
72 h

	
96 h




	

	

	
Error (%)

	

	
Error (%)

	

	
Error (%)

	

	
Error (%)






	
Rsol (Ω·cm2)

	
28.08

	
-

	
125.4

	
-

	
33.2

	
-

	
141.5

	
5.2




	
Cpw (F/cm2)

	
4.44 × 10−8

	
2.0

	
1.37 × 10−7

	
1.9

	
3.55 × 10−8

	
2.0

	
1.17 × 10−8

	
4.1




	
R (Ω·cm2)

	
80.96

	
1.3

	
367.1

	
1.4

	
139.7

	
1.5

	
520.0

	
2.2




	
CPEp (F/cm2·sa−1)

	
3.89 × 10−6

	
2.4

	
1.51 × 10−6

	
2.6

	
4.04 × 10−6

	
3.5

	
1.08 × 10−6

	
3.1




	
αp

	
0.85

	
0.4

	
0.85

	
0.4

	
0.84

	
0.6

	
0.85

	
0.6




	
Rp (Ω·cm2)

	
2.31 × 105

	
8.1

	
8.33 × 105

	
8.7

	
2.29 × 105

	
13.1

	
2.59 × 106

	
9.7




	
Cb (F/cm2)

	
2.10 × 10−6

	
1.2

	
6.39 × 10−7

	
1.3

	
1.99 × 10−6

	
1.9

	
6.94 × 10−7

	
-




	
Rb (Ω·cm2)

	
1.31 × 107

	
3.5

	
4.89 × 107

	
4.3

	
1.48 × 107

	
10.0

	
8.64 × 107

	
13.4
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