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This study examines the impact of surface preparation on the corrosion resistance of anodized 
AA2198-T851 aluminum alloy. Two pretreatment methods were employed: (i) alkaline degreasing in 
10 wt.% NaOH at 60 °C followed by de-smutting in 30 vol.% HNO3, and (ii) etching in an oxidizing 
acidic solution (K3 Smutt-Go, 7 V, 20 °C) intended to remove copper-containing intermetallic particles. 
Surface preparation methods were analyzed using SEM, FEG-SEM, SEM-EDS, and XPS. Corrosion 
resistance was tested through EIS, and NSST. All electrochemical tests were conducted in 0.1 mol L−1 
NaCl solution, and the NSST followed ASTM B117-16. The findings show that removing intermetallic 
particles greatly improves the corrosion resistance of TSA-anodized AA2198-T851. Among the tested 
conditions, the etched samples exhibited superior performance, showing no observable corrosion after 
336 hours of salt spray exposure, confirming their enhanced corrosion resistance.
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1. Introduction
Aluminum alloys are important in the production of 

structural materials, especially in the aerospace sector. With 
high mechanical strength, low density, and good machinability 
and workability, they are suitable for both commercial and 
military aerospace uses, where reducing weight affects fuel 
efficiency1-7. Aluminum alloys are increasingly used in the 
automotive sector to reduce CO2 emissions and as lightweight 
materials, especially in electric vehicles.

The new Al-Cu-Li alloys, specifically AA2198, 
provide structural advantages for aircraft, including weight 
reduction and enhanced fatigue crack growth resistance8-10. 
The incorporation of Li (1 wt.% Li decreases the density 
of alloy by approximately 3%) makes AA2198 a potential 
substitute for AA202411-13. However, Al-Cu-Li alloys are 
highly susceptible to localized corrosion, primarily due to 
microstructural heterogeneities, including T1 (Al2CuLi), δ′ 
(Al3Li), Ɵ’/Ɵ” (Al2Cu), and S (Al2CuMg) phases. While 
these precipitates contribute to alloy strengthening, they 
also increase susceptibility to localized corrosion due to 
micro-galvanic effects12-17.

To enhance the corrosion resistance of aluminum alloys, 
surface treatments are commonly employed1,2,14,18-20. Among 
them, anodizing is widely used, as the anodic oxide layer 
not only improves corrosion protection but also enhances 
adhesion for primers and paints21-25.

Several studies have explored the relationship between 
intermetallic particles and the quality of the anodic film in 
Al-Cu-Li alloys26,27. Ma et al.28 reported a correlation between 

localized corrosion in TSA-anodized AA2099-T8 and the 
presence of Cu-enriched intermetallic particles. Similarly, 
Wu et al.29 found that coarse intermetallic particles can cause 
defects in the anodic film, as they partially dissolve during 
TSA anodizing, leaving behind copper-rich residual particles 
that promote localized corrosion. Indeed, previous research 
has reported poor corrosion resistance of TSA-anodized 
Al-Cu-Li alloys in salt spray tests14,29-34.

Moreover, recent studies35-38 have investigated the behavior of 
micrometric particles in the AA2198-T8 alloy during anodizing at 
different voltages, demonstrating that the preferential dissolution 
of these particles can lead to defects in the anodic film and 
cavities on the anodized surface. These findings highlight the 
importance of anodizing parameters in determining the quality 
of the protective coating and the corrosion resistance of the 
alloy. However, despite these insights, there is still a gap in 
the literature regarding the effect of surface preparation on the 
corrosion resistance of anodized AA2198 alloys.

Thus, this study aims to investigate the influence of 
surface preparation on the corrosion resistance of TSA-
anodized AA2198-T851 alloy, providing new insights into 
the optimization of pretreatment processes for improved 
corrosion performance.

2. Experimental

2.1. Materials and surface preparation
AA2198-T851 aluminum alloy was used in this study, 

with the following chemical composition (wt.%): Cu 3.31, 
Li 0.96, Mg 0.31, Si 0.03, Fe 0.04, Ag 0.25, Zr 0.4, Zn 0.01, 
and Al (balance).
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The alloy surface was prepared for anodizing using two 
distinct pretreatment methods:

•	 Alkaline Degreasing: The samples were immersed in 
a 10 wt.% NaOH solution at 60°C for 60 s, followed 
by de-smutting in a 30 vol.% HNO3 solution at 
room temperature for 30 s.

•	 Etching: The samples were first degreased in 
ethanol, then immersed in an oxidizing/acidic 
solution (K3 Smutt-Go) at 20 °C for 10 min under 
the application of 7 V, aiming to remove coarse 
intermetallic (IM) particles.

After pretreatment, the samples were anodized in 
tartaric-sulfuric acid (TSA) solution, containing 40 g L−1 of 
sulfuric acid and 80 g L−1 of tartaric acid. The anodizing 
process was carried out using a Biologic SP-300 potentiostat, 
with the aluminium sample (anodic area of 16 cm2) as the 
working electrode and a titanium electrode coated with 
platinum (area of 40 cm2) as the counter electrode, positioned 
at a distance of 10 cm. The electrolyte volume was 1 L and 
was continuously agitated during anodizing. The temperature 
was maintained at 37 °C, and a constant potential of 14 V 
was applied for 20 min. For samples exposed to the Neutral 
Salt Spray Test (NSST), the anodized layers were sealed 
in deionized water at 100 °C for 20 min. The NSST was 
performed in accordance with ASTM B117-16 for 336 hours.

2.2. Sample preparation for analysis
Samples were mechanically ground using SiC papers, 

followed by polishing with 1 µm diamond suspension. 
Before analysis, samples were degreased in ethanol, rinsed 
with deionized water, and stored in a desiccator to prevent 
contamination.

2.3. Electrochemical impedance spectroscopy (EIS)
EIS measurements were conducted in a 0.1 M NaCl 

solution using a Bio-Logic SP-200 potentiostat. A three-
electrode system was employed, consisting of:

•	 Working electrode: AA2198 sample (1 cm2 exposed surface)

•	 Counter electrode: Platinum (Pt)
•	 Reference electrode: Ag/AgCl (saturated KCl)
Prior to each EIS test, the specimens were immersed in 

the electrolyte for 10 h to reach a stable open-circuit potential 
(OCP). The measurements were performed by applying 
a sinusoidal perturbation of 10 mV around the OCP. EIS 
spectra were recorded over a frequency range of 50 kHz to 
10 mHz, with 10 points per decade. The data were processed 
using EC-Lab® software (Bio-Logic).

2.4. Surface morphology and elemental analysis
Scanning Electron Microscopy (SEM) was conducted 

using a Hitachi TM 3000 microscope equipped with an 
Energy-Dispersive X-ray Spectroscopy (EDS) detector. 
An acceleration voltage of 15 kV was employed for 
SEM-EDS analyses. Field Emission Gun - Scanning Electron 
Microscopy (FEG-SEM) was performed using a JEOL JSM 
6010 microscope, also equipped with a Thermo UltraDry™ 
EDS detector. The acceleration voltage used for FEG-SEM 
observations was 5 kV.

2.5. X-ray photoelectron spectroscopy (XPS)
XPS analysis was conducted using a ThermoFisher 

Scientific K-Alpha+ spectrometer with a monochromated 
Al-Kα radiation source (1486.6 eV) and a 400 µm spot size 
to maximize signal collection. High-resolution spectra were 
recorded using a pass energy of 50 eV. Peak fitting was 
carried out using a Gaussian-Lorentzian function within 
the Avantage™ software, employing the Smart background 
subtraction algorithm. The binding energy scale was calibrated 
by referencing C1s at 284.8 eV.

3. Results

3.1. Surface morphology before and after pretreatment
Figure  1 presents Scanning Electron Microscopy 

(SEM) images of the AA2198-T851 sample in the polished 

Figure 1. SEM images of AA 2198-T851: (a- c), polished surface showing bright intermetallic particles, (b-d) after alkaline degreasing, 
with intermetallics and small cavities on the aluminum matrix.
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condition and after alkaline degreasing. Images (a) and (c) 
correspond to the polished sample: in (a), a general view at 
low magnification reveals intermetallic particles with bright 
contrast, indicating a higher density compared to the matrix; 
in (c), a higher magnification highlights a region containing 
these intermetallics. Images (b) and (d) refer to the sample 
after alkaline degreasing: (b) shows the general view, while 
(d) presents a magnified area where intermetallic particles 
remain visible, still exhibiting bright contrast.

Polishing clearly enhanced the visibility of the intermetallics, 
and after alkaline degreasing, the aluminum surface shows 
small cavities resulting from matrix attack, without complete 
removal of the intermetallic particles.

Figure 2 presents SEM images of the AA2198-T851 
alloy before (a–c) and after (d–f) coarse intermetallic particle 
(IM) removal etching pretreatment.

Prior to etching, the alloy surface contains coarse 
intermetallic (IM) particles, predominantly Fe- and Cu-rich 
phases. This observation is further confirmed by the SEM-EDS 
elemental maps in Figure 3, where image (a) represents the 
alloy before etching and image (e) after etching.

Etching pretreatment resulted in the detachment of IM 
particles, leaving behind cavities on the surface. As seen 
in Figure 2 (d–f) and Figure 3 (e), nearly all IM particles 
were removed, including those within surface cavities. 
Donatus  et  al.12 previously characterized these particles 
in AA2198-T851, identifying them as Fe- and Cu-rich IM 
phases with varying Fe:Cu ratios.

3.2. Anodic film morphology
Figure 4 presents FEG-SEM images of TSA-anodized 

AA2198-T851 after alkaline degreasing and etching, revealing 
the porous characteristic of the anodic film morphology 
with central pores of approximately 10 nm in diameter21,39,40.

The etched sample Figure  4  (b) exhibits a higher 
concentration of pores in the anodic layer compared to the 
alkaline-degreased sample. ImageJ analysis quantifies the 
pore area percentage for each pretreatment, showing 5.9% 
for etching and 10.1% for alkaline degreasing, indicating a 
more compact oxide structure in the former. However, the 
mean pore diameter remains similar between treatments, 
with values of (11.1 ± 0.2) nm for alkaline degreasing and 

Figure 2. SEM images of AA 2198-T851: (a), (b), and (c) before etching pretreatment; (d), (e), and (f) after etching pretreatment.

Figure 3. EDS maps of the surface of AA2198-T851: (a), (b), (c), and (d) before etching pretreatment; (e), (f), (g), and (h) after etching pretreatment.
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(11.0 ± 0.1) nm for etching. This consistency in pore diameter 
agrees with the Field-Assisted Dissolution (FAD) model21,23, 
which predicts that both the barrier-layer thickness and pore 
diameter scale linearly with the anodizing voltage. Since the 
anodizing voltage was identical for both conditions (14 V), 
the resulting pore diameters are expected to be comparable. 
Nevertheless, the different surface conditions prior to 
anodizing affect pore nucleation and distribution, leading 
to the observed variation in pore density.

Figure  5 presents SEM cross-sectional images of 
TSA-anodized AA2198-T851, showing anodic layer 
thicknesses of (3.25 ± 0.54) µm for the alkaline-degreased 
sample and (3.25 ± 0.27) µm for the etched sample.

These values align with literature reports for TSA-anodized 
aluminum alloys21,22,41,42, reinforcing the consistency of the 
anodizing process.

Figure 6 presents the current density-time response for 
AA2198-T851 anodizing after alkaline degreasing (red curve) 

Figure 4. FEG-SEM images of TSA-anodized AA 2198-T851: (a) and (c) after alkaline degreasing; (b) and (d) after etching pretreatment.

Figure 6. Anodizing behavior of AA 2198-T851 alloy in TSA 
electrolyte under potentiostatic conditions (14 V, 37°C): current 
density vs. time response.

Figure 5. SEM cross-sectional images of TSA-anodized AA 2198-T851: (a) after alkaline degreasing; (b) after etching pretreatment.
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and etching (green curve). Initially, both curves exhibit a 
sharp current peak, attributed to the breakdown of the thin 
naturally formed oxide layer under high applied potential43.

The rapid current drop that follows corresponds to barrier 
layer formation (Stage I), where oxide growth reduces 
electron transport. The gradual increase in current (Stage 
II) is associated with pore nucleation, consistent with the 
Field-Assisted Dissolution (FAD) model21,23,40,43,44. The etched 
sample displays a more gradual current increase compared 
to the alkaline-degreased sample, suggesting differences 
in pore nucleation dynamics and aligning with the higher 
porosity observed in FEG-SEM images (Figure 4). The final 
stages correspond to pore formation (Stage III) and porous 
film growth (Stage IV). These findings suggest that etching 
pretreatment alters the oxide formation process, leading to 
distinct barrier layer and porous layer characteristics.

3.4 Electrochemical impedance spectroscopy 
(EIS) analysis

Figure  7 shows the EIS measurements for unsealed 
TSA-anodized AA2198-T851 in 0.1 M NaCl solution after 

2 h of immersion, comparing alkaline-degreased (red) and 
etched (green) samples.

Phase angle plots of Figure 7 (a) reveal two-time constants, 
corresponding to the barrier layer (low-frequency, LF) and 
the porous anodic layer (high-frequency, HF)22,39,40,45. The 
etched sample exhibits a broader phase angle, indicating a 
more compact and protective barrier layer.

To model the anodic coating, a two-time-constant 
equivalent circuit was used, Figure 7 (b), considering the partial 
pore sealing effect caused by the dissolution of anhydrous 
alumina and precipitation of hydrated alumina22,45. Due to 
the non-homogeneous nature of the anodic layer, Constant 
Phase Elements (CPEs) were used instead of ideal capacitors. 
The fitted parameters are shown in Table 1.

The sample exposed to etching presented lesser capacitive 
behavior than that after alkaline degreasing as indicated by the 
time constant at high frequency (HF) to medium frequency 
(MF). The fitted results display a similar value of porous layer 
resistance (Rp) for both samples. This resistance includes 
the effects of electrolyte in the pores and its corresponding 
value of CPEp corresponds to capacitance of the porous layer. 

Figure 7. EIS plots of TSA-anodized AA 2198-T851 samples after 2 h of exposure in 0.1 mol L-1 NaCl solution: (a) Bode diagram and 
(b) schematic representation of the pore and circuit elements.

Table 1. Electrochemical impedance spectroscopy (EIS) fitting parameters for unsealed TSA-anodized AA2198-T851 after different 
surface pretreatments.

Sample CPEp (F.s(n-1)) n Rp Ohm.cm2 CPEb (F.s(n-1)) n Rb Ohm.cm2

Etching 0.199x10-5 0.98 4393 3.917x10-5 0.85 14221
Alkaline Degreasing 3.147x10-5 0.90 3871 2.154x10-4 0.87 5634
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A discrepancy is noticed for the LF frequency range, related 
to the barrier layer, which is mainly responsible for the 
resistance to corrosion, which is described by a resistance 
Rb and a capacitance CPEb22,40,42,45. The samples after 
etching showed higher LF impedance modulus than that 
after alkaline degreasing, indicating higher corrosion 
resistance. The fitted results displayed a resistance (Rb) 
approximately three times higher. These results suggest that 
the main difference produced in the pretreatment is in the 
barrier layer and indicate that the barrier layer formed in 
the etched sample presents less conductive pathways for 
aggressive electrolyte penetration.

3.5 X-ray photoelectron spectroscopy (XPS) analysis
The XPS data as high-resolution spectra of AA2198-T851 

corresponding to the alkaline degreased and etched surfaces 
are presented in Figure 8.

The high-resolution spectra for Al2p region corresponding 
to the degreased surface are shown in Figure  8  (a). The 
Al2p was deconvoluted into three components. There is 
a well-defined Al° peak at low energy46,47. The other two 
components were respectively attributed to Al2O3 and 
AlOOH48,49. Differently, the Al2p high-resolution spectra 
related to the etched sample Figure 8 (b) was deconvoluted 
with only one component (attributed to Al2O3 film). This 
result suggests an alteration on the surface sample due the 

pretreatment that provided a more homogenous surface. 
Surface composition modification is also noted in the high-
resolution spectra for O1s. The O1s for alkaline degreased 
sample was deconvoluted in three components (O1, O2, 
and Ads water) where O1 (530.45 eV) is attributed to O2- , 
O2 (531.45) to OH-, and the peak at 532.44 eV to adsorbed 
water on the alumina film48-51. The O1 peak corresponding 
to the etched sample was deconvoluted in four components 
(O1, O2, O3, and Ads Water). The literature suggests that 
the additional peak (O1 at 529.29 eV) is due to hydrated 
alumina Al(OH)3

48. It is important to notice that the etching 
pretreatment changes the composition of the surface.

3.6 Corrosion performance in salt spray test 
(NSST)

Figure 9 presents the visual evolution of unsealed TSA-
anodized AA2198-T851 during neutral salt spray testing 
(NSST), comparing alkaline-degreased and etched samples 
over 48 h, and 336 h of exposure.

The alkaline-degreased sample exhibited pitting corrosion 
before 48 h, with extensive corrosion sites observed after 
336 h. In contrast, the etched sample showed no visible 
corrosion after 336 h, showing greater corrosion resistance. 
These observations correlate well with EIS results, further 
supporting the enhanced barrier properties of the anodic 
film formed on the etched surfaces.

Figure 8. XPS high-resolution spectra of AA2198-T851: (a) Al 2p region of the alkaline-degreased surface; (b) Al 2p region of the etched surface; 
(c) Al 2p region of the alkaline-degreased; (d) O 1s region of the etched surface.
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4. Discussion
The results demonstrate that etching pretreatment removed 

coarse intermetallic (IM) particles, and this greatly affected 
the morphology, composition, and corrosion performance of 
the anodic aluminum oxide (AAO) coating on AA2198-T851. 
SEM images reveal a higher pore density on the etched 
sample compared to the alkaline degreased one, suggesting 
that the properties of the oxide film is greatly affected by 
the coarse IM particles on the surface.

According to the field-assisted dissolution theory proposed 
by O’Sullivan and Wood52, the porous layer develops after 
the barrier layer formation, driven by continuous ionic flow 
and electrolyte access to the metal/oxide interface, leading 
to localized oxide dissolution44,52. The equilibrium between 
the oxide formation rate (at the metal/oxide interface) and 
the oxide dissolution rate (at the oxide/electrolyte interface) 
determines the final pore structure. Pore nucleation is 
associated with localized electric field concentrations caused 
by defects or non-uniform oxide thickness40,44,52.

The current density-time response during anodizing further 
supports this effect. The etched sample exhibits a more gradual 
current increase during the pore nucleation stage compared 
to the alkaline-degreased sample, indicating that removal of 
coarse IM particles contributes to a more uniform electric 
field distribution during anodic film growth. EDS analysis 
of the etched surface did not reveal copper-enriched areas 
associated with IM particles, suggesting that the absence of 
Cu-rich sites promotes a more homogeneous pore distribution 
during nucleation, as observed in the FEG-SEM images.

The modifications in the barrier layer due to intermetallic 
(IM) particle removal were also reflected in the EIS results, 
which showed that the etched sample presented a more 
compact barrier with fewer conductive pathways for electrolyte 
penetration. These findings are consistent with the NSST 

results, in which only the etched sample showed no visible 
corrosion after 336 hours of exposure.

It is important to clarify that the detrimental incorporation 
of copper into the anodic oxide layer, as discussed in the 
literature, is primarily observed when coarse Cu-rich 
intermetallics are present on the surface before anodizing39,53-55.
Under these conditions, Cu+ or Cu2+ ions can migrate into 
the forming oxide, reduce its resistivity, and promote oxygen 
evolution, leading to void formation and localized film 
degradation39,40,42,53,54. This behavior was previously reported 
in our recent work55, where we demonstrated that the low 
solubility of copper oxides in acidic anodizing electrolytes 
causes trapping and accumulation of Cu species, which in 
turn facilitates electrolyte access to the underlying matrix 
and increases susceptibility to localized corrosion.

The improved corrosion resistance observed in the 
etched condition is attributed to the prior removal of these 
copper-containing intermetallics, which prevents such side 
reactions from occurring during anodizing. This interpretation 
is supported by the theoretical framework developed by 
Runge56,57, who emphasized that anodic oxide formation is 
governed by interfacial chemical potential gradients rather 
than by field-assisted ionic migration alone. According to 
her analysis, the presence of intermetallic particles at the 
metal/oxide interface disrupts local equilibrium conditions, 
leading to uneven film growth and the development of 
microstructural discontinuities.

Additionally, Runge highlighted that the initial surface 
condition, particularly the distribution and chemical nature 
of intermetallic particles, plays a decisive role in determining 
the uniformity and protective quality of the anodic film. 
In this context, a cleaner aluminum surface, free from copper-
rich phases, favors a more uniform electric field distribution, 
reduces defect formation, and enables the development of a 
compact and protective anodic oxide layer.

Figure 9. Macrographs of AA2198-T851 samples after alkaline degreasing (top) or etching (bottom) followed by TSA-anodizing and 
exposure to the NSST test (ASTM B-117).
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The differences in AAO layer composition were also 
observed in XPS results. The Al 2p high-resolution spectra 
of the etched sample exhibited a single component (Al2O3 
film), whereas the alkaline-degreased sample displayed 
three components (Al°, Al2O3, and AlOOH). This difference 
suggests that the etched sample has a more homogeneous 
surface composition and a less defective oxide layer, as the 
absence of Al° and AlOOH components indicates fewer 
voids and impurities within the film.

Overall, these findings confirm that etching pretreatment 
enhances the corrosion resistance of TSA-anodized 
AA2198-T851 by removing coarse IM particles, promoting 
a more uniform electric field distribution, reducing Cu-rich 
defect sites, and improving barrier layer integrity.

5. Conclusions
a.	 The surface treatment that led to the removal of 

coarse IM particles through etching prior to anodizing 
resulted in a more homogeneous anodic film both, in 
morphology and composition, compared to alkaline 
degreasing, which led to partial removal of these 
particles.

b.	 The alkaline-degreasing treatment retained coarse 
IM particles on the surface, and this resulted in 
defective sites in the anodic film. These defects 
acted as preferential sites for corrosion nucleation, 
making the surface more susceptible to localized 
attack. In contrast, the etched surface led to a less 
defective oxide layer formed by anodizing, reducing 
the likelihood of localized corrosion initiation.

c.	 The pore distribution in the anodic film formed on 
the etched surface was more homogeneous than on 
the alkaline-degreased sample. This improvement 
was attributed to the removal of coarse IM particles, 
leading to a better electric field distribution during 
anodizing, and consequently promoting more 
uniform pore formation.

d.	 The etching pretreatment not only resulted in a more 
homogeneous pore distribution but also produced 
a higher pore density.
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