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Abstract: Tartaric-sulfuric acid anodizing (TSA) has been selected by the aerospace industry to
replace Cr(VI)-based anodizing treatments of aluminum alloys. Modification of the bath composition
can result in the necessity to revise the process conditions, including the time necessary to obtain the
desired properties of the anodized layer. This study focuses on the microstructure and immersion
stability of the pilot scale anodized AA2024 aluminum alloy, with anodizing times of 25 min and
45 min. The layer structure was characterized by scanning electron microscopy (SEM) and glow
discharge optical emission spectrometry (GD-OES). The electrochemical impedance spectroscopy
(EIS) was used to evaluate the corrosion resistance and immersion stability of the samples in 0.01 M
NaCl solution. The density of pores formed in the 45 min anodized samples was higher which
correlated with higher impedance modulus at equivalent immersion time and higher thickness of the
oxide layer. Contact angle measurements demonstrated better wettability of the 45 min anodized
sample. The results suggest that 45 min anodizing offers higher corrosion resistance and better initial
adhesion with subsequent post-treatment such as sealing or painting.

Keywords: TSA anodizing; aluminum alloy; electrochemical impedance spectroscopy; corrosion
protection

1. Introduction

In the aerospace industry, aluminum alloys of 2xxx (containing mainly Cu and Mg)
and 7xxx (containing mainly Zn, Mg and Cu) series are the first-choice materials especially
because of their weight to strength ratio. The corrosion resistance needs however to
be enhanced to satisfy the standards of the aerospace application [1,2]. This is usually
achieved by application of specific coatings, including polymer coatings (paints) and
surface treatments. For both painted and unpainted applications, one of the most common
surface treatments for aluminum alloys is anodizing, forming a low porous aluminum
oxide layer thanks to the electrochemical oxidation in acidic solution [3]. Hard anodizing is
used in some applications (hydraulics for example) and results in an oxide layer thickness
of several tenths of a micron. However, for applications such as automotive, aerospace or as
a pre-treatment for paint, thinner oxide layers are necessary because of specific designs and
the need for optimal mechanical surface properties [3]. Historically, among widely used
sulfuric acid anodizing (SAA), some processes were based on an electrolyte containing
chromic acid, so hexavalent chromium (Cr(VI)). This compound belongs however to the list
of carcinogenic, mutagenic and reprotoxic (CMRs) substances. According to the European
Union regulation monitoring the use of such toxic compounds (Registration, Evaluation and
Authorization of Chemicals “REACH” regulation), including chromate species, should be
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banned by 2024 in the aerospace industry. As a consequence, several Cr(VI)-free alternatives
have been proposed. Among them, boric-sulfuric acid (BSA), sulfuric acid anodizing (SAA)
or tartaric-sulfuric acid (TSA) were proposed. Several studies [4-12] display anodizing in a
TSA bath as a very promising solution for Chromium Acid Anodizing (CAA) substitution,
and it is already operative in some industrial plants. The structure of the oxide layer
formed during anodizing, from the thickness to the pore diameter for example, depends
on numerous parameters. The influence of these parameters (voltage, bath temperature,
or nature of the electrolyte) on the anodic layer properties is well documented [5,12-19].
For example, increasing the temperature of the bath increases the thickness of the oxide
layer but can also impact the pore morphology [14]. Schneider et al. [16] reported that
the ejection of AI>* ions in the anodizing bath during dissolution of the oxide changes
the bath concentrations and its efficiency, leading to morphological modification of the
porous microstructure. However, few studies are focused on the effect of the anodizing
time [20,21] in pilot plants. It is known that the oxide layer growth is faster at the beginning
of the anodizing step because of the decreasing conductivity of the formed anodic layer [21].
Moreover, the growth of the layer is not infinite as the competition between the oxide
dissolution and its growth reaches an equilibrium. It was shown that longer anodizing
led to thicker oxide layers [20,21]. Garcia-Rubio demonstrated that a short anodizing
time (10 min) resulted in poor corrosion resistance compared to a longer time (20 and
30 min) [21]. Mubarok et al. [20] came to similar conclusion (increasing thickness with
increased anodizing time) but going up to an anodizing time of 60 min. However, such a
long anodizing time may not be suitable for industrial conditions because the prices increase
with the process time. A compromise between the process price and the coating efficiency
is necessary. Thus, the novelty of this work resides in the more detailed understanding
of the impact of anodizing time on the detailed microstructure and chemistry of the
formed layer and its anticorrosion properties, which is an important step to achieve this
compromise. In particular, it verifies if there is an improvement of corrosion protection
with longer anodizing time and if it should be attributed to the increased thickness or
porosity modification in the porous layer or improvement of the barrier layer.

The present work aims toward a better understanding of the effect of increasing
anodizing time on the oxide layer microstructure and its immersion stability on the example
of 2024 and 7075 Al alloys anodized in a TSA bath in pilot conditions. The morphology
of the oxide layer was characterized by scanning electron microscopy (SEM); the in-depth
chemical distribution of the elements was evaluated with glow discharge-optical emission
spectroscopy (GD-OES), and the electrochemical stability of the immersed samples was
assessed by electrochemical impedance spectroscopy (EIS).

2. Materials and Methods
2.1. Materials

Specimens from the AA2024-T3, AA7075-T6 and AA7175-T6 alloys with a thickness
of 0.5 cm were produced by rolling and cutting them into samples of 10 x 12 cm?. Nominal
chemical composition of the alloys is given in Table 1. Anodizing was made in pilot
conditions (200 L bath) on the plates previously degreased in a 10% vol. alkali-based
bath (silicate-free, pH = 9) for 10 min at 45 °C. Rinsing with deionized water was applied
between each step. Etching was then performed during 10 min at 50 °C in a mix of 42%
vol. acid-based solution (sulfuric and nitric acid) and 10% vol. ferric sulfate-based solution
(bath pH < 1). The specimens were then anodized in a tartaric/sulfuric acid (TSA) bath
(80 g/L of C4H4O4 and 40 g/L of HySO4) at 37 °C for either 25 min or for 45 min. The
applied voltage was 14 V, a value reached after 5 min of voltage ramp, included in the
time specified above. A power supply device from Micronics Systems (Villette d’Anthon,
France) was used.
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Table 1. Nominal chemical composition of alloys (wt.%). Bal.—balance to arrive to 100%.

Al Alloy Si Fe Cu Mn Mg Cr Zn Ti Others Al
AA2024-T3 0.5 0.5 3.849 0.3-0.9 1.2-1.8 0.1 0.25 0.15 0.15 Bal.
AA7075-T6 0.4 0.5 1.2-2.0 0.3 2.1-2.9 0.18-0.28 5.1-6.1 0.2 0.15 Bal.
AA7175-T6 0.15 0.2 1222 0.1 2.1-2.9 0.18-0.28 5.1-6.1 0.1 0.15 Bal.

For the control of the obtained layers, thickness of the oxide was verified with Foucault
current measurement. A thicker oxide layer was obtained for 45 min anodizing (5 to 8 um
thick compared to 4 to 7 um thick for 25 min anodizing). The observations by SEM gave
similar values.

The surface roughness was assessed with a VHX-5000 optical 3D microscope (Keyence,
Bois-Colombes, France) and image treatment with Gwyddion software.(version 2.62, Gwyd-
dion) There were no meaningful differences between the samples, and the obtained param-
eters were Roughness Average (Ra) which was 2.4 £ 0.2 pm and Root Mean Square (RMS)
which was 2.8 + 0.2 um.

2.2. Scanning Electron Microscope (SEM) and Porosity Measurement

The surface morphology of the sample after anodization was observed with a LEO-
1530 field emission gun scanning electron microscope (FEG-SEM) (Carl Zeiss SAS, Rueil
Malmaison, France). To limit the charging effect, the operating tension was 1 keV, and the
working distance was 4 mm. No carbon was deposited on the surface to avoid pollution of
the porous microstructure. Image]J software (version 1.53e, National Institutes of Health,
USA) was used to calculate porosity parameters. The surface images were recorded at
magnification allowing the distinguishing of the pores with a diameter of several nm, as
illustrated on the example of 45 min anodized 2024 alloy in Figure 1a. Several representative
high resolution SEM images coming from 2 different locations with a cumulated analyzed
area of surface of about 1.5 um? were analyzed for each of two samples. Images were
treated in the 8-bit format. The equivalent pixel distance for one nm was 0.92 pixels. After
image scale calibration, a threshold operation was applied to each image to highlight the
pores and obtain porosity parameters, as illustrated in Figure 1b. Only pores with a size
above 20 nm? were considered, and those on the edges of the image were excluded. The
average area of the pore (in nm?) was obtained and converted to nm in an assumption of a
circular section of the pore to obtain the average pore diameter. The porosity was calculated
as the area fraction of black pixel in the threshold-treated image.

Figure 1. Example of SEM in-lens secondary electron image showing surface morphology of 2024
alloy after 45 min anodizing before (a) and after (b) threshold operation in Image] software (version
1.53e, National Institute of the Health, MD, USA).

2.3. Glow Discharge—Optical Emission Spectroscopy (GD-OES)

Depth profiles were obtained with a GD-Profiler 2™ (Horiba France SAS, Palaiseau,
France). Homogeneous sputtering was obtained with a 4 mm-diameter anode and the
following plasma conditions: Ar plasma, a pressure of 900 Pa and a power of 35 W. The
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emission lines of 48 species were recorded simultaneously on the polychromator, but only
the relevant elements are discussed in this article. The lines of interest are oxygen (130 nm),
nitrogen (149 nm), sulfur (181 nm), aluminum (396 nm), copper (325 nm) and magnesium
(285nm). In order to represent the in-depth variation of the relative intensity of the displayed
elements, all the signals were normalized by the total light emitted by the plasma (Fi).

2.4. Electrochemical Impedance Spectroscopy (EIS)

A Gamry 3000 potentiostat (Gamry Instruments, Warminster, PA, USA) equipped with
the Gamry Framework™ (version 7.07, Gamry Instruments, Warminster, PA, USA), and
Gamry Echem Analyst™ (version 7.07, Gamry Instruments, Warminster, PA, USA) software
was used to perform electrochemical impedance spectroscopy (EIS). A three-electrode set-
up was employed, consisting of a graphite rod (6.6 mm diameter) as a counter electrode
(CE), a silver/silver-chloride (Ag/AgCl) as a reference electrode (RE) and the sample as
a working electrode (WE). The active surface of 12.56 cm? was delimited by an O-ring.
Samples were immersed in 40 mL of 0.01 M NaCl, without stirring for a maximum duration
of 75 h. After 90 min of open circuit potential (OCP) stabilization, EIS was measured every
2 h during immersion. The impedance measurements were performed at the OCP with a
15 mV root mean square (rms) amplitude in the frequency range from 100 kHz to 0.05 Hz
and 7 points per frequency decade.

2.5. Contact Angle (CA) Measurements

Contact angle was measured in order to compare the wettability of the surface after
anodizing and assess the possible change on the initial adhesion of the layer with post-
treatments (organic coating for example). Before the analysis, the surface of the samples
was rinsed with ethanol and dried with compressed air. Contact angle measurements were
performed on a OCA 15 Pro device (DataPhysics Instruments, Filderstadt, Germany), using
the sessile drop method to assess the wettability of the samples. The deposited liquid was
ultrapure water generated by a water purification system Direct-Q® 3 UV (Merck Chimie
SAS, Fontenay-sous-Bois, France). A drop of 12 uL was deposited at a rate of 2 puL/s
through an Injekt®-F syringe (B. Braun, Saint-Cloud, France) of 1 mL mounted with a needle
(diameter of 0.51 mm). Measurements were made with the Dataphysics SCA 20 software
(version 1.0, DataPhysics Instruments, Filderstadt, Germany). To obtain reproducible values
and estimate the surface disparities of the sample, the contact angle value, displayed in the
next sections is an average of 10 measurements spread on the whole surface.

3. Results
3.1. Microstructure of the Anodized Surface

Firstly, the microstructure of the oxide layer was observed by SEM. Figure 2a,b displays
the surface microstructures of the 2024 anodized for 25 min at different scales. The overall
morphology shows roughness, and the pores formed by the anodizing process can be
observed in Figure 2b. Figure 2¢,d shows the surface of the 2024 anodized for 45 min.

The overall surface seems to have more surface inhomogeneities for the oxide layer
anodized for 25 min than for that anodized for 45 min. Red arrows point out these
differences, as the surface appears smooth in some areas (red arrow in Figure 2c) while it
can also present a cauliflower morphology (red arrow in Figure 2a). Several defects are
visible on the 25 min anodized surface, which are generally attributed to the preferential
dissolution of the intermetallic particles enriched in copper during the anodizing step
in the TSA bath [22-26]. The average pore diameter estimated by the image analysis
demonstrated close value for 25 min and for the 45 min anodized surface around 14 nm.
No standard deviation for the pore diameter value is presented as the data distribution
was large. This is represented by the histograms in Figure 3. More details about pores size
can be found in Supplementary Information, Figure S1. The difference between two types
of the samples is even more pronounced in the area fraction occupied by pores (Table 2).
The image analysis gives a porosity of 30.0% for the 45 min-anodized and 15.0% for the
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25 min-anodized samples. As the pore diameter is close for the two samples, the higher
porosity means that the pore walls are thinner for the 45 min anodized sample. Compared
to the literature, the morphology of the pores of 45 min TSA anodized sample is closer to
CAA aluminum alloys than the 25 min TSA anodized morphology [27].

Figure 2. SEM surface morphology of 2024 after anodizing in TSA for 25 min (a,b) and 45 min (c,d).
Red arrows point out different surface morphologies.
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Figure 3. Data distribution of measured pore area and pore diameter calculated in approximation of
a circular section for 2024 after anodizing in TSA for 25 min (a,b) and 45 min (c,d).



Metals 2023, 13, 993 60of 13
Table 2. Pore size parameters obtained from image analysis.
Sample Average Pore Size (nm?) Area (%) Average Pore Diameter (nm) Pores Number
2024 after 25 min anodizing 140.9 15.0 £1.1 133 1303
2024 after 45 min anodizing 167.7 30.0 £0.3 14.6 2753

3.2. Wettability of the Oxide Layer

The impact of the anodized surface porosity on the wettability was estimated through
contact angle (CA) measurements with ultrapure water. The results are shown in Table 3.
Several surfaces are compared: non-anodized 2XXX and 7XXX series alloys (bare alloys),
the same alloys anodized with the 25 min and 45 min cycle. For the 7XXX series, 7175 was
used in some measurements instead of 7075 because of an insufficient number of samples
and the extremely close composition of the two alloys (see Table 1). Typical water contact
angle micrographs for the 2024 series are displayed in Figure 4. The wettability of bare
alloys is low which is reflected by high values of the contact angle. Anodizing seems to
decrease the contact angle for both series of aluminum alloy, suggesting a better wettability
of the anodized surface. Wettability seems to increase with anodizing duration. The values
of the tested 45 min anodizing sample are in the scope of values of water contact angle for
CAA 2024 found in the literature (27.0 = 2.8 for 45 min anodizing vs. 16.5 + 3.0 for CAA
2024) [28].

Table 3. Contact angle with ultrapure water on 2024 and 7075/7175 samples.

No Anodizing 25 min Anodizing 45 min Anodizing
Sample 2024-bare 7075-bare 2024-25 min 7075-25 min 2024-45 min 7175-45 min
Contact angle (°) 745+ 4.4 809 +54 758 £8.3 625+ 8.4 270+28 39.0+18
2024 bare, CAO=74° 2024-25min, CAB=75 ° 2024-45min, CAB=29°

Figure 4. Typical Contact angle (CA) 6 is shown on micrographs for 2024 bare alloy, 2024-25 min and
202445 min. The horizontal red line delimits the surface of the sample. The white shaded area below
each horizontal red line is due to reflection.

3.3. Chemical Composition and In-Depth Element Distribution

To verify the composition of the anodic film and the in-depth element distribution,
GD-OES measurements were performed. Typical elemental depth profiles of the 25 and
45 min anodized samples are presented in Figure 5.

For both samples, three distinct parts can be defined on the profiles, which can be
tracked by the signals of specific elements. The anodized layer (part I) is evidenced by
the O and S plateau. In the substrate alloy (part III), Al and alloying elements (Cu, Mg)
are maximized while O and S signals are at the level of their background. The transition
zone between the oxide layer and the substrate alloy (part II) is relatively long reflecting a
relatively rough interface between the layers. The Al plateau signal is low in the oxidized
layer (part I), and it increases at the interface to reach a high intensity plateau when the
substrate erosion occurs. Signals from the alloying elements are quasi zero in the oxide
zone and follow a similar trend as Al in the interface and the substrate, confirming the
presence of magnesium or copper in the bulk alloy.
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Figure 5. GD-OES elemental depth profile of 2024 after 25 min anodizing (a) and after 45 min
anodizing (b). Zone I is the oxide layer; zone Il is the transition through the bulk, and zone III is the
substrate. Fi is the total light emitted during erosion. The * symbol means that displayed signals were
normalized by the Fi signal, more details are available in Section 2.3.

For both samples, a high S intensity is detected homogeneously throughout the
anodized layer (part I) which is coherent with previous studies [29,30], confirming sulfates
incorporation in the coating.

The nitrogen signal is interesting because N; gas is the major component of the
air which can be adsorbed inside the pores. Thus, following its signal is interesting to
evaluate the porosity of the porous oxide layer, as long as there is no N in the material
composition at first. Except for the first seconds of erosion, which can be related to a
possible surface contamination, the N signal intensity was higher for the 45 min anodized
sample as illustrated on the example of the profiles in Figure 5. This result is coherent with
the previously described SEM observations of higher porosity for 45 min anodized samples
than for that which was 25 min anodized.

The main difference between the two depth profiles presented in Figure 5a,b resides
in the sputtering time necessary to reach the bulk alloy erosion (part III). In the case of the
25 min anodized sample, this time is approximately 170 s (Figure 5a). The same value is
much higher for the longer anodizing time sample, as it reaches almost 270 s (Figure 5b).
This difference proves that it takes more time to reach the substrate for the longer anodizing
cycle. This can be either due to the slower erosion rate or to a thicker oxide layer. The
fact that the total light emitted of Fi has an identical shape and intensity for both samples
indicates that the erosion rate should be similar. This allows the consideration of the
erosion time as a measure of the eroded thickness and compares relative layer thicknesses
for different samples. In such an interpretation, the 45 min anodization forms a thicker
oxide than the 25 min anodization. Not only the oxide (part I) but also the transition
zone (part II) seems to be thicker which may indicate a difference in the barrier layer
thickness between the two samples. The increase of the total oxide thickness for 45 min
anodized samples compared with 25 min anodized is also coherent with the Foucault
current measured during sample production control (see Section 2.1).

3.4. Electrochemical Behavior of the Anodized Layer

The open circuit potential of 25 min anodized samples was about —415 £+ 10 mV
vs. Ag/AgCl and about —540 & 60 mV vs. Ag/AgCl for the 45 min anodized sample.
After 75 h of immersion, the potential tended to the values of —430 mV vs. Ag/AgCl for
25 min anodized samples and between —465 and —500 mV vs. Ag/AgCl for the 45 min
anodized samples. This indicates a stronger surface evolution during immersion and a
slight passivation for the sample anodized with the longer time.
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EIS measurements were conducted to describe the evolution of the oxide properties.
Examples of Nyquist plots of 25 min and 45 min anodized samples of 2024 (named as
2024-25 min and 2024-45 min), obtained after 2 h, 25 h, 50 h and 75 h of immersion in
0.01 M NaCl aqueous solution, are displayed in Figure 6.
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Figure 6. Nyquist plots of 2024 anodized in TSA for 25 min (a,b) and 45 min (c,d), obtained after 2 h
(M), 25 h (M), 50 h (W) and 75 h (M) of immersion in 0.01 M NaCl.

For both samples presented in the figure, a flattened semi-circle can be seen on the
Nyquist plot recorded after 2 h of immersion with a higher impedance for the 2024—45 min.
The impedance of the 2024-45 min sample stays higher than that of 2024-25 min for all
immersion times and the difference between them increases during immersion. Higher
corrosion resistance is therefore expected for the material anodized for 45 min than for
25 min. A slight white deposit and small black pits were indeed observed on the surface
after 75 h of immersion for 25 min of anodizing; no major differences were reported in the
case of 45 min anodizing. Images of these surfaces after 75 h of immersion in 0.01 M NaCl
can be found in Supplementary Information, Figure S2.

The corresponding Bode diagrams are displayed in Figure 7 after the correction for the
electrolyte resistance (its contribution was removed from the plots). The tendencies look
similar for the curves representing both samples. After 2 h of immersion, both samples
exhibit one contribution at low frequency, attributed for such systems to the barrier layer.
Starting from 25 h and up to 75 h of immersion, a new contribution appears at mid/high
frequency (around 100 Hz) which is attributed to the oxide layer [9,10,31-33]. For the
sample anodized for 25 min, the modulus at 0.05 Hz decreases from 53 kQ)-cm? after 25 h
up to 24 kQ-cm? after 75 h, while the 45 min anodized sample is more stable in immersion,
going from 120 kQ-cm? after 25h to 89.6 kQ)-cm? after 75 h. The modulus drop between 25
h and 75 h is similar for both samples, around 30 kQ-cm?, but at equivalent immersion time
the modulus value is always higher for the 45 min anodized sample, showing its better
immersion stability and better corrosion resistance.
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Figure 7. Corrected Bode diagrams of 2024 anodized in TSA for 25 min and 45 min, obtained after
2h (e),25h (e),50 h (¢) and 75 h (e) of immersion in 0.01 M NaCl.

Equivalent Circuit were used to go further into the interpretation of the impedance data.
The general model used in the literature for anodic layer is represented in Figure 8a [4,10,31].

R, corresponds to the electrolyte resistance; R, is the resistance of the solution inside the
pores; Ry is the resistance of the pore walls, and Cpy, is the associated capacitance. As the
porous wall resistivity is high and prevents the current transport, the RC couple Ry /Cpp
can be neglected. Because of the unsealed pores, the R,/ value is very low so the model can
be simplified to the schema presented in Figure 8b.

(R ]

Porous
layer

B;IE

O

Pore
wall

Barrier
layer ¢

_/

Sl

Substrate

(b)

Porous
layer

layer Q g
?

Substrate

Barriek/

Pore
wall

Figure 8. Equivalent circuit proposed for the anodized sample after 2 h of immersion in the 0.01 M

NaCl, general model (a) and simplified model (b).
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To express the non-ideality of the system, constant phase elements (CPE) are used
instead of pure capacitors. Thus, Qp represents the CPE parameters for the barrier layer
and «; the coefficient that translates this non-ideality (if @ = 1, the CPE is a pure capacitance
while if # = 0 the CPE is a pure resistance). In the initial state, after 2 h of immersion, the
best fit was obtained with the simplified model of Figure 8b, inspired by the one proposed
in [6,13,34,35]. The fitted data are presented in Figure 9; this time the electrolyte resistance
was not subtracted from the Bode plots. Fitted parameters values are displayed in Table 4.

90,
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Figure 9. Bode diagrams of the 2024-25 min (e) and 2024—45 min (X), obtained after 2 h of immersion
in 0.01 M NaCl. Solid lines represent the fitting curves.

Table 4. Fitted parameter values for the 2024-25 min and 202445 min after 2 h of immersion in
0.01 M NaCl.

AA2024-25 min AA2024-45 min

Parameter Value Error Value Error
R, (C)) 123.8 +0.82 162.7 +1.0
Ry () 104.9 x 103 +2.33 x 103 259.8 x 10° +10.1 x 103
Qp (S*s™) 17.8 x 1076 +0.18 x 10~° 16.71 x 10~° +0.15 x 10~°
ay, 0.86 +2.39 x 1073 0.88 +2.36 x 1073
Goodness of fit 9.67 x 10~4 / 536 x 1074 /

As expected, the value of R, is low and similar for the samples. The parameter a;, for
2024-25 min and 202445 min is, respectively, 0.86 and 0.88. The main difference resides in
the barrier layer resistance Rj. The R}, of the 2024-45 min sample is almost twice as high as
that of the 2024-25 min, demonstrating its stronger corrosion resistance. The equivalent
circuit data are in accordance with the results obtained by EIS from the Bode plots.

Expected from EIS higher corrosion resistance of 45 min anodized versus 25 min
anodized samples is consistent with the surface state of the samples after 500 h of salt spray
tests (SST) (see example of surface appearance in Supplementary Information, Figure S3).
After SST, no pits or one pit maximum was detected on 45 min anodized samples while for
25 min anodized samples the results were less reproducible, and in some cases more than
2 pits were found.

To sum up, the electrochemical results seem to support higher immersion stability
of the samples anodized for 45 min despite their higher porosity, observed by SEM and
GD-OES. Higher R, values of the 2024-45 min sample compared with the 2024-25 min are
coherent with the idea that not only the thickness of the porous but also the barrier layer
increases with anodizing time.
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4. Discussion

The results presented in this study point out several effects of the anodizing time
on the oxide layer properties. First of all, the density of pores is higher for the 45 min
anodized than for the 25 min anodized sample (30.0% for 45 min vs. 15.0% for 25 min).
Our hypothesis is that as the oxide is in contact with the TSA electrolyte for a longer time,
higher porosity can be developed. There are not so many articles on this subject, but one
similar idea can be found in the work by Aerts et al. [36]. In theory, such a difference
in the porosity can have an impact on the initial adhesion properties of the material. In
the aerospace industry, the anodizing step is usually not the last surface treatment to be
performed: an organic coating may be applied on the anodized surface to enhance corrosion
protection and provide the desired aesthetic aspect of the final product [37]. Thus, the oxide
layer is crucial for good paint adherence. Several theories have been proposed to describe
how adhesion works, and it is highly probable that this phenomenon occurs through a
combination of several mechanisms. Among them, the mechanical interlocking [14] and
the adhesion through hydrogen/covalent bonding [3] seem the most appropriate. On a
macroscopic level, when the paint penetrates and fills the pores of the anodized surface,
mechanical interlocking occurs between the paint and the pores surface. As the porosity
of the 45 min-anodized sample is higher than the 25 min-anodized sample, the surface
contact area for paint penetration is higher [14]. Thus, a longer anodizing time could be
expected to provide better initial adhesion properties through the increased porosity of
its anodic layer surface. Moreover, contact angle measurements are in accordance with
the microstructure observed through SEM and support this idea: the better wettability of
the sample with the longer anodizing cycle should contribute to better initial adhesion
properties with subsequent water-based post-treatments (sealing or water-borne paint for
example).

Then, both GD-OES and EIS help to understand the role of an increased anodizing
time on the immersion stability properties of the oxide layer. GD-OES revealed a thicker
oxide layer while EIS highlights that the barrier effect in corrosion resistance is mainly due
to the thin (barrier) layer and not to the total thickness of the porous layer. The value of R,
is almost two times higher for the 45 min anodized sample indicating a possible difference
in the structure or the thickness of the barrier layer. This is coherent with the increased
erosion time of the transition zone of the 45 min anodized sample observed on the GD-OES
profile (part Il in Figure 5).

According to the literature, higher porosity of 45 min anodized sample can also lead
to a lower thermal conductivity if compared with 25 min anodizing [38]; however, this
statement needs further verification.

To sum up, while an increased porosity seems to be intuitively not beneficial for
corrosion resistance, our results demonstrate that the corrosion resistance is not affected by
it; moreover, it seems that the properties of the thin barrier layer are improved. Besides,
porosity increase can be interesting for the improvement of adhesion.

5. Conclusions

The effect of the anodizing time on the microstructure and the immersion stability of
the TSA anodized aluminum alloy with two different anodizing times (25 and 45 min) was
evaluated with SEM, GD-OES and EIS.

e  SEM surface observations revealed that increasing anodizing time led to a higher
density of pores (30% porosity after 45 min in comparison with 15% after 25 min)
which is expected to provide better wettability for aqueous post treatments. This was
also supported by contact angle measurement). Higher porosity could also improve
initial adhesion of organic coatings via mechanical interlocking mechanism.

e  Elemental oxide layer composition seems to be similar between the samples anodized
for two different tiles, but the oxide layer is slightly thicker, and the interface erosion is
slower for the 45 min anodized sample. EIS measurements confirm the better corrosion
resistance and immersion stability of this sample if compared to 25 min anodized.
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e Interpretation of the EIS data allows the attribution of this improvement not to the
increase of the thickness of the porous layer but to the improvement of the barrier
layer which could be due to its densification or its thickness increase.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/met13050993/s1, Figure S1: Data of pore area from Image]
(25 min anodizing and 45 min anodizing); Figure S2: Surface appearance of anodized samples for
25 min and 45 min anodizing before immersion (upper images) and after 75 h of immersion in 0.01 M
NaCl (lower images); Figure S3: Salt spray test results after 500 h of exposure.
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