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Abstract

Al-Si alloys, widely used in moulded parts for industrial or domestic applications, may
undergo an electrochemical finishing treatment in order to enhance their surface properties,
especially their corrosion resistance. In the present study, anodic layers are grown on an AS12
alloy by conventional anodizing in sulfuric acid on the one hand and by microarc oxidation
(MAO) on the other hand. While both aluminium and silicon are completely oxidized within
the microarc layer, metallic silicon particles are embedded within the classic porous alumina
layer formed in acidic medium, generating strains and resulting in a cracked coating.
Regarding the corrosion resistance, evaluated comparatively by electrochemical impedance
spectroscopy (EIS) measurements performed in NaCl 0.1 M and salt spray test (SST), the
results consistently show an improvement by microarc oxidation but not by sulfuric
anodizing, since the corrosion mechanisms are mainly driven by galvanic coupling between
silicon particles and aluminium matrix. A sealing post-treatment in sodium decanoate
CH3(CH2)sCCONa is considered as well on both types of anodic layers. An enhancement of
the anticorrosion performances is noticed in each case, more significantly for sulfuric

anodizing.
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1. Introduction

As Al-Si alloys are known to provide high mechanical strength and good castability, they are
materials of choice for moulded parts widely used in various industrial fields such as
automotive or household appliances. However, the enhancement of the durability of surfaces
subjected to extreme chemical and mechanical stress, requires an additional multifunctional
surface treatment. The formation of an oxide in surface may fulfil the expectations and
anodizing appears an interesting tool. On the one hand, it is known to improve the corrosion
resistance. On the other hand, depending on the anodizing process and mechanism, the
morphology (porosity, roughness) may be monitored as well as the physico-chemical nature
of the coating, tailoring the hardness and the wear resistance. In acidic medium, anodizing is
performed in the voltage range 10 to 30 V and results in the formation of duplex anodic layer
made up of an intern barrier layer (about ten nanometres, depending on the voltage)
surmounted by a nanoporous alumina network (ten to hundred micrometers depending on the
treatment duration) [1-5]. For eco-toxicological reasons, sulfuric acid-based electrolytes are
favoured. The presence of alloying elements is known to induce defects in the coatings [6].
Indeed, the literature is rich on acidic anodizing of aluminium alloys with intrinsic high
mechanical properties, namely 2XXX and 7XXX alloys. Firstly, the alloying elements in
solid solution within aluminium matrix (especially copper) promote water oxidation
generating oxygen, a reaction in competition with alumina formation. As consequences, the
process efficiency is lowered and the alignment of the nanocolumnar network is modified [7-
11]. Furthermore, the presence of secondary intermetallic phases induces the formation of
macro-defects in the anodic layer [12-16]. Regarding the Al-Si alloys, the literature is rather
poor [17-21] and indicates that the morphology and the physico-chemistry of the anodic layer

depends on silicon content and silicon particle size in the substrate. Indeed, silicon may be



present under metallic, partially oxidized or totally oxidized form, which is a key parameter in
the further corrosion resistance.

As an alternative to widely used acidic anodizing, the electrochemical conversion may be
performed in an alkaline medium. In this case, the passivation range is so broad that the
voltage reaches very high values (300 to 500 V), exceeding the dielectric breakdown voltage
of the metal/oxide/electrolyte interface [22]. Therefore, the anodizing mechanism turns into a
new regime called either “microarc oxidation (MAQO)” or “plasma electrolytic oxidation
(PEO)” under the effect of sparking discharges [23-24]. Thus, the high temperatures reached
in the plasma promote the growth of ceramic oxide phases [25], forming a mesoporous
network due to the presence of discharge channels through the coating. The nature of the
electrolyte and the electric parameters of the process may be optimized to modulate the
porosity and the composition of the coatings, resulting in an enhancement of the corrosion
properties [26-29]. As for anodizing in acidic media, microarc oxidation of silicon-containing
aluminium alloys has been subject to few investigations [30-33].

As explained above, both the substrate heterogeneities and the anodizing mechanisms may
contribute to the formation of morphological defects in the oxide coatings and the post-
treatment by a impregnation in a sealing solution is often necessary to improve the anti-
corrosion performance [34]. Various components have been identified as an efficient way to
clog the porosities and provide anticorrosion protection [35-36], for instance nickel salts [34-
37], rare-earth metallic cations [38], silicates [39], fluorometallate salts associated to Cr(I1I)
salts [40-41] or organic compounds [42] and specifically long-chain carboxylate salts [43].

In the present work, the anticorrosion efficiency of coatings elaborated either by sulfuric
anodizing or by microarc oxidation on AS12 alloys are evaluated comparatively by Salt Spray
Test (SST) and Electrochemical Impedance Spectroscopy (EIS) measurements. The potential

enhancement provided by a post-impregnation in a sodium decanoate sealing solution is



assessed as well. The corrosion and protection mechanisms are highlighted based on a fine
microscopic and electrochemical description of the anodic layers elaboration and of the

coated (and uncoated) materials degradation.

2. Materials and methods

Starting material

Cast plates (100 mm x 100 mm x 8 mm) of silicon-rich foundry aluminium alloy AS12 were
provided by ECAST company (Sfax, Tunisia). The nominal composition was verified locally
at some points by optical emission spectrometry and corresponds to the standardized norm of
the AS12 alloy given in Table 1. As already described elsewhere [44] (and confirmed by the
numerous cross-section observations of the substrate in the present work), the starting alloy
mainly consists of an a-aluminium matrix (containing 1.0 £ 0.2 wt.% of silicon) in which
pure silicon lamella (length 10-50 um, width 2—5 pum) are homogeneously dispersed.
Intermetallic particles are present as well, containing iron, manganese and silicon

(Ali5(Fe,Mn)3Siz [45]).

Table 1. Nominal composition of AS12 alloy (standardized norm)

Element Al Si Fe Mn Cu Mg Ni Zn Pb Sn Ti

wt.% 85-86.5 12-13 0.5-0.8 0.3-045 <0.1 <0.1 <0.1 <0.15 <0.1 <0.05 <0.15

Samples were prepared by cutting and milling initial plates until 50 mm x 30 mm x 4 mm or
100 mm x 30 mm x 4 mm for further sulfuric anodizing or microarc oxidation respectively.
Before surface treatment, the samples were mechanically abraded with SiC papers then
polished with a colloidal silica formulation, and finally cleaned with ethanol, rinsed with

water and dried with hot air steam.

Surface treatments
Sulfuric anodizing was performed in HoSO4 1 M, in a 1 L glass beaker in which the sample

was connected as an anode (20 cm? immersed) and placed between two initially etched



titanium cathodes (total of 80 cm? immersed) with an inter-electrode distance fixed at 4 cm.
The temperature was maintained at 23 °C. The experiments were carried out by using a DC
power supply from Micronics Systems (max 300 V, 10 A) with an integrated data acquisition
system.

Microarc oxidation was performed in an alkaline medium composed of KOH 0.0025 M +
NaxSiO3 0.01 M + KF 0.001 M. Actually, fluorides and silicates added to the electrolytic bath
are known to reinforce the resisting properties of the anodic layer, favouring the initiation of
the microarc regime [44]. In a 8 L electrochemical set-up, 45 cm? of the AS12 sample were
immersed between two initially etched titanium electrodes (total area 800 cm?), with an inter-
electrode distance fixed at 7 cm. The temperature was maintained around 15 °C thanks to an
electrolyte recicrculation system through a plate exchanger cooled by refrigeration unit
(Julabo FL4003). The experiments were carried out by using a pulsed power supply from
Micronics Systems (max + 950 V, + 10 A, 25 Hz). The set-up was connected to a data
acquisition system (SEFRAM DAS30) via an amperometric clamp (Chauvin Arnoux E6N
CVHI1-100) and a differential probe (Elditest GE8115).

For both considered surface treatments, the first experiment consisted in a potentiodynamic
scan, performed at 6 V min’! in sulfuric acid and 10 V min’! in the alkaline medium. From
these electrochemical investigations, the surface treatment parameters were chosen, namely
15 V in sulfuric acid and a square signal + 100 mA cm2,100 ms / - 100 mA c¢cm™,100 ms for
microarc oxidation. After a kinetic study (thickness evaluation by optical microscopy), the
duration of both treatments was adjusted in order to get comparable results with a similar
anodic layer thickness of 15 um. The duration of sulfuric anodizing was set at 70 minutes and
the duration of microarc oxidation was set at 20 minutes.

The 15 um thick anodic layers were then impregnated during 30 minutes in a so-called

“sealing solution” containing sodium decanoate (CH3(CH2)sCOONa) with a concentration of



0.01 M. The temperature was fixed to S0°C and the pH to 8.5. Actually, the ten carbons
contained in the chain of decanoate are expected to be a good compromise to provide a good
corrosion resistance improvement [42-43], while their solubility in the sealing solution has
been observed over long periods.

Morphology and composition characterizations

Surfaces were investigated by scanning electron microscopy (SEM) (HITACHI S4800 field
effect apparatus), by using very low acceleration voltage (1 to 3 kV in order to be sensitive to
the extreme surface. The observations were realized after a fine gold plating through round
grids serving as masks. The aim of this operation is to ensure a better electrical conductivity
of the anodized surfaces while leaving accessible areas with pores not sealed by the
metallization. Cross-sections were characterized as well. They were first observed by optical
microscopy in order to estimate the average thickness and dispersion around this average
thanks to twenty thickness values measured statistically and regularly spaced. Moreover,
morphology and composition were in field effect scanning electronic microscope (JEOL
J7600F) by combining backscattered electron imagery and energy dispersive X-ray

spectrometry (EDS) at an acceleration voltage of 15 kV.

Corrosion resistance

Comparative corrosion resistance investigations of the AS12 treated samples and the
untreated alloy were performed, using electrochemical methods on the one hand
(electrochemical impedance spectroscopy EIS) and non-electrochemical characterizations
(salt spray test SST) on the other hand.

EIS measurements were recorded with a Gamry ref 600 potentiostat in a three-electrodes cell
in a NaCl 0.1 M corrosive medium. The samples were set horizontally at the bottom of the

cell (0.5 cm?), facing to a reference calomel electrode and a platinum grid counter electrode (5



cm?). Electrochemical impedance spectra were recorded after 6 hours of immersion over the
frequency range 10° Hz to 5 10 Hz with 20 mV of amplitude modulation.

SST was performed on large samples (100 mm x 30 mm x 4 mm) in a climatic chamber
(VLM CCT 400 FLI) according to the ASTM B117 standard method consisting of a
continuous pulverization of a corrosive NaCl 50 g L'! solution at a 35°C fixed temperature.
The samples were regularly visually observed and cross section investigations were
performed after 240 hours of exposure in a scanning electron microscope (JEOL JSM 6010-

LA).

3. Results
Anodic layers formation and sealing

The growth of the anodic layers is illustrated in Figures 1-3 in sulfuric medium and Figures 4-
6 in alkaline medium. The effect of sealing on both kind of anodic layers is given
comparatively on the surface observations, respectively in Figure 3 and 6.

Figure 1 describes the electrochemical behavior of AS12 corresponding to sulfuric anodizing
process in H2SO4 1 M. The potentiodynamic scan, illustrated in Figure 1a, reveals different
steps over the considered range and limits the anodizing voltage at 25 V. Indeed, beyond this
threshold, the current density shows a sharp increase, corresponding to water oxidation under
the effect of the electric field at this voltage, as already observed [46- 47]. Below the voltage
of this dielectric breakthrough, the passivation range seems to be interrupted around 5 V by an
anodic peak and may be divided into two passivation stages with a transition around 20 V. If
the anodic peak is known to be associated to the dissolution of copper rich intermetallic
particles, the electrochemical transition could be linked to the specific passive electrochemical
behavior of silicon in sulfuric acid. Considering the overall electrochemical behavior of AS12
(Figure 1a), 15 V was chosen to perform potentiostatic anodizing, in order to favor the

oxidation of the copper rich intermetallic particles while avoiding the burning phenomenon



closed to the anodizing range limit . The recorded current density over treatment time is
represented in Figure 1b and stabilizes around 5 mA cm after only three minutes of
treatment, which corroborates the order of magnitude of the current density at 15 V recorded

in the potentiodynamic scan (Figure 1a).
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Figure 1. Electrochemical investigation of the sulfuric anodizing process (H>SO4 1 M): (a)

potentiodynamic scan (6 V min™') over the range 0-27 V; (b) current density over time during

an anodizing carried out at 15 V.

The characteristics of the anodic layer grown at 15 V are detailed in Figure 2. Regarding the
average thickness, it seems to evolve linearly with anodizing time, as suggested in Figure 2a,
with a growth rate around 0.16 pm min™'. However, due to the inhomogeneities inside the
layer, the thickness exhibits a significant dispersion around the average value. The internal
morphology and composition of the layer grown in 90 minutes may be detailed thanks to the
SEM cross-section observation depicted in Figure 2b, supplemented by EDX punctual
analyses. The anodic layer actually consists of an aluminium oxide matrix, formed over the
substrate aluminium matrix, in which the metallic silicon lamella from the substrate are
embedded. The Pilling-Bedworth ratio relative to the formation of an anodic layer on an
aluminium substrate in the present experimental conditions (electrolyte nature, concentration,
temperature, voltage) may be estimated in the range 1.3-1.4 [48]. Therefore, silicon lamella
entrapped in the coating induce high stress within the anodic layer which results in horizontal
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cracking of these metallic parts. Actually, macro-defects generated in the anodic layers grown
on aluminium alloys may result from different phenomena, namely high porosity, dissolution
of precipitated intermetallic phases, selective anodizing of aluminium over intermetallic
phases, embedding of small size oxidized intermetallic phases within the alumina anodic
layer, embedding of metallic or intermetallic phases within the alumina anodic layer, different
thermal expansion coefficients in the coating and in the substrate [11-16, 46]. All these
configurations may lead to mechanical stress inside the alumina anodic layer and may result

in the formation of cracks, with various orientations depending on the macro-defects.
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Figure 2. (a) Growth kinetics of the anodic layer in H>SO4 1 M at 15 V (average thickness

evaluated by optical microscopy); (b) SEM cross-section observation after 90 min of sulfuric

anodizing.

As revealed in Figure 3a, the morphology of the anodic layer observed on surface over the a-
aluminium matrix (containing 1 wt.% of silicon) is similar to what is usually obtained in
H>SO4 2M on low alloyed aluminium substrates after anodizing in sulfuric acid [46].
However, the classic alumina nanoporous structure is broken up by through-silicon as shown
in Figure 1c, leading to the presence of open spaces between the alumina network and the

silicon metallic lamella. The effect of the impregnation in the sealing solution, presented in
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Figures 3b and Figure 3d seems to be slight: a very thin, local and partial covering of the
alumina nanostructure may be deduced from the observation sensitive to the extreme surface
(Figure 3b), and the spaces between the alumina network and the silicon particles seems to be

reduced (Figure 3d).

(b)

(d)
Figure 3. SEM surface observation (a) (c) after 90 min of sulfuric anodizing (H>SO4 1 M, 15

V); (b) (d) followed by 15 min of impregnation in a sealing solution (CH3(CH2)sCOONa 0.01

M, 50°C).

The electrochemical conditions to get a 15-um thick coating in microarc oxidation differs
from the conditions applied in sulfuric medium, since the electrochemical behaviour of the
substrate in an alkaline medium is different (Figure 4a). Indeed, AS12 substrate exhibits a
passivation/anodizing range until about 450 V with an anodic current density remaining
relatively low over this large range thanks to a judicious choice of the electrolytic
composition [44]. Therefore, the microarc oxidation regime may be reached since the

11



breakdown potential and the initiation of the sparks occurs around 350 V, namely the voltage
of sparking initiation observed on pure aluminium. The formation of the microarc coating
was then achieved by using a bipolar pulsed signal under current control in order to optimize
the morphology [27, 49-50]. A typical part of the applied (current density) and recorded
(voltage) electrical signals is represented in Figure 4b over 4 periods. During the anodic
stages performed at +100 mA cm, the voltage stabilizes around 500 V consistently with the
potentiodynamic curve (Figure 4a), which induces the growth of an anodic layer under a
microarc oxidation regime. Since the cathodic stages do not contribute directly to the
formation of the anodic layer, they are not fundamentally investigated in the current paper via
cathodic potentiodynamic scan. However, these cathodic stages are known to be crucial to
favour a compact morphology of the anodic layer via various cathodic electrochemical

mechanisms still in discussion in the literature [51].
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Figure 4. Electrochemical investigation of the microarc oxidation process (KOH 0.0025 M +
Na;Si03 0.01 M + KF 0.001 M): (a) anodic potentiodynamic scan (10 V min!) over the range
0-500 V; (b) voltage over 4 periods during a microarc oxidation carried out with a pulsed

signal (+ 100 mA cm, 100 ms / - 100 mA cm2, 100 ms).

The growth rate of the anodic layer is constant with oxidation time, in the order of 2.1 um

min™! (Figure 5a). As referred elsewhere [30-33, 44], SEM cross section observations (Figure

12



5b) coupled with EDX punctual analyses have revealed that both the aluminium matrix and
the silicon lamella embedded in the substrate are oxidized, respectively into alumina and
silica in the inner part of the microarc layer, while the intermetallic particles are dealloyed and
covered by alumina. From the morphological point of view, discharge channels, specific of
the microarc process, are obvious through the layer viewed in cross-section (Figure 5b) and
result in a typical island-like morphology in surface (Figure 6a). The corresponding
micrometric holes in surface do not seem to be covered after impregnation in the sealing

solution (Figure 6b).
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Figure 5. (a) Growth kinetics of the anodic layer in KOH 0.0025 M + Na>SiO3 0.01 M + KF
0.001 M with a pulsed signal (+ 100 mA cm™, 100 ms / - 100 mA cm, 100 ms); (b) SEM

cross-section observation after 70 min of microarc oxidation.
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(a)

(b)

Figure 6. SEM surface observation (a) after 70 min of microarc anodizing (KOH 0.0025 M +

Na»Si03 0.01 M + KF 0.001 M, pulsed signal + 100 mA cm™, 100 ms / - 100 mA cm2, 100

ms); (b) followed by 15 min of impregnation in a sealing solution (CH3(CH2)sCOONa 0.01

M, 50°C).

Evaluation of the corrosion resistance

The corrosion resistance of the alloys, treated either by sulfuric anodizing or microarc

oxidation, followed or not by impregnation in sodium decanoate, is evaluated by EIS

performed in NaCl 0.1 M (Figure 7) and by exposure to a neutral SST (Figure 8). All the

results are compared with the behaviour of untreated samples.
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Figure 7. Bode representations ((a)(b) modulus ; (c)(d) phase) of the electrochemical

impedance spectra recorded after 6 hours of immersion in NaCl 0.1 M on AS12 (a)(c)

untreated, after 90 min of sulfuric anodizing (H2SO4 1 M, 15 V), then 15 min of impregnation
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in a sealing solution (CH3(CH2)sCOONa 0.01 M, 50°C) ; (b)(d) untreated, after 70 min of
microarc oxidation (KOH 0.0025 M + Na;SiO3 0.01 M + KF 0.001 M, pulsed signal + 100
mA cm2, 100 ms / - 100 mA cm™, 100 ms), then 15 min of impregnation in a sealing solution

(CH3(CH2)sCOONa 0.01 M, 50°C).

Regarding the electrochemical results on the untreated sample (Figure 7), the recorded
impedance spectra obviously exhibit one time-constant with a characteristic frequency around
10! Hz, taking both the charge transfer resistance and the double layer capacitance at the
electrolyte / substrate interface into account. Moreover, at frequencies lower than 107! Hz, the
signal turns unstable (Figure 7¢), which is likely correlated with a pitting phenomenon.
Besides, the phase of the complex impedance gets a positive value, which may be attributed
to the adsorption of ionic species overall the electroactive surface, for instance chloride anions
which are involved in the pitting of aluminium alloys. In the case of treated samples, either by
sulfuric anodizing (Figures 7a and Figure 7c) or microarc oxidation (Figure 7b and Figure
7d), the impedance spectra clearly show two time constants: one has a characteristic
frequency in the range 10°-10* Hz, the second has a characteristic frequency in the range 107!
—10°. A special attention should be paid to the very low frequency range, especially on the
impedance phases (Figures 7c and Figure 7d). Indeed, while the impedance phase remains
noisy for the sample anodized in sulfuric acid (even after impregnation in the sealing
solution), revealing a sensitivity to the pitting corrosion, the signal becomes smooth after
microarc oxidation.

As indicated qualitatively by the electrochemical results (Figure 7) and confirmed by the
observations made after exposure to SST (Figure 8), the main corrosion phenomena occurring
in concentrated salty solutions are mainly localized which makes tricky any quantitative
interpretation of the data by the means of an equivalent electrical model. Therefore, in order

to compare the effect of the two treatments and highlight the potential impact of the sealing,
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an improvement factor I has been defined [40], based on the damage factor described for
protective coatings [52]. Actually, for a fixed frequency f, Iris defined by:

|1Z reatedl
If _ lOg reated|f
|Zuntreated |f
where |Zuntreated|r corresponds to the impedance modulus recorded at the frequency f on the
untreated AS12 alloy and |Zyeated|r corresponds to the impedance modulus recorded at the
frequency fon a treated AS12 alloy, whatever the considered treatment: sulfuric anodizing,
microarc oxidation, eventually followed by a sealing post-impregnation. In order to
investigate qualitatively the corrosion resistance of the samples, two frequencies have been
chosen as representative of the both electrochemical constants namely 10° Hz and 10 Hz.

The calculated improvement factors are gathered in the Table 2.

Table 2. Improvement factor I

Sulfuric anodizing Pulsed MAO

/ + sealing / + sealing
Li03Hz 0.2 1.3 0.8 1.4
L1020z 0.1 0.5 -0.1 -0.2

According to these values, sulfuric anodizing seems to have no meaningful influence on the

impedance modulus recorded at 10° or 10 Hz, while microarc oxidation significantly
improves the value at 10° Hz. The sealing even slightly enhances I03n, after microarc

oxidation but greatly increases I103n, after sulfuric anodizing. Finally, Ii03u, reaches the same

level after oxide formation followed by sealing, whatever the treatment for oxide growth.

Furthermore, 110-24,, unchanged after oxide formation by both treatments, is slightly enhanced

by the sealing post-treatment only after sulfuric anodizing.

The electrochemical results described above (Figure 7, table 2) are compared with visual
observations after accelerated corrosion tests performed in a salt spray chamber (Figure 8). As

revealed in Figure 8ai, the untreated sample exhibits numerous and large corrosion marks
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early, from 6 hours of exposure. The early start of the corrosion is obvious as well on the
sample treated by sulfuric anodizing (Figure 8b;), with a generalized process overall the
surface even if the corrosion marks remain smaller than on the untreated sample. Regarding
the sample treated by microarc oxidation, it seems to be intact after 6 hours in the SST
chamber (Figure 8ci). Actually, small and localized (but numerous) corrosion tracks finally
appear, as revealed by the observation made after 240 hours of exposure to SST (Figure 8c¢»)
but the level of attack remains largely reduced compared with the entire damage of the surface
undergone by the untreated sample (Figure 8a) and the anodized one (Figure b>): in these two
last cases, the all surface is covered by large corrosion marks. The post-impregnation in the
sealing solution clearly brings a significant enhancement of the corrosion resistance of both
samples covered by an anodic layer: the level of deterioration is greatly reduced on the sample
anodized in sulfuric acid (Figure 8bs), and only a few pits remain on the surface treated by

microarc oxidation followed by a sealing treatment (Figure 8c3).

(c3)
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Figure 8. Visual observation of AS12 samples exposed to neutral SST: untreated after (a1) 6
H; (az) 240 H ; anodized in sulfuric acid after (b1) 6 H ; (b2) 240 H ; (b3) anodized in sulfuric
acid then impregnated in a sealing solution, after 240 H ; treated by microarc oxidation after

(c1) 6 H; (c2) 240 H ; (c3) treated by microarc oxidation then impregnated in a sealing

solution, after 240 H.

The corrosion mechanims after 240 hours of exposure are highlighted at the microscopic level
on cross sections (Figure 9). On the untreated sample (Figure 9a), the corrosion is
characterized by the superficial oxidation of the substrate (left side of the picture), locally
turning into the formation of a spherical pit (middle of the picture) with a depth in the range
of 100 um. The deposit of corrosion products is obvious outside the pit (right side of the
picture). Actually, as revealed by the contrasts and confirmed by EDX punctual analyses, the
corrosion of the substrate consists in the oxidation of the aluminium matrix while the
numerous silicon lamella and the few intermetallic particles remain metallic. The corrosion
process is then mainly driven by the galvanic coupling on the surface between the aluminium-
rich matrix and silicon lamella. In the cases of samples initially covered by an anodic layer,
either grown by anodizing in sulfuric acid (Figure 9b) or by microarc oxidation (Figure 9c),
the initiation of the observed pits, underneath the 15 pm-thick coating, seems to be more
localized than on the untreated sample. The resulting pits are therefore narrower on the
surface. However, while the depth of the pits formed under the microarc coating (Figure 9c)
seems to be reduced in comparison with the untreated sample, the pits formed under the

anodic layer are very deep (Figure 9b), several hundreds of microns.




(a) (b) (c)
Figure 9. SEM cross section observation after 240 H of exposure to neutral SST of AS12
samples (a) untreated; (b) anodized in sulfuric acid (H2SO4 1 M, 15 V, 90 min); (c) treated by
microarc oxidation (KOH 0.0025 M + Na;SiO3 0.01 M + KF 0.001 M, 70 min of pulsed

signal + 100 mA cm™, 100 ms / - 100 mA cm, 100 ms).

4. Discussion

Both sulfuric anodizing and microarc treatments applied to AS12 alloy lead to cracked anodic
layers, with a main difference lying in the localization of defects. For sulfuric anodizing, the
cracks are localized in the interspaces between alumina and silicon in the oxide or in the
neighborhood of the silicon lamella, forming easy paths for the electrolyte from the outside
environment to the substrate. In the case of microarc oxidation, some cracks cross the coating
as well, due to the plasma discharges forming channels, exclusively localized over the
aluminium matrix and not on the silicon phase [32]. The location of the cracks is then a key
point regarding the corrosion resistance mechanism and performance. Actually, the main
corrosion mechanism undergone by AS12 alloys is galvanic coupling between aluminium and
silicon, inducing the preferential corrosion of aluminium around the silicon lamella. Therefore,
in the case of sulfuric anodizing, since the access of the electrolyte to the substrate is mainly
localized in the vicinity of silicon particles, the pitting initiation is promoted as it is consistently
observed by early degradation in the salt spray chamber and by the noisy electrochemical
impedance signal at very low frequencies. The number of pits initiated very early in the
degradation process is very high as observed after only 6 hours of exposure to the salt spray
chamber but, since the aluminaium matrix is covered by the anodic layer, the pits do not extend

over the surface and keep a limited diameter at the beginning of the process. However, this
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surface confinement hides a very high activity in the depth and the propagation of the pits
towards the substrate core is much more severe underneath the sulfuric anodized coatings than
under the untreated surface, as revealed by the cross sections realized after the accelerated
degradation in the salt spray chamber. Regarding microarc oxidation, thanks to the localization
of the discharge channels only over the aluminium matrix, the galvanic coupling is greatly
avoided. This results in a large reduction of the pits when the sample are exposed to the salt
spray chamber. Finally, by considering only corrosion properties, microarc oxidation carried
out in alkaline medium provides a better resistance than sulfuric anodizing, without any sealing
post-treatment. However, not only the corrosion resistance needs to be considered. Further
properties such as wear reinforcement for instance (provided by the formation of ceramic-like
phases under the effect of sparks), suitability for further paint treatment, as well as process
consideration such energetic consumption, toxicity of the electrolytic bath, may guide the final
choice in a global lifecycle assessment.

For both oxide layers, the post-impregnation in the sodium decanoate solution has a beneficial
effect, more significant on samples anodized in sulfuric acid. In the case of long-chain
carboxylates used in sealing solutions for porous alumina layers, the main reaction involved is
the adsorption of the carboxylates on the alumina surface. Then, two aspects must be considered:
the binding energy within the formed surface complex, related to the affinity between the
decanoate and the compounds in surface, as well as the limitation of the ionic diffusion in the
porosities governed their size and morphology. Actually, the alumina walls formed in sulfuric
acid are positively charged and sulfates are adsorbed. The binding energy being stronger
between alumina and carboxylates than between alumina and sulfates, a
desorption/readsorption mechanism occurs during the sealing treatment leading to the
formation of stable complexes on the surface of alumina. The carboxylates may adsorb on

silicon nanopoarticles as well. Ceramic alumina (and aluminosilicates) formed by microarc
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oxidation is less reactive and the adsorption of carboxylates in surface is less favoured.
Moreover, since the electrolytic paths between the nanoporous alumina and the silicon
nanoparticles resulting from sulfuric anodizing, are thinner than the discharge channels created
by microarc oxidation, the diffusion limitation thanks to the formed hydrophobic complex is
more efficient after the sealing of layer grown by sulfuric anodizing.

For such defective anodic layer and such localized corrosion phenomena mainly driven by
galvanic coupling under the anodic layer, the exploitation of the EIS results remains tricky
and providing mechanistic interpretations is hazardous. However, based on the comparison
between EIS measurements and observations after exposure in the salt spray chamber of the
different configurations investigated in the present paper, it seems that the value of the
impedance modulus in the middle range of frequency (more specifically, its enhancement
regarding an untreated sample) represents a more reliable indicator of the pitting corrosion
resistance than the impedance modulus at low frequency which is usually used for estimating

the barrier efficiency of organic coatings.

5. Conclusion

The corrosion sensitivity of AS12 alloys is mainly driven by the galvanic coupling between
the a-aluminium matrix and the silicon lamella dispersed within. Usual protection brought to
aluminum alloys by sulfuric anodizing is not efficient since preferential electrolytic paths are
created in the coating in the interspaces between alumina and silicon remaining under metallic
form. Instead, the corrosion resistance may be largely enhanced by microarc oxidation. The
post-impregnation of the coated materials in a sodium decanoate sealing solution shows a real
improvement in both cases and the corrosion marks may even be limited to a few pits after
240 hours of SST when post-impregnation is performed after microarc oxidation of AS12

substrate.
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