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Abstract: In this research work, a preliminary potentiodynamic polarization performance testing was
carried out on a new environmentally friendly proposed composite coating. The proposed composite
coating was developed by: (a) hot sulfuric anodizing to produce an Al2O3 conversion film followed
by an (b) organic electrodeposited chitosan–sodium alginate blended film. Posteriorly, the conversion
and organic films were microstructurally characterized by scanning electron microscopy. Finally, the
polarization resistance technique was used to measure the corrosion resistance of the uncoated and
coated AA6063 alloy in a simulated marine environment and the polarization tests were compared to
samples immersed during 30 days in same electrolyte solution. The obtained inhibition corrosion
efficiency of the proposed coating system was measured comparing the Rp of the uncoated alloy to the
coated samples, showing an efficiency about 99% for a 3% NaCl electrolyte for some of the samples.
Therefore, the experimental results obtained during this research demonstrates the feasibility of using
the developed anticorrosive composite coating to protect aluminum alloys against chloride corrosive
ions species and to further continue with the corresponding research.

Keywords: organic coatings; electrophoretic deposition; potentiodynamic polarization resistance

1. Introduction

In the last few years, research, development, and usage of new materials and low weight classical
materials has increased dramatically, as a consequence of the environmental and economic risks of
the modern world [1–3]. However, the production of high strength materials have faced several
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materials performance issues such as corrosion susceptibility derived from the mechanical properties
increase [4–6]. These mechanical properties are controlled by designed thermomechanical processing.
In this context, recent investigations have been focusing on the development of protective coatings
against environmental factors that produce corrosion of aluminum alloys [7,8]. The most used
technology is based on a coating system, which consists of a minimum of three separated deposits.
The deposit of a chromate conversion coating (<10–60 nm) is usually carcinogenic [9]. The principal
function of the conversion coating is to improve the adhesion properties between the substrate and the
primer along with corrosion protection, which may be low compared to the primer layer [10]. The
second deposit (primer between 5 and 200 µm in thickness) is usually a pigmented organic resin matrix
and has been designed and developed as the principal corrosion protective deposit for engineering
coatings. Finally, the top coat is the main barrier against environmental factors, and it is commonly
fabricated using a polyurethane resin and its thickness range is about 50–200 µm [11,12].

For practical engineering applications, the conversion and primer films may contain inhibiting
compounds that have hexavalent chromium to prevent corrosion, which is highly toxic. In this research
work, a composite coating that is made up of a conversion coating of alumina obtained by hot sulfuric
anodization, and chitosan/sodium-alginate electrophoretic composite primer film deposition was
developed in order to overcome the environmental and human health risks [13,14]. Alginic acid,
alginates and chitosan are natural biodegradable, biocompatible, non-toxic, and low-cost polymers,
which have been used in several biomedical applications, such as surface modification on biomedical
implants and for drug encapsulation, enzyme and cells; also used for corrosion inhibition [15–20].
Several researchers have developed methodologies to produce anticorrosive coatings for engineering
applications taking advantage of the aforementioned properties of alginates and chitosan [20–23].
Notably, the worldwide cost of corrosion has been estimated to be nearly $300 billion per year [24].
Recent studies on self-healing polymers, including the combination of alginates and chitosan have
demonstrated capabilities for repairing bulk materials because of the mechanical and corrosion
damage, as well as a dramatic increase in the fatigue life [25,26]. It is well-known that the interest
in chitosan-based coatings had their beginnings in the biomedical industry [27,28], in the search for
biocompatible coatings that among many of its properties, its biocidal and anti-corrosive effects were
of great interest to various researchers. As an example, there are several works reported about the
fabrication of hydroxyapatite (HA)-chitosan coatings [29–31] that promotes bone restoration, but
very good corrosion protection, most often applied on titanium and stainless-steel alloys. Since
those early beginnings on the chitosan use as protective coatings, researchers and scientists have
transferred research in coatings based on chitosan or other polymers such as sodium alginate to
engineering applications [19,22,32,33]. Further discussion regarding chitosan, sodium alginate and its
blending effect insights as a protective coating is presented in Section 3.5. Therefore, the coating system
designed and developed in this work seeks to obtain a composite coating for engineering applications,
specifically for the marine and automotive industries, and the potentiodynamic polarization resistance
was assessed to demonstrate the potential application of the proposed coating system and that further
characterization and research has to be performed.

2. Experimental Methodology

A set of eight samples were obtained from an AA6063-T5 plate 6 mm thick, later the coupons
were prepared by conventional metallographic methods to obtain a mirror-like surface. The roughing
was carried out with sandpapers with grit sizes from 600 to 2000. Then, the samples were cleansed
by immersion into a 5-wt. percentage NaOH solution at 40 ◦C for 3 min, and then rinsed in distilled
water. This methodology is the most used for producing clean whitish etch because of low cost [34].
Afterwards, the samples were anodized and the electrodeposition of the organic coating was performed.
The corresponding procedures are described below in Sections 2.1–2.3.

The coupons were used in this research work in order to assess the corrosion performance of
a composite coating system (inorganic-organic film) consisting on Al2O3/chitosan-sodium alginate.
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Samples were tested for corrosion in a corrosive solution of three wt. percentage NaCl, which simulates
an aggressive marine environment. The chemical composition of the aluminum AA6063 aluminum
alloy plate was obtained by the energy dispersive spectroscopy (EDS), was the following: Al-98.40%,
Fe-0.27%, Mg-0.89%, Mn-0.1%, and Si-0.45%; all concentrations are expressed in weight percentage.
Table 1 shows the name of the sample and the treatment performed on it.

Table 1. Studied coating systems.

Sample Coating

Al-6063 Uncoated
Al-6063(1) Anodized

Al-6063/chitosan Chitosan
Al-6063(1)/chitosan Anodized and chitosan

Al-6063(1)/Q-1 Anodized and chitosan-sodium alginate (using solution Q-1)
Al-6063(1)/Q-2 Anodized and chitosan-sodium alginate (using solution Q-2)
Al-6063(1)/Q-3 Anodized and chitosan-sodium alginate (using solution Q-3)

2.1. Preparation of the Anodizing Electrolyte Solution and Description of the Anodizing Procedure

It is well-known that to produce a conversion coating (Al2O3) for industrial applications, a sulfuric
acid strength ranging from 8% up to 35% by weight is used. It has been reported [34] that the films
produced in strong solutions tend to be more porous, softer, and more flexible than those produced in
weak ones. A good general-purpose electrolyte is one having an acid strength of 20% by weight, as the
one selected in this work. In the present investigation, an anodizing bath temperature around 25 ◦C
was used, which is a common industrial practice. A Gophert CPS-3205 power supply source was used
to produce a constant current density flow for 30 min; a two electrodes electrochemical cell system (see
Figure 1) for the anodizing process was used, being the experimental aluminum samples the anode
and a graphite bar the cathode.

The experimental matrix to study the effect of the constant current on the conversion-oxide film
morphology is depicted in Table 2.
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Table 2. Constant current parameters for anodizing procedure.

Sample Current (A/cm2)

Al-AA6063 (1) 0.1
Al-AA6063 (2) 0.2

2.2. Preparation of the Polymeric Polyelectrolyte Solution

Once the anodized samples were dried (5 min), the electrophoretic deposition was performed as
described in Section 2.3. The polyelectrolyte solution was prepared by using 7.5 mL of glacial acetic
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acid (analytical grade) diluted in 724.5 mL of distilled water at room temperature, in order to obtain a
1.01% in volume electrolyte. Once the acetic acid electrolyte was prepared, 0.25 g of chitosan (Sigma
Aldrich medium molecular weight at 75–85% deacetylated) was added to 250 mL of the electrolyte
solution. The obtained solution was stirred at 700 rpm for 60 min with a cross geometry Teflon
magnetic stirrer. Once the chitosan was completely dissolved, 0.0625 g of sodium alginate (Sigma
Aldrich medium molecular weight) was slowly added and stirred at a rate of 950 rpm for 60 min. The
obtained solution was labeled as Q-1. From the procedure described above, it was observed that the
sodium alginate forms gel particles in the electrolyte solution at room temperature, which may be due
to the pH changes as reported elsewhere [35], and it is discussed in the results section. For this reason,
two more preparation procedures were proposed:

Q-2: Which involves homogenizing of solution Q-1 for 30 s, which was carried out in a Scilogex
homogenizer.
Q-3: Which involves filtration of solution Q-1 to eliminate the gel particles formed during agitation.

2.3. Polymeric Coating Electrodeposition Procedure

The anodization condition selected was 0.1A/cm2 for constant current, which was selected based
on the morphological characterization of the conversion film observed by SEM. After the samples were
anodized, the electrophoretic deposition of chitosan, and chitosan-sodium alginate composite coatings
were performed. The electrophoretic deposition of the composite films was performed at 0.01 A of
constant current for 3 min using a Gophert CPS-3205 power supply source from Gopher Technology
Co. in UK, using the same electrochemical cell as described in Section 2.1. The experimental matrix for
the electrophoretic deposition is described below and the experimental array for the electrophoretic
deposition is depicted in Figure 2.
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2.4. Scanning Electron Microscopy (SEM) Coating Characterization

The morphological characterization of the composite coating was carried out using a JSM 6610-LV
scanning electron microscope (SEM) from JEOL Ltd. Located in Musashino, Akishima, Tokyo 196-8558,
Japan. The SEM analysis was initiated with water removal from the environmental chamber to
eliminate possible frost formation on samples. The chamber was set to hold a vacuum and dry
ambient atmosphere. Operating conditions for the energy beam and probe current were 20 kV and 6
nA, respectively.

2.5. Potentiodynamic Polarization Resistance Tests

After the aluminum samples were anodized and electrophoretically coated, they were subjected
to electrochemical testing within a naturally aerated open purpose-built conventional cell, using
an experimental arrangement of three electrodes: graphite as auxiliary electrode, Ag/AgCl as
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reference electrode, and the aluminum samples as the working electrodes. In addition, an mSTAT 400
potentiostat/galvanostat from Dropsens was attached to the electrochemical cell for potentiodynamic
polarization testing. The test corrosive solution was 3 wt.% NaCl to simulate an aggressive marine
environment. One specimen per condition was tested at room temperature. The scanning parameters for
potentiodynamic polarization tests were from −1 to 1 V range with respect to the open-circuit potential
value, at 0.008 V/s sweep speed (Srate), with a step potential (Estep) of 0.001 V, at a preconditioned time
(tprecond) of 5 s.

The polarization resistance Rp at the tested experimental conditions was determined by means of
the DropView 8400 [36] software. The fitting of Tafel plots obtained by the DropView software allows
to determine the cathodic and anodic slopes (ba and bc), which allows to determine the corrosion
current density (icorr) and the polarization resistance Rp, also, the Stern and Geary [37,38] approach
was used to estimate the corrosion parameters of the studied systems. Then, the values obtained were
compared to those calculated using DropView 8400 software version 2.2 15B1204 (2015).

3. Results

When coatings for large areas or complex geometries are required, in order to produce thick and
thin films, the electrodeposition may be a preferable choice because of its relatively low costs and ease of
infrastructure [12]. When employing an electric field, it is possible to direct charged particles dispersed
in a liquid toward an electrode for the assembly of thin films. Chitosan is a cationic natural polymer that
carries positive charges with a molecular structure of (one and 4)-linked 2-amino-2-deoxy-β-d-glucan,
which has been successfully electrodeposited by Redepenning J. et al. [39].

3.1. Microstructural Characterization of Inorganic-Organic Composite Coatings

The anodic aluminum oxide (AAO) films were morphological characterized by SEM in order to
identify microscopic pores, cavities, and cracks, which may act as defects increasing the electrochemical
corrosion susceptibility. It is well-known that the corrosion resistance of anodized aluminum depends
on the layer thickness and on the final quality of the sealed surface [40]. Then, it is expected that one
of the main functions of the polymeric coating is to seal the surface, which increases the corrosion
resistance consequently. Figure 3a–c shows the anodic film at 0.1 A/cm2 for magnifications of 250×
(Figure 3a) and 1000× (Figure 3b); as can be seen, the anodic film is homogenous. However, at 5000×
a considerable space between the Al2O3 grains is observed, which may increase pitting corrosion
susceptibility. The estimated grain size in the AA6063 (1) sample is about 4 µm.
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Figure 3. (a) Anodic-aluminum-oxide (AAO) film obtained at 0.1 A/cm2 during 30 min of anodizing
time; (b) 1000×magnification of the AAO film; and (c) 5000×magnification of the AAO film, where a
granular morphology can be observed.

The micrographs depicted in Figure 4 correspond to the Al-6063 (2) sample AAO film, which
was produced by increasing the current density twice the value of the Al-AA6063 (1) sample. A less
homogeneous film can be observed at 1000× and 5000×magnifications (Figure 4a,b). The difference
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between the current density of 0.1 and 0.2 A/cm2 is that the pitting observed at 0.2 A/cm2 is more
severe and the electrolyte can infiltrate through the passive film, which may promote low adhesion of
the polymer to the substrate, and the corrosion products that have been obtained by the infiltration can
cause a low corrosion performance, hence the condition at 0.1 A/cm2 is considered.
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Figure 4. (a) Anodic-aluminum-oxide (AAO) film obtained at 0.2 A/cm2 during 30 min of anodizing
time; (b) 1000×magnification of the AAO film; and (c) 5000×magnification of the AAO film, which
exhibits a dendrite like growth.

By using an image analysis software, porous area was calculated for the uncoated alloy and the
further anodized 0.1 and 0.2 A/cm2 current density samples. Figure 5a–c shows the porous area. The
total area inspected was of 12,100 µm2 for 1kX magnification. Figure 5a depicts a porous area of
26.085%, while Figure 5b shows a porous area of 39.792%, and the Figure 5c shows a 72.313% porous
area. Based on the porous area results, as mentioned above, the 0.1 A/cm2 condition was selected to
achieve a linking interface, maintaining a larger nonporous area.
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It is important to mention that the chitosan, Q1 and Q2 samples showed a porous percentage
below 5%. In contrast the Q3 sample showed a mean porous percentage of 32%, depending on the
observed position on the sample area, since the porous on the film was not distributed homogenously.

After the application of the conversion coating, three samples of Al-6063(1) were subjected to the
electrophoretic deposition of the chitosan-sodium alginate solutions (Q-1, Q-2, and Q-3). In Figure 6a,b,
the obtained organic film using the Q-1 solution show several ramifications that seem to be affected by
the AAO film. The polymeric film obtained by the usage of Q-2 solution shows the absence of the
polymeric ramifications (Figure 6c,d). Both films obtained by Q-1 and Q-2 show a homogenous and
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constant coating. Lastly, the obtained Q-3 film (Figure 6e,f) shows several shattered bubbles on the
organic film because of the hydrogen evolution on the cathode during the electrophoretic deposition.

Finally, two control samples were prepared as described in the experimental methodology section,
which corresponds to Al-6063/chitosan (aluminum sample without conversion coating and only
chitosan organic film as seen in Figure 7a,b) and Al-6063 (1)/chitosan (aluminum sample with a coating
system of AAO and chitosan organic film).
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3.2. Corrosion Performance of Anodized and Coated Samples

Figure 8 illustrates the potentiodynamic polarization results of the aluminum-coated samples.
When compared to the substrate, the corrosion potential (Ecorr) of the coated samples shifted to a more
noble potential, which indicates a decrease in its corrosion susceptibility (see Table 3).
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Figure 8. Potentiodynamic polarization curves of AA6063 aluminum alloy as a function of
processing parameters.

Table 3. Potentiodynamic polarization parameters obtained after testing in 3% NaCl electrolyte.

Samples Ecorr (V) Icorr
(µA/cm2) ba (V/dec) bc (V/dec) B Rp (KOhm cm2)

Eq. x
Rp (KOhm cm2)

DropView
np
(%)

Al-6063 −1.397 22.36 0.11 0.45 38.38 1.717 1.693 —
Al-6063 (1) −1.291 5.46 0.05 0.27 18.32 3.357 3.128 86.53
Al-6063 (2) −1.365 7.96 0.071 0.44 26.55 3.334 3.359 32.11

Al-6063/chitosan −0.698 0.08 0.30 0.42 75.99 971.339 978.454
Al-6063

(1)/chitosan −1.34 2.09 0.08 0.37 28.56 13.697 13.132 81.83

Al-6063
(1)/Q-1 −1.145 0.23 0.22 0.33 57.32 253.546 254.557 99.01

Al-6063
(1)/Q-2 −1.192 0.18 0.22 0.39 61.08 334.804 336.806 98.95

Al-6063
(1)/Q-3 1.114 0.30 0.30 0.90 97.70 332.308 335.675 98.77

The potentiodynamic polarization curves comparison of the anodized samples and the untreated
Al-6063 depicted in the Figure 8, where the potential region for the cathodic branch of the untreated
aluminum alloy and anodized varies from −1.3 to −2.5 V and the open circuit potential is located
around −1.3 to −1.25 V. Besides, the cathodic branch of the depicted samples corresponds to the oxygen
reduction reaction. Furthermore, it can be seen that the decrease in the applied potential has negligible
effect on the reaction rate, and hence in the measured current.

The polarization behavior among the chitosan-coated sample (Al-AA6063/chitosan) exhibited
a cathodic passivation along with hydrogen evolution promoted by the chitosan, which shows
an unstable passivation behavior that is kinetically slow; and the anodized and chitosan coated
sample (Al-AA6063(1)/chitosan) exhibited similar Ecorr and lower Icorr values when compared to the
uncoated sample (see Figure 8). However, it can be noted that the cathodic and anodic branches
change significantly, indicating that the corrosion mechanism in the NaCl electrolyte is affected by the
hydrogen evolution reaction and the oxygen reduction reaction in the NaCl solution.

It is evident that the anodized and chitosan-coated sample exhibited the lowest corrosion protection
compared to the chitosan-sodium alginate coating because of the pitting potential of almost 0.0 V after
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passivation. It has been reported that the blending of the two polymers results in the spontaneous
formation of polyion complex (PIC) because of the occurrence of ionic crosslinking, which improves
specific properties such as structural strength thermal and mechanical stability along with corrosion
resistance improvement and self-healing properties, and also a swelling reduction [41]. Apparently, the
Al-AA6063(1)/Q-2 shows improved corrosion protection, since the pitting potential after passivation is
close to 0.0 V as mentioned above, which is a more positive pitting potential (noble) when compared to
the other samples.

According to Curioni and Scenini [42], during polarization in the presence of chlorides, anodic
current induces a rupture of the anodic oxide film, which is localized and promotes the formation of
an aluminum chloride film. Therefore, the anodic current may be close or far to the corrosion front.
Then, in the pre-corroded regions, where enrichment of nobler alloying elements as Al3+, will enhances
the cathodic activity promoting the bonds between the COO- and free Al3+, therefore inhibiting the
hydrogen evolution and preventing the corrosion.

On the other hand, the lone pairs of electrons of the –OH groups can be adsorbed on the anodic
sites of the metal surface via interaction with the vacant orbital of aluminum to inhibit the anodic
metal dissolution [43–45], which can be seen as the increasing passivation behavior observed in the
polarization curves depicted below (see Figure 9).
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Figure 9. Potentiodynamic polarization curves for the Al-6063 alloy and the Al2O3/chitosan-sodium
alginate.

3.3. Corrosion Protection Efficiency of the Inorganic-Organic Composite Coating

From potentiodynamic testing, it was found that the corrosion behavior of the aluminum, was in
good agreement with Fayomi et al. [46] findings, where a continuous dissolution can be observed for
the uncoated aluminum alloy in the 3% NaCl electrolyte and similar values for icorr, Ecorr, and Rp were
obtained, it is important to mention that the icorr value obtained by Fayomi et al. is in the order of 9.75
µA/cm2 or 9.75 × 10−6 A/cm2, which value is in accordance to this research work. Also, Fayomi et al.
reported a Rp of 1.54 KΩ·cm2, a similar value can be depicted at file one in Table 3 of this research work.
The inhibition efficiency of the Al2O3-chitosan-sodium alginate composite coating was estimated by
using Equation (1) [47]:

np(%) =

(
Icorr − I0

corr
Icorr

)
× 100 (1)

where Icorr and I0
corr are the corrosion current densities in the absence and presence of the composite

coating, respectively. The calculated values of coating corrosion inhibition efficiency are depicted in
Table 3.
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It is important to mention the methodology employed in this research work to calculate the
“polarization resistance,” considering that is not resistance in a common way as the name depicts. The
linear dependency of potential on current is due to the difference between two logarithmic functions of
current that approximates a linear function, only when the functions are from the same magnitude order.
Then, using the Stern and Geary [38] method to calculate the polarization resistance, which results
from the derivation of Equations (2) and (3) [37,38,48,49], but also can be observed experimentally and
was validated by Skold et al. [50],

Rp =
B

Icorr
=

∆E
∆i∆E→0

(2)

where B is the proportionality constant for the corrosion system and icorr is its corrosion current density
units in µA/cm2. The B constant can be calculated by Equation (3) empirically from the anodic and
cathodic slopes of the corresponding Tafel plot. The Tafel constants (ba and bc) are evaluated and
estimated trough experimentation or reported values for a given material system.

B =
babc

2.3(ba + bc)
(3)

The linear relation described by Equation (2) is dependent upon the independent beta values
from the individual anodic and cathodic polarization curves. This method has been used and reported
by several researchers [37,38,48–52] as a valid method to obtain the polarization resistance. The main
advantage of this methodology due to the potential range investigated is close the corrosion potential,
hence the applied currents are generally smaller than the corrosion current [48]. The mentioned early
states that the nature of the surface is not changed significantly, and that the reactions proceed during
polarization are those which occur during the corrosion process [48]. It is necessary to mention that
the above method is described to determine the polarization resistance, as a consequence, corrosion
rates cannot be considered a universal approach; however, there is sufficient basis in theory along with
extensive evidence that the technique can be useful to obtain information related to corrosion studies
and is being fully used in practice and investigation as well [37,48–50].

3.4. Corroded Surface Characterization after 30 Days Immersion in 3% NaCl

A set of samples which were anodized and coated with chitosan and sodium alginate corresponding
to the Q1, Q2, and Q3 electrolyte preparation of the polymeric coatings, were exposed to 3% NaCl
solution during a lapse of 30 days, in order to identify the corrosion mechanisms of the corresponding
coatings. As it is discussed in the Section 3.3 (Potentiodynamic performance), the observed corroded
surface morphologies correspond to the potentiodynamic performance, were the uncoated and the
anodized and chitosan coated samples showed the lowest corrosion protection, which can be seen in
Figures 10 and 11. In Figure 10, the observed corroded surface corresponds to a common behavior of
aluminum 6060 alloy, which at is corrosion initiation exhibits a continuous dissolution until pitting
starts and a stable pit growing phenomenon its observed, when observing Figure 10, it is clear that a
trench morphology because of severe pitting damage is not yet shown at 30 days of exposure. Figure 11
shows the paths where corrosion progresses on corroded surface of the aluminum alloy because of
pitting on preferential sites, after the infiltration of the corrosive electrolyte, the corrosion starts in
depth and later expands to the surface [53,54]. Although there is variation in the polarization resistance
from uncoated, anodized, and anodized-chitosan samples, this variation is minimal and does not
represent a significative change of polarization behavior, therefore, similar morphologies are observed.

When making a porous percentage area (due to pitting) calculation on the SEM images considering
a 12,100 µm2 at 1000×magnification, it can be observed that the uncoated and chitosan coated samples
exhibited an approximately 4.97% of its area with developed porous because of pitting corrosion, it is
important to mention that the Q3 sample exhibited an approximately 27.739% porous area, while Q1
and Q2 less than 0.442%. The obtained percentages are in good agreement, since Q3 exhibited a pitting
potential like uncoated sample in contrast to a 0.0 V approximately for Q1 and Q2.
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The Figures 11–13 show the corroded surface of the anodized and chitosan-sodium alginate
blended films on AA6063.
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As it was discussed above, the Q1 and Q2 coated samples exhibited a more noble pitting potential
up to 0.0 V. However, the Q3 condition exhibited a pitting potential similar to uncoated and chitosan
coated samples as seen in Figures 8 and 9, which is in good agreement with the potentiodynamic results
obtained and SEM morphology examination of Figures 10, 11 and 14 were similar morphological
aspects of corrodes surface is observed.
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3.5. Corrosion Mechanism Insights

It is evident that the anodized and chitosan coated sample exhibited the lowest corrosion protection
compared to the chitosan-sodium alginate coating because of the pitting potential of almost 0.0 V
after passivation. This has been achieved by blending sodium alginate onto chitosan to overcome
the disadvantage of the chitosan as well as to combine the good features of both homopolymers.
In literature, it is possible to find that the blending of the two polymers results in the spontaneous
formation of a polyion complex (PIC) due to ionic crosslinking, that improves specific properties such as
structural strength thermal and mechanical stability along with corrosion resistance improvement and
self-healing properties, and also reducing the swelling [41]. Seemingly, the Al-AA6063 (1)/Q-2 shows
improved corrosion protection, since the pitting potential after passivation is close to 0.0 V as mentioned
above, which is a more positive pitting potential (noble) when compared to the other samples.
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Results obtained show that further research must be carried on to elucidate if the corrosion
mechanism is a mixed one; since, it has been previously reported by several researchers that the
chitosan has the reactive amino and hydroxyl groups [55–58]. Also, it is well-known that the sodium
alginate exhibits excellent performance as a membrane material as well as the chitosan [59,60]. In this
research, alginate has been blended with chitosan as mentioned above. Several authors, have reported
that the polyelectrolytes prepared from chitosan and alginates show a crosslinking mechanism in
blended films (first inhibition mechanism), which has been characterized by X-ray diffraction [41,61,62],
the reported works deals with the intermolecular distances between the intersegmental chains after
crosslinking forming polyion complexes (PIC) and the change in the crystal structure [41]. Some
authors have also reported that the addition of acidic solutions aids in inducing the ion complexation
between the cationic and anodic groups of chitosan and sodium alginate respectively [41,63]; the
aforementioned discoveries are key to develop self-healing polymeric coatings, which are being studied
by the research team. As an insight based on the evidence found in the reported literature, the free
carboxylic groups of the alginic acid chains [64] are mostly present as carboxylates. Furthermore,
the amino groups of the chitosan are protonated; the latter assumptions are in good agreement with
Mikhailov et al. [65] and Wang et al. [35] discoveries.

The above, results in the formation of new salt bonds [43–45] that offers an increase in the
polarization resistance, which may lead to the possible self-healing mechanism because of the
crosslinking among chitosan and sodium alginate (first inhibition mechanism) as previously discussed.
This linkage was performed upon mixing the carboxyl residues of alginate and the amino groups
of chitosan ionically, which interacts to form the polyelectrolyte complex [66]. As discussed above,
the PIC is formed through ionic interactions between the oppositely charged carboxylates and the
amino groups, which typically forms an unordered polymeric network [67]. The formation of an
alginate-chitosan PIC is usually performed under a pH range between 3.5 up to 6.5, where both
polymers are soluble.

Hence, some of the carboxylates or amino groups are protonated and adsorbed on the cathodic
or anodic sites of the aluminum alloy, because of the formation of new salt bonds (second inhibition
mechanism); which inhibited the cathodic hydrogen evolution reaction as can be seen in Figure 15.Coatings 2019, 9, x FOR PEER REVIEW 14 of 18 
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• Finally, the anodized and chitosan-alginate coated samples exhibited a corrosion protection 
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in the spontaneous formation of polyion complex (PIC) because of the occurrence of ionic 
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Figure 15. Schematic representation of the second inhibition mechanism because of the formation
of salt bonds, which prevents the cathodic hydrogen evolution, when sodium alginate is used in the
developed coating.

The use of sodium alginate and chitosan as anticorrosive coatings is a consequence of an emerging
research field during the last few decades [68].

Also, it has been stated by Curioni and Scenini [42] that during polarization in the presence
of chlorides, the anodic current induces a rupture of the anodic oxide film, which is localized and
promotes the formation of an aluminum chloride film. This film is less stable when compared to the
Al2O3 film and usually not homogenous and provokes some regions of the aluminum surface to be
exposed directly to the electrolyte. The aforementioned process causes hydrogen evolution, or the
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film may be thin enough to allow electron tunneling that allows the evolution of hydrogen from the
film-solution interface (see Figure 15 hydrogen evolution). Therefore, the anodic current may be close
or far to the main corrosion front. Then, in the pre-corroded regions, due to the enrichment of nobler
alloying elements as Al3+, will enhance the cathodic activity that promotes bonding between the COO−

and free Al3+, then consequently, inhibiting the hydrogen evolution and preventing corrosion.
On the other hand, the lone pairs of electrons of the –OH groups can be adsorbed on the anodic sites

of the metal with the vacant orbital of aluminum, hence the inhibition of the anodic metal dissolution
is prevented [43–45], obtaining an increase of the passivation behavior, which can be observed in the
polarization curves depicted in Figure 9. It is evident that the information explained promotes that
further research may be carried out to clearly elucidate the corrosion protection mechanism.

4. Conclusions

The results of the present investigation demonstrate the feasibility of using the developed
anticorrosive composite coating system, composed of an inorganic interphase (Al2O3) and an organic
polymeric film, to protect aluminum alloys against chloride corrosive ions species. From the results of
potentiodynamic polarization and coating performance, it can be concluded that:

• The chitosan-coated sample exhibited the maximum polarization resistance; however, its corrosion
mechanism was a continuous dissolution without a noticeable passivation behavior as shown in
Figure 8 and described in Section 3.2.

• The anodized samples exhibited an almost negligible corrosion resistance improvement with an
unstable passivation behavior superior to the uncoated sample as can be seen in Figure 8 at a
current density range between 0.01 and 0.01 µA/cm2. Furthermore, the addition of the chitosan
film stabilized the passivation behavior of the anodized samples because of the sealing of the
alumina pores eliminating the chaotic behavior of anodized samples

• Finally, the anodized and chitosan-alginate coated samples exhibited a corrosion protection
efficiency above 99% and increased the pitting passivation potential up to 0.0 V as depicted in
Figure 9. The chitosan-alginate coated samples exhibited a passivation behavior in contrast to the
chitosan-coated sample, which may be due to the blending of the two polymers that results in the
spontaneous formation of polyion complex (PIC) because of the occurrence of ionic crosslinking
as explained is Section 3.5.

• The main corrosion mechanism proposed is that the protonated carboxylates and amino groups are
deposited on the cathodic or anodic sites, respectively during the deposition and potentiodynamic
polarization tests because of the Al3+ ions that enhances the cathodic activity.
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