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Abstract— Aluminum alloys have a considerable appeal for mechanical and building designers. This characteristic lies in the mechanical
and physicochemical properties of these alloys. Aluminum is often used in the anodized surface condition to impart pleasing aesthetics,
higher corrosion resistance, better scratch and wear resistance, and thus an improved value of the product. Anodization is commonly
produced by direct current (DC) that offers excellent protection against wear and corrosion. This work focuses on the surface condition of a
2030 aluminum alloy treated with chromium and sulfuric acid. Our goal is to understand what happens at the surface of the Al alloy after each
treatment (chromic anodizing, sulfo-chromic anodizing) using a structural characterization (MEB) that will be followed by electrochemical
characterization. The results obtained have shown the effectiveness of chromic anodizing, which gives rise to the formation of a thin layer
and offers excellent protection against corrosion. Chromic anodic oxidation protects an aluminum part by creating a layer of alumina Al,Os,
to give it anti-corrosion, decorative and heat resistance characteristics, as well as, any chromic acid residues do not attack the base material.

This is the opposite of sulfuric acid, which makes it an excellent pretreatment for aerospace parts.
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1. INTRODUCTION

Aluminum in its natural state is protected by a layer of
superficial alumina when it’s exposed to the atmosphere,
however, when the metal is exposed to a polar environment/
solvent (water or alcohol) or electrolyte solution (salt, acid or
alkalin dissolved in water) the surface of the metal acquires an
electric potential, which forces the metal ions to leave the
metal and move towards the solution as cations. This
phenomenon is the mechanism of corrosion of a metal in the
presence of electrolyte (seawater) (Laleh et al. 2019).

Aluminum and some alloying elements such as Mg and Zn
are very active with very negative standard reduction
potentials for their corresponding ions. They react instantly
with O, to form passivating metal oxide films (Wang et al.
2019). High strength and high resistance is found in 2000
series such as Al-Cu-Mg (AA2024) and Al-Cu-Mg-Pb
(AA2030) alloys, which result from alloying elements such as
copper and they are widely used in the aeronautic field
(Ashtiani and Shahsavari. 2016), they have a low resistance to
corrosion and are sensitive to localized corrosion (Jensen et
al. 2019; Zhang and Zu. 2019).

Several methods used to improve protectively aluminum
and its alloys such as anodizing process, it consists of
electrolysis in the middle of an electrolyte, from which the
coating is not carried out by adding material but by controlled
oxidation of the substrate in order to passivate it (Ma et al.
2020). Anodization is the treatment which often subjected to
this alloy, as long as it provides a thick alumina layer that

offers decorative appearance, higher corrosion resistance,
enhanced scratch and wear resistance, thereby improving the
value of the product (Saeedikhani et al. 2017). This treatment
is an electrochemical conversion process that forms
barrier-type oxide layers or self-organized nonporous/nanotu
-bular structures, the morphology of the anodic layer is mainly
controlled by the voltage/current in this process (Fadillah et
al.2019).

A highly decorative anodic film, which often is obtained by
Direct Current (DC) anodizing in chromic or/and sulphuric
acid, is greatly influenced by the anodizing parameters as well
as the alloy composition, microstructure, and surface
morphology. The electrochemical conversion of aluminum to
aluminum oxide layer offers a better adhesion of alumina
formed on the base material.

Sulfuric Anodic Oxidation (SAO) effectively protects
lightweight alloys against corrosion, this process makes it
possible to obtain thick layers (Moon et al. 2011). The anodic
oxidation takes place in a dilute sulfuric acid bath and
electrolytically consists of informing on the surface a layer of
alumina which is the result of the combination of aluminum
and oxygen released (Nettikaden et al. 2012).

Chromatic Anodic Oxidation process (CAO) results in the
formation of a thin layer order of microns thick, but it offers
excellent protection against corrosion. Among the advantages
of this anodizing is a small thickness of the layer formed, a
good rubbing ability (Elabar et al. 2015).

During anodizing treatment, a large number of fine pores
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appear in the anodizing layer (Lee and Park. 2014). This
superficial porosity impairs the reactivity of the surface with
the surrounding environment. This end resulted from the loss
of aluminum cations to the electrolyte with reduced growth
efficiency close to 60% for the porous film (Fadillah et al.
2019).

The effect of corrosion on the fatigue properties of
aluminum alloys is studied in the field of accelerated
corrosion tests in NaCl (De Bonfils-Lahovary et al. 2019;
Tao et al. 2010).

After the accelerated corrosion of A2024 by 3.5% NaCl, a
calculation model has been established which makes the link
between the fatigue life before corrosion and the initial state
of rupture, concluded that it was not reasonable to directly
deduct the pores of corrosion in the form of superficial cracks
(Zhang et al. 2019).

Electrochemical techniques have been used to study the
corrosion resistance of anodized aluminum alloys. The
Electrochemical Impedance Spectroscopy (EIS) technique
could characterize the properties of the barrier layer and the
sealed porous layer by adapting the impedance spectra to a
suitable electrical equivalent circuit. Electrochemical data
obtained from the EIS technique could also be used to
calculate the thickness of oxide films (Tao et al. 2009;
Saeedikhani et al. 2017; Zhang et al. 2019).

Cyclic voltammetry (CV) is a technique that makes it
possible to understand the complete behavior of a system,
both thermodynamically and kinetically. It is the most widely
used method for obtaining information about the
electrochemistry of the systems, it consists of sweeping the
potential over time and recording the current with respect to
the potential (Palagonia et al. 2019).

The anodized layer is made of aluminum from the substrate
and oxygen exiting the solution and is not very harmful to the
environment. In solution, in an industrial environment, the
solution is easily neutralized by caustic soda, producing
sodium sulfate.

Chromic Anodic Oxidation (CAO) and Sulfuric Anodic
Oxidation (SAO) consist of controlled oxidation of the
substrate in an acid medium, these two processes differ in the
type of acid used for the anodic oxidation (sulfuric for SAO
and chromic for CAO).

In the present study, the anodizing of A2024 alloy with
sulfuric acid (SAO) was studied for the first time. The results
were compared in the first with that offer by anodizing of
A2024 alloy with chromic acid (CAO), then, with that
anodizing with sulfo-chromic acid (SCAQO). The latter
realized under the same condition of working. Finally, all this
manipulation will be compared with that of 2024 pure
aluminum, for a better understanding of the growth
mechanism of the anodic films. Optimal experimental
conditions were determinate to obtain films with a good
anticorrosive performance in simulated physiological
solution.

Before immersion in the electrolyte solution, surface
preconditioning by mechanical pretreatment and degreasing
is more commonly applied to organic contaminants, which are
also typically part of the industrial manufacturing processes.

2. EXPERIMENTAL

2.1 Material and surface pretreatment

TABLE |: The chemical composition of the samples

Elements Cu Mg Mn Si Fe zn Ti Cr

Percentage 727 146 0.66 0.06 0.21 0.09 0.04 0.017
(%)

The samples used in this work are A2024 aluminum alloys
with a chemical composition mentioned in the table I. They
were used for the measurement of electrochemical with a
dimension of 1cm? sealed by epoxy resin and was attached
with copper wire. The surfaces of the samples were wet
ground up to 1000 grit SiC abrasive papers and cleaned with
deionized water and acetone, finally dried with fresh airflow.

Atomic emission plasma spectroscopy revealed by the
following composition of AA2024-T3 alloy, knowing that
aluminum has a significant percentage by weight of 90%.

2.2 Anodizing treatment

The test solutions were prepared in the first bath with the
dilution of 30% concentrated sulfuric acid and bidistilled
water, the second bath contains 10% chromic acid and double
distilled water, the last bath is the mixture of the two previous
acids. The treatment time is 30 minutes at a temperature of 50
°C, an undercurrent of 2 & A/dm? and stirring at a low speed.
Once the anodization cycle is complete, electrochemical
characterization is done in a solution that contains 3.5% NaCl.
Every experience was repeated twice and the average value
was reported in order to reach reproducibility of results.

2.3 Characterizations of oxide layer and corrosion
products

For the characterization of oxide layers formed after
treatment and corrosion products, scanning electron
microscopy (SEM) and energy dispersive X-ray (EDS)
spectrum analysis are required. Before the observations with
SEM, the samples were covered with a thin aluminum film to
increase the electro-conductivity of the sample that was
hoisted with a resin.

2.4 Electrochemical measurement

For this anodization and for the electrochemical tests we
used a five orifice cell from the solution, the temperature (T)
and three electrodes are the Ag/AgCl reference electrode
(RE), the platinum counter electrode (CE) and finally the
aluminum A2024 alloy working electrode (WE). The
working electrode (WE) was immersed in an aggressive
solution for a few minutes before open circuit potential
(OCP), to obtain a more stable potential in electrochemical
test. The impedance measurements were transmitted in the
frequency range from 100 kHz to 10 MHz with an AC
amplitude signal of 10 mV (RMS). Cyclic voltammetry
(single) was performed with a balancing potential between
-1V/1V and ended with the same potential, with a scan rate of
0.01Vv/S.
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3. ANODIZING REACTION
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Fig. 1. Schematic diagrams showing elementary interfacial reactions for (a)
barrier-type and (b) porous-type anodic oxide (Sousa et al. 2014).

Anodizing can be presented by a series of reactions:

* Cathode: 2H" + 2¢" —H, )
* Anode: Al — 3e’+Al5" )
Then: 24l3" +3H,0 — Al203+ 6H (3)

Balance equation: 2Al + 3H,0 - ALOs3+3H, (4)

Reactions 2, 3 and 4 correspond to the formation of anodic
oxide at the metal/electrolyte interfaces, respectively. These
reactions thus cause a formation of an aluminum oxide layer
which isolates the electric current arriving at the layer (Sousa
etal. 2014).

The pore walls are composed of pure alumina in the regions
furthest from the pore (inner layer) and alumina contaminated
with anions (outer layer) just next to the nanopore (Bai et al.
2004). It’s shaw in Fig. 1.

Corrosion can be presented by a series of reactions:

Al,O; + 6H+(aq) — 2A|3+(aq) + 3H20(|) (5)
A|203 + nH20(|) — 2A13+(aq)+ (3- n- X)Oz—(ox)"' XOH-(OX)
+(2n-X) 3H" ) (6)
Reaction 5 describes the dissolution of the alumina layer by
Joule heat-induced oxide dissolution and/or field-induced
oxide dissolution, where n represents the amount of

dissociated water per mole of AI203 dissolved at the same
time (Lee and Park. 2014).

Oxide
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Fig. 2. Schematic representation of the corrosion process and the proposed
equivalent circuit from cross-sectional view (Zhang et al. 2019).

The heterogeneous microstructure of high strength
aluminum alloys and metal matrix composites (MMC) are
sensitive to localized corrosion, such as corrosion of cracks,
crevices, intergranular and exfoliation (Datta et al. 2008), an
example of this phenomenon is shown in Fig. 2. Corrosion of
the aluminum sample caused mainly by the presence of
chloride ions (presented in solution aggressive NaCl), which
causes the decreased durability of aluminum structures.

4. RESULTS AND DISCUSSION

4.1 Electrochemical and
measurements.

To investigate the corrosion behavior of 2024 aluminum
alloy in 3.5% NaCl with anodizing in different acids bath, the
electrochemical polarization was performed and the
polarization curves of the plot were shown in Fig. 3. The
representation of NYQUIST in Sulfuric anodizing (SAO) has
at high and low frequency a well defined capacitive loop and
an inductive loop badly separated from the first one, this
could be due to the desorption of corrosion products or due to
the desorption of Cl /corrosion products (Liu et al. 2016).

Almost the same behavior for chromic anodic oxidation
(CAO) is it represented in the same figure, but with great
resistance, this high resistive value corresponds to the
passivation of the anodic layer of the metal or it is called
polarization resistor. On the other hand, in the case where the
material is treated with sulfo-chromic anodic oxidation
(SCAO) one observes a large capacitive loop but which ends
with diffusion, this diffusion shows that the oxide layer
produced during the anodizing treatment (SCAO) is less
compact, therefore less adherent in has a low frequency which
means that corrosion reached the base metal.

polarization impedance
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Fig. 3. The impedance curve of AA 2024 treated with different anodizing
baths in aerated 3,5% NaCl solution. m CAO, e SCAO, ¢ Al, xSAO.
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Fig. 4. The Impedance diagram according to the deferent treatments
baths.
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Fig. 5. Equivalent circuits simulating experimental impedance diagrams in
Fig. 3.

TABLE II: The resistance of the polarization and the solution in different

baths.
Treatment Al CAO SCAO SAO
Rpo (0hm) 3838.4 6273.3 5027.9 144,72
Rs (ohm) 14.072 14.072 9.7565 15.141

Experimental impedance spectra were fitted in curves with
appropriate equivalent circuits (Fig. 5.). In similar circuits
shaw in Fig. 5, R1 is the resistance of the solution, R2 and C
the resistance and the capacity of the oxide film or the
corrosion product respectively, W and L presented Warburg
element and inductor respectively.

Table Il groups together the polarization resistances and
the solution Ry, and R, respectively, the latter being obtained
from the adjustment of the equivalent circuits of Fig. 3 to the
experimental results. These results show that the aluminum
treated with chromic anodic oxidation has a disappearance of
the inductance values of the equivalent circuit (Fig. 5 (c))
while the charge transfer resistance R2 has increased with
respect to treated or untreated Al with sulfuric anodic
oxidation (Fig. 5 (a)) and with respect to the treated cell with
sulfo-chromic anodic oxidation which has diffusion (Fig. 5

(b)). In Fig. 3, the results of the adaptation procedure to the
experimental data (Nyquist diagrams) clearly confirm this
analysis.

4.2 Open circuit potential (OCP)

According to the OCP (Fig. 6), the sample curve treated
with CAO at the first point, shows the stabilization during the
test time and the fast formation of the passivation layer, which
means in parallel the stabilization of the oxide layer formed in
an aggressive medium, in the second point, CAO has a higher
corrosion potential compared to the sample treated with
SCAO, which confirms the noblest of material treated with
chromic anodizing. The curve of the aluminum treated with
the combination of the two acids shows a decrease of potential
as a function of time which means a degradation of the oxide
layer formed on the surface of the metal during the time in the
same aggressive solution.

4.3 Cyclic voltammetry (single)

Cyclic voltammetry (single) presented in Fig. 7, shows that
the behavior of the alloy in an aggressive medium is reacted
globally by an activation mechanism. A wide range of
passivation is observed at the beginning of the cyclic test
(CV) with the three samples treat at different baths (SAO,
CAOQO, SCAOQ). The depassivation is more pronounced in the
case where the aluminum alloy 2024 is treated with sulphuric
anodization (SAO), then the one treated with sulfo-chromic
anodization (SCAQ) and ultimately the alloy that underwent a
treatment with chromic anodization (CAO) has a higher
corrosion potential compared to previous treatments which
confirms the results obtained by EIS.
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Fig. 6. The OCP curve of AA 2024 treated with different anodizing baths in
aerated 3,5% NacCl solution.
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Fig. 7. The cyclic curve of AA 2024 treated with different anodizing
baths in aerated 3,5% NaCl solution.
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4.4. Surface analysis

SEM images of A2024 alloy with Chromic Anodic
Oxidation (CAO) treatment after a day are shown in Fig. 8.
This picture shows that the pore distribution is irregular
compared to the anodic layers produced in pure Al (Le Coz et
al. 2010; Ono et al. 2005), so this surface is characterized by
the presence of pores and agglomerations. According to the
literature, aluminum alloys are  microstructurally
characterized, which considerably affects the morphology of
the porous anodic layer, which consists of a very tortuous
pore network (Zhou et al. 1999). As a result of the EDS
analysis (Fig. 10) finds that the surface is composed of
aluminum and materials such as copper, oxygen, magnesium
and the appearance of a small trace of chromium are shown in
table 111. More specifically, copper-enriched Al matrices on
the substrate surface and incorporation of semiconductor
species have also been reported (Zhou et al. 1999; Costenaro
etal. 2017). Oxygen bubbles generated by the oxidation of 02
on these semiconductor oxides can both obstruct ion
migration (Zhou et al. 1999) and develop pressures of several
hundred MPa (Costenaro et al. 2017), leading to uniformity of
the thickness of the porous layer (Zhou et al. 1999) and the
distribution of stresses inside the anodic film (Garcia-Rubio et
al. 2010), respectively.

For this alloy, the corrosion produced appeared compact
with some bites, the surface of the treated aluminum had a
passive film that contains peaks after being submerged in a
high salinity environment causing pitting corrosion that is
localized corrosion (Fig. 9). Localized corrosion of AA2024
alloy generally occurs where there are intermetallic particles
(Zhou et al. 2012). After that, the corrosion products
compacted, which generally prevents corrosion.

Pores

Fig. 8. SEM images of A2024 aluminum alloy treated with Chromic Anodic

Oxidation (CAO).
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Fig.9. Surface morphology of specimens after Corrosion.
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Fig. 10. EDS analysis on the surface of the alloy after surface treatment.

TABLE 11I: The chemical composition of the oxide layer

Elements 0 Mg Al K Cr Cu

Weight % 20.37 10.87  27.70 012 313 37.81

Atomic % 37.38 13.13  30.15 0.09 177 17.47
Error % 07.82 08.57 07.58 56.76 5.20 02.60

5. CONCLUSIONS

The anodizing process of 2024-T3 aluminum alloy was
performed in an electrolyte of chromic, which was found to be
an effective method to improve the corrosion resistance of the
aluminum alloy.
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Hexavalent chromium conversion coatings are still the
conversion layers used today and provide the best protection
for 2000 Series alloys against atmospheric corrosion.

Porous type anodization is the case where the electrolytes
(chromic acid) chosen have solvent actions on the aluminum
substrate and its alloys or on its oxides. The porous oxide
layer has characteristics such as resistance to corrosion and
wear, high hardness.

Among the advantages of chromatic anodization, it forms
an oxide film of small thickness, useful in the case of
toleranced parts, which has the advantage of being flexible
and has a better rubbing ability than the oxide layers made in a
sulfuric medium. Chromic acid does not attack aluminum or
alumina, which eliminates any danger in case of retention on
molded or assembled parts.

The oxide layer reproduces the structure of the metal and
thus the history of the piece. It allows establishing a control
health matter, and finally, it allows good adhesion of paint
systems.
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