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Abstract

In this article, different treatment baths for corrosion protection of 2030 aluminum
alloy in addition to replacing the hexavalent chromium due to the European recom-
mendation were employed. This work is divided into three steps of treatment: first,
anodization using molybdate inhibitor without and with phosphoric acid and, then,
pre-oxidation with sodium hydroxide. In the last step, we studied the influence of
conversion coating with the combination of sodium molybdate and fluoride on the
anodic layer formed on aluminum alloy 2030. In order to characterize the formed lay-
ers, we use microstructural characterization (SEM, AFM, and nano-indentation), which
allows highlighting the surface condition as well as the morphological distribution,
and electrochemical techniques such as potentiodynamic polarization and electro-
chemical impedance spectroscopy which shows that the anodization treatment of the
aluminum alloy with phosphoric acid and sodium molybdate offered better corrosion
resistance. This resistance increased with the use of pre-oxidation and then reached

a maximum value of 99.8% efficiency with the addition of the molybdate conversion
coating which causes an increase in the double layer and gave an alternative possibility
of chromium VI.

Keywords: Corrosion, Anodization, Sodium molybdate, Electrochemical impedance
spectroscopy, Potentiodynamic polarization

Introduction
Alumina is a spontaneously formed surface layer in the natural state, and upon exposure
to the atmosphere, as soon as the environment becomes aggressive [1], the metal surface
acquires an electrical potential that causes the migration of metal ions into the solution
in the form of the cations, and this mechanism accounts for the corrosion of the metal in
the electrolyte [2].

Corrosion is a natural phenomenon, but it represents a big problem in the transporta-
tion industry because it causes the erosion of metals [3]. Aluminum and its alloys are
the metals most used in the aeronautical field [4]; they have low density, low electrical
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conductivity, and good mechanical properties; and they offer great resistance to corro-
sion [5, 6]. Aluminum of the 2030 series (Al-Cu-Mg-Pb) is an anodic alloy which has
a very negative redox potential which causes the formation of an inert protective layer
[7]. In order to improve the strength of the aluminum alloy and increase the protection
against pitting corrosion (localized corrosion), several mechanical, chemical, and elec-
trochemical methods have been carried out [8—12]. Anodizing, coatings, and inhibitors
are used to develop a passive, conductive, and protective artificial layer which improves
the physical and chemical properties of aluminum in inorganic electrolytes [13].

The electrochemical anodization process is more used in the surface treatment
industry, it causes the formation of a thin film of alumina and improves its adhesion to
aluminum alloy [14], and its thickness and structure are controlled by different param-
eters (time, temperature, flow rate, and composition of the bath) [15]. This treatment
is an electrochemical conversion process which forms relatively dense barrier/porous-
type oxide layers with a decorative appearance and higher resistance to corrosion and
scratches [16—18], thus providing better adhesion of the alumina formed from the base
material [8]. According to Yen et al., the surface structure of micro/nano-complex alu-
minum influences cell culture, which has been found to have a superhydrophilic surface
in anodized aluminum [19]. In addition, the thermal performance test shows that the
micro/nano-textured morphology of the anodized aluminum surface increases the heat
transfer performance with the increase of the nanotube in the alumina layer (diameter
and length of the pores) [20].

Anodic sulfuric oxidation (ASO) electrolytically forms a layer of alumina on the sur-
face, effectively protecting alloys from corrosion [21], and this process results from the
combination of aluminum and oxygen released [22].

Chromatic anodic oxidation (CAQ) results in the formation of a thin film in the
micrometer thickness and good rubbability [23]; therefore, it provides excellent corro-
sion protection. Due to the recommendation of environment and health (Reach 2016),
several researches were carried out to replace and substitute it with molybdates, tung-
states, permanganates, and vanadates, including chemical elements similar to chromium
(groups VB, VIB, and VIIB of the periodic table) [24].

Molybdate anodic oxidation (MoAO) is widely used as a treatment meeting the envi-
ronmental requirement for aluminum alloys with low toxicity under various conditions.
Molybdate ions also show good inhibition in acidic solution and NaCl solution [25, 26].
The layer formed is characterized by the presence of numerous fine pores [27]. These
pores are the subject of a lot of works such as the research done by De Bonfils-Lahovary
and Tao [28, 29], from which it was concluded that the pores are not a form of surface
cracking [30], but this surface porosity results from the loss of aluminum cations to the
electrolyte [17].

An artificial layer of phosphate (PCC) and molybdate (MCC) conversion coating is
commonly used to replace chromate conversion coating (CCC) [31]. The layer formed
during MCC is considered as an insulating layer thanks to the oxidability of molybdate
ions (MoO,*") and the reducibility of the Al substrate [32].

In this work, we study the effect of the combination of the two treatment processes.
First, for the anodization as well as the conversion coating to have a durable and effective
protection moreover to meet the requirement of REACH (Registration, Evaluation and
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Authorization of Chemicals), we choose a molybdate-based treatment. This study is there-
fore composed of two parts: the first is to study the treatments of anodization of A2030
alloy in the bath of molybdate (MoAO) without and with phosphoric acid in different
concentrations and, secondly, the implementation of a treatment process including anodi-
zation, pre-oxidation, and conversion coating with molybdate. Optimal experimental con-
ditions were determined to obtain films with good anti-corrosion performance.

Material and methods

Materials and pretreatment

The AA 2030 aluminum alloy with an exposed area of 0.5cm? sealed by epoxy resin was
used in this work. The chemical composition of the samples (wt %) is Cu, 7.27; Mg, 1.46;
Mn, 0.66; Si, 0.06; Fe, 0.21; Zn, 0.09; Ti, 0.04; Cr, 0.017; and Al, 90%. Before the elec-
trochemical study, the surface of Al was polished with 600, 800, 1000, and 1200 grit
sic abrasive paper, rinsed with bidistilled water, then degreased with acetone ethanol,
deionized water, and dried with air flow, in order to remove the impurities residual from

surfaces.

Treatment solution
The treatment solution is prepared with three steps

*First step (anodization):

— S1 is an anodization with different concentrations of sodium molybdate and
bidistilled water.

— S2 is the combination of Na2MoO4 with the different concentrations of phos-
phoric acid and bidistilled water.

The treatment lasts 45 min at room temperature, under a potential of 14 Volt/cm?
and stirring at a low speed.
*Second step (pre-oxidation):

— -S3: before the anodization of the alloy in S2, the pre-oxidation with 4% NaOH
and bidistilled water at 40°C was carried out with different immersion times (30s,
60s, and 90s).

*Finally (conversion coating):

— -S4: once the second step is completed (S3), a conversion with 0.4% sodium fluo-
ride and 3% sodium molybdate at 65°C for 10min with pH 3 is initiated.

Electrochemical characterization is done in a solution that contains (wt %) 3.5% NaClL
Every experience is repeated twice and the average value is reported to reach reproduc-
ibility of results.

Characterizations of the oxide layer and corrosion products
For the characterization of oxide layers formed after treatment, scanning electron
microscopy (SEM), energy dispersive X-ray (EDS) spectrum analysis, AFM, and nano-

indentation are required.
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Electrochemical measurements

For the characterization of the oxide layer formed on the Al surface with an area of about
0.5 cm?, we used electrochemical studies, in an aggressive solution of 3.5% NaCl (% by
weight) as an analyzer. The tests are carried out in a cell with three electrodes: aluminum
as the working electrode (WE), Ag/AgCl as the reference electrode (RE), and platinum as
the counter electrode (CE); the electrochemical workstation is Princeton Applied Research
(VersaSTAT 3F, AMETEK). Before starting the electrochemical tests, the working elec-
trodes (WE) should be immersed in the aggressive solution for a few minutes to have a
more stable potential during the open circuit potential test (OCP). Electrochemical imped-
ance spectroscopy (EIS) was performed over a frequency range from 100 kHz to 10 mHz
with an excitation signal of 10 mV (RMS). The potentiostatic polarization (Tafel) measure-
ments were measured from the cathodic to the anodic branch at £250mV around OCP
with a scan rate of 1 mV/s. Electrochemical parameters such as current density, anode, and
cathode slope (ba and bc) were determined using Tafel plots.

Results and discussion

Surface analysis

Surface morphology

Scanning electron microscopy (SEM) images of the surface after treatment with S3 and S4
are shown in Fig. 1. In Fig. 1a, the surface of the alloy treated in S3 appears homogeneous
with the presence of fine pores and the lines observed are due to mechanical polishing. This
anodizing treatment is schematized in Fig. 2 and well explained by the following reactions:

» Cathode:

2HT +2¢~ — Hy (1)
« Anode:

Al — 3e™ + AT (2)
Then:

2A3F 4 3H,0 — AL, O3 (3)
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Fig. 1 SEM images the surface of the alloy after treatment with a S3 and b 54




Benmohamed et al. Journal of Engineering and Applied Science (2022) 69:40 Page 5 of 17

6

Fig. 2 Schematic representation of the anodizing process: (1) working electrode (anode), (2) counter
electrode (cathode), (3) formed alumina film, (4) hydrogenated release, (5) electrolyte, and (6) glass tube

The layer of aluminum oxide formed above the metal corresponds to reactions 2 and
3, where the reduction of hydrogen at the cathode is presented in reaction 1, and the
oxidation of aluminum at the level of anode by reaction 2, which causes the formation of
the protective layer of alumina [33, 34].

The surface morphology of the alloy after S4 treatment with a conversion in pH=4
is shown in Fig. 3; the latter shows that the increase in pH causes the formation of a
cracked and less adherent oxide layer. Figure 4 explains this mechanism of corrosion by

a series of reactions:

Al O3 + 6HT (aq) — 2A1" (o) + 3H20y (4)

Al,O3 + nH20) — 2A13+(aq) + (2n — X)3H+(aq) +0B—n— X)OZ_ (ox) T XOH—(ox)
(5)
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Fig. 3 Surface morphology of the alloy after S4 treatment with conversion in pH4
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Fig. 4 Schematic representation of the corrosion process
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Reactions 4 and 5 explain the dissolution of the alumina layer, where # shows the
amount of water separated per mole of Al,O; [30]. Localized corrosion is the most
common phenomenon for aluminum alloys, which is due to their heterogeneous
microstructure [35, 36].

After the treatment with S4 shown in Fig. 4b, a uniform non-porous layer is
observed on the alloy, and its morphology is flake-like. According to Wang et al., the
coating reacts with the high bath temperature to form boehmite products which pen-
etrate into the pores and produce a flake-like cluster AIOOH as reaction 6 [37].

Al,O3 + Hy,O — 2 AIOOH (6)

Figure 5 shows the nanopores formed in the oxide layer after anodization and
conversion coating; these pores contain an inner layer containing pure alumina and
an outer layer containing alumina contaminated with anions [38]. The absorption
of molybdate at the aluminum surface causes the formation of conversion coatings
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above the metal [33]; this mechanism is explained in reactions (7) and (8) and then in

Fig. 5.
3MoOj3 + 2Al 4+ 3H,0O — 3MoO(OH), + Al,O3 (7)
2Mo004%" 4 2Al + 2 HT — 2MoO, + Al,O5 + H,O (8)

According to Bai et al. [38], we can explain the formation mechanism coating with two
processes: treatment by the molybdate ions are absorbed on the surface then the absorbed
ions react with the aluminum substrate to form conversion coatings.

Two different reactions are considered occurring on the surface: one is that molybdate
ions react with H' existing on the interface of metal and solution to form molybdic acid
and the latter hydrolyzes to form MoOj;. The MoO; will react with the aluminum to form
MoO(OH),. The reaction continues until the resultant MoO;, MoO,, and MoO(OH), cover
the whole surface. So the constituents of the conversion coatings are mainly MoO;, MoO,,
and MoO(OH),.

The addition of F~ facilitates the surface reaction of aluminum alloy through the follow-
ing reaction: (9). Due to the relatively weak oxidizability of molybdate ions, the chemical
conversion coatings deposited directly on the aluminum alloy surface usually have weak
adhesion force with the substrate but the use of a porous surface. Figure 5 helps to form
more adhesive coatings [39].

2Al 4+ 6HF — 2AlF; + 3Hy 9)

EDS spectra

Figure 6 shows the energy dispersive X-ray spectra (EDS) of the different treatments S3
and S4 respectively. The chemical composition of the oxide layer after S3 and S4 treat-
ment is summarized in Tables 1 and 2 respectively.

Pore

Cells after
conversion coatinyg

Barrier

Fig. 5 Schematic diagrams showing the structure of aluminum layer after anodizing treatment and
conversion coating
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Fig. 6 EDS analysis of the surface of the alloy after treatment with a S3 and b S4

Table 1 The chemical composition of the oxide layer after two-step treatment

Elements (0} Zn Mg Al P Mo K Mn Cu
Weight % 2027 0.50 1.85 6891 1.38 352 023 0.64 2.69
Atomic % 31.32 0.19 1.88 63.12 1.10 0.91 0.14 0.29 1.05

Table 2 The chemical composition of the oxide layer after three-step treatment

Elements 0] Mg Al P K Mn @
Weight % 18.29 13.28 34.12 2.00 6.47 0.26 0.50 25.08
Atomic % 32.69 15.63 36.17 185 193 0.19 0.26 11.29

According to these results, the existence of molybdate (3.5%) was observed on the sur-
face of the AA2030 alloy treated in S3, due to the composition of the anodizing bath.
On the other hand, the appearance of an increase of molybdate (6.47%) after the S4
treatment confirms the formation of a molybdate conversion coating (MCC), and this
indicates that the S4 treatment is beneficial for the formation of MoO, and Al,O,. The
increase in copper illustrates the increase in the corrosion resistance of the layer formed
during the treatment in S4.

Atomic force microscopy

Atomic force microscopy (AFM) is an effective and in situ method to acquire the surface
morphology with high resolution. Figure 7 is the micrograph of the studied area of the
signal line with dimensions of 20 x 20 um? It presents the 3D graph of the alloy after
surface treatment in (a) S3 and (b) S4.

It can be deduced from Fig. 7a and b the layer morphology formed after treatment in
S3 and S4 for 2030 aluminum alloy, which has a homogeneous distribution. Figure 7a
shows needle-like small grain structures formed on the alloy treated in S3 with some
scratches due to polishing and with an average surface roughness of 82.9 nm. The image

Page 8 of 17
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(a) (b)

355.8 nm

676.7 nm

0. -469.2 nm -595.0 nm
Fig. 7 AFM of the alloy after surface treatment with a S3 and b S4 treatment with conversion in pH3

in Fig. 7b appears relatively and evenly flat and smooth with an average surface rough-
ness of 89.3 nm. The surface roughness of the alloy substrate is increased after the last
processing step (S4) by the physical interactions, which improves the adhesion property
of the coating to the material surface [40]; in addition, the electrical resistance decreases
when the contact area increases [41, 42]. Consequently, the Al treated in S4 could be

considered as an efficient treatment to prevent corrosion.

Nano-indentation

Nano-indentation is a very important analysis technique to determine the elasticity
modulus of the film formed on the aluminum alloy [43]. The contact with the penetra-
tor and the material surface during nano-indentation results in the recording of the load
depth and indentation with high electronic precision which leads to the deformation of
elastics in the material [44]. This technique allows the characterization of oxide layers
by determining the modulus of elasticity of the film [45, 46]. Its value can also be deter-
mined using an Oliver and Pharr technique which is one of the most important tech-
niques [47].

Figure 8 shows low displacement curves obtained by CSM mode in nano-indentation
(a) and the depth of penetration as a function of time (b). After the same time and with
the application of a constant load between 10 and 50 mN, the same phenomenon is
observed for the two curves representing the S3 and S4 treatment, that is the increase of
the penetration depth in parallel with the increase of the load and the time; on the other
hand, in the curve of the sample treated in S3, the penetrator penetrates deeper com-
pared to the one treated in S4; moreover, the displacement of the maximum fast load for
the alloy treated in S4 is 900nm compared to that treated in S3 which is 1250nm, and
the modulus of elasticity improves from 59 to 82 GPa during the treatment in S3 and S4
respectively. From this, it is concluded that the layer formed in S4 is more hard.

Electrochemical impedance spectroscopy (EIS)

The impedance spectra recorded for the AA2030 alloy according to the Nyquist repre-
sentation after different treatments are shown in Figs. 9, 10, 11, and 12 (a). Figure 9a
shows the different percentages of molybdate concentration, and the spectrum is charac-
terized by a well-defined capacitive loop in the high-frequency range, which represents
the interface reaction between the electrolyte solution and the substrate. Figure 10a
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Fig. 8 a Displacement curves obtained by CSM mode in nano-indentation and b the depth of penetration
as a function of time
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Fig.9 The impedance curve of the different molybdate concentration according to the representation of a
Nyquist plots and b Bode plots in 3.5% NaCl
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Fig. 10 The impedance curve of the molybdate and the different phosphoric acid concentrations according
to the representation of a Nyquist plots and b Bode plots in 3.5% NaCl

shows the impedance diagrams of the samples treated with 5% Mo and with a variation
of the percentage of phosphoric acid. These show two capacitive loops in the high-fre-
quency ranges for 6% and 1% phosphoric acid. The curve for 3% phosphoric acid shows a

capacitive loop with the highest resistance part in the impedance diagram. Figure 11a is
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Fig. 11 The impedance curve of the different time of pre-oxydation according to the representation of a
Nyquist plots and b Bode plots in 3.5% NaCl
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Fig. 12 The impedance curve of the spisment treated with three steps according to the representation of a
Nyquist plots and b Bode plots in 3.5% NaCl

characterized by the value of the resistive part for the 60-s pre-oxidation time which has
the largest capacitive loop. It is important to note that the inductive response was not
observed for the treated samples. It is well known that the larger diameter of the semi-
circle, the corrosion resistance of the sample is better. In this way, the responses of the
treated samples show larger semi-circles compared to the S1 samples, confirming that all
treatments improve the corrosion resistance of the AA2030 alloy in 3.5% NacCl solution.

According to previous studies [48], the capacitive loops for the samples in the high-
frequency range correspond to the charge transfer resistance on the substrate surface
(R) and the capacitance (C). The low-frequency capacitive loop is attributed to the cor-
rosion product layer, oxide film, and coating on the surface of the metal substrate but the
absence of this phenomenon in Fig. 12a proves that the treatment has a compact layer.
In summary, it is clear from Fig. 13 that the S4 treatment offers superior anti-corrosion
performance for the AA2030 alloy.

Phosphate and molybdate ions can form heteropoly acid phosphorus-molybdate in the
acid solution, which has strong oxidizing properties. Therefore, we assume that they will
be bound together in a certain proportion, and phosphorus-molybdate can modulate the
rate of oxide film formation and lead to improved resistance [49].

The Bode diagram shown in Figs. 9, 10, 11, and 12 (b) presents the variation of the
impedance amplitude and phase angle. According to the literature, the impedance
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Fig. 13 The real resistance part of EIS for different treatments

Table 3 Impedance parameters derived from EIS fitting curves for aluminum alloy 2030 in 3.5%
NaCl for the different treatment baths

Treatment SO S1 S2 S3 S4

R, (ohm) 227114 / / / /

Rp (ohm) / 13213 1.57e+405 2.9e+4-05 1.14e+06
Rs (ohm) 22119 17.498 22122 75.095

n / 82.81 98.55 99.21 99.80

spectrum at high frequency reflects the characteristics of the porous layer of the film,
while at low frequency reflects the characteristics of the barrier layer. Seen in the Bode
diagram, the impedance modulus increases from S1 to S4, and the phase angles are posi-
tive so that their growth is parallel with the growth of the frequency which means that
the treatment is improved with a compact layer.

The inhibition efficiency () was calculated from the Nyquist diagram by the polariza-
tion resistance Rp, as in the following equation:

Rp — RO
n=(p )X
Rp

100

The impedance parameters were derived from the EIS fitting curves for aluminum
alloy 2030 in 3.5% NacCl for the different treatment baths and are listed in Table 3 where
Rset and RO were the solution resistance and the blank resistance respectively.

In accordance with Table 3, the inhibition efficiency was increased in parallel with the
polarization resistance (Rp) to more than 99.8% at S4, confirming the excellent effect of
the bath (S4) which combines between two corrosion treatment processes < anodizing
and conversion coating > with the same inhibitor < sodium molybdate > for aluminum
alloy 2030 in 3.5% NaCl

Potentiodynamic polarization curve (Tafel)

The polarization curves of the aluminum alloy for the different treatment steps are
shown in Fig. 14. Hence, the values of the corrosion potential (Ecorr) and the corrosion
current density (Icorr) are key parameters for assessing the corrosion behavior of the
films formed after the different treatments.
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Fig. 14 Tafel curve of the different step treatment in 3.5% NaCl

Table 4 Corrosion parameters of anodic oxidation films formed in the presence of various steps

One step Two steps Three steps
S1 S2 S3 S4

Ba 17.12 22758 56.317 111.89

Bc 30.958 26.84 2411 58.82

10 (A/cm?) 3.81E-07 1.76E—-07 4.62E—7 3E-08

EO —057 —0.60 —0.64 —0.69

Table 4 reports the values related to the estimation of the corrosion parameters
(Ecorr, cathodic (Bc), and anodic (Ba) tafel slopes and the corrosion current density
(icorr)) for all the treatments studied. In Fig. 14, we observe dissolution of the anode for
the aluminum alloy sample treated in baths S1 and S2, while for the sample treated in
the other baths, the corrosion potential decreases and moves towards an anodic poten-
tial which causes the passivation of the anode. The anode slopes for the different treat-
ments increase while the current density decreases which improves the anti-corrosion
property of the aluminum alloy [50]. The polarization curve shows that oxygen diffu-
sion controls the cathodic process of the S1 and S2 aluminum alloy in aggressive solu-
tion, while that of the S4-treated sample is controlled by an electrochemical process,
during which the action of oxygen is effectively inhibited and thus the cathodic reac-
tion and the corrosion rate have decreased, and these results confirm what has been
obtained in electrochemical impedance spectroscopy studies, by estimating the positive
effect of the S4 bath. To characterize the anti-corrosion properties of the oxide layer,
the corrosion potential (Ecorr) increased from —0.57V for S3 to —0.69V for S4 and a
significant improvement in corrosion performance is observed for the S4 treatment,
which has the lowest Icorr of 3E—08 among all samples. In general, it has been reported
that low Icorr leads to a low corrosion rate and good polarization resistance (Rp) of the
coatings [51, 52].
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Conclusions
In this work, we studied the effect of anodization, pre-oxidation, and conversion of 2030
T3 aluminum alloys on corrosion with environmental-friendly molybdate.

Electrochemical methods including EIS and Tafel have been adopted to compre-
hensively assess the corrosion behavior of AA2030. In addition, AFM, SEM/EDS, and
nano-indentation were used to detect the composition and morphology of oxide lay-
ers formed on the surface of the alloy. The electrochemical data correlated with alloy
microstructure and layer composition, and for that, we conclude:

1. Sodium molybdate treatment at 5% concentration effectively inhibits corrosion
of AA2030, as it acts as an anodic inhibitor. The latter offers good protection in the
treatment with the addition of 3% phosphoric acid and their synergistic effect reduces
defects in the anode oxidation film. The addition of the pre-oxidation to the treatment
improved considerably the efficiency of inhibition.

2. Thus, although the previous treatment improved the corrosion resistance of ano-
dizing aluminum, fine pores were still observed at the nanoscale, and the addition
of molybdate conversion coating (MCC) favored the generation of a compact and
protective layer, which effectively prevent aggressive attacks on the substrate and
speedily consumption of the oxide layer; moreover, S4 provided excellent corrosion
resistance in the 10°-ohm range with an efficiency of 99.8%.

3. The results of the nano-indentation show that the layer formed on the alloy
treated in S4 is hard, due to the presence of molybdate which has characteristics of
inhibitions against corrosion and mechanical properties against wear.

Accordingly, the elaborated procedure presents a means of improving the strength

and inhibiting the corrosion of aluminum alloys in a saline environment.
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