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Abstract
In this study, we report investigation on the synergistic effect efficiency between anodizing process and cerium-based conver-
sion deposit (CeEC) on the corrosion behavior of 2024-T4 aluminum alloy substrate. Structural and chemical details were 
revealed by the X-ray diffraction (XRD) and Raman microscopy. The synergistic effect efficiency against corrosion of 2024 
Al-alloy in contact with aerated 3.5 wt.% NaCl solution was clearly evidenced from the potentiodynamic polarization tech-
nique and electrochemical impedance spectroscopy (EIS), over a wide frequency domain (1 MHz–1 mHz). The polarization 
resistance (> 105 kΩ cm2) and the inhibiting efficiency (> 97%) obtained for the Al-alloy specimen undergoing both anodiz-
ing and CeEC deposit reveal outstanding anticorrosion properties, in contrast to the CeEC-treated and untreated samples.
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1  Introduction

The 2024 aluminum alloy (Al-2024) is an important engi-
neering material for many applications requiring a high 
strength to weight ratio and good resistance to fatigue, such 
as aviation and aerospace industries, automotive, truck 
wheels, rivets and other applications [1–3]. However, it was 
reported that for Al-2024, containing Cu and Mg [4–6], 
the presence of intermetallic precipitations, produced dur-
ing age-strengthening treatments for improving mechanical 
properties, such as S–Al2CuMg, reduces considerably the 
resistance against corrosion. Localized corrosion occurs 
mainly as pitting and intergranular corrosion, and initiating 
at discrete sites in the vicinity of the Cu-rich intermetal-
lic phases. For many years, chromium (VI)-based chemical 
conversion coatings (CHC) were widely used as a final finish 
pretreatment for improving the corrosion resistance of alu-
minum and its alloys [7]. Cr(VI) is hazardous for the human 
health and environment, even at very low concentrations [8, 

9], the rare-earth conversion coatings (REE) are promising 
to the CHC treatments [10–12]. Two methods are commonly 
used for preparing the REEs of the cleaned and pre-treated 
metal surface in a salt solution at a definite conversion con-
ditions, such as pH and temperature, to develop a protective 
barrier that will remain chemically bonded to the substrate; 
the chemical conversion coating (CC) and the electrochemi-
cal conversion coating (EC), using a cathodic polarization 
[13].

Among the REEs, cerium-based conversion coating 
(CeEC) using cathodic polarization attracts much attention 
owing to their adherent oxides/hydroxides deposits con-
ferring a significant inhibition effect against the localized 
corrosion [14–20], and providing a high stability against 
mechanical abrasion [21]. Another successful technique, 
which was applied to different classes of Al-alloy, is the alu-
minum anodizing process (AAP) [22], whose performance 
is improved by various sealing processes, involving a hot 
deionized water or bath containing metal salts [23–28]. More 
recently, Catalina et al. [29] have successfully investigated 
the polypyrrole deposition on hard anodized coatings of the 
aluminum alloy 2024-T3. However, to our knowledge, until 
now there is no reported studies about the synergistic effect 
between the electrochemical conversion coating performed 
in aqueous media and the AAP. For this purpose, the aim 
of this work is to investigate the synergetic effect of com-
bined electrochemical Ce-conversion coating and anodizing 
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treatments on the corrosion protection of the 2024-T4 Al 
alloy in a chloride-rich aerated environment (3.5 wt.%).

2 � Experimentation

The purity of all products (Alfa Aesar Company) was higher 
than 99% and solutions were prepared in distilled water 
(~ 0.8 MΩ cm). Rectangular specimens (1 cm2) of 2024 Al 
alloy were used as substrates. The XRF analysis indicates 
the following composition (in wt. %): 4.942 Cu, 0.5 Fe, 
1.8 Mg, 0.1 Cr, 0.25 Zn, 0.5 Si, 0.9 Mn, 0.15 Ti and balance 
of Al were used.

To remove compressive and tensile residual stress, The Al 
samples were annealed at 300 °C for 30 min and cooled at 
room temperature for 3 days. Then, it has undergone T4-nat-
ural ageing treatment in a programmable electric furnace, 
involving firstly a solution treated at 530 °C for 55 min, fol-
lowed by a rapid quenching in water at room temperature, 
then natural aged at 20 °C for 20 days under air.

2.1 � Ce‑Conversion Coating and Anodizing 
Procedures

All samples are subjected to a mechanical polishing by 400 
and 800 grit emery papers, degreased in acetone and ethanol 
and air dried. They were etched in 10 g/L NaOH at 65 °C 
(3 min), dipped in acid cleaning solution (H2CrO4 60 g/L, 
H2SO4 180 mL/L) at 65 °C to neutralize any residual alkali, 
and finally rinsed abundantly with distilled water. Specimens 
were divided into groups; the first one (G1) was subject to a 
CeEC treatment using the galvanostatic cathodic polariza-
tion (GCP) method in M CeCl3.7H2O (0.1 M), under cur-
rent densities of 2.5, 5, 7.5 and 10 mA/cm2 over 5, 10, 15 
and 30 min, to determine the optimal treatment parameters. 
The second group (G2) was anodized and treated by cerium-
conversion coating (An/CeEC) under optimal conditions to 
emphasize the synergistic effect between them. The anodiz-
ing process was achieved using a DC-power supply in a con-
ventional two-electrode system containing 18wt.% H2SO4, at 
1.5 A/cm2 and 30 min, to obtain alumina layer thickness of 
17.2 µm; a rectangular lead plate has been used as cathode. 
Afterwards, all samples were rinsed with water and acetone 
and air-dried. All experiments were performed at a fixed 
temperature of 25 °C and repeated at least three times.

2.2 � Characterization

The composition of the 2024 aluminum specimen was ana-
lyzed by X-Ray fluorescence using EDX—800HS spec-
trometer. The structural characterization of the elaborated 
layers was elucidated by X-ray diffraction (XRD) using a 

Bruker D8 Advance Powder diffractometer (CuKα radiation, 
� = 1.54056 Å) over the 2θ range (10—120°), with a step 
size of 0.05° and a scan time of 1.5 s per step (scan rate of 2° 
min−1). More information about the molecular structure 
and morphology were provided thanks to a Thermo Fisher 
DXR Raman microscope by focusing a high laser beam at 
532 nm in the wave number range (100–2000 cm−1). The 
thickness of the oxide layer was evaluated with a "LEITZ" 
brand metallographic microscope equipped with a camera 
connected to a video tape recorder, and a ruler allowing the 
measurement.

The electrochemical measurements were conducted with 
an Autolab N128 Potentiostat, controlled by Nova software 
1.7, in a three-electrode cell; the aluminum-based alloy as 
working electrode, a platinum sheet as counter electrode, 
and Ag–AgCl as the reference one (0.197 V vs. SHE). The 
polarization curves were performed at room temperature 
in aerated 3.5 wt.% NaCl solution, close to sea water (± 
150 mV), after OCP recording during 1 h, with 1 mV/s scan 
rate. A BioLogic SP-150 PGSTAT was used to achieve the 
electrochemical impedance spectroscopy (EIS) technique, in 
the range (1 MHz–1 mHz), with a perturbation amplitude of 
10 mV around OCP.

3 � Results and Discussions

3.1 � Cerium‑Conversion Coating Production by GCP 
methOd

Both Ce(OH)3 (Ks = 2.0 × 0–20) and CeO2 are poorly sol-
uble and deposited from the precursor solution (0.1 M 
CeCl3.7H2O) owing to a local pH increase near the working 
electrode by OH− ions. This enrichment was provided by 
cathodic reduction of both dissolved O2 (~ 8.26 mg/L, at 
25 °C) and H2O molecules. In addition, the non-reactivity 
of the chloride ions allows to the cerium ions to react with 
the produced OH− species leading to a better anticorrosive 
conversion deposit, in agreement with refs. [30, 31].

(i) Formation of hydroxyl ions

(ii) Cerium oxide/hydroxide production
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The products of reactions (Eq.  3) and (Eq.  4) may 
undergo oxidation and/or hydroxylation reactions, as stated 
by Eqs. (5) and (6):

3.2 � Optimal operating parameters 
of the Ce‑conversion deposit

Figure  1 shows the (log (i)vs.E ) characteristics plotted 
after 1 h in contact with aerated 3.5 wt.% NaCl solution for 
specimens having undergone the CeEC process at different 
applied current densities for 5 min. It shows that the cur-
rent density (icorr) decreases firstly, signifying an improve-
ment in the corrosion behavior, and then increases with the 
elaboration time, giving less-protective deposits. The curves 
(icorr vs. time) plotted for different applied current densities 
(Fig. 1, Insert) establish that whatever the imposed density 
or the performing time, the corrosion behavior evolves in 
two stages. In the first one, the growth of the Ce-deposits 
blocks the cathodic zones formed by intermetallic particles, 
thus reducing the dissolution intensity, and leading to the 
improvement of the protection against corrosion. In the sec-
ond step, the prolongation of the process beyond a critical 
time produces a thicker and less compact layer, which is 
more porous and consequently less adherent to the Al- sub-
strate. The corrosion potential evolves from – 500 mV to 
a more negative value, less than—900 mV vs. Ag–AgCl, 

(5)Ce(OH)
3
→ CeO

2
+ H

3
O+ + e−

(6)Ce(OH)2+
2

+ 2OH−
→ CeO

2
+ 2H

2
O

indicating that the Ce-conversion coatings act rather as 
cathodic inhibitor.

Histograms in Fig. 2 exhibit the polarization resistances, 
calculated by the Stern-Geary equation (Eq. 7) [32].

where ba (> 0) and bc (< 0) are respectively the anodic and 
cathodic Tafel slopes ( dE∕dlog(i) , in (mV dec−1) obtained 
by fitting the experimental data. Table 1 clearly reveals that 
the process of corrosion evolves kinetically from a cathodic 
control ( ba < ||bc|| ) associated to mass-transport limited oxy-
gen reduction for the untreated substrate, toward the anodic 
control ( ba > ||bc|| ), for coated substrates. 

The optimal operating parameters (OOP), corresponding 
to the best corrosion behavior, are observed for the conver-
sion treatment at 5 mA/cm2 and 5 min. Indeed, the polari-
zation resistance (Rp) increases to reach a maximum value 
of 15.86 kΩ.cm2, which is 4 times greater than that of the 
untreated specimen (2.65 kΩ.cm2).

3.3 � Study of the Synergistic Effect Between 
Anodizing Process and Ce‑Conversion Deposit

The XRD patterns of the anodized and non-anodized 
samples (Fig. 3) having undergone a conversion deposit 
under OOP conditions confirms the ceria film coating of 
the CeO2 phase. In fact, the apparition of eight peaks cor-
respond to the Al substrate, crystallizing in the cubic sys-
tem (SG: m3m – 225), with a lattice parameter a = 4.056 Å 

(7)Rp

(
Ω.cm2

)
=

[
2.303icorr

(
1

ba
+

1

bc

)]−1

Fig. 1   Log (i)vs.E ) curves plot-
ted after 1 h in aerated 3.5 wt.% 
NaCl solution for specimens 
having undergone a CeCC 
process. Insert: (icorr vs. time) 
curves for different applied cur-
rent densities
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Fig. 2   Histograms of the cal-
culated polarization resistance 
values
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Table 1   Electrochemical 
parameters of treated and 
untreated aluminum alloy 
specimens

Specimens Ecor (mV) icor (µA/cm2) bc (mV.dec−1) ba (mV.dec−1) Rp (kΩ cm2) EI (%) |Z|
0.001 Hz 
(kΩ cm2)

Untreated − 504 7.49 543 50 2.650 – 7.927
CeEC − 935 1.60 81 210 15.86 78.63 10.05
An/CeEC − 711 0.20 87 136 108.1 97.15 105.6

Fig. 3   The XRD patterns of 
the anodized and non-anodized 
samples treated with cerium 
conversion coating at 5 mA/cm2 
for 5 min
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(JCPDS file N°01-072-3440). In addition, four other peaks 
at 29.01, 30.52, 44.10 and 55.86°, belonging to the cubic 
CeO2 phase, correspond to (110), (200), (220) and (311) 
reticular plans with a fluorite type crystal structure and. It 
should be indicated that the peaks attributed to the CeO2 
structure are relatively broad indicating a semi-crystallin-
ity. Furthermore, the diffractogram of aluminum sample 
treated according to CeEC treatment shows only the two 
most intense peaks located in the range (25°–30°). The 
Raman spectra (Fig. 4) enabled us to identify and con-
firm the formation of the solid phases based on cerium. 
Indeed, the spectra reveal the existence of a strong and 
dominated localized vibration band at 454 cm−1, attrib-
uted to the well-known first-order optical mode (F2g) of 
the symmetrical stretching of the Ce–O vibrational unit. 
Three other bands at 258, 603, and 1175  cm−1 with a 
weaker intensity are associated respectively to second-
order transverse acoustic mode (2TA), defect-induced 
mode (D), and second-order longitudinal optical mode 
(2LO) [33, 34]. Furthermore, it can be easily seen an 
increase in the Raman intensity of the previously ano-
dized specimen, owing to the existence of pores that have 
been clogged by cerium deposition. Examination of the 
optical micrographs (Fig. 5) of both anodized and non-
anodized specimens’ undergoing CeEC treatment reveals 
that the non-anodized one has a non-homogeneous mor-
phology, with a partial overlap of the substrate surface. 
However, the cerium-based deposit made on the anodized 
Al-substrate is more homogeneous, covering almost the 
entire surface, with fewer defects. This result is clearly 

Fig. 4   Raman spectra of ano-
dized and non-anodized samples 
treated with cerium conversion 
coating
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Fig. 5   Optical micrographs of both anodized and non-anodized speci-
mens having undergone cerium conversion coating
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related to the existence of a higher porosity due to the 
anodizing process. The corrosion properties are studied in 
3.5 wt.% NaCl solution, one of the most corrosive media. 
The selected semi-logarithmic (log (i) vs. E) plots (Fig. 6) 
clearly confirm the synergistic effect between the anodiza-
tion process and the cerium conversion coating. Indeed, 
it exhibits a considerable improvement in the corrosion 
behavior of the aluminum alloy sample treated accord-
ing to An/CeEC process. As stated by the electrochemical 
parameters exposed in Table 1, the polarization resistance 
(Rp) improves by more than 40 times (108.1 kΩ cm2) rela-
tive to the non-anodized sample (15.86 kΩ cm2), and their 
inhibiting efficiencies (EI), calculated according to Eq. (8) 
[35], are close to 97 and 78%, respectively.

where icorr and i0
corr

 are the corrosion current densities of 
treated and untreated specimens, respectively.

The EIS plots (Fig. 7), recorded over a large frequency 
range (1 MHz–1 mHz) in 3.5 wt.% NaCl, clearly show dis-
torted semicircles, revealing an outstanding anticorrosion 
properties for the specimen undergoing both anodizing and 

(8)EI(%) =

(
1 −

icorr

i0
corr

)
× 100

cerium-based conversion deposit, whose semicircle in the 
low frequency domain grows considerably, thus involving a 
stable anticorrosion barrier of CeO2 compact protective film. 
Indeed, the corresponding Bode diagrams (log(Z) vs. log(f)) 
assert the well pronounced impedance, whose modulus is 
the highest over the entire frequency range (Fig. 7a, Insert), 
and evolves towards an almost stable value from 0.05 Hz 
frequency, in contrast to that of the CeEC-treated sample, 
which drops from 2.18 mHz. Besides, the low-frequency 
impedances at 0.001 Hz (|Z|0.001) (Table 1), which can be 
assimilated to the polarization resistances for amply low 
frequency ( |Z|

0.001Hz(f → 0) ≈ Rp ), endorse those calculated 
using the Stern-Geary equation.

Furthermore, examination of the Phase (Z) vs. log(f) 
(Fig. 7b, Insert) reveals three time-constants for the untreated 
2024 aluminum specimen, indicating three capacitive loops. 
The first loop involves the high-frequency double layer 
capacitance while the second one at medium frequencies, 
associates both the internal ionic charge-transfer resistance 
and bulk capacitance. The third loop is due to the faradic 
impedance combining both faradic-electron transferring 
resistance related to the corrosion process, and their corre-
sponding low-frequency capacitance. In contrast, two time-
constants are reported for the cerium-modified aluminum 
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specimens, linked respectively the high-frequency double 
layer capacitance and the medium–low frequencies imped-
ance, involving the internal ion-diffusion through the oxide 
layer. Both the resistance and capacitance of the corrosion 
in low-frequencies, in agreement with previous obtained 
results for conversion deposits on 2024 aluminum alloy 
[36–39]. Commonly, the existence of a single broad-loop 
in the medium and low frequency domain (cf. Figure 7 b, 
Insert), which combines ionic and faradic processes, implies 
a "coalescence" between the reciprocal semicircles, whose 
characteristic frequencies ​​are quite close, giving a single 
relaxation time [40, 41].

4 � Conclusion

The synergistic effect efficiency between anodizing pro-
cess and cerium-based conversion coating on the corro-
sion behavior of 2024 aluminum alloy substrate was suc-
cessfully studied. The optimal operating parameters of the 
cerium conversion treatment, performed by galvanostatic 
cathodic polarization, are observed at a fixed current density 
of 5 mA/cm2 for 5 min. The X-ray diffraction and Raman 

spectroscopy confirmed the deposition of ceria (CeO2) thin 
film, with a cubic fluorite type crystal structure. Moreover, 
the Raman study of the 2024 aluminum alloy undergoing 
both anodizing and cerium-based conversion deposit (An-
CeEC) revealed a homogeneous deposit, covering almost 
the entire surface with fewer defects. Both polarization 
curves and EIS analysis showed the outstanding anticorro-
sion properties, owing to the synergistic effect giving rise 
to an efficient ion-barrier against the aggressiveness of the 
chloride-rich aerated environment (3.5 wt.%). The obtained 
polarization resistance (105 kΩ cm2) and inhibiting effi-
ciency (97%) were apparently greater than those of the solely 
cerium treated sample and the untreated one.
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