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Abstract:In this study, cerium-based conversion coating was deposited on aluminum 7075-T6 by dip immersion method.

Cerium oxide/hydroxide is an environmentally friendly conversion coating. Its corrosion resistance in 3.5 wt.% NaCl

solution was investigated by means of electrochemical impedance spectroscopy, potentiodynamic polarization, and surface

techniques. The coated samples showed a significant decrease in corrosion rate and the coating resistance increased with

increasing immersion time up to 1200 s. In addition, electrochemical impedance data showed that in the presence of

cerium oxide/hydroxide conversion coatings, the charge transfer resistance of aluminum increased. Surface morphology

and its chemical composition were analyzed by means of scanning electron microscopy and energy dispersive spectroscopy.

Key words: Aluminum 7075, cerium oxide/hydroxide coatings, impedance, corrosion, scanning electron microscopy,

potentiodynamic polarization

1. Introduction

Aluminum is widely used as a structural material because of its favorable properties such as a high strength to

weight ratio, corrosion resistance, and low cost [1,2] and in military and aerospace industries [1–3] owing to its

low density [3,4]. Alloying of aluminum is necessary to promote it to a high strength level [1–3] and hence reduce

its vulnerability to corrosion. The presence of the second phase particles in alloys leads to a potential difference

between the aluminum matrix and alloy element, which results in the formation of a galvanic cell. This galvanic

cell causes a decrease in aluminum’s corrosion resistance, particularly against halide ions [5–7]. In the past,

chromate conversion coatings have usually been employed to protect aluminum alloys against corrosion [8–13].

The highly carcinogenic and toxic [11,12] properties of hexavalent chromium compounds forced researchers

to search for more benign alternatives. Amongst the various alternatives, recently rare-earth coatings, and

particularly cerium, have attracted significant attention [14–18] as cerium forms a stable oxide and hydroxide

film. Furthermore, cerium-based oxide hydroxide film is nontoxic and inexpensive [16–18]. The commonly

employed deposition mechanism involves both the oxidation of aluminum and the reduction of H2O2 in the

reaction [14–19]:

Al → Al3+ + 3e (1)

H2O2 + 2e → 2OH (2)

Ce3+ +OH− + 1/2H2O2 → Ce(OH)2+2 (3)
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Ce(OH)2+2 + 2OH → Ce(OH)4 (4)

Ce(OH)4 → CeO2 + 2H2O (5)

H2O2 is added to the coating bath as an effective accelerator additive. The acceleration of the cerium conversion

coating process may be attributed to the rapid increase in pH, in turn caused by H2O2 reduction in cathodic

sites. Local increase of pH leads to improving the deposition of cerium oxide and cerium hydroxide [6,19]. At

lower pH, according to the Pourbaix diagram, Ce(III) is more stable, so Ce(IV) reduces to Ce(III). However, in

the higher pH range, Ce(IV) is more stable, particularly when oxidizing agents like O2 or H2O2 are available

[8]. Previous research has described in detail the effect of different deposition methods such as sol gel, brush, and

spray coatings on the corrosion resistance of cerium-based conversion coatings on aluminum 7075-T6 [20–23].

The present work, on the other hand, concentrates on the experimental investigation of the electrochemical

properties of 7075-T6 aluminum alloy covered with cerium obtained by dip immersion method by impedance

spectroscopy and potentiodynamic polarization. Surface morphology and chemical composition of cerium-based

conversion were analyzed by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).

2. Experimental work

2.1. Substrate preparation

For substrate preparation we followed exactly the same steps employed in an earlier work [20]. First, cerium-

based conversion coating was deposited on AA7075-T6 aluminum alloy with a chemical composition of Si: 0.4,

Fe: 0.4, Cu: 1.4, Mn: 0.4, Mg: 2.2, Cr: <0.5, Zn: 5.8, Ti: <0.5, and others: <0. 5 wt.%, with Al is the

balance. The specimens were cut to 1 cm × 1 cm samples from larger panels. Prior to the surface pretreatment

process, all samples were mounted in epoxy resin. Aluminum coupons were then mechanically abraded with

abrasive papers (400–2000 mesh). The specimens were desmutted by rinsing with acetone and alkaline cleaning

by soaking in a NaOH solution, followed by their acid activation in an H2SO4 solution. Between each sequential

step of the pretreatment process the samples were rinsed with deionized water.

Pretreated samples were coated by immersion in a cerium solution at room temperature for periods

ranging from 30 s to 1800 s. The coating bath contained 1 g of CeCl3 , 3 drops of glycerin, and 2 mL of

H2O2 in 100 mL of deionized water. After the coating process, they were stored at room temperature in the

ambient laboratory air for 24 h.

2.2. Methods

The employed methods were also borrowed from an earlier work [20] as follows. Electrochemical impedance

spectroscopy (EIS) and polarization curves were employed to evaluate the corrosion behavior of cerium-based

conversion coatings. The electrolyte was 3.5 wt.% NaCl solution and the solution pH was adjusted by adding

hydrochloric acid or sodium hydroxide. A three-electrode cell system (PGSTAT 302N) was used for the

electrochemical tests. Ag/AgCl, platinum, and AA7075 electrodes were used as the reference, counter, and

working electrodes, respectively. The potential was scanned at a rate of 1 mV s−1 . Polarization parameters

were calculated by the Tafel extrapolation method [24,25]. A frequency sweep from 100 kHz to 10 MHz was

used for EIS measurements. EIS data were curve-fitted to the proposed equivalent circuit by in-house least

square software based on the Marquardt method for the optimization of functions and Macdonald weighting for

the real and imaginary parts of the impedance [26,27]. SEM (VEGA, TESCAN-LMU) equipped with EDS was

employed to characterize the surface morphology and average chemical composition.
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3. Results and discussion

3.1. Surface analysis

Figure 1a presents the cerium conversion coatings of aluminum obtained in 1200 s of immersion time in cerium

solution. The cerium conversion coating exhibits a uniform surface with mud-crack morphology, and some

external growth and an enriched zone are also observed on the coating surface. It has been reported that these

cracks and enriched zones are results of the high precipitation rate of the cerium oxide/hydroxide layer above

the intermetallics [7,28,29]. The cracks, on the other hand, were attributed to the drying process performed

after the samples were taken out of the conversion bath [7]. The existence of these cracks in Figure 1 bears no

strict relation with the intermetallics as they are distributed over the whole surface. Figure 1b shows the cerium

conversion coating obtained with a short immersion time. Figure 1b exhibits that the quality of the conversion

layer is low and the coating does not cover the whole surface. The EDX analysis of cerium conversion coating

Figure 1. a) SEM micrographs of cerium conversion coated AA7075 obtained after a) 1200 s and b) 30 s immersion. c)

EDX analysis of cerium oxide coating.
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with a 31.2 wt.% cerium content is exhibited in Figure 1c. The precipitates formed from immersion method at

room temperature consist mainly of cerium hydroxide.

3.2. Potentiodynamic polarization measurements

The electrochemical behavior of the cerium oxide/hydroxide coatings at different immersion times was inves-

tigated by potentiodynamic polarization in 3.5 wt.% NaCl solution. Polarization curves of the cerium ox-

ide/hydroxide coated AA7075 electrode are shown in Figure 2. The anodic and cathodic polarization branches

in Figure 2 demonstrate Tafel type behavior [24,25] of these samples in the active state. Table 1 exhibits the

corrosion parameters such as corrosion current density (Icorr), corrosion potential (Ecorr), polarization resis-

tance (RP ), and Tafel slopes [24,25] (βa, βc). The polarization resistance is calculated by the following equation

[30]:

Rp =
βa.βc

2.303(βa+ βc)
× 1

Icorr
. (6)

According to Table 1, the corrosion current density and corrosion rate decrease in the presence of cerium

oxide/hydroxide coatings. The decrease in corrosion rate indicates the barrier properties of the cerium ox-

ide/hydroxide films on the AA7075 substrate in a corrosive environment. Table 1 also shows that by increasing

immersion time from 30 to 1200 s, Icorr and corrosion rate of the coated samples decrease. With the increase

of immersion time up to 1200 s, propagation of cerium oxide/hydroxide on the surface increases and covers the

entire surface (Figure 1). After withdrawing samples from the solution and drying them at ambient tempera-

ture, cracks on their surface propagate and decrease the corrosion resistance of the coatings. The upper layer

of the coating will be hardened during drying, trapping the water in the inner cerium oxide/hydroxide layer.

It is the trapped water that cannot escape from the coating that leads to cracking. After 1200 s of immersion

time, both corrosion current density and corrosion rate increase, which is related to the formation of deep cracks

within thick film and hence a decrease in coated sample toughness.

Table 1. Potentiodynamic polarization parameters for the corrosion of cerium oxide coated aluminum in 3.5 wt.% NaCl

solution as a function of different immersion times.

Immersion Ecorr Icorr A cm2

βaV dec−1 −βcV dec−1 Rpohm
Vcorr

time mV mm year−1

0 (bare) –546 1.32 × 10−6 0.051 0.556 1.53 × 104 1.55 × 10−2

30 s –511 6.40 × 10−7 0.057 0.335 3.33 × 104 7.52 × 10−3

300 s –538 5.02 × 10−7 0.039 0.157 2.74 × 104 5.89 × 10−3

600 s –558 1.52 × 10−7 0.047 0.243 1.12 × 105 1.79 × 10−3

1200 s –637 9.19 × 10−8 0.089 0.199 2.91 × 105 1.08 × 10−3

1800 s –597 5.94 × 10−7 0.183 0.132 5.61 × 104 6.97 × 10−3

As shown in Figure 2, the corrosion resistance of coated aluminum increases up to 15–20 times in

comparison to that of the bare aluminum. Valdes et al. [31] demonstrated that the corrosion resistance of

aluminum alloy 6061 increases in the presence of cerium-based coatings deposited by immersion method. They

also showed that despite the presence of some cracks in the coatings, the corrosion resistance increased up to

20–30 times. Earlier literature claimed that higher corrosion-resistant coating can be obtained by other coatings

methods [32,33]. However, the existence of such cracks was also seen in these methods, like spraying [32–35].

Note that the dip immersion is a simple and inexpensive method in comparison with other methods.
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Figure 2. Potentiodynamic polarization curves of cerium-coated AA7075 in 3.5 wt.% NaCl solution, where cerium

conversion was obtained for different immersion times: 1) bare, 2) 30 s, 3) 300 s, 4) 600 s, 5) 1200 s, and 6) 1800 s.

Table 1 shows that the cerium-coated sample immersed in a bath for 1200 s forms a more protective

layer on the aluminum surface. The influence of cerium-based conversion coating is more pronounced in the

cathodic polarization plots compared to that of the anodic polarization plots in Figure 2. Such behavior is

evidence of cerium deposition as an oxide/hydroxide on cathodic sites, which prevents the cathodic reaction [36].

Apparently, the anodic reactions are balanced by cathodic reactions on the metal surface. Cerium deposition

occurs due to local pH increase produced by the cathodic reaction of H2O2 near the intermetallic compounds

[23].

Figure 3. Impedance diagrams of cerium oxide coated aluminum 7075 in 3.5 wt.% NaCl solution where cerium coating

was obtained for different immersion times in cerium chloride solutions: 1) bare, 2) 30 s, 3) 300 s, 4) 600 s, 5) 1200 s,

and 6) 1800 s.
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3.3. Electrochemical impedance

The electrochemical impedance property was employed to confirm the anticorrosion behavior of the cerium

coating. Figure 3 presents the impedance diagrams of cerium conversion coated AA7075 obtained in different

immersion times in a cerium bath. Impedance was measured at open circuit potential in a 3.5 %wt. NaCl

solution. In Figure 3, two distinct semicircles are visible in high- and low-frequency ranges for each sample. The

high-frequency domain loop can be attributed to metal dissolution and formation of oxide film on the surface,

whereas the low-frequency loop can be ascribed to inductive nature due to accumulation of ionic chloride in the

vicinity of the metal surface. The equivalent circuit compatible with the Nyquist diagram is depicted in Figure

4. The simplest approach requires the theoretical transfer function Z (ω) to be represented by [37]:

Z(ω) = Rs +
iwRctL+RctRL

Rct +RL + iwL+RctRLQdl (iw)
n
+RctLQdl (iw)

n+1 , (7)

where w is the frequency in rad/s, w = 2πf , andf is frequency in Hz. In this electrical equivalent circuit,

Rs , Qdl , and Rct represent solution resistance, a constant phase element corresponding to the double layer

capacitance Qdl = Rn−1Cn
dl , and the charge transfer resistance. RL is the inductor’s resistance and L is

inductance in the low-frequency range of impedance. To obtain a satisfactory impedance simulation of cerium

oxide/hydroxide coated aluminum, it is necessary to replace the capacitor (C) with a constant phase element

(CPE) Q in the equivalent circuit. The presence of CPE behavior and depressed semicircles on solid electrodes

is mostly attributed to microscopic roughness, which causes an inhomogeneous distribution in the solution

resistance as well as in the double-layer capacitance [38,39].

Figure 4. Equivalent circuits compatible with the experimental impedance data in Figure 2 for corrosion of cerium

oxide coated aluminum electrode.

An equivalent circuit has been corroborated by inferring its parameters from curve-fitting of the exper-

imental data to equivalent circuit values. Table 2 lists the equivalent circuit parameters for the impedance

spectra of corrosion of cerium oxide/hydroxide coated aluminum in NaCl solution. Table 2 shows that the

charge transfer resistance increases with increasing immersion time in coating solution. The increase in the

resistance is due to the presence of the more adherent and uniform cerium coating on the surface of AA7075,

which decreases the active area of the substrate. However, once the immersion time reaches and exceeds 1800

s, a slow decrease in the impedance follows owing to the formation of larger cracks.

The Qdl exponent (n) is a measure of the surface heterogeneity and its increasing values indicate that the

aluminum surface becomes more homogeneous with increasing immersion time as a result of uniform coatings

and corrosion inhibition.
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Table 2. Equivalent circuit parameters for the corrosion of cerium oxide coated aluminum in 3.5 wt.% NaCl solution

obtained for different immersion times in cerium solutions.

Sample Rs Ω Rct × 10−4 Ω Qdl × 104 F n RL× 10−3 Ω L × 10−5 H
0 (bare) 5.5 0.21 20 0.88 0.7 3
30 s 6.5 0.81 1 0.93 2.8 2
300 s 6 1.51 1 0.96 13 5
600 s 6 1.72 2 0.96 19 6.5
1200 s 6.3 1.92 1 0.98 10 5
1800 s 5.4 0.98 2 0.96 15 10

Time dependency of cerium oxide/hydroxide coated aluminum in NaCl solution is shown in Figure 5 and

the corresponding impedance parameters are presented in Table 3. Cerium conversion coating was obtained

by 1200 s of immersion in coating solution. Figure 5 shows that the charge transfer resistance increases with

increasing immersion time of up to 96 h in corrosive solutions. For long immersion times the charge transfer

resistance decreases as a result of deeper penetration of Cl− into the coating layer and deteriorates the cerium

conversion coatings. In addition, the double-layer capacitance increases with increasing immersion time due to

the increase of ion penetration into the coating.

Table 3. Equivalent circuit parameters for the corrosion of cerium oxide coated aluminum in 3.5 wt.% NaCl solution

obtained in different immersion times in corrosive solutions. Cerium coating was obtained by 1200 s immersion in coating

solutions.

Immersion time Rs Ω Rct× 10−4 Ω Qdl× 104 F n RL× 10−3 Ω L× 10−5 H
30 min 6.3 1.92 1 0.98 10 5
48 h 6 2.42 2 0.96 12 6
96 h 6.3 2.21 5 0.95 11 7
144 h 6.4 1.81 8 0.92 10 6

Figure 5. Impedance diagrams of cerium oxide coated aluminum 2024 with different immersion time in 3.5 wt.% NaCl

solution: 1) 30 min, 2) 48 h, 3) 96 h, and 4) 144 h. Cerium coating was obtained by 1200 s of immersion in coating

solutions.
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4. Conclusion

Cerium oxide/hydroxide was developed as an environmentally friendly conversion coating on aluminum alloy

AA7075 by dip immersion method. The electrochemical behavior of AA7075 aluminum alloy coated with

cerium conversion coating was investigated in 3.5 wt.% NaCl solution by using potentiodynamic polarization,

electrochemical impedance, and SEM-EDS analysis. The electrochemical behavior analysis showed that the

cerium-based conversion coating improved the corrosion resistance of the alloy since it inhibited both the

anodic and cathodic reaction rates in chloride-containing environments. Immersion time in the cerium solution

significantly influenced the corrosion properties positively up to 1200 s and adversely beyond 1200 s, and

hence the optimum coating behavior was observed at about 1200 s of immersion time. The coating produced

with longer immersion times had increased corrosion rates owing to water trapping, which in turn leads to

development and propagation of deep cracks.
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