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Abstract 
The paper presents several experimental results regarding the influence of various 
procedures applied to incorporate Ce species in hydrotalcite–type chemical conversion 
coatings on the overall corrosion performance for AA 7075 aluminum alloy as a metallic 
substrate. Two routes were envisaged: (i) chemical incorporation of Ce by immersion in 
cerium nitrate solutions and (ii) electrochemical deposition of hydrophobic Ce - based 
layer involving ethanolic solutions of stearic acid and cerium nitrate. The chemical route 
involving immersion in cerium nitrate solutions led to the incorporation of 2.46 – 6.84 
wt.% Ce in the composition of the porous conversion layer. The electrochemical process 
facilitated the formation of a hydrophobic cerium stearate layer on porous hydrotalcite 
conversion coating showing water contact angles of about 132o and a higher Ce content 
incorporated of 6.55 – 9.73 wt.%. The corrosion performance of the Ce-based conversion 
coatings is also discussed. 
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hydrophobic layers 

 

Introduction 

The development of alternative surface pretreatments and pigmented coatings on Al and its alloys 

to eliminate the health hazards and toxicity of soluble hexavalent chromium has been pursued for 

many years. Especially in the aeronautical industry, the replacement or elimination of hexavalent 

chromium has been and still is a major challenge [1-5]. Chromate-containing conversion coatings (CCs) 

are among the most developed and large-scale applied to protect Al alloys with superior performance. 
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Whilst many approaches have been attempted to achieve acceptable alternatives, relatively few 

systems have demonstrated similar effectiveness as chromate-containing systems [6,7]. 

A variety of investigations have been performed to find suitable candidates to replace chromates. 

Ideally, these compounds should have a similar performance as chromates, i.e., providing corrosion 

protection to the substrate and serving as a reservoir of corrosion inhibitor, which has the ability to 

be released from the coating when damages occur and heal the defect by the formation of a 

protective or passivation layer. This leaching of soluble chemical species is the main corrosion-

inhibiting strategy used in corrosion-inhibiting coating technology for the protection of high-

strength Al alloys [8,9]. 

Rare earth compounds are among the most promising options for replacing chromate conversion 

coatings on Al [10,11]. Such compounds have been found to act as cathodic inhibitors, including Ce, 

Sm, La, Nd, Pr, Y, Gd and Tb. Cerium compounds are generally the most active and the corrosion 

resistance usually follows the sequence: Ce ˃ Nd ˃ Pr ˃ Y ˃ La. With the exception of La, the other 

rare earth agents are effectively ruled out of widespread commercial use due to cost considerations. 

However, La-containing coating not only is less active than Ce one but also shows poor adhesion as 

well. Thus, usually, the term „rare earth” is to be considered to mean cerium [10 and included refs.]. 

Cerium-based conversion coatings can be applied to Al alloys by a large range of procedures, 

including electrolytic deposition, spray, swabbing and immersion. Immersion processes may be 

either (i) unaccelerated or (ii) accelerated thermally or chemically [10,12,13 and included refs.]. 

Most of the investigations have been focused on immersion processes because both 

electrodeposition and spray deposition were found to still have several hurdles facing them before 

being considered for a mainstream application. 

The use of rare-earth compounds as corrosion inhibitors has been proposed for the first time by 

Hinton and his co-workers in Australia [14,15], who involved Ce salts in protecting Al-based 

substrates, thus providing excellent resistance to localized corrosion. Hughes et al. [16] investigated 

the generation of Ce- and Mo- containing CC coatings on Al alloy by a multistep process. In spite of 

excellent corrosion performance, the proposed procedures are unsuitable for a large-scale 

application due to the long period required (more than 24 h). Therefore, for any practical purpose, 

an accelerated process should be used. Usually, the deposition of cerium oxide/hydroxide-based 

coatings occurs at local cathodic sites, where the pH is increased, depending on the operation 

parameters, which should be rigorously controlled because they influence both the formation 

kinetics and their final protective characteristics [10,13,17]. Application of post-coating seals is also 

recommendable [10,18]. 

The application of thinner coatings demands new strategies to extend their lifetime and improve 

their effectiveness. New synthesis routes and procedures have been reported in order to improve 

corrosion protection of Al alloys while benefitting from the characteristics Ce-based compounds 

may provide. 

Under these circumstances, combinations of Ce-based conversion coatings with layered double 

hydroxides (LDHs) or various types of sol-gel films have also been reported. LDH is a hydrotalcite-like 

compound, which is typically composed of positively-charged mixed metal MII-MIII hydroxide layers 

and interlayers occupied by anions (Ay-) and water molecules [19,20]. The pioneering work of Buchheit 

et al. [21] showed that a coating consisting in a hydrotalcite (HT) layer (formed by immersion in a bath 

containing a mixture of lithium, potassium, and sodium salts), sealed by contact with Ce solutions, 

exhibits self-healing behaviour probably because Ce is introduced into the HT as a soluble high-

oxidation-state species. LDHs have often been employed as containers for corrosion inhibitors such as 
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rare earth ions to provide active corrosion protection for the metal substrates. In addition, Visser et 

al. [22,23] recently showed that Li salts are also of interest as an alternative corrosion inhibitor to 

protect Al alloys after earlier reports of Buchheit et al. [24,25] regarding the passivity of Al in alkaline 

lithium salt solutions. It has also been shown that the lithium-leaching coatings also suppressed 

localized corrosion and provided additional corrosion resistance on more corrosion-resistant 

aluminium alloys such as AA5083‐H111 and AA6014‐T4, by the formation of a protective layer in the 

defect area and preventing local corrosion processes despite the different intrinsic electrochemical 

activity of the alloys [26]. Fernandes et al. [27] showed that hydrotalcite (denoted HT-HTC) based 

coatings formed onto AA 6061 alloy involving lithium nitrate solutions showed an increased corrosion 

performance compared to those formed in lithium carbonate ones. Moreover, Ce incorporation in the 

HT-HTC layer further enhanced the metallic substrate's corrosion resistance. Recently, Zhang et al. 

[28] reported the synthesis of Ce-doped Zn-Al LDHs and their incorporation into a hybrid sol-gel 

protective coating for AA2024. The sol-gel coating modified with Ce-doped Zn-Al LDHs exhibited 

higher corrosion protection behavior compared with both unmodified and Ce-undoped LDHs 

containing coatings. This proved the applicability of Ce-doped LDHs in delaying coating degradation 

and their potential application as nanocontainers of corrosion inhibitors in self-healing coatings. Chen 

et al. [29] prepared double-doped LDH films on AA2024, using Ce(III) and vanadate species as dopants 

through a two-step procedure involving: (i) the in-situ growth of Ce-doped ZnAl LDH with urea 

hydrolysis followed by (ii) the intercalation of V2O7
4- by the anion-exchange process. The performed 

EIS (electrochemical impedance spectroscopy) investigations involving the immersion in 0.05 M NaCl 

solution for 15 days showed that the double incorporation of Ce(III) and V2O7
4- significantly enhances 

the corrosion performance, exhibiting high impedance values of ≈106 Ω cm2 order. However, the 

proposed procedure suffers from a quite long synthesis procedure (24 h for the first step followed by 

2 h for the second one). 

Iqbal and Fedel [30] applied Ce-doped MgAl LDHs directly on the anodized aluminum surface and 

on the hot-water sealed anodized aluminum specimens at 80 °C for 18 h. According to EIS investi-

gations during immersion in 0.1 M NaCl solution for 1200 h, it was found that the addition of Ce ions 

facilitated improved corrosion protection, mainly when the growth of CeMgAl-LDHs has been 

developed on the anodized layer. To get more information on the role of trivalent cerium species 

present in Ce-doped MgAl LDHs, Fedel and Zampiccoli [31] developed the conversion layers directly 

on the 6082 aluminum alloy surface at 80 °C for preparation periods between 1 and 9 h. The analysis 

of the data acquired before and after 400 h of continuous immersion in the 0.1 M NaCl, suggested a 

corrosion inhibition mechanism based on the dissolution and re-precipitation of Ce compounds. 

In order to enhance the corrosion protection of aluminum alloys and inspired by nature, the 

development of highly hydrophobic/superhydrophobic surfaces has also been considered an at-

tractive strategy. In particular, the specific morphology of LDH-based conversion layers might facilitate 

superhydrophobic characteristics upon modification with low-surface-energy chemicals [32]. In this 

regard, Yang et al. [33] reported the preparation of Li-Al LDH coating on AA2099-T83 Al-Cu-Li alloy, 

followed by 1H, 1H, 2H, 2H- perfluorodecyl trimethoxysilane (PFDTMS) modification. The modified 

layer showed superhydrophobic properties with a water contact angle of about 155° and superior 

corrosion performance materialized by a corrosion current decrease of two orders of magnitude. 

Iqbal et al. [34] prepared superhydrophobic Ce-doped MgAl LDHs directly on the anodic surface of 

AA6082 alloy through modification by PFDTS (1H, 1H, 2H, 2H perfluorododecyl trichlorosilane) 

through anion exchange reaction, exhibiting high water contact angle of about 156°, improved 

corrosion resistance and self-cleaning properties. While some superhydrophobic surface layers on 
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various aluminum and aluminum alloys have been developed as an efficient barrier against corrosion, 

they mostly involve the use of fluorinated chemicals, which negatively affect the environment and 

human health. In this context, the use of fatty acids, including myristic acid (CH3-(CH2)12-COOH), stearic 

acid (CH3-(CH2)16-COOH), or decanoic acid (CH3–(CH2)8–COOH) could represent an attractive more 

environmentally friendly route [35]. Iqbal et al. [36] used 0.01 M sodium stearate solution at 50 °C for 

5 h to develop the superhydrophobic structure over Ce doped MgAl LDH grown directly on an 

anodized AA6082 surface, which exhibited a water contact angle of 155°. It has been shown that the 

obtained layers presented superior corrosion resistance characteristics in 0.1 M NaCl, also benefitting 

from the synergic effect of cerium inhibitors and superhydrophobic surfaces.  

Quite recently, Zhang et al. [37,38] proposed an easier and quicker approach to fabricating 

superhydrophobic surfaces directly on pure Al substrate, involving a one-step electrodeposition 

process and ethanolic solutions of myristic acid or stearic acid and cerium nitrate under constant 

voltage conditions. The electrochemically prepared superhydrophobic surfaces showed greatly 

enhanced corrosion resistance and good lasting quality under air exposure and 3.5 wt.% NaCl 

immersion. 

Considering all mentioned above, the present paper intends to explore the influence of various 

procedures applied to incorporate Ce species in hydrotalcite–type chemical conversion coatings, on 

the overall corrosion performance, for AA 7075 aluminum alloy as a metallic substrate. Two routes 

were envisaged: (i) chemical immersion in cerium nitrate solutions and (ii) electrochemical 

deposition of hydrophobic Ce-based layer involving ethanolic solutions of stearic acid and cerium 

nitrate. In this context, it is worth mentioning that, to the best of our knowledge, no hydrophobic 

coating was reported on HT layers or AA 7075 aluminum alloy involving electrolytes based on Ce 

salts and stearic acid. 

Experimental  

In order to perform experiments, unpolished specimens of AA 7075 alloy (chemical composition 

shown in Table 1) have been cut in 35×70×10 mm coupons and used as metallic substrate.  

Table 1. Chemical composition of AA 7075 

Content, wt.% 

Si Fe Cu Mn Mg Cr Zn Ti Other  Al 

Max. 0.40 Max. 0.50 1.2-2.0 Max. 0.30 2.1-2.9 0.18-0.28 5.1-6.1 Max. 0.2 Max. 0.15 rest 
 

Before any process, the specimens have been firstly degreased in acetone for 30–60 s to remove 

surface contaminations. Then, a chemical alkaline degreasing step was applied using an aqueous 

solution of 30–50 g/L Na2CO3∙10H2O + 30–50 g/L Na3PO4∙12H2O + 5 g/L NaOH, for 5 min. at 60–80 

°C, followed by a chemical desmutting in HNO3 1:1 (vol.) solution containing 0.37 % CeCl3 [39] for 

30–60 s at room temperature, water rinsing and drying. The specimens have been rinsed in 

deionized water between each step, too. 

The hydrotalcite type conversion coatings (denoted HT) have been developed by immersion at a 

constant temperature of 90±5 °C for 20 min. in solutions containing a mixture of lithium and 

potassium salts, whose detailed composition is presented in Table 2. The HT-coated surfaces were 

rinsed with distilled water and then subjected to the Ce species incorporation step, either (i) by 

immersion in 0.05 M Ce(NO3)3∙6H2O solution for 20 min. (specimens denoted HT-Ce) or (ii) by elec-

trochemical deposition of hydrophobic Ce-based layer in ethanolic solutions of 0.1 M Ce(NO3)3∙6H2O 

+ 0.1 M stearic acid at a constant voltage (Udc) of 20 V for 20 min., at room temperature (specimens 
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denoted HT-Ce-S). In this case, a two-electrode cell configuration has been used, where platinized 

titanium plates acted as anode. After preparation, the specimens were rinsed with ethanol and dried 

using an air blower. 

Table 2. Chemical composition and applied operating parameters during conversion coatings preparation 

Conversion type Solution composition Operating parameters 

HT 
6.9 g L-1 LiNO3; 28.3 g L-1 KNO3 

2.4 g L-1 LiOH; pH 12 - 12.5 
t = 20 min 

T = 90 ± 5 oC 

HT-Ce 0.05 M Ce(NO3)3∙6H2O 
t = 20 min 

T = 23 ± 2 oC 

HT-Ce-S 
0.1 M Ce(NO3)3∙6H2O 

0.1 M stearic acid in ethanol 
Udc(const) = 20 V 

t = 20 min; T  23 ± 2 oC 

 

Scanning electron microscopy (SEM) (Hitachi SU 8230, Hitachi High-Tech Corporation, Tokyo, 

Japan) and Energy dispersive X-ray spectroscopy (EDX) (Oxford Instruments, Oxford, UK) were used 

to analyze the surface morphology and the composition of the prepared conversion films. The 

investigation of the phase composition and structure of the prepared films was performed by X-ray 

diffractometry (XRD) (High Resolution SmartLab X-ray diffractometer Rigaku, Tokyo, Japan 9 kW, 

with rotating anode) using CuKα radiation ( = 0.15406 nm) at room temperature, in the 2 range 

of 5–90 degree. To get information about the surface composition, the Fourier transform infrared 

(FTIR) spectrometry (Spectrum Two FT-IR instrument equipped with Universal Diamond/KRS-5 ATR 

component, Perkin Elmer, USA) was used and the spectra were collected from 4000 to 450 cm−1. 

The surface wettability characteristics of the investigated specimens have been determined by 

measurements of the contact angles (CAs) using a CAM 100 compact angle meter at room 

temperature (24±2 °C). An average value of at least five measurements performed on different 

areas of the specimens was considered. The hydrophilic ( < 90°) or hydrophobic ( > 90°) character 

of the prepared surfaces has been assessed using deionized water as liquid. 

The assessment of corrosion behavior of the HT-Ce and HT-Ce-S conversion coatings has been 

performed involving accelerated laboratory tests consisting of continuous immersion in aerated 

0.5 M NaCl aqueous solution at 25 °C for 360 h, with intermediary visual examinations. Minimum 3 

pieces of each conversion coating type (70×35 mm) were subjected to an immersion test. 

Potentiodynamic polarization curves at a sweeping rate of 1 mV s−1 and electrochemical impedance 

spectra (EIS) at open-circuit potential using 0.5 M NaCl solution were recorded against Ag/AgCl 

reference electrode and using a Pt counter electrode. For both electrochemical investigations, the 

geometrical surface of the working electrode was 0.196 cm2. EIS spectra, recorded with 10 mV a.c. 

voltage within 100 kHz to 100 mHz frequency range, have been processed using ZView 2.4 software 

from Scribner Association Inc., Derek Johnson. All electrochemical investigations have been 

performed using a PARSTAT 4000 potentiostat controlled with VersaStudio software. 

Results and discussion 

In order to develop hydrotalcite type conversion coatings (HT), AA 7075 specimens have been 

immersed in conversion solution for 30 min. and the open circuit potential (Uoc) during the time has 

been monitored to evidentiate the different stages of the formation as illustrated in Figure 1 (black 

line).  

A sudden shift of the Uoc occurs during the first 15 s, up to -1.04 V, followed by a further 

displacement in the cathodic direction up to -1.11 V for about 10 min. of exposure. This is related to 
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the metal dissolution in the strong alkaline solution, associated with H2 evolution from the surface. 

Then, Uoc started to increase as the conversion film forms, up to a quite stable value, assigned to 

thickening of the coating and gas evolution ceased. This gradual increase suggests a slow but 

continuous formation of the layer on the alloy surface. The general shape of Uoc recording is relatively 

similar to those reported in [23,40] for AA2024-T3 and pure Al substrates. 

 
Figure 1. Evolution of open circuit potential vs. conversion time for HT (black line) and HT-Ce 

(blue line) during coatings formation 

During the next Ce species incorporation step (see Figure 1 blue line), a shift of Uoc towards more 

positive values in time is noticed, assigned to the formation of a second protective layer. According 

to [41-43 and included references], the development of the cerium-based film on aluminum and its 

alloys using solutions of simple cerium salts with no presence of an oxidizing agent could occur 

through the participation of the dissolved oxygen in the solution. Therefore, the reduction of oxygen 

occurs (Eq. 1), leading to OH- ions formation [41,43]: 

O2 + 2 H2O + 4 e- → 4 OH- (1) 

Further, the reaction of Ce (III) species with hydroxide ions could lead to the formation of 

protective cerium oxide (Eq. 2) that covers the surface, also facilitated by the alkaline pH of HT 

coating [43]: 

2 Ce3+ + 4 OH- + O2 + 2 e- → 2 CeO2 + 2 H2O (2) 

SEM micrographs of the developed HT-Ce coating onto AA 7075 alloy are presented in Figure 2, 

at various magnifications. 

 
Figure 2. SEM micrographs at different magnifications in the case of HT-Ce layer developed onto AA 7075 

alloy:(a) 3000×; (b) 25000× and (c) 50000× 
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A porous morphology could be noticed, entirely covering the metallic surface. At higher 

magnification (Figure 2b and 2c), a nest-like structure is revealed, composed of curved blade-like 

formations of about 10–20 nm in width and a length of 200-300 nm. Besides the presence of 

aluminum, oxygen, as well as of Mg, and Cu as alloying elements, EDX analysis evidenced the 

presence of 2.46 –6.84 wt.% Ce in the composition of HT-Ce layer. 

Figure 3 presents an example of the recorded SEM micrographs at various magnifications for the 

HT-Ce-S coatings obtained after the electrochemical step in cerium-stearic acid ethanolic solution, 

applying a constant voltage of 20 V for 20 min. 

 
Figure 3. SEM micrographs at different magnifications in the case of HT-Ce-S layer developed onto AA 7075 

alloy: (a) 5000×; (b) 25000× and (c) 50000× 

As shown in Figure 3, a better profiled curved platelet structure developed perpendicular to the 

substrate is observed, also exhibiting a certain level of disorder. Traditionally, electrochemical 

deposition could be seen as a process occurring at the atomic/molecular level so that the formed 

layer entirely takes the three-dimensional shape of the substrate with very high accuracy [44]. 

Therefore, the applied electrochemical step on the already formed HT coating led to the 

formation of a quite similar morphology (not shown here), however, with much more well-defined 

features. 

According to EDX measurements, the Ce content within the HT-Ce-S layer was higher as 

compared to HT-Ce ones, in the range 6.55–9.73 wt.%, suggesting an enhanced cerium ions insertion 

after the electrodeposition process. In addition, the presence of carbon, aluminum, oxygen, as well 

as of Mg and Cu as alloying elements has also been identified. The C/Ce atomic ratio calculated from 

EDX analysis was found to be between 49.5 (C/Ce = 42.56:0.86) and 52.77 (C/Ce = 27.44:0.52), which 

is relatively close to the theoretical value in cerium stearate, Ce (CH3(CH2)16COO)3, i.e., C/Ce = 54:1. 

In the employed cerium nitrate solution, Ce3+ ions resulted from dissociated cerium nitrate 

hexahydrate, moving toward the cathode on applying the constant voltage. Near the cathode, Ce3+ 

ions react with stearate ions available as a result of the dissociation reaction of stearic acid, forming 

cerium stearate over the porous HT surface. The reduction of hydrogen ions at the cathode surface 

also occurs, leading to the formation and release of gaseous hydrogen, evidenced by the presence of 

bubbles. Consequently, the following reactions can be formulated: 

CH3(CH2)16COOH ↔ CH3(CH2)16COO- + H+ (3) 

Ce3+ + 3 CH3(CH2)16COO- → Ce (CH3(CH2)16COO-)3 (4) 

2 H+ + 2 e- → H2
↑ (5) 

Figure 4 presents the XRD patterns of HT-Ce and HT-Ce-S films developed on AA 7075 alloy. 

The characteristic peaks located at 38.4, 44.7, 64.9 and 78° were assigned to the Al phase of AA 7075 

alloy [45]. In addition, peaks occurring at around 10 and 20° suggest the formation of LDH 
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intercalated with NO3
- [28,29,45-48]. However, slight shifts of the diffraction peaks ascribed to (003) 

and (006) reflections suggest the cerium species intercalated in the hydrotalcite structure.  

 
Figure 4. XRD patterns of: (a) HT-Ce and (b) HT-Ce-S films developed on 7075 Al alloy 

The peak related to (003) reflection is displaced from 11.64 to 10.51°, while the peak 

corresponding to (006) reflection is repositioned from 23.40 to 19.76°. Based on the Bragg’s 

equation, the d-spacing value of the (003) reflection increased from 0.760 nm to 0.841 nm and the 

d-spacing value of the (006) reflection enlarged from 0.3801 nm to 0.4489 nm. The low intensity of 

(003) and (006) reflections suggests a decline of the LDH crystallinity. As similar XRD patterns were 

recorded both for HT-Ce and HT-Ce-S films, it could be considered that the type of procedure, i.e., 

either chemical or electrochemical, does not produce a significant change in the layer’s structure. 

FT-IR spectra of HT-Ce and HT-Ce-S films are presented in Figure 5.  

 
Figure 5. FTIR/ATR spectra related to (a) HT-Ce and (b) HT-Ce-S layers onto AA 7075 alloy 

The spectrum of the HT-Ce layer (see Figure 5a) exhibits a broad shoulder centered at about 3430 

cm-1, assigned to O-H stretching vibration of the LDHs layer as well as to interlayer water molecules 
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bonded to LiAl-OH groups [48,49]. The low-resolution adsorption peak is located at about 1630 cm-

1 was ascribed to the bending mode of water molecules, indicating a small amount of interlayer 

water in the LiAl-based LDH [50]. The adsorption band present at about 1360 cm-1 corresponds to 

the NO3
-
 anions stretching vibration. The peaks located between 720 cm-1 and 530 cm-1 can be 

assigned to M=O and M-OH (M = Al, Li) lattice vibrations in LDH layers [48]. After electrochemical 

modification involving stearic acid-cerium nitrate ethanolic solutions, two additional peaks located 

at 2918 cm-1 and 2849 cm-1 are evidenced (see Figure 5b), related to stearic acid and attributed to 

(-CH-) asymmetric and symmetric stretch vibration, respectively [38,51]. The above-mentioned 

results associated with the presence of Ce and of the determined C/Ce atomic ratio, as evidenced 

from EDX analysis, suggest the formation of a cerium stearate (Ce [(CH3(CH2)16COO]3) on the HT 

formed layer on AA 7075 alloy during electrochemical step under employed operation conditions. 

The surface wettability of the HT-Ce and HT-Ce-S layers has been assessed by water contact angle 

(CA) measurements. Figure 6 comparatively shows the determined water CAs of the bare 7075 alloy 

after surface preparation treatment and the two investigated conversion coatings, both initially and 

after continuous immersion in 0.5 M NaCl solution for 360 h. As illustrated in Figure 6, the bare 7075 

alloys exhibited hydrophilic characteristics, with CA values around 31°. The presence of HT 

conversion layer decreased the CA up to ≈11° (not shown here), probably due to the presence of 

the hydrophilic mixed oxy-hydroxide. 

 
            Specimen type 

Figure 6. Contact angles of bare 7075 alloy after surface pretreatment, of HT-Ce and HT-Ce-S coatings: as-
prepared (dark blue) and after 360 h of continuous immersion in 0.5 M NaCl (light blue) 

The chemical cerium insertion to produce HT-Ce coatings does not produce a significant CA 

modification, the developed surface showing CA values of ≈24.5°, as the porous structure of pristine 

HT is dominant. On the contrary, the use of the electrodeposition step at constant voltage 

significantly modified the water CA, whose values are about 132°, suggesting hydrophobic 

characteristics. Consequently, the resulted surface shows water repellency, leading to a potential 

enhancement of corrosion performance. After the continuous immersion test, the conversion 

coatings retained their initial characteristics, i.e. HT-Ce-S layers retained their hydrophobicity and 

HT-Ce remained hydrophilic. 

To evaluate the corrosion performance of the developed cerium containing conversion coatings, 

potentiodynamic polarization curves and electrochemical impedance spectra at open circuit 
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potential in a free-aerated 0.5 M NaCl solution at room temperature have been recorded after 

various immersion periods. Typical polarization plots in semilogarithmic coordinates corresponding 

to HT-Ce and HT-Ce-S conversion layers are presented in Figure 7. For comparison, the same 

experiments have been carried out for untreated 7075 alloy. 

  
Figure 7. Polarization curves in semilogarithmic coordinates of bare 7075 alloy, HT-Ce and HT-Ce-S conver-
sion layers in 0.5 M NaCl for the initial and final moments of the continuous immersion test (25 °C, 1 mV s-1) 

As shown in Figure 7, the curves recorded at the initial moment of immersion for HT-Ce and HT-

Ce-S conversion layers display a slight shift of the corrosion potential towards the electropositive 

direction, with about 60 and 80 mV, respectively, as compared to untreated alloy. No passive film 

was formed on a bare 7075 alloy electrode and metal dissolution could be noticed by the shape of 

the anodic branch of the polarization curve. 

A shift of the cathodic branch of the polarization curve to lower current densities could be noticed 

in the case of cerium-based conversion layers, more significant in the case of the hydrophobic HT-Ce-

S layer. This is due to the cathodic inhibition that cerium species may provide. 

As the Ce content in HT-Ce-S film was found to be usually higher as compared to the values 

detected in HT-Ce one, this behavior is much more pronounced in the case of HT-Ce-S coating. The 

Tafel curves after 360 h of conditioning showed lower currents compared to the initial moment as 

a result of the protective action of Ce species in the case of the HT-Ce layer and also associated with 

its hydrophobic nature in the case of HT-Ce-S one. Moreover, as the layers exhibit certain porosity, 

as SEM micrographs presented earlier evidenced, the additional formation of an aluminum mixed 

oxide/hydroxide passive film could be possible, which is a usual phenomenon in the case of 

immersion in aerated solutions. This adds supplementary protection, as well. 

Table 3. Values of corrosion parameters determined from polarization curves for bare 7075, HT-Ce and  
HT-Ce-S conversion coatings immersed in 0.5 M NaCl 

Substrate  
type 

Initial After 360 h 
Ecorr / V vs. Ag/AgCl jcorr / µA cm-2 Ecorr / V vs. Ag/AgCl jcorr / µA cm-2 

7075 untreated -0.601 11.6 -0.757 15.6 
HT-Ce -0.654 8.52 -0.716 5.23 

HT-Ce-S -0.634 2.01 -0.644 1.45 

 

The corrosion current density, jcorr, and corrosion potential, Ecorr, were determined by Tafel 

extrapolation of both linear portions of cathodic and anodic polarization curves and their values for 

the investigated specimens are summarized in Table 3. 
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As shown in Table 3, Ce-based conversion layers significantly improve the aluminum alloy's 

corrosion performance. Thus, on the initial moment of immersion, values of corrosion current of 

about 11 µA cm-2 for bare alloy have been determined, which decreased up to ≈8.5 µA cm-2 and to 

≈2 µA cm-2 for HT-Ce and HT-Ce-S, respectively. After 360 h of exposure, lower corrosion currents 

were evidenced in the case of Ce-based conversion coatings, also associated with a positive shift of 

the corrosion potential. The increase of the jcorr in the case of the bare alloy is evidenced as a result 

of the continuation of the metal dissolution process. In addition, the lowest jcorr could be observed 

in the case of the hydrophobic HT-Ce-S layer, which could be attributed to the synergic action of the 

presence of cerium species and of the hydrophobic nature of the coating, also associated with the 

presence of an aluminum mixed oxide/hydroxide passive film. 

The electrochemical impedance spectra of HT-Ce and HT-Ce-S conversion layers recorded at open 

circuit potential (OCP) in 0.5 M NaCl solution for various immersion periods are presented in Figs 8 

and 9 as Nyquist and Bode plots. The proposed electrical equivalent circuits (EECs) to describe the 

corrosion behavior of HT-Ce and HT-Ce-S conversion films are shown in Figure 10.  

 a b 
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Figure 8. Nyquist (a) and Bode (b) plots for HT-Ce conversion coating in 0.5 M NaCl at open circuit potential 
after various continuous immersion periods (solid lines are the fit to the measured points using the electrical 

equivalent circuits shown in Figure 10; SWE = 0.196 cm2) 

 a b 

 

Figure 9. Nyquist (a) and Bode (b) plots for HT-Ce-S conversion coating in 0.5 M NaCl at open circuit 
potential after various continuous immersion periods (solid lines are the fit to the measured points using the 

equivalent circuit shown in Figure 10; SWE = 0.196 cm2) 
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All Nyquist diagrams show a semicircle arc in the relative high-frequency range. The diameter of 

the semicircles is usually related to the film resistance and may be correlated to the rate of 

corrosion: the larger the resistance, the lower the rate of corrosion. 

In the case of HT-Ce conversion layers, two times constants are evidenced in the Bode plot (see 

Figure 8) from the initial moment of immersion up to the end of exposure, attributed to the porous 

HT layer possibly filled with cerium ionic species as well as to the corrosion process at the metallic 

substrate/HT interface [48,49,52]. 

 

 

AA7075 / HT-Ce-S; 24, 48, 96, 240 and 360 h of immersion 

 

AA7075 / HT-Ce, initial moment of immersion 
AA7075 / HT-Ce, 24, 48, 96, 240 and 360 h of immersion 

AA7075 / HT-Ce-S, initial moment of immersion 

Figure 10. The electrical equivalent circuits used to fit the impedance spectra (Figs. 8 and 9) recorded during 
360 h of immersion in 0.5 M NaCl solution. The significance of circuit components: Rsol-ohmic resistance of 
solution; Cdl-double layer capacitance; Rct-charge transfer resistance; C(f) and R(f) – capacitance and ohmic 

resistance of the formed film 

For the HT-Ce-S coated specimens, two time constants are noticed in the Bode plot from Figure 9. 

The time constant located in the high-frequency region could be related to the electrodeposited 

cerium stearate, while the second one from the lower frequency could be attributed to the porous 

HT layer. 

The values of the phase angle at the high frequency increase up to 240 h of exposure being also 

associated with higher impedance modulus, as an indicator of the barrier properties of the 

electrodeposited layer. This could be attributed to the deposition of cerium oxide/hydroxide at the 

external part of the HT porous structure, suggesting possible active corrosion protection. Further-

more, up to 360 h of immersion, the phase angle value decreased both at the high-frequency and at 

the lower-frequency regions due to the damage of the electrodeposited layer containing cerium 

oxide/hydroxide and possibly due to the corrosion process as a result of the possible infiltration of 

water and chloride ions through the pores. 

In order to fit the experimental electrochemical impedance data and get more quantitative 

information on the corrosion performance of the investigated Ce-based conversion layers, several 

electrical equivalent circuits have been tested and those showing the lowest chi-squared (i.e. 2 in 

the range 3×10-4 ÷ 6×10-3) and minimum error have been selected, as it was previously detailed in 

Figure 10. During the fitting of the experimental data we used constant phase elements (CPEs) 

instead of capacitances [28,48,53] in order to model more accurately the nonideal capacitive 

behavior of the electrode/electrolyte interface. Rsol represents the ohmic resistance of the solution. 

C(f) and R(f) represent the capacitance and resistance of the formed conversion layer, which might 

be filled by cerium species, while Cdl and Rct stand for the double layer capacitance and charge 

transfer resistance at metal substrate. 

The evolution of R(f) and Rct against the immersion period for HT-Ce and HT-Ce-S layers is shown 

in Figure 11(a) and Figure 11(b). R(f) shows a quite similar trend for both investigated conversion 

coatings. However, it should be noticed that R(f) values of HT-Ce-S layers are about one order of 

magnitude higher than HT-Ce ones. 
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Figure 11. Evolution of: R(f) and Rct for HT-Ce (a) and HT-Ce-S (b) as well as of Rtotal (c) for the Ce-based 

conversion layers against immersion duration in 0.5 M NaCl 

Correspondingly, Rct values of HT-Ce-S layers are larger than those of HT-Ce ones. The Rct values of 

HT-Ce coated alloy increased gradually up to 96 h, then remained almost constant up to 240 h, 

suggesting certain corrosion protection during immersion. After 360 h of exposure, a slight decrease 

of Rct occurs, suggesting the ingress of chloride ions and damaging the integrity of the layer. The Rct 

values of HT-Ce-S coated alloy are significantly larger as compared to HT-Ce ones and increase faster. 

This could be attributed to the synergic effect of the higher content of cerium species which may 

enhance the active corrosion protection and of the non-wetting characteristics of the layer. Indeed, 

on removing the specimens from the aggressive solution, the visual examination of HT-Ce-S coated 

alloy specimens showed no surface modifications, while HT-Ce coated alloy samples evidenced a 

number of corrosion spots. 

As different electrochemical parameters have been used to analyze the processes occurring at 

the conversion layer/metal interfaces, the total resistance Rtotal was determined and its evolution 

against the immersion time is illustrated in Figure 11c. Rtotal includes the resistance of the conversion 

layer and the charge transfer resistance, i.e., Rtotal = R(f) + Rct and could represent a useful tool to 

assess the corrosion performance. As shown in Figure 11c, the HT-Ce-S conversion layers provide 

the best corrosion protection, evidenced by Rtotal values of about two orders of magnitude higher 

than HT-Ce ones. 

In addition, it can be noticed that Rtotal progressively increased to 96 h and kept the relatively 

high values up to 240 h, indicating possible active corrosion protection provided by the cerium 

species as stearate. Moreover, the occurrence of the hydrophobic characteristics prevents the 

chloride ions ingress. 
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Conclusions 

As a result of the performed investigations, several procedures applied to incorporate Ce species in 

hydrotalcite–type chemical conversion coatings have been proposed and applied on AA 7075 aluminum 

alloy and their impact on the overall corrosion performance has been assessed. 

The chemical route involving immersion in cerium nitrate solutions produced a porous 

morphology, entirely covering the metallic surface, exhibiting hydrophilic characteristics. The EDX 

analysis evidenced a content of 2.46 – 6.84 wt.% Ce in the composition of HT-Ce layer.  

The electrochemical process involving ethanolic solutions of stearic acid and cerium nitrate and an 

applied constant voltage led to the formation of a hydrophobic cerium stearate conversion layer on 

aporous HT conversion coating. A better profiled curved platelet structure developed perpendicular 

to the substrate was evidenced, also exhibiting a certain level of disorder. Based on EDX 

measurements, the Ce content within the HT-Ce-S layer was found to be higher, in the range 6.55 - 

9.73 wt.%. The calculated C/Ce atomic ratio was between 49.5 and 52.77, very close to the theoretical 

value in cerium stearate. The electrochemically produced HT-Ce-S layers exhibited hydrophobic 

characteristics, materialized by water contact angles of about 132°.  

Based on preliminary experimental results, the electrochemically prepared HT-Ce-S conversion 

layers onto AA7075 alloy showed improved corrosion performance compared to chemically 

produced HT-Ce ones, materialized in corrosion current densities of 1-2 µA cm-2 and total resistances 

of 340-385 kW cm2. This behavior could be attributed to the synergic effect of the higher content of 

cerium species which may enhance the active corrosion protection and the hydrophobic 

characteristics of the conversion layer.  

Finally, future investigations are scheduled for better optimization of the electrochemical 

conversion process to achieve a better long-term corrosion performance and to design an 

industrially compliant technological process. 
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