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Abstract X-ray photoelectron spectroscopy (XPS) was

used to analyze the composition of films at different

deposition parameters of sputtered Al-Ce coatings on

AA6061 aluminum alloys. By means of electrochemical

impedance spectroscopy (EIS) measurements, the protec-

tive character of these coatings was studied for 21 days of

exposure in a 3.5 wt% NaCl solution and an attempt was

made to establish the relationship between film thickness

and chemical composition (Al/Ce, Ce3/Ce4? ratios) of the

surface before and after the electrochemical characteriza-

tion. XPS studies revealed the presence of the Alo, Al2O3,

CeO2 and Ce2O3 compounds, confirming that the sputtered

Al-Ce films were deposited in the metallic form and

thereafter were superficially oxidized under ambient con-

ditions. The Al–Ce bonds were overlapped with the signal

of cerium oxides. The transport phenomena in the oxide

film or controlled diffusion process are strongly dependent

on the deposition parameters and exposure time in the

aggressive medium. It was also found that in the deposited

samples at p4P200t300, the film was still present after 21

days of exposure, although with visible cracks and erosion

areas; however, the Ce3/Ce4? ratio almost remained con-

stant before and after the electrochemical characterization,

which explained the barrier properties of these samples as

compared with others at different deposition parameters.

Keywords AA6061 � Magnetron sputtering � Coatings �
Corrosion properties � Al–Ce films

1 Introduction

Aluminum and its alloys represent an important category of

materials due to their high technological value and wide

range of industrial applications, especially in aerospace and

household industries. The use of these materials in light-

weight installations is widespread. The resistance of alu-

minum and its alloys to corrosion is known to be due to the

formation of a surface film comprised primarily of alumina

(Al2O3) [1, 2], an electrically insulating material with a

band gap in excess of 3 eV [3]. However, the enrichment of

the alloy elements, such as oxides, into the surface film or

the addition of coatings to form a new layer has been

observed to enhance the properties against corrosion of the

aluminum-based structures [4–6]. Recent patents cover a

wide variety of new coating formulations [7–10]. One of

the most promising systems is based on rare earth elements.

In a series of papers [11, 12], several researchers demon-

strated that treatments with aqueous solutions of rare earth

salts (cerium, lanthanum, neodymium and yttrium) effec-

tively inhibited the corrosion of aluminum alloys. In a

recent published work, we investigated the relationship

between the microstructure of sputtered Al–Ce thin films as

a new alternative to improve the corrosion resistance of
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AA6061 aluminum alloys by RF magnetron sputtering

[13]. This study revealed that the selected parameters

(power and pressure) have a high influence on the com-

position of the film probably as a consequence of the sig-

nificant difference in the sputtering yield of Ce and Al,

depending on the operating conditions. During this process,

films with very fine nanocrystals, ‘‘metallic glasses’’ or

amorphous films can be obtained as a consequence of the

polymorphic transitions of cerium [14]. This metallic glass

films were composed of small crystallites of CeAlO3,

Al4Ce, Al3Ce combined with cerium oxides; this compo-

sition seems to have significant influence on the pre-

liminary corrosion behavior, inhibiting the cathodic and

anodic reactions and increasing impedance values after 1

day of continuous immersion in the aggressive medium.

Due to the fact that corrosion in aluminum alloys is a very

complex process that can be affected by various factors

such as the type of aggressive ion and its concentration, the

pH of the media, temperature or structural characteristics

of the oxide passive film [1, 15–23], an understanding of

the characteristics of the proposed films can be a crucial

step towards the formulation of effective mitigation strat-

egies. Given that electrochemical impedance spectroscopy

(EIS) and XPS are two techniques that provide information

on the surface of the material [24], this research work used

them to interpret the electrochemical behavior of sputtered

Al–Ce coatings during 21 days of exposure in a 3.5 wt%

NaCl solution and correlated it with the nature and com-

position of the deposited films before and after the corro-

sion product layer was formed on the surface under the

experimental conditions.

2 Experimental procedure

2.1 Film deposition

In this work, aluminum-based coatings deposited by a

commercial DC magnetron sputtering apparatus from a

multicomponent target consisting of Al (99.95% purity,

diameter of 100 mm and thickness of 3 mm) and eight Ce

pieces (99.5% purity, 15 9 5 9 1 mm) attached to the Al

target race track were used to analyze the nature and

composition of the films before and after the electro-

chemical tests. Two sets of experiments were carried out.

In the first set, the pressure was increased from

6.67 9 10-1 to 4 Pa at 200 W (p0.667P200t300,

p1.333P200t300, p4P200t300); and in the second set, power

was varied from 40 to 280 W at a constant pressure of 4

Pa (p4P280t300, p4P120t300and p4P40t300). The synthesis of

sputtered Al-Ce coatings and information of the magne-

tron sputtering apparatus have been described in detail

elsewhere [13].

2.2 Surface analysis

XPS analyses were performed on coated samples using an

AES-XPS PHI-548 spectrometer after exciting the samples

by an unmonochromatized Al Ka line at 1486.6 eV. The

working pressure was \1 9 10-10 Pa. The energy scale

was calibrated using thick films of copper with line at

932.67 eV for Cu 2p3/2. Survey scans were obtained in the

1205-(-10) eV energy interval at 1.0 eV per step, pass

energy of 100 eV. Additionally, the high-resolution XPS

scans were completed at 0.2 eV energy steps and pass

energy of 50 eV (constant pass energy mode). The mea-

sured full-width half-maximum (FWHM) for the Cu 2p3/2

line in metallic state with these settings is 1.6 eV. These

detailed scans were recorded for the Al2p, Ce3d5/2, C1s

and O1s for the coated samples. Also, detailed scans for the

Al2p, Ce3d5/2, C1s, O1s, Cl2p3 and Na1s were verified

after electrochemical evaluation. The analyzed area of the

XPS measurements was 800 lm2.

The coating surface of all the samples was evaluated

using a SEM/EDS (JEOL JSM-5600LV), before and after

the electrochemical tests.

2.3 EIS measurements

EIS was used to evaluate the changes in the barrier prop-

erties of the Al–Ce films in a 3.5 wt% NaCl solution for 21

days. An electrochemical cell consisting of an acrylic

rectangular box (60 9 80 9 100 mm) was used during the

experimental tests. The cell was formed by a saturated

calomel reference electrode (SCE), a graphite bar counter

electrode, and the working electrode was comprised by the

surface (1.23 cm2) of the coated samples delimited by the

inner wall of the cell. Twelve hours were allowed to pass in

order to the corrosion potential (Ecorr) to stabilize. A

Gamry reference 600 potentiostat/galvanostat with a fre-

quency response analyzer ZRA was used in the 100 kHz to

0.01 Hz frequency range spaced logarithmically (ten fre-

quency points per decade). The width of the sinusoidal

voltage signal applied to the system was 10 mV rms (root-

mean-square). The results were fitted with the Echem

Analyst 5.5 software.

3 Results and discussion

3.1 Composition and related spectra of the sputtered

Al–Ce coatings on AA6061 aluminum alloy

Previously discussed results have shown that the deposition

parameters exert a strong influence on the morphology,

thickness and Al/Ce ratio [13]. Due to the fact that the

electrochemical performance depends on the cerium
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quantity and thickness, Table 1 displays the experimental

results focused on thickness and Al/Ce ratio.

The low-resolution XPS spectra of the Al–Ce coatings at

different sputter deposition parameters (pressure and

power) on AA6061 aluminum alloys are shown in Fig. 1.

The survey spectrum recorded for the samples reveals that

besides Al and Ce, significant amounts of O were present in

the outer layer of the coatings. The presence of partial O

has been formerly attributed to the reactivity of Al and Ce

under ambient conditions [13, 25]. There is also a small

amount of C on the surface of the thin films; however, this

may be the adsorbed C from the air. In fact, it is well

known that the carbon peak almost always appears in any

XPS analysis, although some of the samples contain no

carbon at all [25, 26]. The high-resolution Al2p, Ce3d5/2

and O1s core level spectra are reported in Figs. 2, 3, and 4

for the different deposition parameters. The presence of

aluminum in the form of Al3? and in metallic state (Alo)

was detected by the Al2p peak, which shows in some cases

two components at binding energies of 74.4 eV, which may

be associated with the presence of aluminum in the Al3?

form, and a less intense component at 71.2 eV, which is

correlated with the metallic state form (Fig. 2), while in

another spectra, the Al2O3/Alo signals were overlapped and

it was hard to separate the signals. The presence of Alo in

the coatings confirms that the Al–Ce films were deposited

in the metallic form and later their surface oxidation under

ambient conditions occurred, which had been previously

suggested [13]. High-resolution spectra of Ce3d5/2 and

Ce3d3/2 are shown in Fig. 3. In all the analyzed sputtered

coatings, cerium was present in the Ce4? and Ce3? states.

The Ce3d spectrum is composed of two groups of spin–

orbit splitting couple peaks. According to the spectrum, the

peaks at 882.3, 900.7 and 907.5 eV were considered to

belong to Ce4?, while the couples at 885.9 and 904.1 eV

were due to Ce3? [27–29]; although these peaks can be

overlapping with the Ce–Al and Ce metallic bonds that are

reported at 883.50 and 883.90 eV, respectively. The l000

peak, which arose from a transition from the 4fo initial state

to the 4fo final state, which is frequently considered as a

confirmation of the presence of Ce4?, was missing in the

XPS spectra; however, the other peaks associated with

tetravalent cerium are clearly identified in the Ce3d signals

and can be used to determinate the Ce3?/Ce4? ratio

forming the film [30]. All inner Ce3d spectra had almost

identical peak structures except for the quite different

intensities. The Ce3?/Ce4? ratio forming the film is shown

in Table 1. According to this data, Ce3? was the dominant

oxidation state of cerium for most of the sputtered Al–Ce in

the films, although an important amount of Ce4? can also

be observed.

The O1s spectra shown in Fig. 4 are composed of two

peaks at 529.5 and 531.5 eV, which may be due to oxygen

in Ce–O and Al–O bonds, respectively. By considering the

spectra of Ce, Al, O, and the results discussed above, it was

proposed that the sputtered AlCe films were mainly com-

posed on the surface by a combination of Ce2O3, CeO2, and

Al2O3, although it was hard to establish the presence of

intermetallic compounds such as CeAlO3, Al4Ce, Al3Ce,

which must appear around 883.50 eV, but their presence

cannot be discarded. It has been previously reported that

the sputtered Al–Ce layer on this alloy varies from an

approximately *300 nm to 1.3 lm thick layer depending

on both the sputtering Ce yield in comparison to Al and

deposition parameters [31]; the XPS analysis confirmed

that the films were predominantly composed of a large

amount of amorphous Al2O3 with small crystals of Ce2O3,

CeO2, CeAlO3, Al4Ce or Al3Ce promoting a metallic

glassy form, as it was previously suggested [13].

Table 1 Thickness, Al/Ce

ratio, Ce3?/Ce4? ratios obtained

in the sputtered Al-Ce films,

according to the deposition

parameters

Deposition

parameters

Thickness

(nm)

Al/Ce

ratio

Ce3?/Ce4? ratios before

EIS measurements

Ce3?/Ce4? ratios after

EIS measurements

p4P200t300 1214.5 0.6028 1.088 1.080

p4P280t300 1171.7 0.4729 1.511 No detected

p4P120t300 524.1 0.1761 1.462 No detected

p4P40t300 102.2 0.0101 1.440 No detected

p1.333P200t300 511.1 0.1606 2.741 No detected

p0.667P200t300 262.4 0.0683 1.316 No detected

1200 1000 800 600 400 200 0

O
1s

C
e3

d 5

C
e3

d 3

O
 K

LL

In
te

n
si

ty
 (

A
 U

)

Binding Energy (eV)

p
1.333

P
200

t
300

p
0.667

P
200

t
300

p
4
P

280
t
300

p
4
P

200
t
300

p
4
P

120
t
300

A
l2

p
A

l2
s

C
1sp

4
P

40
t
300

Fig. 1 XPS survey spectra of the Al–Ce coatings at different deposi-

tion parameters on AA6061 aluminum alloys
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3.2 EIS characterization

The use of EIS to investigate the corrosion behavior of

coated metals is very popular, and it has been widely used

to characterize Al surfaces coated with the traditional

chromate-based coatings [32–35]. In fact, EIS is a quanti-

tative tool to assess the evolution of the corrosion protec-

tion afforded by coatings or conversion layers [36];

however, as far as we know, works investigating the cor-

rosion resistance of sputtered Al–Ce on aluminum alloys

have not been published yet.

The evolution of the Nyquist diagrams for the sputtered

samples obtained after 0, 5, 11, 16 and 21 days of

immersion in a 3.5 wt% sodium chloride solution with 10

mV perturbation amplitude against their respective open

circuit potentials (OCPs) are presented in Fig. 5. As illus-

trated in this figure, the as-deposited films and bare alu-

minum show a similar shape, but are considerably different

in their sizes. During the time of exposure, all the experi-

mental plots displayed a depressed semicircular shape in

the complex impedance plane with the center under the real

axis, which is a typical behavior of solid metal electrodes

that show frequency dispersion in the impedance data [37,

38]. The samples also showed, in all the cases, a tail in the

low-frequency range. Different authors have attributed

these low-frequency features to transport phenomena in the

oxide film or diffusion controlled processes [39, 40]. In our

experiments, it has been noted that this feature is strongly
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Fig. 2 High-resolution Al2p

XPS spectra obtained on the

surface of sputtered Al–Ce films

formed on AA6061 aluminum

alloy at different deposition

parameters
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dependent on the deposition parameters and exposure time

in the aggressive medium, i.e. as the immersion time is

increased; the tail at low frequencies is also increased.

Then, the intermediate frequency arc can be assimilated to

a semicircle whose diameter defines an overall polarization

resistance (Rp), which is the sum of partial resistances

(Rcoat ? Rct; coating resistance ? charge transfer resis-

tance) and the value of the capacitances (Ccoat; capacitance

of the coating and Cdl; capacitance of the double layer).

Therefore, the EIS data were fitted by using the equivalent

circuits shown in Fig. 6 [31], Rs(Cdl [Rct W]) and

Rs(CPEfilm[Rfilm (Cdl W)]) for bare steel and coated sam-

ples, respectively. In specific, for the sputtered samples

instantaneously immersed (0 day), the Nyquist plots exhibit

an enhancement in the total resistance value in comparison

with the bare AA6061 aluminum alloy (11,256 X cm2).

This trend is more evident by varying the power and fixing

the pressure at 4 Pa. The total resistance values increased

as power was increased to 200 W (278,276 X cm2), and

after this value (280 W), it began to decrease (122,256 X
cm2). The reduction in the total resistance values can be

correlated with the deposition rate which in this case
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Fig. 3 High-resolution Ce3d

XPS spectra obtained on the

surface of sputtered Al–Ce films

formed on AA6061 aluminum

alloy at different deposition
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decreased from 4.04 to 3.90 nms-1, probably by gas rare-

fication due to a higher amount of reactive cerium atoms in

the plasma and the sputter yield of Al and Ce or both [13].

At this time, the evaluated coatings displayed different

protection orders depending upon the balance between the

deposition parameters, composition and thickness of the

film. It is well known that for aluminum alloys [41], cor-

rosion is a combination of at least two electrochemical

reactions involving anodic areas where the metal dissolu-

tion occurs:

Al! Al3þ þ 3e� ð1Þ

Whereas in the cathodic areas, reactions such as the

reduction of oxygen can take place:

O2 þ 2H2Oþ 4e� ! 4OH� ð2Þ

Then, all the deposited films inhibited both reactions,

although with quite different corrosion properties. The

order of the achieved protection at this immersion time was

as follows: p4P200t300 [ p4P280t300 [ p4P120t300 [ p0.667

P200t300[p1.333P200t300 [p4P40t300 [bare aluminum with

a polarization resistance of 278,276, 122,256, 99,422,

64,415, 16,790, 15,776 and 11,693 X cm2, respectively. As

it can be seen from this figure, for exposure times of 5 and

11 days, the semicircle radius drastically decreases for all

the samples, even for samples at p4P200t300 (48,338 X cm2).

It is clear that also at low frequencies, the tail is higher,

indicating a linear variation of the impedance, which sug-

gests that the diffusive controlled process becomes more

important, maybe because of the evolution of the corrosion

process. At this period of time, it is hard to identify a trend
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in the properties against corrosion of the evaluated

samples.

The important increase in the specimens at 16 days of

continuous immersion (even in the aluminum) reflects the

information of the corrosion process occurring on the

substrate surface; i.e. this increase in the sputtered Al–Ce

films suggests the interaction of cerium and alumina to

form a new barrier, mainly hydrated oxides that prevent
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solution ion penetration. It has been found that this barrier

layer in aluminum is formed by a mixed Al–Ce oxy-

hydroxide, where cerium cation can act as a substitutional

cation for Al3? ions within the alumina pattern [42, 43],

and thus forms a protective layer that leads to increase the

total resistance. As for the bare aluminum, the formation of

alumina and aluminum hydroxide acts as a barrier that

delays the penetration of the electrolyte [41]. Finally, at 21

days, the EIS plots show that the sputtered Al–Ce films at

p1.333P200t300 and p4P40t300 have entirely lost their anti-

corrosive properties, displaying similar or lower resistances

(26,432 and 12,238 X cm2) than those observed for the bare

aluminum (24,474 X cm2); and at the same time, pitting

can be observed on the surface of the sample (it can even

be seen with the naked eyes). This indicates that the new

impedance of these samples reflects the information of the

aluminium alloy, where the corrosion medium has already

reached or permeated into the whole surface. On the other

hand, for the specimens at p0.667P200t300, p4P280t300, and

p4P120t300, a slightly increase in the total impedance (*48

KX cm2) can be observed, which is attributed to the cerium

compounds still present on the substrate surface forming a

protective barrier. As a final point, the Al–Ce films at

p4P200t300 showed the best electrochemical performance of

the evaluated samples (67,059 X cm2), even though the

polarization resistance diminished in the range of 16 to 21

days of exposure. In addition, no severe damage was

observed in the coated samples after this immersion time.

Figure 7 shows the evolution of the values of total

polarization resistance with increasing exposure time (from

0 to 21 days) in the aggressive medium. Taking the bare

aluminum as reference, in general (except for the samples

at p1.333P200t300), the Al–Ce sputtered films tend initially to

diminish the impedance value with the immersion time and

after 11 days, when some hydrated oxides are well-formed,

the value of Rp associated with the semicircle increases;

with regards to the importance of this effect, it is observed

that 11 days of exposure are necessary to reach a steady

state in the impedance values for some samples (p4P200t300,

p0.667P200t300, p4P280t300, and p4P120t300); however, due to

the fact that the barrier properties depend on the cerium

content and film thickness, the as-deposited films at

p1.333P200t300 and p4P40t300 have a tendency to lose the

properties against corrosion. For bare aluminum, it is clear

that the value of Rp increased with the immersion time.

Scully has stated that the electrochemical nature of the

corrosion of totally immersed specimens that are suscep-

tible to pit is usually determined by the diffusion of oxygen

to cathodic sites; when this is so, the total weight loss in the

specimens is then proportional to the area of the liquid

surface [44]. In that case, the physical state of the product

of a corrosion reaction can have a high effect upon its

progress, while rust forms away from the active sites and

has no direct effect; other products form flocculants or very

hard precipitates, depending upon temperature, oxygen

concentration, acidity, etc. Subsequently, pits are often

covered with a membrane of product that severely restricts

the access of oxygen and partially increase the total resis-

tance. Such product is usually the hydroxide precipitation:

Al3þ þ 3OH� ! AlðOHÞ3 ð3Þ

This classical behavior in aluminum alloys may explain the

observed increase in the impedance values for bare

aluminum and the poor performance for the Al–Ce films

with low cerium contents (p1.333P200t300 and p4P40t300).

Additionally, the differences in the impedance values and

in the low-frequency tail with the immersion time for the

other samples can also be correlated with the formation of

some cerium compounds and its dissolution during the

corrosion process.

Ce3þ þ 3H2O! CeðOHÞ3 þ Hþ ð4Þ

Ce3þ þ 3Cl� ! CeCl3 ð5Þ

Furthermore, due to the fact that the shape of the EIS

spectra was not modified with the sputtered Al–Ce coat-

ings, it is clear that the films are only delaying pitting

corrosion by inhibiting cathodic and/or anodic reactions

and increasing the overall polarization resistance values,

i.e. the good corrosion resistance obtained at some exper-

imental conditions (p4P200t300, p0.667P200t300, p4P280t300,

and p4P120t300) can be attributed to the coatings insulating

the alloy matrix from the corrosion medium inhibiting the

free diffusion of oxygen. Then, the observed electro-

chemical performance and XPS analyses match with the

self-healing characteristics of cerium oxides (specially in

the form of Ce4?) observed in aggressive medium, which

in our case increased as the Al/Ce ratio was increased.

3.3 Surface characterization and composition of the

sputtered Al–Ce coatings on AA6061 aluminum

alloy after electrochemical tests

The surface and corresponding XRD spectra of selected

sputtered Al–Ce coatings and bare AA6061 aluminum

alloy exposed to a 3.5 wt% NaCl solution after 21 days are

shown in Fig. 8a–d.

The SEM micrographs for bare aluminum after 21 days

of continuous immersion displayed the typical corrosion

behaviour of these aluminum alloys in chloride solutions

(Fig. 8a), where pits are nucleated all over the oxide film

and likely to be discontinuous, causing hemispherical pits

with different sizes [45]. At this time, it was observed that

few highly deep pits occurred at the surface of bare alu-

minum. These samples began to present visible attack after

1 day; afterward, as time increased, the sample began to

646 J Appl Electrochem (2010) 40:639–651

123



cover with a layer of white corrosion products on the

surface, which were mainly composed of Al(OH)3. Finally,

at this time, the layer had a spongy texture, which when

magnified revealed a deeply attacked structure. Also, it can

be observed the formation of AlCl3 on the substrate sur-

face. Attack on aluminum alloys with similar morphology

has been reported by other authors in this aggressive

medium [21, 45]. On the other hand, the SEM micrographs

of the selected sputtered Al–Ce coatings after 21 days in

the 3.5 wt% NaCl solution are shown in Fig. 8b–d. The

noticeable changes in the surface morphology of the as-

deposited Al–Ce films highlight the importance of the Al/

Ce ratio that can be reached depending on the deposition

parameters. In the as-deposited films at p4P40t300, hemi-

spherical pits with different sizes grew through the surface

of the samples; in fact, with the exposure time, these

samples behaved as bare aluminum. Although the

characteristic white corrosion product is not clearly visible

in these aluminum alloys, in the vicinity of the pits, the

corrosion products are composed by Al(OH)3 and AlCl3; in

addition, the XRD measurements also detected alumina

and metallic aluminum. The micrographs for the Al–Ce

coatings at p4P200t300 and p4P280t300 showed that although

with less thickness due to some dissolution of the film, the

Al–Ce films were still on the substrate surface, diminishing

the corrosion attack, even when at the p4P280t300, the typ-

ical white corrosion products are clearly observed in the

micrograph. In fact, the pits could begin to nucleate on the

erosion areas of the surface of the Al–Ce films. The pres-

ence of CeCl3, Ce(OH)3 as well as some intermetallic

compounds (overlapping with other aluminum products)

detected by XRD measurements may confirm the

assumption that the film remains on the substrate surface.

The formation of pits on native-oxide-film-covered
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aluminum has been previously reported [46–49] and it is

well accepted that the incorporation of chloride ions into

the oxide film on aluminum is a partial step for pitting

corrosion. Ren and Zuo [47] stated that two main modes

may control the initiation of the pit; either the absorbed Cl

ions are transported through the oxide film by means of

oxygen vacancies or Cl- ions migrate to the film/aluminum

boundary through the defects in the surface [50]. In such

conditions, the formation of some soluble species such as

AlCl3 and CeCl3 and their dissolution are possible, which

may explain the dissolution of sputtered Al–Ce films after

21 days of immersion at p0.667P200t300, p1.333P200t300 and
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Fig. 8 SEM images and XRD

measurements of a bare

aluminum and sputtered Al–Ce

coatings at b p30P40t300, c
p30P280t300, and d p30P200t300

after 21 days of exposure in a

3.5 wt% NaCl solution
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p4P40t300 with low film thickness and Al/Ce ratio, and the

formation of CeCl3 compounds detected in the films at

p4P200t300 and p4P280t300.

To confirm the previous results, the low-resolution XPS

spectra of selected samples (p4P200t300, p4P280t300,

p4P40t300) after electrochemical tests are shown in Fig. 9.

From the results shown in this figure, it can be seen that the

surface composition contains mainly Na, O, Al and

different amounts of Ce. C is again observed and its

presence can be due to the accumulation of contaminants

during the exposure to air [25, 26], whereas Cl- is missing

in the XPS spectra.

High-resolution Ce3d XPS spectra obtained on surface

at p4P200t300 sputtered Al–Ce films after electrochemical

measurements displayed the presence of Ce3? as well as

Ce4? (Fig. 10). The Ce3d spectra of these samples were

similar to those obtained before the electrochemical test.

Therefore, the spectra were curve-fitted to two peaks to

obtain the individual contribution of the cerium oxide

compounds (Ce2O3 and CeO2). In contrast, in the as-

deposited samples at p4P280t300 and p4P40t300 films, the

Ce3d peaks were very noisy and very hard to be fitted and

to separate the contribution of cerium compounds.

The high-resolution O1s spectra at different deposition

parameters are shown in Fig. 11. From the XRD results,

the O1s spectra in the samples at different deposition

parameters were attributed to the Al–O group (531.5 eV),

Ce–OH group (532 eV) [51] or Al–OH group (532 eV) and

the Ce–O group (529.5 eV); and based in these groups the

O1s was fitted in Fig. 11. While the p4P200t300 and

p4P280t300 samples displayed the presence of Al–OH or Ce–

OH, Al–O and Ce–O bonds, the p4P40t300 samples only

showed Al–OH, Al–O bonds, which confirmed the XRD
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results. Then, Ce2O3, CeO2, Al2O3, and Al in combination

with an amount of corrosion products (CeCl3, AlCl3,

Ce(OH)3 and/or Al(OH)3) and some intermetallic com-

pounds detected by XRD measurements (Al4Ce, AlCe,

AlCeO) composed the film after 21 days of exposure at

p4P200t300 and p4P280t300. On the other hand, Al2O3 and Al

in combination with Al(OH)3 and AlCl3 were observed in

the p4P40t300 samples, which evidenced the dissolution of

the films after this time. Finally, the atomic Ce3?/Ce4?

ratio at p4P200t300 is shown in Table 1. From this table, it

can be observed that the Ce3?/Ce4? ratio at p4P200t300 is

very close before and after the electrochemical measure-

ments, which may explain the good electrochemical per-

formance after 21 days of continuous immersion.

4 Conclusions

The XPS and EIS techniques were used to interpret the

electrochemical performance of sputtered Al–Ce coatings

with the exposure time in a 3.5 wt% NaCl solution for 21

days. The XPS study corroborated that the Al–Ce films

were initially deposited in the metallic form, and thereafter,

the surface oxidation under the environmental conditions

occurred, i.e., the sputtered coatings were mainly

composed of Al, Ce and their intermetallic compounds,

which were oxidized on the surface forming Ce2O3, CeO2

and Al2O3; although the signals of intermetallic com-

pounds such as Ce, CeAlO3, Al4Ce and Al3Ce were

missing in the XPS spectra, which was probably due to the

overlapping with Ce4? bond signals. The important varia-

tion in the Rp values indicated a clearly correlation with the

film thickness and Al/Ce ratio; an increase in the Al/Ce

ratio reduced the activity of the AA6061 aluminum alloy

with the immersion time in the aggressive medium; how-

ever, such an increase can be limited by the gas rarefication

caused by a higher amount of reactive cerium atoms in the

plasma and the sputter yield of Al and Ce or both. The

changes in impedance values and in the tail at low fre-

quencies are clearly related to the dissolution of the sput-

tered Al–Ce films and the diffusive controlled process due

to the evolution of the corrosion process. The EIS results

support that the films are only delaying pitting corrosion by

inhibiting cathodic and/or anodic reactions and increasing

the overall polarization resistance values. After electro-

chemical tests, the SEM images indicated that the Al–Ce

films with the lowest Al/Ce ratios (p4P40t300, p0.667P200t300,

p1.333P200t300) lost their electrochemical properties and

behaved as bare aluminum; as for the Al–Ce samples at

p4P120t300, p4P200t300, p4P280t300, the presence of CeCl3 and
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Ce(OH)3 detected by XRD measurements confirmed the

SEM observations, which indicated that the film remained

on the substrate surface. Finally, from the XPS results, it

could be seen that the Ce3?/Ce4? ratio at p4P200t300 was

very close before and after the electrochemical measure-

ments, which matched with the good electrochemical per-

formance showed after 21 days of continuous immersion

due to the self-healing characteristics of cerium oxides.
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Meneses E, Suárez-Velázquez G, Hernández-Pérez MA (2009)
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