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In thiswork, sputteredAl–Cefilmswere studied inorder to evaluate their possible application as coatings to delay
pitting corrosion of aluminum alloy substrates. The morphology and structure of the coatings deposited on both
silicon andAA6061 aluminumalloy substrateswere studied by varying themagnetron sputtering conditions. The
preliminary electrochemical performance was also discussed by means of Tafel plots and electrochemical
impedance spectroscopy (EIS). The X-ray diffraction studies indicated that the microstructure varied from
crystalline to amorphous, depending on the deposition parameters. The AFM images show that the films consist
of equi-axial round domes distributed homogeneously. The mean grain size, roughness and thickness of the
coatings were increased by augmenting the power and pressure. The EIS studies showed that there was a
significant increase in the resistance to corrosion after depositing Al–Ce films on AA6061 aluminum alloy
substrates. The electrochemical behavior of the filmswas related to the Ce/Al composition ratio aswell as process
parameters.
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1. Introduction

In recent years, the surface treatments or coatings with lanthanide
salts have considerably progressed in order to replace highly toxic and
carcinogenic chromate conversion coatings [1,2]. Cerium oxides have
particularly raised much interest because of their good corrosion
inhibition properties for aluminum, steel or magnesium [1,3,4]. These
materials have been applied to: solid oxide fuel cells [5], corrosion and
thermal barriers at high temperatures [6,7] and catalysts [8]. The wide
variety of applications is due to their low toxicity; their ingestion or
inhalation is not considered harmful to health [9]. They can successfully
modify the surface of variousmetals and alloys because of their tendency
to form oxides or hydroxides over cathodic zones, which has a blocking
effect [10]. A goodway to copewith corrosion problems is the application
of thin films and protective coatings. Surface treatments and coatings
applied onto aluminum and its alloys are of particular interest to prevent
the degradation process; they represent a major field in industrial
finishing due to their applicability to various fields, from the construction
industry to electronics, aeronautics or automotive industries. The tech-
niques for the application of lanthanide-based treatments to the
anticorrosive protection of these aluminum alloys are various: sol–gel
method [11], anodizing [12,13], chemical conversion coatings [7,14–16]
and physical vapor deposition techniques [17,18]. Sputtering could be
considered an emerging environmentally-friendly technology for the
production of corrosion and wear-resistant coatings on light metals. Due
to the possibility of a large deposition area, the high quality of the coatings
and the ability to vary film properties in a controlled way, this technique
appears to be one of the most interesting methods for commercial
production [19,20]. However, it has been poorly investigated by scientists
in the corrosion field. In this paper, the deposition and structural charac-
terization of sputtered Al–Ce thin films on AA6061 aluminum alloys and
suitable experimental conditions are discussed. Themain aimof thiswork
is to establish the relationship between the microstructure of the Al–Ce
thin films and the corrosion mitigation effects on aluminum alloys.

2. Experimental

2.1. Film deposition

Aluminum AA6061 (disc form) samples were polished up to 600
grade SiC paper and cleaned with water and ethanol in an ultrasonic
bath for 20 min before processing. The specimens selected for coating,
structural characterization and electrochemical corrosion tests had a
diameter of 0.025 m and a thickness of 0.002 m . Aluminum-based
coatings were deposited by a commercial pulsed DC magnetron
sputtering apparatus from a multicomponent target consisting of Al
(99.95% purity, diameter of 0.1 m and thickness of 0.003 m) and eight
Ce pieces (99.5% purity, 0.015 m×0.005 m×0.001 m) attached to
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Table 1
Deposition parameters and Correlation between the compositions obtained from EDS and RBS tecniques.

Experiment Presure
(Pa)

Power
(W)

Thickness
(nm)

Deposition rate
(nm s−1)

Roughness
(picometer)

Al/Ce ratio
(EDS)

Oxygen at.%
(RBS)

Al/Ce ratio
(RBS)

p0.667P200t300 6.66E−1 200 262.4 0.87467 576.87 0.0683 9.20 0.110
p1.333P200t300 1.34 200 511.1 1.70368 705.65 0.1606 – –

p4P200t300 4.0 200 1214.5 4.04833 2104.10 0.6028 15.80 0.600
p4P280t300 4.0 280 1171.7 3.90567 2238.02 0.4720 8.00 0.450
p4P120t300 4.0 120 524.1 1.74713 1907.50 0.1761 40.00 0.375
p4P40t300 4.0 40 102.2 0.34067 676.52 0.0101 – –
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the Al target race track. The vacuum chamber was initially pumped
to a base pressure of 1.33 ⁎ 10−4 Pa. The deposition was done using
an Ar (99.99% purity) atmosphere at flow rates between 1⁎10−5 and
1.4⁎10−5 scm. To study the effects of pressure and applied power
on the film composition and corrosion behavior, two experiment
sets were carried out. In the first set, the pressure was varied from
6.67*10−1 to 4 Pa at 200 W (namely p0.667P200t300, p1.333P200t300
and p4P200t300); in the second set, the power was varied from 40
to 280 W at a constant pressure of 4 Pa (p4P40t300, p4P120t300 and
p4P280t300). The other deposition parameters were kept constant:
the substrate was ground without bias, the substrate temperature
was not controlled, but previous studies have shown that the
maximum temperature reached at the substrate holder was ~80 °C,
the deposition timewas 300 s and the substrate-to-target distance (ds–
t) was fixed at 0.050 m [21].

2.2. Structural and morphological characterization of the films

The coatings were simultaneously deposited onto two substrate
materials that were chosen for their suitability for the particular
analysis techniques: the samples deposited on silicon (111) were
used for structural and morphological characterizations: X-ray
diffraction (XRD), atomic force microscopy (AFM), scanning electron
microscopy (SEM) and high resolution transmission electron micros-
copy (HRTEM); and thickness measurements by profilometry and
SEM. The elemental composition of the films was obtained by both
energy dispersive spectroscopy (EDS) and Rutherford backscattering
(RBS) using a pelletron accelerator with a 2 MeV 4He2+ particle beam
and a scattering angle of 167° in the laboratory frame. The spectra
simulation was performed with code SIMRA [21]. The XRD patterns of
the films were obtained by using a Brucker D8 series diffractometer,
with Cu Kα (λ=0.154 nm) radiation, while atomic force microscopy
(AFM) studies were carried out in a Nanosurf easyscan 2.0
microscope. The morphological aspects of the coatings were studied
Fig. 1. Correlation between EDS and RBS.
by scanning electronmicroscopy (SEM) using a JEOL JSM-35C. HRTEM
studies were carried out on a JEOL 2010 FasTem field emission
transmission electron microscope with a resolution of 2.1 Å.

2.3. Corrosion properties of the coatings

The corrosion behavior of the coated and uncoated alloys was
determined by electrochemical impedance spectroscopy measure-
ments. A potentiostat/galvanostat (Gamry 600 series), using a graphite
bar as the counter electrode and a saturated calomel electrode (SCE) as
the reference electrode, was employed to perform the corrosion
experiments. The electrochemical cell consistedof anacrylic rectangular
box (0.06×0.08×0.1 m), and the exposed area of the sample was
1.23*10−4 m2. The front surfaces of the specimenswere held in the cell
by moderate pressure against an o-ring, avoiding localized damage to
the films. The Tafel polarisation curves were measured from the
Fig. 2. Variation of both the voltage and current during deposition as a function of the
experimental parameters a) pressure and b) power.



Fig. 3. Sputter yield calculated for a pure Ce and a pure Al target as a function of the Ar
ion energy.

Fig. 4. X-ray diffraction patterns of Al–Ce coatings varying (a–c) pressure from 0.667 to
4 Pa (at 200 W) and (d–f) power from 40 to 280 W (at 4 Pa).
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cathodic to anodic area. The scanswere started at−250 mV vs SCEwith
a sweep rate of 1 mV s−1, while the EISmeasurements were carried out
in the frequency region from 100,000 to 0.01 Hz (ten frequency points
per decade) with an amplitude of 10 mV rms.

3. Results and discussion

3.1. Influence of the process parameters (power and pressure)

It is well known that the major steps of the coating process are
the pretreatment of the alloy surfaces prior to coating, coating deposi-
tion parameters and treatment of the coated surfaces after deposition
[22]. In order to evaluate the protection against corrosion given by the
sputtered Al–Ce thin films, the substrates were polished up to 600 grade
SiC paper, which is the standard surface finishing required by different
ASTM standards [23]. The different experiments will be discussed in
terms of the effect that the operating conditions exert on the compo-
sition (Ce/Al ratio), morphology, thickness and/or electrochemical
performance of the Al–Ce coatings deposited by this technique. The
deposition parameters used to obtain the Al–Ce layers with different
compositions and thicknesses are listed in Table 1. The Ce/Al ratio was
measured for all the samples by the EDS technique, but only selected
samples were measured by RBS. The correlation between the obtained
compositions and both techniques is shown in Fig. 1 and Table 1. The
1:1 correlation supported the data obtained by EDS. Fig. 2a–b shows the
variation of both voltage and current during the deposition as functions
of the experimental parameters: pressure (Fig. 2a) and power (Fig. 2b).
The Ce/Al ratio measured by EDS is also included in both figures. Voltage
and current are referred to as average values, since a pulsed DC source
was used and the deposition was done at constant average power. From
these figures, it can be seen that the Ce concentration follows the same
trend as the current, except at the highest power (280W). The highest
Ce/Al ratio (0.6) was obtained for the sample deposited at 4 Pa and
200W; the minimum value was for the 40-W sample. The latter could
be a consequence of the surface binding energy of Ce (4.23 eV)which is
higher than that of Al (3.36 eV), and limits the minimum energy to
remove the Ce atoms from the target. The interesting point about this
result is that the chosen deposition conditions exerted great influence
on the Ce/Al ratio and, as a consequence, samples with marked
differences could be evaluated.

This remarkable variation is partially consequence of the signifi-
cant difference in the sputter yield of Ce in comparison to Al. Fig. 3
shows the sputter yield of Ce and Al calculated using the theoretical
approximation proposed by Biersack and Eckstein [24], using the
Monte Carlo program TRIM (Transport of Ions inMatter) [25]. This is a
software package for computing the stopping range of ions in matter
through a quantum mechanical treatment of ion–atom collisions. The
determination of the sputtering yield in the incident energy range
(250–550 eV) as a function of the incidence angle was also included.
The marked difference in the sputter yield explains the efficient
incorporation of Ce under certain conditions, but the low Ce contents
are difficult to understand since the sputter yield calculation cannot
be performed for very low Ar ion energies (equivalent to very low
voltages). On the other hand, for the 280-W sample, where the
voltage was high enough to expect remarkable differences between
Ce and Al sputter yields (Fig. 3), there was a drop in the Ce incorpo-
ration. This was probably due to the same cause that induced a
reduction in the deposition rate at the highest power. The deposition
rate of the coatings also varied with the experimental conditions; we
observed an increment in the deposition rate as the power was
increased up to 200 W, and then a slight decrease from 4.04 to
3.90 nm s−1 was observed for the 280-W samples. This decrease in
both the deposition rate and the Ce/Al ratio for the 280-W samples is
not clear; re-sputtering or target poisoning are unlikely since no bias
was used and the atmosphere was not reactive. Gas rarefication due to
a higher amount of reactive Ce atoms in the gas could be proposed,
although no drastic variation in the voltage–current characteristics
were observed (Fig. 2b). This issue requires further experiments,
which are beyond the objective of the present paper.

Finally, the increase in pressure had a beneficial effect on both the
deposition rates and theCe/Al ratio. This positive effect couldbedue to the
highest target currents (Fig. 2a) that probably prompted a more effective
sputter rate of the multi-component target.

3.2. Microstructural characterization

The X-ray diffraction patterns for the Al–Ce films deposited at
different operating conditions are shown in Fig. 4. It was necessary to
use different scales (usually 1:1.5) because the variation of the experi-
mental conditions causes different intensities of the oxide compounds
forming the film. It is worth mentioning that the oxygen contents
obtained fromRBS ranged from8 to40 at.%, Table 1. Thebasepressure in
the vacuum chamber prior to the deposition of the films was good
enough to avoid such a high oxygen contamination. However, it is
well known that both Ce and Al are very reactive under environmental
conditions; thus, it is very likely that the oxides were formed once the
samples were exposed to the atmosphere. Some crystalline compounds



Fig. 5. HRTEM photographs of nanostructure and corresponding selected area electron diffraction of Al–Ce oxide films prepared at various process conditions (power and pressure):
a) p4P280t300, b) p4P200t300, c) p4P40t300 and d) p1.333P200t300.
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with low intensities can be observed as the pressure increases (at
200W): CeAlO3 (110) (202) (113) (116) (260) (114); Al4Ce (0710),
(210), (262), (271), (332); Al3Ce (222), and CeO2 (200), (220) (311).
Additionally, the peaks around 55.7°, 43.19° and 46.2° belong to the Si
(111) substrate, in the oriented reflection (311), underneath the film,
the presence of aluminum oxide (Al2O3), and cerium oxide (Ce2O3),
respectively. On the other hand, amorphous coatings were obtained at
low and medium power, Fig. 4(e–f), maintaining constant pressure (at
4 Pa); while at high powers some crystalline compounds could be
detected (Fig. 4c–d). Then, nanocrystalline structures in the coatings are
only seen at high power and low pressure. The structural characteriza-
tion of the films on the aluminum alloy (not shown here) displayed
unchanged reflections, which suggests that the substrate did not have
any influence on either the grade of crystallinity or orientation during
the growth of thefilm. It is very interesting that the aluminumfilms that
were oxidized under environmental conditions (Al2O3) and synthesized
at the experimental conditions showed nanocrystalline patterns. Due to
the fact that the coatings depend on the amount and type of element
added to a base, two groups of metallic films can be considered: a) the
films of the first group, characterized by relatively narrow X-ray
reflection lines (FWHM<1°); and b) filmswith very fine grained nano-
crystals or amorphous films characterized by very broad low-intensity
reflections (FWHM>1°) [26]. According to this classification, the as-
deposited films belong to the last group, indicating that cerium is
inhibiting the crystallization of Al2O3 in the film with some small
crystals of metallic compounds embedded in thematrix. Determination
of theuseful impact of this amorphization for industrial applications is in
progress. In order to confirm themicrostructure of the samples, HRTEM
micrographs of selected samples and the corresponding SAED are
shown in Fig. 5a–d. These micrographs show a well-dispersed Al–Ce
system with some crystallites embedded in a crack-free amorphous
matrix,which is in agreementwith theXRDresults. The crystalline areas
are clearly visible, but in some regions are diffused on the amorphous
matrix. In general, the coating growth by the sputtering technique
proceeds in three steps. The first step involves the transport of the
coating species to the substrate; the second step is the adsorption of the
species onto the surface of the substrate or growing coating, their
diffusion over this surface, and finally either their incorporation into the
coating or their removal from the surface by evaporation or sputtering.
Fig. 6. AFM topography and 3Dmapping showing the growth morphologies of Al-Ce oxide fi
aluminum Alloy and Power, (d) p4P120t300, and (e) p4P40t300.
The third step consists of the movement of the coating atoms to their
final positionwithin the coating byprocesses such as bulk diffusion [27].
From the HRTEM results, it can be seen that pressure seems to exert
great influence on the crystallinity of the films, which suggests that the
growth of the film is likely affected in the microstructure by the pres-
sure; i.e., the transport step is more important than the diffusion step. It
is well known that in its crystalline form, Ce exhibits polymorphic
transitions that start from rather low pressures due to its strongly
correlated 4f-electrons and their delocalization with large density
charges [28–31]; by varying the pressure, changes can be induced in the
Ce–Ce interactions and f-electron delocalization, which enhances the
electronic bonding, resulting in reduced Ce–Ce or Al–Ce interatomic
distances. Recently, Sheng and co-workers [32] reported the observa-
tion of a pressure-induced transition between two distinct amorphous
polymorphs in a Ce55Al45metallic glass and demonstrated the existence
of amorphous alloys that are compositionally identical, but with diffe-
rent thermodynamic, functional and rheological properties due to the
different bonding and structural characteristics, which have been
correlated with the polymorphic transitions of cerium.

In our work, the variation in the deposition conditions caused
evident changes in the Al/Ce ratio which resulted in the amorphiza-
tion of the aluminum phase; such amorphization is probably due to
the polymorphic transitions of Ce, which also promoted changes in
the short-range atomic structure of either the Ce–Ce or Ce–Al coordi-
nation numbers as it has been previously demonstrated [32]. This may
explain the fact that no crystallization was observed in the samples
deposited at p4P40t300 and p4P120t300. Then, in our work, the observed
XRD results and HRTEM measurements indicate that depending on
both the deposition parameters and Al/Ce ratio some kind of amor-
phous metallic glass with some crystallites embedded in the matrix
were formed.

In order to analyze the surface morphology of the Al–Ce films, AFM
images were obtained in different regions and areas of the samples. Fig. 6
(a–e) corresponds to the topography and three-dimensional images of
the samples using SPIP 4.80 and Nanosurf easy scan 2.0 software. The
effects on the surface morphology of the films as a consequence of the
variations in the pressure and power can be observed in this figure.
All the images show that the surface of the films was composed of equi-
axial round domes homogeneously distributed with a mean grain size
lms on Si varying Pressure (a) p0.667P200t300, (b) p1.333P200t300, (c) p4P200t300 and AA6061
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increasing with the power at 4 Pa; however, at low power, the surface of
the films was finer with wider and smoother domes. The mean particle
size varies from 12 to 80 nm for the samples at 40W and 200W, respec-
tively. Theaverage roughnessof the rootmeansquare(rms)also increases
with the supplied energy. The increase in the rms surface roughness can
be related to a larger grain,which resultswhen the power is increased. On
the other hand, the effect exerted by pressure also caused an important
increase in the deposition rate and morphology in the samples; in fact, it
seems to be the major factor influencing the characteristics of the film
growth. Such increases are also noticeable in Table 1 and in the roughness
of the film, which ranged from 0.576 to 2.23 nm for the samples at
p0.667P200t300 and p4P280t300.

Fig. 7(a–f) shows SEM micrographs of two selected surfaces at
p4P200t300 and p0.667P200t300 as a reference of sputtered films on AA6061
aluminum alloy. To observe a contrast in the surface topographies, the
samples are shown at different magnifications (2000×, 16,000× and
25,000×). The corresponding thicknesses of these samples can also be
observed in thesefigures. In general, all the as-deposited sputteredfilms
displayed auniform, crack-free, denselypacked surfacewith small pores
and smootherdomes covering the substrateuniformly. Thesefilmswere
grownwith clusters of nanosized Al–Ce particles (Fig. 7(a–b) and (d–e).
It is known that by changing the power or pressure, the sputter rate of
Fig. 7. SEM images showing the morphology at different magnifications (2000×, 16000× and
(a–c) p4P200t300 and (d–f) p0.667P200t300.
the target changes results in differential deposition rates [33].Moreover,
in this case, microstructural variations were also observed at the diffe-
rent operating conditions: the particle size varied from ~15 to 80 nm as
both the power and pressure were increased (fine to coarse grain size),
and the thicknesses varied in the range of ~100 to 1200 nm depending
on the experimental conditions (Fig. 7f and c, respectively). At these
conditions, surface defects are not observable, which suggests that
defects are only on the substrate surface.

The results are in good agreement with the profilometry results and
AFM observations. The roughness increase promoted by the working
pressure and power may be associated with two causes. Firstly, at low
pressures the target voltage was the highest and the current was very
low, the sputter rate was lower and as a consequence the films were
thinner. This reduced growth rate induced low coarsening of the
columns. In fact, the surface morphology of these thin films clearly
resembled the coarse array of parallel polishing lines from the substrate,
indicating that the islands formed by the growing films were still
smaller than the polishing line spacing. Secondly, it has been
demonstrated that at lower pressure, the ions experience fewer
collisions during the transition and thus hit the film surface with more
energy, producing a smoothening effect [34]. In addition, a less disperse
ion flux is normally associatedwith a decrease in self-shadowing effects
25000×) and thickness of two selected samples deposited on AA6061 aluminum alloy



Fig. 8. Tafel plots of untreated and coated AA 6061 aluminum alloy samples after 24 h of
immersion in a 3.5 wt.% NaCl aqueous solution.
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and less surface roughening [35]. Finally, considering that thedeposition
time and Al–Ce ratio in the target were fixed, the variation in the
morphology and microstructure was a direct consequence of the
variation in the voltage–current characteristics during deposition as a
Fig. 9. Impedance spectra of the bare
consequenceof the depositionparameters (power andpressure),which
is in good agreement with previous studies [36]. The grain size was
increased by increasing the power,which suggests a better organization
of the deposited atoms in larger grains and a substantial reduction in the
grain boundaries [37].

3.3. Electrochemical measurements

The electrochemical behavior of the treated Al alloy was studied by
examining the Tafel plots obtained in a 3.5 wt.% NaCl aqueous solution,
and their curves are reported in Fig. 8. Themeasurementswere recorded
for all the samples after 24 h of free corrosion potential in order to
simulate a severe Cl− ion attack. By comparing the coatings at the
different experimental conditions with the bare sample, it can be seen
that, except for the p0.667P200t300, the samples show a negative displace-
ment without any tendency. This trend is characteristic of cathodic
inhibition [38]. The cathodic curves are slightly affected by the presence
of the coatings, while the anodic curves for bare aluminum are
characterized by an active behavior that shows intense activity in this
potential region. For the samples coated at low pressure and power
(p0.667P200t300, p1.333P200t300 and p4P40t300), a passive regionwith awell-
defined pitting potential is observed. This value is close to the open
circuit potential (OCP). By comparing these coating samples, it can be
aluminum and coated samples.
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found that the shape of the curves is similar, but the pitting potential is
displaced without any clear trend. On the contrary, by increasing the
power and pressure (p4P120t300, p4P200t300 and p4P280t300), the OCP
gradually becomesmore negative and the anodic curve starts to present
a passive region. It must be emphasized that the polarization curves
were obtained after 24 h of immersion, pointing towards an effective
protection of the alloy substrate by the presence of the Al–Ce coating
under these experimental conditions. This behavior can be correlated
with the increase in the ceriumquantity in thefilm. On the other hand, a
slight displacement in the icorr toward lower values is also observable for
almost all the coatings. However, suchdiminution, in thebest cases,was
around one order of magnitude.

Electrochemical impedance spectroscopy (EIS) was used to assess
the evolution of corrosion after 24 h of immersion in the aggressive
medium. EIS provided useful information on the corrosion processes in
the PVD coated samples when exposed to an aggressive environment
[39]. Fig. 9(a–c) presents the Nyquist and Bode diagrams of the coated
and uncoated samples. The Nyquist plots in Fig. 9a show that the
diagrams displayed one depressed semicircle which is attributed to the
protective layer and a diffusion tail in the low frequency range. This tail
can be correlated with the electrolyte diffusion throughout the film,
surface inhomogeneities (defects or domes) of the coatings and would
correspond to the existence of a slope at low frequencies in the Bode
modulus diagram (Fig. 9c); this slope increases with the coatings,
indicating that the oxidant species presented certain difficulties to reach
the substrate and take part in the cathodic reaction. Due to the fact
that the Bode angle diagram is extended in a wide frequency range
(~104–10−1 Hz), it could be found that the maximum is actually a
consequence of the overlapping of two processes (Fig. 9b). As it can be
seen in the figure, the overlapping of the two processes is higher for the
p4P200t300 samples than that presented by bare aluminum. The first
process at higher-medium frequencies is commonly associatedwith the
film resistance, while the time constant at medium-low frequencies is
usually related to the charge transfer resistance. Frequencies lower than
10−1 Hz, which are usually correlated with the corrosion phenomenon
in the solution, are related to an exfoliation, intergranular or pitting
corrosion [40,41]. Then, thefirst process of the timeconstant centered at
102 Hz is related to the outermost Al–Ce film; and the observed
depressed semicircles can be attributed to the geometrical parameters
of the microstructure, which reproduces the surface topography of the
alloy [42]. In the case of bare aluminum, the depressed arc is a
consequence of the thermo-mechanical treatment applied to the alloy,
which changed the size of the precipitates protruding from the oxide
layer and increased the surface roughness [15,43].

From these diagrams, no significant variations in the low frequency
impedance are seen, except an important increase in the polarization
resistance (Rp) values. The Rp values were graphically estimated from
the EIS diagrams as Rp = jZðjωÞ jω→0− jZðjωÞ jω→∞[44,45]. The
corresponding Rp of the substrate and the coatings showed that the
bare aluminum presented the lowest polarization resistance
(4.956kΩ cm2), while the coated samples presented higher corrosion
resistance than the bare aluminium. Rp values up to 138.4kΩ cm2were
obtained with coated samples at p4P200t300; in accordance with the
traditional interpretation that associates higher values of impedance
with a higher resistance to corrosion. The data obtainedwith the coated
samples at the experimental conditions, p4P200t300 and p4P280t300,
indicated that the coated AA6061 aluminum alloy presented higher
corrosion resistance than the bare aluminum. The elemental analysis of
these films revealed that the composition of these films was Al
(62.27 wt.%), Ce (35.54 wt.%), O (2.95 wt.%) and Al (66.54 wt.%), Ce
(31.41 wt.%), O (2.19 wt.%), respectively. As it was stated above, these
oxide samples formedunder environmental conditions are composed of
an amorphous phase with some crystallites embedded in the matrix in
combination with some surface defects caused by the operating
conditions and the inner Al-oxide layer on the alloy substrate. The
high cerium content (Al/Ce ratio) and structure of the films (metallic
glass) may explain the enhancement of the electrochemical behaviour
in comparison with the counterparts.

After applying the protective coating, the electrochemical results
display: i) the inhibition of the cathodic and anodic reactions; and ii)
increased impedance values, which are usually related to a decreased
active area. The Al–Ce oxides in the inner layer of the passive films
function as a barrier layer. Additionally, during immersion, the
characteristic time constant at low frequencies, which is assigned to
the pitted Al oxide layer, was not observed. This situation suggests
that these experimental facts are promising for the enhancement of
the resistance to pitting corrosion in this aluminum alloy. Finally, the
role of the cerium content is not only to delay corrosion in the
material, but depending of the experimental conditions, to avoid the
crystallization of the alumina film, which could be interesting in some
industrial applications. In this case, the minimum cerium content to
reduce the corrosion process is about 30 wt.% in the film, while to
totally avoid the crystallization of the film, the cerium quantity should
be close to 2 wt.%; although it depends on the operating conditions.

4. Conclusions

The effects of pressure and power of the DC sputtering system on
the deposition rate, structure and protection against corrosion of
sputtered Al–Ce films has been investigated using Si (111) and
AA6061 aluminum alloy as substrates. The results indicated that the
chosen parameters (power and pressure) have a high influence on the
Al/Ce ratio, which seems to be a consequence of the significant
difference between the sputtering yield of Ce and Al. Cerium and
Aluminum oxide compounds were formed once that samples were
exposed to the atmosphere due to the well known reactivity of both
elements under environmental conditions, but not as a consequence
of contamination in the sputtering chamber; the oxygen contents in
the film varied from 8 to 40%, according to RBS. Depending on the
operating conditions (adjusting power and pressure), films with very
fine grained nanocrystals, “metallic glasses” or amorphous films can
be obtained as a consequence of the polymorphic transitions of
cerium. The metallic glass films were mainly composed of small
crystallites of intermetallic compounds such as CeAlO3, Al4Ce, Al3Ce
and Cerium oxide compounds (+3 and +4) embedded in an
amorphous matrix of alumina.

In addition, both power and pressure conditioned the mean
particle size (~12–80 nm), surface defects, deposition rate, thickness
(~100–1200 nm) and roughness (~0.576–2.3 nm) of the films. The
substrate does not seem to have any influence on the crystallinity or
orientation during the growth of the film.

The Al/Ce ratio in the film had a significant influence on the
preliminary corrosion behavior; higher Cerium contents were more
effective against corrosion than those with low Ce quantities. These
electrochemical results displayed two important aspects: i) inhibition
of the cathodic and anodic reactions; and ii) increased impedance
values, usually related to a decreased active area. The films that dis-
played the most relevant electrochemical performance under the
experimental conditions are: p4P200t300 and p4P280t300 whose elemen-
tal compositions are Al (62.27 wt.%), Ce (35.54 wt.%), O (2.19 wt.%)
andAl (66.54 wt.%), Ce (31.41 wt.%), O (2.95 wt.%), respectively. Studies
of the mechanism and significance of the amorphization as well as a
detailed electrochemical characterization are in progress.
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