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a b s t r a c t

Al–Ce coatings were deposited on silicon and AA6061 aluminum alloy substrates by DC magnetron sput-
tering using aluminum in combination with pure cerium targets. The materials were characterized by
X-ray diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), high res-
olution transmission electron microscopy (HRTEM) and electrochemical impedance spectroscopy (EIS)
in order to consider their application as high corrosion resistance coatings. The corrosion behavior of
the films was studied using a NaCl aqueous solution (3.5 wt%). As for the characterization results, an
apparent amorphous phase of aluminum oxide with small cerium compounds embedded in the matrix
was detected by the X-ray diffraction patterns and HRTEM on the deposited films at 200 W and 4 Pa. At
these conditions, AFM and SEM images evidenced crack-free coatings with low-roughness nanometric
Corrosion properties
Al–Ce films

structures and columnar growth. EIS and Tafel results converged to indicate an inhibition of the corrosion
reactions. The film displayed good stability in the aggressive medium and after 1 day of exposure under-
went very little degradation. The variations in the impedance and Tafel characteristics were found to occur
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. Introduction

Aluminum is one of the main components of common alloys
sed in different applications. Aluminum, when alloyed with
mall amounts of other materials, is an essential and valuable
etal because of its high specific strength and low density. How-

ver, untreated Al–Mg–Cu based alloys like AA2024, AA6061 and
A7075 are susceptible to corrosion [1]. The main corrosion pro-
ess that is developed on the surface of aluminum alloys in a
aCl solution is the localized alkaline corrosion in the aluminum
atrix surrounding Al(Mn, Fe, Cr) cathodic intermetallics [2]. Thus,

n order to protect the alloy, it is necessary to design a process
o block the cathodic reaction over the cathodic precipitates in

rder to allow the formation of the aluminum oxide film onto the
etallic matrix. The application of protective coatings such as chro-
ate conversion coatings are commonly used in aluminum alloys.

his method is relatively simple; however, the environmental and
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t, which provokes important changes in the film protective properties.
© 2009 Elsevier Ltd. All rights reserved.

health risks associated with the use of chromate ions are restricted
now. It is, therefore, necessary to investigate other, nontoxic or
less toxic coating processes with equal or even better corrosion
protection. Since the mid-1980s, Ce conversion layers have been
studied as a promising alternative to protect aluminum alloys.
Many works have been published about different methods and con-
ditions to obtain Ce conversion layers on several Al substrates that
are of interest to the aircraft industry and their microstructure and
corrosion behavior have been investigated [3–7]. However, some
drawbacks of cerium conversion layers obtained from conventional
methods are: (i) the precipitation of an insoluble protective Ce
oxide/hydroxide layer that produces coatings with uneven char-
acteristics; (ii) the presence of cracks that can cross the whole
cross-section of the layer. These cracks represent preferential path-
ways for the penetration of aggressive species, although in this
case the layer seems to exhibit self-healing ability, which helps its
long-term protection properties. On the other hand, the flexibil-

ity and control of process conditions have established magnetron
sputtering as a widely used deposition technique. In this pro-
cess, the particles arriving at the substrate have enough energy
to diffuse and migrate on the surface forming a dense crystalline
film [8,9].

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:mdominguezc@ipn.mx
mailto:adcrespo2000@yahoo.com.mx
dx.doi.org/10.1016/j.electacta.2009.09.002


lectroc

e
a
A
e
y
p
o
s
i
t
s
m

2

u
a
o
a
d
d
t
(
e
t
t
u
a
c
o
i
p
T
t
t
3
t
a
s
t
f
S
t
b
r
i
c
t
w
e
i
T
A
a
a
i
b
t
e
t
c
w
o
p

peak around 55.7 belongs to the Si (1 1 1) substrate, in the ori-
ented reflection (3 1 1) underneath the film. The as-deposited films
showed weak signals of the planes (2 0 2), (1 1 6) positioned at
41.03◦ and 54.5◦, which belong to CeAlO3. Additionally, the pres-
ence of aluminum oxide (Al2O3) and cerium oxide (Ce2O3) was
M.A. Domínguez-Crespo et al. / E

According to the aforementioned, the development of new
nvironmentally friendly and protective coatings to enhance the
nticorrosive properties of materials is of great research interest.
s far as we know, sputtered Al–Ce coatings to enhance the prop-
rties against corrosion of aluminum alloys have not been reported
et. The data reported in this paper are a portion of the research
roject (sponsored by Science and Technology National Council
f Mexico, CONACYT) for studying the anticorrosive properties of
puttered Al-rare earth coatings and propose new alternatives to
mprove the corrosion resistance of aluminum alloys. Specifically,
he work presented here is focused on the electrochemical corro-
ion of Al–Ce thin films deposited on AA6061 aluminum alloy by
agnetron sputtering.

. Experimental

Samples of AA6061 aluminum in the form of discs were ground
p to 600-grade SiC paper, cleaned with water and ethanol in
n ultrasonic bath for 20 min before processing. The dimensions
f the selected specimens for coating during the structural char-
cterization and electrochemical corrosion test were: 25 mm in
iameter and 2 mm in thickness. Aluminum-based coatings were
eposited by means of a commercial pulsed DC magnetron sput-
ering apparatus, from a multicomponent target consisting of Al
99.95% purity, 100 mm in diameter and 3 mm in thickness) and
ight Ce pieces (99.5% purity, 15 mm × 5 mm × 1 mm) attached to
he aluminum target race track. The system was initially pumped
o a vacuum pressure of 1.33 × 10−4 Pa. The deposition was done
sing Ar (99.99% purity) atmosphere at flow rates between 10
nd 14 sccm. To study the effect of pressure and power on film
omposition and their influence on corrosion behavior, two sets
f experiments were carried out. In the first set, pressure was
ncreased from 6.67 × 10−1 to 4 Pa at 200 W and in the second set;
ower was varied from 40 to 280 W at a constant pressure of 4 Pa.
he other deposition parameters were kept constant: the substrate
emperature was not controlled, but previous studies showed that
he maximum reached value was 80 ◦C with a deposition time of
00 s, the substrate was ground without bias and the substrate-
o-target distance (ds–t) was fixed at 5 cm [10]. The coatings were
lso simultaneously deposited onto silicon (1 1 1) and both sub-
trates were chosen for their suitability for the particular analysis
echniques. The samples deposited on the substrates were used
or structural and morphological characterization by XRD, AFM,
EM and HRTEM; while thickness was determined by profilome-
ry and SEM. The XRD measurements of the films were performed
y a Brucker D8 series diffractometer with Cu K� (� = 0.154 nm)
adiation while atomic force microscopy studies were carried out
n a Nanosurf easyscan 2.0 microscope. The morphological and
hemical aspects of the coatings were studied by scanning elec-
ron microscopy (SEM/EDS) using a JEOL JSM-35C. HRTEM studies
ere carried out on a JEOL 2010 FasTem field emission transmission

lectron microscope with a resolution of 2.1 Å. The corrosion behav-
or of the coated and uncoated aluminum alloy was determined by
afel and electrochemical impedance spectroscopy measurements.
potentiostat/galvanostat (Gamry 600 series) using a graphite bar

s the counter electrode and a saturated calomel electrode (SCE)
s reference electrode, was employed to perform corrosion exper-
ments. An electrochemical cell consisting of an acrylic rectangular
ox (60 mm × 80 mm × 100 mm) was used and the exposed area of
he sample was 1.23 cm2. The specimens were introduced by mod-
rate pressure against an o-ring, avoiding localized damage to the

hin films. The Tafel polarization curves were measured from the
athodic to anodic area. The scans were started at −250 mV vs SCE
ith a sweep rate of 1 mV s−1. The EIS measurements were carried

ut in the frequency region from 100,000 to 0.01 Hz (ten frequency
oints per decade) with an amplitude of 10 mV rms.
himica Acta 55 (2009) 498–503 499

3. Results and discussion

3.1. Surface morphology and microstructure of the coatings

Fig. 1a and b shows the dependence of the deposition rate (film
thickness/deposition time) on the applied pressure and power in
the sputtering chamber for the Al–Ce films grown on the Si sub-
strate. It can be seen that the deposition rate was increased as
pressure was also increased at constant power (Fig. 1a). A maxi-
mum thickness value was reached at 4 Pa (∼1200 nm). In order to
optimize the deposition process, the next set of experiments was
carried out by varying power at 4 Pa. The deposition rate gradually
increased as power was increased to 200 W, where a slight decrease
is observed from 4.04 to 3.90 nm s−1 (Fig. 1b). The deposition rate
drop could be due to resputtering of the as-deposited film, i.e. kick-
ing off the adatoms or growing surface by the incoming ions [11].
Due to the fact that protection in a chloride-containing environ-
ment depends on the quantity of cerium to form oxide/hydroxide
compounds, in this work, only the results for the maximum con-
tent of cerium (∼30% forming the film, at 200 W and 4 Pa) on the
substrate surface are shown.

An amorphous phase and crystalline reflections of oxide com-
pounds can be seen from the XRD analysis of the Al–Ce coatings on
silicon substrates (Fig. 2). Although the deposition process was car-
ried out under inert atmosphere, oxide compounds were obtained
as a result of the high reactivity of the aluminum and cerium
under room condition thus, it is very likely that the oxides were
formed once the samples were exposed to the atmosphere. The

◦

Fig. 1. Deposition rate and thickness of the film as functions of: (a) total pressure
and (b) power.
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Table 1
Corrosion potential and corrosion current densities of selected coated and uncoated
samples.

Parameter Sample

oxide coatings were performed after 24 h of continuous immersion

F
fi

Fig. 2. XRD pattern of Al–Ce coatings on silicon at 4 Pa and 200 W.

bserved at 43.19◦ and 46.2◦, respectively. The observed reflec-
ions are possibly due to the smallest surface energy storage in the
tressed state. The morphology and size distribution of the parti-
les on silicon (created at 4 Pa, 200 W and a gas flow rate of 10 sccm)
btained by image data analysis through contact mode AFM and the
anosurf software are shown in Fig. 3a and b. The surface of these
lms consisted of uniform, compact with small pores and smoother
omes uniformly covering the substrate. Fig. 4a–c shows a repre-
entative EDS analysis and images corresponding to the sputtered
lms on AA6061 aluminum alloy. The EDS investigation identified
n important cerium quantity (31.41 wt%) which was homoge-
eously distributed in the whole metallic surface. In addition, some
luminum and oxygen quantity was observed in the analysis. From
hese results, the Ce content increased as increases the film thick-
ess. The morphology of these films matched with the observed
orphology on silicon substrates, suggesting that the substrate

o not influence the Al–Ce film growth (Fig. 4b). Fig. 4c shows
he cross-section of Al–Ce coatings obtained by SEM measure-

ents and whose thickness is about 1200 nm. The HRTEM image
nd its corresponding selected area diffraction pattern (SADP) of
l–Ce coatings on metallic substrates are shown in Fig. 5. The
icrograph also shows nanometric structure, low-roughness and

rack-free coatings. From XRD and HRTEM results, two phases can
e distinguished: an apparent amorphous phase corresponding to

luminum oxide and small cerium compound crystals embedded
n the amorphous matrix. The results indicate that the unstruc-
ured phase formed in the samples prepared via the sputtering
echnique depends on the following features: (a) the molar ratio

ig. 3. AFM images (1 �m × 1 �m) of the samples as-grown on silicon at 200 W and 4 Pa:
lms.
Bare aluminum Coated sample

Ecorr (V) −0.807 −1.224
icorr (A cm−2) 1.7 × 10−7 2.6 × 10−8

of aluminum to cerium and (b) operating conditions (power and
pressure).

3.2. Electrochemical characterization of the coatings

In order to assess the degree of the protection afforded by the
sputtered coatings, selected coated and uncoated specimens were
subjected to Tafel analysis. These plots were obtained from the
Al–Ce films at 4 Pa, 200 W in a 3.5 wt% NaCl solution (Fig. 6). The
Tafel extrapolations show that at these experimental conditions
the Al–Ce coatings cause a negative shift of around 400 mV in the
corrosion potential in comparison with the bare aluminum, which
can be characteristic of the cathodic inhibition [2] and is related
to the interaction between cerium and aluminum oxides form-
ing the film. It is known that for aluminum alloys, corrosion can
be considered as a combination of at least two electrochemical
reactions involving anodic areas where metal dissolution occurs;
Al → Al3+ + 3e− and cathodic areas where reactions such as the
reduction of oxygen takes place, O2 + 2H2O + 4e− → 4OH− [12,13].
Then, from these results both necessary reactions of corrosion were
suppressed by the Al–Ce coatings thereby reducing the driving
force of the corrosion process. The plots also shifted towards lower
current densities which resulted in the decrease of the overall cor-
rosion. In Table 1, the corrosion current densities and free corrosion
potential obtained for coated and uncoated samples are summa-
rized. It was noticed that the overall current density calculated from
the Tafel extrapolation curves decreased on the deposited films in
comparison with the substrate and it is also better than the obtained
results for the cerium-based conversion layers [5].

The impedance spectra can be used to evaluate the corrosion
protection afforded by sputtered coatings and to provide adequate
modeling of the physicochemical processes on the coated substrate
during corrosion tests [14,15]. The EIS measurements of the Al–Ce
in NaCl solution and the representative plots are presented in Fig. 7.
As it can be seen from this figure, a depressed semicircle shape con-
cerning the coatings and a diffusion tail (Warburg impedance, W) in
the low frequency region are observed. The deviation from the ideal

(a) topography and (b) 3D mapping showing the growth morphologies of ∼230 nm
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ig. 4. Scanning electron micrographs of Al–Ce coatings on AA6061 aluminum al
ross-section view.

emicircle is related to the surface inhomogeneities (domes) of the
oatings. The solid line in this figure represents the fitted EIS spectra

ased on the equivalent circuit which are shown in the inset figure.
he EIS data were fitted based on the electrical equivalent diagrams
uggested in the literature to model metal + coating-solution inter-
ace (pits) for Al based materials [16,17] and the calculated data are

Fig. 5. HRTEM image and selected area diffraction pattern (SADP) of A
200 W and 4 Pa for 300 s: (a) EDS and mapping analysis, (b) surface view and (c)

also given in Table 2. The dependence of the complex impedance of
the coated aluminum on the applied frequency allows separation

of the responses of the different components of the system such as
capacitance and resistance of the protective layers and oxide films.
In the circuit Rs, Rfilm and Rct are the electrolyte resistance, film
resistance and charge transfer resistance which is commonly cor-

l–Ce coatings on metallic substrates at 200 W and 4 Pa for 300 s.
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Fig. 6. Tafel curves for the AA6061 aluminum alloy without (frame circle) and with
(solid circle) coating after 24 h of testing.

Fig. 7. Nyquist and Bode spectra with their corresponding equivalent circuit used
during the simulation of the bare substrate (frame circle) and Al–Ce coatings (solid
circle) and fitted parameters (solid line).

Table 2
Fitted parameters determined from Nyquist plots.

Parameter Sample

Bare aluminum Coated sample

Rs (� cm2) 18.23 17.39
Rfilm (k� cm2) – 115.91
Yofilm (�−1 sn) – 3.29
nfilm – 0.93
Cdl (�F cm−2) 1.84 5.69
Rct (k� cm2) 4.956 7.65
W (�−1 s0.5) 218.5 294.5
�2 0.547E−3 0.661E−3
himica Acta 55 (2009) 498–503

related to localized corrosion, respectively; whereas Cfilm, and Cdl
represent the capacitance of the film and double layer during corro-
sion process, respectively. W is the Warburg element that accounts
for the diffusion controlled process. In addition, to justify the non-
homogeneity of the electrochemical systems, pure capacitors were
substituted by a constant phase element (CPE). The EIS data for the
bare aluminum show very low impedance at all frequency ranges,
whereas the Al–Ce oxide films presented a high frequency capac-
itive loop that is correlated with the high cerium content in the
film (Table 2). Corrosion resistant surfaces for AA6061 aluminum
alloy were obtained by the magnetron sputtered Al–Ce coatings.
The polarization resistance Rp (the combination of the resistances
involved in the corrosion process) was about 5460 � cm2 for the
bare aluminum, while it was close to 135 k� cm2 for samples
coated with the Al–Ce coatings at the aforementioned deposition
parameters. Thus, the charge transfer resistance (Rct) was increased
when the Al–Ce coatings were added to the substrate. The low-
est double layer capacitance (Cdl) values also indicate the highest
protection presented in the aggressive medium. No corrosion was
visually found in the coated substrates after 24 h of continuous
immersion in the electrolyte. This fact indicates that the major
event was water/ion penetration into the Al–Ce oxide film, which
resulted in the saturation of the coating with the electrolyte. On
the basis of previous characterization works for different cerium
coatings on aluminum alloys [18,19], two different regions from
the outside Al–Ce films to substrate are proposed: a porous sur-
face composed of uniform, compact smother domes combined with
extensively dense Al–Ce interfacial layer on the alloy substrate and
the inner alumina layer on the alloy substrate as it is illustrated in
the inset in Fig. 7. Hence, the electrochemical results (after appli-
cation of protective coating) show that the protective properties
of the Al–Ce coatings increased as increasing cerium content due
to the inhibition of both anodic and cathodic reactions. Afterward,
the Al–Ce oxides in the outer layer of the passive films function as
a barrier layer.

The obtained values for the bare samples are considerably dif-
ferent from those concerning the coated samples because the
protection of the substrate is deeply modified by the coating pro-
cess. The corrosion performance of the Al–Ce coatings can be
correlated with a denser coating that resulted from the formation
of fine CeAlO3 and Ce2O3 particles. Then, the coatings could act
as a good protective barrier to prevent the corrosive environment
from reaching and reacting with the substrate metal. The struc-
ture of the deposited CeAlO3 coatings does not match any of the
previously reported structures of cerium compounds with anti-
corrosion properties and it depends on cerium loading [18]. The
results are comparable with the technological process of Ce seal-
ing of anodized aluminum alloys [19], ceria sol–gel coatings [20]
and those showed by cerium-based conversion layers on aluminum
alloys [6]. However, since the protection level strongly depends
on the specimen preparation prior to deposition [21], it might be
still possible to improve the performance against corrosion of the
sputtered Al–Ce oxide films on aluminum alloys [22], by analyzing
the effect of the substrate surface preparation prior to deposition
and established the connection between the microstructure of the
Al–Ce thin films and deposition parameters, which is a work that
is currently in progress.

4. Conclusions

Al–Ce coatings deposited by magnetron sputtering on AA6061

aluminum alloy were characterized by different techniques in order
to study their possible applications as protective barriers in aggres-
sive media. It was found that at 200 W and 4 Pa, the Al–Ce coatings
were mainly composed of Al2O3, CeAlO3 and Ce2O3 particles with
a dense amorphous structure with small crystalline cerium com-
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ounds embedded in the matrix. The electrochemical performance
ndicated that the Al–Ce coatings function as protective barriers
nhibiting the corrosion reactions, which is promising to delay
itting corrosion of the aluminum alloys. Finally, the deposition
arameters have a strong influence in the barrier properties of the
lm, which is related with Ce content and thickness.
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