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The effect of cerium content on the corrosion behavior of Al-Co-Ce amorphous alloys in 0.6 M NaCl solution was investigated by cyclic polarization,
Mott-Schottky and X-ray photoelectron spectroscopy techniques. Results indicated that the open circuit potential of Al-Co-Ce amorphous alloys
displayed a decreased tendency with the increase in Ce content, and the amorphous alloy with 4 at.% Ce presented both the lowest passive current
density and donor density indicating the best corrosion resistance, while adding excess Ce led to the reduced corrosion resistance of Al-Co-Ce alloys.
Furthermore, it was found that a low Ce content is beneficial to the formation of a more protective passive film on Al-Co-Ce amorphous alloys, and the

corrosion inhibition reactions of Al-Co-Ce alloys in 0.6 M NaCl solution were changed with the increase in Ce content and the detailed reasons were 
discussed.
. Introduction

Al-based metallic glasses, also called Al-based amorphous
lloys, were discovered for the first time in the United States and
apan concurrently in 1988 [1,2]. Since then, both scientific and
echnological interests in these materials have been generated due
o their unique properties, e.g., high strength to weight ratio, supe-
ior wear and corrosion resistance and flexible alloy composition,
hich often surpass those of conventional structural materials dis-
laying the potential application in the fields of automotive, marine
nd aviation industries [3–5].

With the development of Al-based amorphous alloys, Al-TM-RE
TM: Transition Metal; RE: Rare Earth) as an important compo-
ition system has been extensively investigated because of good
lass forming ability (GFA) and superior corrosion resistance, such

s Al-Ni-Y [5], Al-Ni-Ce [3,6] and Al-Co-Ce [7]. Among them, Al-
o-Ce amorphous alloys show a series of prominent properties,
.g., good thermal stability, wide composition scope with amor-
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phous structure and tunable property based on Co and Ce [6–9].
In corrosion protection, Al-Co-Ce amorphous alloys can serve as
a barrier preventing the invasion of Cl— ions, serve as a sacrificial
anode and also release corrosion-inhibition ions on demand based
on different pH values [7,9,10]. Thus, they are particularly suitable
as multifunctional coatings to protect aluminum alloys from cor-
rosion. Relevant investigations have shown that the protectiveness
abilities displayed by these alloys are superior to the conventional
Al-clad coatings in terms of both polarization and maximum scratch
size protected on AA2024-T3 [6,8,9,11–17]. Nevertheless, the com-
position range with good corrosion resistance presented in relevant
studies is a little wide (Co: 68̃ at.%; Ce: 35̃ at.%). Therefore, it is worth
further optimizing the composition of Al-Co-Ce amorphous alloys
with better corrosion resistance to substitute the Al-clad coatings.

In order to achieve the aforementioned goal, one primary task
is to understand the roles of the elements in Al-Co-Ce amorphous
alloys, since it is generally considered that the corrosion resistance
of an alloy essentially depends on its composition [6–9,18–20]. For
a specific environment with constant pH and concentration of Cl—
ions, the different corrosion performances of Al-Co-Ce alloys can be
obtained through changing the contents of Co and Ce. For instance,
the Al-Co-Ce amorphous alloys with a low Co content (35̃ at.%) and
a low Ce content of (35̃ at.%) have a moderately low open circuit
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Fig. 1. The composition-structure map [7,14] of Al-Co-Ce based on at.% Co and at.%
otential (OCP) and can avoid the cathodic over-protection at the
ame time. However, when choosing a high Co content (68̃ at.%)
nd a low Ce content (35̃ at.%), the highest resistance to localized
orrosion can be obtained [6]. Therefore, the contents of Co and Ce
lay important roles in corrosion performances of Al-Co-Ce amor-
hous alloys, and it is important to understand the roles of the two
lements before designing the composition of the alloy.

The presence of Co can increase the rate of oxygen reduc-
ion or hydrogen evolution reaction leading to the increased OCP
6,8,14,21]. Meanwhile, Co usually has a lower dissolution rate than
l and Ce, and the ionic product (Co2+) can reduce the rate of anodic
issolution and inhibit the localized corrosion [8,14]. The existence
f the rare-earth element Ce can improve the GFA of Al-Co-Ce amor-
hous alloys. In terms of corrosion protection, Ce3+ also has a good
roperty of corrosion inhibition. The corrosion inhibition mecha-
ism of Ce3+ is attributed to the enriched oxides or hydroxides of Ce

ormed on the cathodic surface, which hinder the oxygen reduction
eaction [22–24]. However, the Ce3+ species used in the above-
entioned work are all corrosion inhibitors such as Ce(NO3)3 and

eCl3 [25–30]. To improve the corrosion resistance of alloys and
he flexibility of Ce in use, researchers also try to add Ce into some
lloys. While the content of Ce in these alloys is usually low because
f the limited solid solubility, which leads to a weak corrosion inhi-
ition effect. In addition, adding Ce into some composite coatings
as also been reported, and the relevant results indicate that there
xists an optimal Ce concentration, below or above which will lead
o an increase in corrosion rate [30,31]. The decrease in corrosion
esistance can be related to some defects formed in the film. The
nvestigations of Ce content on the corrosion resistance of Al-based
morphous alloys are numbered, among which some pioneering
nvestigations on the role of Ce in Al-Co-Ce amorphous alloys have
een made [6,8,21]. However, the Ce content with the best cor-
osion resistance in Al-Co-Ce amorphous alloys is still undefined.
oreover, the questions of what is the influence of Ce content on

he corrosion behavior of Al-Co-Ce amorphous alloys and how does
e content affect the electrochemical corrosion behavior are both
ague and unanswered.

Herein, five kinds of amorphous alloys of Al93-xCo7Cex (x = 3, 4,
, 6 and 7) were prepared respectively. The selection of this com-
osition range is due to its superior corrosion resistance and GFA
ased on previous studies [6,15]. The effect of Ce content on the
orrosion behavior of Al-Co-Ce amorphous alloys was studied by
eans of cyclic polarization, Mott-Schottky and XPS techniques.
nd the influences of Ce content on the OCP, the semiconductor
roperties of passive film, and the corrosion inhibition mechanism
f Al-Co-Ce amorphous alloys were also discussed in details. The
im of this work is to deepen the horizon in understanding the role
f Ce in the corrosion behavior of Al-Co-Ce amorphous alloys and to
nd out the optimal Ce content with the best corrosion resistance

or Al-Co-Ce amorphous alloys.

. Experimental

.1. Materials and samples preparation

Al-Co-Ce master alloy ingots with the nominal compositions of
l90Co7Ce3, Al89Co7Ce4, Al88Co7Ce5, Al87Co7Ce6 and Al86Co7Ce7

surrounded by red dashed line in Fig. 1) were prepared by melt-
ng appropriate amounts of pure metals: Al (99.999%), Co (99.995%)
nd Ce (99.9%). Melting at least four times was conducted in an arc
urnace under the highly pure argon atmosphere to ensure com-

ositional homogeneity. The Al-Co-Ce amorphous ribbons were
abricated by induction melting the master alloys ingot in a sil-
ca crucible under the protection of argon, and then ejecting it onto
copper wheel rotating at a speed of 35 m/s using a melt spinner
Ce present in solid solution Al (the selected composition region in this paper was
surrounded by red dashed line and red star denotes the composition with the best
GFA based on cluster stability lines model).

(D-7400, Edmund Bühler, Hechingen, Germany). The thickness and
width of all ribbons are about 30 �m and 3.5 mm, respectively. The
ribbons for electrochemical tests were cut into pieces with a length
of 10 mm firstly, then were connected with the conducting copper
wires, and finally were sealed with epoxy resin in a vacuum dry-
ing oven to ensure no bubbles on the samples. The exposed area
(cross section) of the electrochemical samples is about 10—3 cm2

and the accurate value can be tested by a confocal laser scanning
microscope (OLS4000, Olympus, Tokyo, Japan).

2.2. Microstructure characterization

The X-ray diffraction (XRD, D/Max 2400, Rigaku, Tokyo, Japan)
with monochromatic Cu K� radiation (� = 0.1542 nm) was used
to characterize the amorphicity of the melt-quenched ribbons.
A transmission electron microscope (TEM, JEOL-2100, JEOL Ltd.,
Tokyo, Japan) was used to further identify whether the ribbons
contained nanocrystals. The samples for TEM observation were
prepared by ion beam thinning with liquid nitrogen cooling. The
corrosion morphology and chemical composition of the ribbons
were revealed with the help of the scanning electron microscopy
equipped with an energy dispersive X-ray detector (SEM/EDS,
INSPECT F50, FEI, Hillsboro, USA).

2.3. Electrochemical tests

The electrochemical tests of five kinds of amorphous alloys were
conducted in 0.6 M NaCl solution (pH 6.5) by an electrochemical
workstation (Interface 1000, Gamry Inc., USA). A traditional three-
electrode cell (i.e., a platinum plate as the counter electrode, a
saturated calomel electrode (SCE) as the reference electrode and
the sample as the working electrode) was used for all electrochem-
ical tests. The cross section with an area of 10—3 cm2 was selected
as the test surface. Prior to the electrochemical measurements, the
cross sections were ground with 400, 1000 and 2000 grit SiC sand-
papers in sequence, and then were polished using 1 �m diameter
diamond polishing paste. The cyclic polarization tests were car-

ried out at 0.5 mV/s starting from —10 mV vs. OCP and the reverse
scan was executed when the potential reached 0 V vs. SCE or the
current density achieved 10—4 A/cm2. In order to evaluate the semi-
conductor properties of the passive films of Al-Co-Ce amorphous



Fig. 2. (a) XRD patterns of Al93-xCo7Cex (x = 3, 4, 5, 6, 7) melt-spun ribbons prepared with 35 m/s circumferential wheel speed, (b) the bright-field TEM image and the selected
area electronic diffraction pattern (SEAD, inset) of the Al90Co7Ce3 melt-spun ribbon.

Table 1
Nominal composition and the actual composition of Al93-xCo7Cex (x = 3, 4, 5, 6, 7) melt-spun ribbons.
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Nominal composition(at.%) Al90Co7Ce3 Al89Co7Ce4

Actual composition(at.%) Al90.01Co6.91Ce3.08 Al88.73Co7.19Ce4

lloys, Mott-Schottky plots were measured at a scanning rate of
0 mV/s. To guarantee the reliability of the results, the electrochem-

cal measurements were repeated 6 times and the results that could
epresent the mean value were selected. In addition, the statistical
ethod was also used for the analysis of some electrochemical data

onsidering the volatility of data.

.4. XPS characterization

The surface composition of the Al-Co-Ce amorphous alloys with
ifferent Ce contents was characterized by a X-ray photoelectron
pectrometer (XPS, ESCALAB250, Waltham, USA) with Al K� exci-
ation (h� = 1486.6 eV). The samples for XPS characterization were
mmersed in 0.6 M NaCl solution for four hours and four days,
espectively. The wheel side instead of cross section was selected
s the test surface considering the small exposed area (10—3 cm2)
f cross section which was difficult for XPS test. The position of the
dventitious carbon component (284.6 eV) was used for the cali-
ration of binding energy. The standard binding energy of Al 2p, Co
p3/2 and Ce 3d5/2 core levels was based on the NIST XPS database.
he depth profiles were characterized by in situ XPS ion beam sput-
ering with 3 kV, 2 mA argon ions at a sputtering rate of 0.1 nm/s.
he software of XPSPEAK 4.1 was used for the XPS data processing.

. Results and discussion

.1. Microstructure and composition characterization

The XRD patterns of five kinds of Al-Co-Ce alloys are shown
n Fig. 2a. There only exists one broad hump at the angle of
� = 38◦ for each alloy indicating the amorphous structure. In
rder to identify whether the alloys contain nanocrystals, the
lloy with 3 at.% Ce which has a low GFA due to its proximity
o amorphous-nanocrystals composition (Fig. 1) is analyzed using
elected area electron diffraction (SAED). The corresponding SAED
attern (Fig. 2b) displays diffuse halo rings confirming the fully

morphous structure. Furthermore, the actual compositions of five
inds of amorphous ribbons are shown in Table 1. It is obvious that
here are only unsubstantial differences between the nominal com-
osition and the actual composition for each Al-Co-Ce amorphous
Al88Co7Ce5 Al87Co7Ce6 Al86Co7Ce7

Al87.51Co7.26Ce5.23 Al87.22Co6.81Ce5.97 Al85.90Co7.08Ce7.02

alloy. Therefore, the amorphous alloys prepared in this research are
reliable.

3.2. Open circuit potentials

Fig. 3a shows the OCP curves of five kinds of Al-Co-Ce amorphous
alloys in 0.6 M NaCl solution. Each sample attains a stable OCP after
2000 s’ immersion, and the stable OCP displays a decreased ten-
dency with the increase in Ce content. Furthermore, the statistical
results of OCP derived from six parallel samples are exhibited in
Fig. 3b. It is obvious that there exists a linear relationship between
the stable OCP and the Ce content, and the linear equation is as
follows:

yOCP = −0.015xCe − 0.573 (1)

where yOCP represents the value of the stable OCP (V vs. SCE) and
xCe represents Ce content (at.%). With the help of this equation,
the stable OCP of Al-Co-Ce amorphous alloys with 7 at.% Co and
different Ce contents can be predicted to some degree.

3.3. Cyclic polarization behavior of Al-Co-Ce amorphous alloys

The cyclic polarization curves of Al-Co-Ce amorphous alloys
with different Ce contents are presented in Fig. 4. Clearly, the alloys
with 3 at.% Ce and 4 at.% Ce have a low passive current density with
an order of magnitude of 10—6 A/cm2. At the same time, the hystere-
sis loop whose size reflects the resistance to pitting varies obviously
with different Ce contents. The alloys with a low Ce content (35̃
at.%) have the small hysteresis loops. However, the hysteresis loops
become big when Ce contents are increased to 6 at.% and 7 at.%,
indicating the decreased resistance to pitting. Fig. 5 shows the sta-
tistical results of passive current density (ipass), pitting potential
(Epit), repassivation potential (Erp) and corrosion potential (Ecorr)
for Al-Co-Ce alloys with different Ce contents, and these results are
based on the six repeated tests for each alloy. It is obvious that the
ipass decreases slightly at first and then gradually increases with the
increase in Ce content (Fig. 5a). And the alloy with 4 at.% Ce presents

the lowest ipass indicating the best corrosion resistance, while the
alloy with 7 at.% Ce has the highest ipass implying the worst cor-
rosion resistance. For the Epit, it generally displays a decreased
tendency with the increase in Ce content except the alloys with



Fig. 3. (a) The OCP curves of Al93-xCo7Cex (x = 3, 4, 5, 6, 7) amorphous alloys in 0.6 M NaCl solution for 3600 s, (b) the statistical results of stable OCP derived from six repeated
tests for Al93-xCo7Cex (x = 3, 4, 5, 6, 7) amorphous alloys.
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Fig. 4. Cyclic polarization curves of Al93-xCo7Cex (x = 3, 4, 5, 6, 7) amorpho

ow Ce contents (3 at.% and 4 at.%) which have the similar Epit. For
he Erp, there also displays a declined trend with the increase in
e content, indicating the decreased repassivation ability with the
ncreased Ce content. Concerning the Ecorr, a similar linear rela-
ionship between the potential and Ce content compared with the
CP is displayed, which supports the aforementioned analysis of
CP.
oys in 0.6 M NaCl solution (the arrows indicating the scanning direction).

3.4. Semiconductor properties of passive films

Semiconductor properties of the passive film of aluminum or

aluminum alloys have been widely reported [32–37], and the rele-
vant results indicate that the passive film of aluminum or aluminum
alloys presents either n-type [32,34–36] or p-type property [33]
depending on the environmental conditions. In order to reveal the



Fig. 5. Statistical results of ipass, Epit, Erp, Ecorr derived from six repeated tests of c

Fig. 6. Capacitance plots of Al93-xCo7Cex (x = 3, 4, 5, 6, 7) amorphous alloys with the
change of frequency in 0.6 M NaCl solution.
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film. Wang et al. also discovered that a good corrosion resistance
of Fe-based amorphous alloys corresponds to a low ND of the pas-
sive film [39]. Therefore, it can be inferred that the alloy with 4 at.%
ffect of Ce content on the semiconductor properties of passive
lm, the Mott-Schottky curves are measured. It is noteworthy that
he results of Mott-Schottky tests are sensitive to frequency, so
he frequency selected should be located in the range where the
lectrode capacitance is stable. Fig. 6 displays the capacitance plots
ith the change of frequency. Obviously, the capacitance is inde-
endent of frequency in the range from 100 Hz to 100 kHz. Thus, an

ncluded frequency of 1000 Hz is selected in this work to eliminate
he capacitance dependence on frequency. Fig. 7a shows the Mott-
chottky plots of five kinds of amorphous alloys and all plots exhibit
he positive linear zone from —0.75 V to —0.2 V vs. SCE which is
lmost the range from the OCP to E , indicating that the passive
pit
lms of Al-Co-Ce amorphous alloys formed in 0.6 M NaCl solution
yclic polarization curves of Al93-xCo7Cex (x = 3, 4, 5, 6, 7) amorphous alloys.

all have the properties of n-type semiconductor. According to the
Mott-Schottky equation of n-type semiconductor:

C−2 = 2
εrε0eND

(
E − EFB − kT

e

)
(2)

where εr is the relative dielectric constant of Al oxide, taken as 10
based on relevant investigation [34], ε0 is the vacuum permittivity
(8.85 × 10—14 F·cm—1), ND is the donor density in an n-type pas-
sive film, E is the applied potential (V vs. SCE), EFB is the flat band
potential (V vs. SCE), k is Boltzmann constant (1.38 × 10—23 J·K—1),
e is electron charge (1.6 × 10—19 C), and T is absolute temperature
(K). ND can be obtained based on the slope (Kslope) of Eq. (2) and the
expression of ND is as follows:

Kslope = dC−2

dE
= 2

εrε0eND
(3)

ND = 2
εrε0e

(
dC−2

dE

)−1

(4)

Fig. 7b presents the plots of ND with different Ce contents. The
order of magnitude of ND for all Al-Co-Ce alloys is about 1021 cm—3,
which is close to the value of 2024 aluminum alloy in borate buffer
solution [37] and less than that of 3003 aluminum alloy in sodium
sulphate solution [34]. At the same time, the values of ND are close
to that of Fe-Cr alloy and stainless steel in the buffer solution (1020

1̃022 cm—3) [38], indicating the good protection of the passive films
of Al-Co-Ce amorphous alloys. More precisely, the alloy with 4
at.% Ce has the lowest ND of 1.63 × 1021/cm3, and ND presents an
increased trend with the increase in Ce content and the alloy with 7
at.% Ce has the highest ND of 6.34 × 1021/cm3. Generally, ND reflects
the conductivity of passive film, and a lower ND means a higher
resistance of the passive film indicating the good shield of passive
Ce has the best corrosion resistance while the alloy with 7 at.% Ce



Fig. 7. (a) Mott-Schottky plots of five kinds of Al-Co-Ce amorphous alloys in 0.6 M NaCl sol
alloys.
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ig. 8. XPS full spectra of the passive films of Al89Co7Ce4 and Al86Co7Ce7 amorphous
lloys after immersion in 0.6 M NaCl for four days.

resents the worst corrosion resistance based on the analysis of ND,
hich is consistent with the results of cyclic polarization.

.5. Chemical analysis and corrosion morphology of the passive
lms

To provide an indepth information about the composition of the
assive films of Al-Co-Ce amorphous alloys, the XPS technology is
dopted to characterize the alloys with 4 at.% Ce and 7 at.% Ce which
re immersed in 0.6 M NaCl solution for four days. Fig. 8 shows the
PS spectra of the alloys with 4 at.% Ce and 7 at.% Ce, and there exist
bvious peaks of Ce 3d, Co 2p, Al 2p for both alloys. Furthermore, the
etailed XPS spectra of Al 2p, Co 2p3/2 and Ce 3d5/2 of the alloys with
at.% Ce and 7 at.% Ce are exhibited in Figs. 9 and 10. For the alloy
ith 4 at.% Ce (Fig. 9), the spectrum of Al 2p contains three compo-
ents of metallic state aluminum (Al (0)), aluminum oxide (Al2O3)
nd aluminum hydroxide (Al(OH)3), and their relative contents are
9.9%, 30.9% and 39.2% respectively. The peak positions of the three
omponents are 72.90 eV, 73.97 eV and 75.98 eV, respectively. Sim-
larly, the alloy with 7 at.% Ce (Fig. 10) also has the same components
n the film, while the relative contents are 25.2%, 18.6% and 56.2%
orresponding to Al (0), Al2O3 and Al(OH)3 respectively. Appar-
ntly, the alloy with 7 at.% Ce has less Al2O3 but more Al(OH)3 than

he former. Note that, the Al2O3 film is compact and usually exhibits
he superior protectiveness while the Al(OH)3 film is loose and usu-
lly has the weak protectiveness. Meanwhile, the main components
f the passive film for Al-Co-Ce amorphous alloy are the oxide and
ution, (b) donor densities of passive films of Al93-xCo7Cex (x = 3, 4, 5, 6, 7) amorphous

hydroxide of aluminum due to the extremely high content of alu-
minum in the matrix and its high affinity for oxygen. Thus, it can
be deduced that the alloy with a low Ce content has a more protec-
tive film than the one with a high Ce content, which gives a good
explanation for the difference in corrosion resistance of Al-Co-Ce
amorphous alloys with different Ce contents. For the spectrum of
Co 2p3/2, both the above-mentioned alloys just display the metallic
state Co (0) corresponding to 778.2 eV. The spectrum of Ce 3d5/2 of
the alloy with 4 at.% Ce indicates that there exist Ce (0) and Ce2O3 in
the film, and their relative contents are 38.3% and 61.7 respectively.
While for the alloy with 7 at.% Ce, the spectrum of Ce 3d5/2 shows
that there is CeO2 besides Ce (0) and Ce2O3 and the relative con-
tent of CeO2 is as much as 23.6 at.%. The existence of CeO2 seems to
imply some changes in corrosion inhibition reactions for Al-Co-Ce
amorphous alloys with the increase in Ce content.

Fig. 11a and b shows the concentration depth profiles of Al, Co,
Ce, O and Cl in the passive films of the alloys with 4 at.% Ce and 7 at.%
Ce respectively, both the alloys are immersed in 0.6 M NaCl solution
for four hours. The thicknesses of the passive films are about 9 nm
and 12 nm for the alloys with 4 at.% and 7 at.% Ce, respectively.
Notably, the contents of Cl— in both passive films are very low.
For convenience, the effect of Cl— on the corrosion performance is
ignored. As regards to the alloy with 7 at.% Ce, there exhibits a higher
oxygen content in both the surface of passive film and the interface
between passive film and substrate compared with the alloy with 4
at.% Ce. Furthermore, the difference of the oxygen content in both
films is more evident when the two alloys are immersed in 0.6 M
NaCl for four days (Fig. 11c and d), and the thicknesses of the surface
films for the alloys with 4 at.% Ce and 7 at.% Ce are about 30 nm
and 54 nm, respectively. It is noteworthy that the oxygen content
has an important impact on the dissolution processes of Ce [22].
Therefore, the effect of Ce content on the corrosion resistance of Al-
Co-Ce amorphous alloys can also be related to the oxygen content
in the film, and the relevant discussion is shown in Section 3.7.

The corrosion morphologies of Al-Co-Ce amorphous alloys
(cross sections) with 4 at.% Ce and 7 at.% Ce are shown in Fig. 12.
After immersion in 0.6 M NaCl solution for four days, the uniform
surface film is formed on the alloy with 4 at.% Ce, and there is no
obvious localized corrosion (Fig. 12a and b). For the alloy with 7
at.% Ce, there displays apparent corrosion cracks on the surface film
(Fig. 12c and d) indicating the poor corrosion resistance. The results
of corrosion morphologies corroborate the electrochemical results
above.
3.6. Effect of Ce content on the OCP of Al-Co-Ce amorphous alloys

The stable OCP of Al-Co-Ce amorphous alloys displays a
decreased trend with the increase in Ce content (Fig. 3). As the



Fig. 9. XPS spectra of (a) Al 2p, (b) Co 2p3/2, (c) Ce 3d5/2 for the passive films of Al89Co7Ce4 amorphous alloy after immersion in 0.6 M NaCl for four days, (d) the relative
content of each substance.
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ig. 10. XPS spectra of (a) Al 2p, (b) Co 2p3/2, (c) Ce 3d5/2 for the passive films of A
ontent of each substance.

CP is the coupling potential of cathodic reaction and anodic reac-
ion, the change of OCP is closely related to the cathodic and anodic

eactions on working electrode. With respect to the anodic reac-
ion of Al-Co-Ce amorphous alloys, there exhibits an increased ipass

ith the increase in Ce content on the whole, which means that
7Ce7 amorphous alloy after immersion in 0.6 M NaCl for four days, (d) the relative

Ce promotes the anodic reaction. As we know, the activity of Ce
is higher than Al and Co, and Ce3+ also has a higher migration

rate than Al3+ [24], so the anodic reaction will be accelerated with
the increase in Ce content. For the cathodic reaction, the corro-
sion inhibition effect of Ce3+ on cathodic reaction has been widely



Fig. 11. Depth profiles of Al, Co, Ce, O and Cl in the passive films formed on (a) Al89Co7Ce4 and (b) Al86Co7Ce7 amorphous alloys after immersion in 0.6 M NaCl solution for
four hours. (c) and (d) are the depth profiles of Al, Co, Ce, O in the passive films formed on Al89Co7Ce4 and Al86Co7Ce7 amorphous alloys after immersion in 0.6 M NaCl for
four days, respectively.

Fig. 12. Corrosion morphologies (cross sections) of (a) Al89Co7Ce4 and (b) Al86Co7Ce7 amorphous alloys after immersion in 0.6 M NaCl solution for four days.
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reaction with the increase in Ce content.
ig. 13. The impact schematic of Ce content on OCP of Al-Co-Ce amorphous alloys
n 0.6 M NaCl solution.

eported [21,22,24,40,41]. The mechanism of corrosion inhibition
f Ce3+ is attributed to the formation of Ce oxides or hydroxides on
he surface of cathode, which hinder the oxygen reduction reaction
22–24]. However, Ce3+ cannot play a significant role in corrosion
nhibition unless it achieves or exceeds a certain concentration

hich is also called the critical concentration of Ce ions (Ccrit,Ce).
ccording to equation of Ccrit,Ce [8]:

log Ccrit,Ce = −2.4 + 0.8 × log CCl− R2 = 0.94 (5)

here CCl
— is the concentration of Cl— in the solution, R2 is the rel-

tive calculation accuracy. The Ccrit,Ce in 0.6 M NaCl solution can be
alculated out and this value is about 2.8 mM. Assuming that the
issolution rate of Ce is same for different samples, it will take dif-
erent times to reach the Ccrit,Ce due to the different Ce contents.
sually, the higher Ce content, the shorter time to reach the Ccrit,Ce
nd the larger accumulation of cerium-containing precipitations on
he surface of cathode, both of which contribute to enhancing inhi-
ition effect on the cathodic reaction. Nonetheless, it will take a long
ime to reach the Ccrit,Ce for the whole surface of Al-Co-Ce samples.
ortunately, the cathodic oxygen reduction reaction can produce a
ot of OH—, which causes an increase in pH of the surrounding region
f cathode by diffusion and migration [42]. Furthermore, the dis-
olution rate of Ce will be accelerated by the increased pH, which
eads to a shorter time to reach Ccrit,Ce and more precipitations on
he surface of cathode [8]. Therefore, the effect of Ce content on the
table OCP of Al-Co-Ce amorphous alloys is associated with both
he accelerated anodic reaction and the inhibited cathodic reaction
ith the increase in Ce content as shown in Fig. 13, and the coupling

f them displays a decreased OCP with the increase in Ce content.

.7. Effect of Ce content on the mechanism of corrosion inhibition

In Al-Co-Ce amorphous alloys, Ce is the major corrosion-
nhibition element in 0.6 M NaCl solution. According to the XPS
pectrum of Ce 3d5/2, the surface film of Al-Co-Ce alloy with 4 at.%
e only contains Ce (0) and Ce2O3, whose relative contents are 38.3
t.% and 61.7 at.% respectively. But for the sample with 7 at.% Ce,

he surface film contains CeO2 in addition to Ce (0) and Ce2O3 with
elative contents 23.6 at.%, 29.4 at.% and 47 at.% respectively. The
xistence of CeO2 indicates some changes in the corrosion inhi-

(

bition reactions. In general, the dissolution processes of Ce are as
follows:

Ce → Ce3+ + 3e− (6)

Ce3+ + 3OH− → Ce(OH)3(s) (7)

In an alkaline solution (pH > 7.2) containing Ce3+, Ce(OH)3(s) is
the main substance which is equivalent to the aqueous compound
of Ce2O3 (Ce2O3·3H2O) and usually covers on the surface of cathode
thereby hindering oxygen reduction reaction [21]. Although the pH
of solution used in this research is 6.5, the pH of the surrounding
region of cathode should be above 7.2 due to the production of OH—

[43]. Thus, it is easy to form Ce(OH)3(s), which has been confirmed
by XPS. However, it is difficult to transform to the tetravalent Ce
for the trivalent Ce unless in certain conditions, such as increased
oxygen content or a high pH [22,24]. On the oxygen content, Fig. 11
exhibits the concentration depth profiles of oxygen for the samples
with 4 at.% and 7 at.% Ce, which are immersed in 0.6 M NaCl solution
for four days. It is evident that the oxide film formed on the sample
with 7 at.% Ce has a higher oxygen content and greater thickness
than that of the sample with 4 at.% Ce. Therefore, the increase of
oxygen content should be one of the most important reasons for
the formation of CeO2 in the film. In addition, the increased local
pH because of oxygen reduction reaction can also be an important
reason. However, the film formed on the sample with 4 at.% Ce
does not contain CeO2 after immersion in 0.6 M NaCl solution for
four days, so the effect from pH can be excluded. Regardless of the
oxygen reduction reaction is either a four electron process or a two
electron process, the reaction products are same, as shown by the
following equations [22]:

4Ce3+ + O2 + 4OH− + 2H2O → 4Ce(OH)2+
2 4e − (8)

2Ce3+ + 2OH− + H2O2 → 2Ce(OH)2+
2 2e- (9)

The resulting product Ce(OH)2+
2 will continue to react with OH—

producing CeO2:

Ce(OH)2+
2 + 2OH− → CeO2 + 2H2O (10)

Although Fahrenholtz et al. hold that the corrosion resistance
is not related to the type of Ce oxides [44]. However, more OH—

is needed for the formation of CeO2 compared with Ce(OH)3(s)
or Ce2O3·3H2O, indicating the low generation efficiency of CeO2.
Some previous investigations also have shown that the trivalent
Ce indeed has better performance in corrosion inhibition than the
tetravalent Ce [45]. Therefore, it is reasonable to infer that the
formation of CeO2 is detrimental to the corrosion resistance of
Al-Co-Ce amorphous alloys.

4. Conclusions

1) The Al-Co-Ce amorphous alloy with 4 at.% Ce presented the
lowest ipass and ND in 0.6 M NaCl solution indicating the best
corrosion resistance, and adding excess Ce led to the reduced
corrosion resistance. The passive film of Al-Co-Ce amorphous
alloy with a low Ce content (4 at.%) had more protective Al
(0) and Al2O3, while the alloy with a high Ce content (7 at.%)
possessed more (Al(OH)3), which is a significant reason for
the decreased corrosion resistance of Al-Co-Ce alloy with the
increase in Ce content.

2) The OCP of Al-Co-Ce amorphous alloys showed a decreased ten-
dency with the increase in Ce content, which was attributed
to the accelerated anodic reaction and the inhibited cathodic
3) The corrosion inhibition reactions of Al-Co-Ce amorphous alloys
were changed with the increase in Ce content. There existed
CeO2 in the film of the Al-Co-Ce amorphous alloy with 7 at.% Ce,
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which was related to the increased oxygen content in the surface
film leading to the oxidation of Ce (III) to Ce (IV). The formation
of CeO2 is detrimental to the corrosion resistance.
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