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New ZnRE 1–2 wt.% alloys (RE = Ce, La and Mischmetal) were synthesized. Microstructural analyses
reveal that rare-earth metals are exclusively present in intermetallic phases contained within the zinc
matrix: CeZn11 or LaZn13 in binary alloys; Ce1�xLaxZn11 and CeyLa1�yZn13 in Zn–Mischmetal alloys. This
phase equilibrium is confirmed by a thermodynamic description of the Zn-rich corner of Zn–Ce–La sys-
tem. Both intermetallic phases CeZn11 and LaZn13 induce a cathodic inhibition of the corrosion of the Zn–
RE alloys in comparison with pure zinc. In the specific case of cerium addition, a significant anodic inhi-
bition is also observed.
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1. Introduction

In the field of cathodic protection of steel structures exposed to
atmospheric and marine media, zinc is extensively used. Actually,
compared to other metals with low redox potentials (like
aluminum and magnesium), zinc is electrochemically active in a
wide range of media but keep a relatively low dissolution rate, so
that the life-time of the sacrificial anode in zinc or coating is
satisfactory in many environments [1]. Nevertheless, the addition
of alloying elements, besides the improvement of workability, is
necessary to enhance the mechanical properties and the corrosion
resistance of zinc in practice [2]. Indeed, the natural corrosion layer
on zinc, named ‘‘white rust’’, is generally composed of voluminous,
lamellar and not well adherent products as hydrozincite
Zn5(CO3)2(OH)6, zinc hydroxysulfate Zn4SO4(OH)6�4H2O, zinc
hydroxychloride Zn5(OH)8Cl2�H2O [3,4], that are poorly protective.

In the case of nickel, cobalt or manganese addition to zinc, the
improvement of corrosion protection is generally attributed to a
selective dissolution leading to a surface enrichment in alloying
element, which reduces the rate of white rust formation [5,6]. In
case of aluminum addition, the corrosion of alloys induces the
formation of a double lamellar hydroxide, namely Zn6Al2CO3

(OH)16�4H2O, that inhibits the growth of crumbly white rust [7] .
Further addition of small amounts of rare-earth elements to

ZnAl 5 wt.% alloy improves its corrosion resistance through the
formation of a ‘‘lanthanide-doped’’ corrosion products layer
according to Rosalbino’s studies [8,9]. In these alloys the rare earth
seems to be present in ternary intermetallic phases according to
their analysis. Recently, an electrochemical study of Zn–Ce alloys
in corrosive medium has shown that an optimum concentration
of cerium, around 2 wt.%, is necessary to reach a optimum in cor-
rosion resistance [10].

In all cases, the change in the chemical composition or in the
growth rate of the corrosion products induce a modification of
the morphology of the corrosion layer and an improvement of its
adhesion, which lead to a decrease of the corrosion rate compared
to the pure zinc.

On the other hand, many studies point out that the effect of
alloying elements is also very dependent on their distribution in
the alloy, and especially the distribution of the different interme-
tallic phases containing the alloying element [11–13].

The purpose of this work is thus to study the possibility to rein-
force the natural corrosion products of zinc by alloying zinc with
cerium, lanthanum and mischmetal (Ce/La: 75/25 wt.%). New
zinc–cerium, zinc–lanthanum and zinc–lanthanum–cerium alloys
were synthesized until 2 wt.% in rare-earth elements. The micro-
structure of the alloys, analyzed by scanning electron microscopy
(SEM), electron micro-probe analysis (EPMA) and X-ray diffraction
(XRD), is compared to the thermodynamic data of the phase dia-
grams. In the case of Zn-La-Ce system, a modeling of the Zn-rich
corner is proposed in this paper.

Then, the effect of rare earth elements on the corrosion behavior
of the alloys was investigated in aerated corrosive reference water
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(simulating wet/dry cycles under environmental exposure) by
using different stationary electrochemical methods. In order to
understand the electrochemical relation between the intermetallic
phases and the zinc matrix and to highlight the specificities of
these new alloys, pure intermetallic phases synthesized as bulk
material were also studied.

2. Experimental details

2.1. Synthesis and characterization of alloys and pure intermetallic
phases

ZnRE 1–2 wt.% alloys (RE = Ce, La and Mischmetal:
Ce 75 wt.%/La 25 wt.%) as well as RE-enriched pure intermetallic
phases (CeZn11 and LaZn13) investigated in this work were
synthesised from cerium pieces (99.999 wt.% nominal purity),
lanthanum pieces (99.9999 wt.% nominal purity), mischmetal
pieces (Ce 75 wt.%–La 25 wt.%) and pure zinc (99.9999 wt.%
nominal purity), supplied by Alfa Aesar. Rare earth metals were
cut and abraded under oil and washed with n-hexane. The alloys
and pure intermetallic phases were prepared into closed alumina
crucibles (Al2O3), using a vertical Pyrox furnace maintained at
600 �C during 24 h under pure argon flux, to prevent oxidation of
metals and volatilization of zinc. Then, the ingots of alloys were
re-melted in a muffle furnace at 550 �C for 20 min under a nitrogen
atmosphere, to be rapidly cast in plates in an aluminum mold
(60 � 60 � 3 mm) under atmospheric conditions. After synthesis,
the samples were analyzed by X-ray diffraction with a classical
diffractometer (X’Pert Pro/Philips), using Cu Ka1 wavelength
(k1 = 1.54051 nm) in Bragg–Brentano geometry. Microstructures
of zinc alloys were investigated by backscattered scanning electron
microscopy (SEM: Philips XL30) and analyzed by electron probe
micro-analysis (micro-probe: CAMECA SX100). Each elemental
analysis by EPMA is the average of ten different analysis points.

2.2. Thermodynamic calculations

The zinc corner of Ce–La–Zn diagram was modeled from the
thermodynamic data of binary diagrams of literature. The Ce–Zn
Fig. 1. Calculated phase diagram of Ce–La with optimized set of parameters based on exp
Ce–La–Zn phase diagram at 873 K based on experimental points from this work (b).
and La–Zn systems were respectively optimized by Wang et al.
[14] and Qi et al. [15] according to the CALPHAD method [16].
According to several previous works [17,18], an optimized phase
diagram for Ce–La system was calculated in this work and is
presented in Fig 1a. The optimized coefficients obtained for
Ce–La system are reported in Table 1.

In the Ce–La–Zn system, liquid, body-centered cubic (BCC A2),
face-centered cubic (FCC A1), hexagonal close-packed (HCP A3)
and double hexagonal close-packed (DHCP) are described with
the substitutional solution model with excess terms described by
the Redlich–Kister polynomials. Disordered substitutional solu-
tions are represented by only one sublattice where all the atoms
mix together. Concerning CeZn2, CeZn5, CeZn11, Ce2Zn17 and
Ce3Zn22 stoichiometric compounds and regarding the similarities
of their respective crystallographic data with their respective
opposite in the La–Zn border (LaZn2, LaZn5, LaZn11, La2Zn17 and
La3Zn22), they are described as ternary solution phases with substi-
tution of Ce by La at Zn ratio constant and treated as the formula
(Ce,La)aZnb. All other intermediate compounds are modeled as
stoichiometric compounds, namely CeZn, CeZn3, Ce3Zn11, Ce13Zn58,
LaZn4, LaZn13. The Gibbs energies of the pure elements, referred to
the enthalpy of each element in its so-called standard element
reference (SER) state (the stable state at 105 Pa and 298.15 K) were
taken from the SGTE Pure Element (unary) Database [19].

The calculated Zn-rich corner of the Ce–La–Zn phases diagram
is presented in Fig. 1b and the obtained set of parameters is
summarized in Table 1.
2.3. Electrochemical characterisations

Electrochemical characterisations were carried out both on
ZnRE alloys and on the pure CeZn11 and LaZn13 intermetallic
phases after mechanical abrading on SiC paper up to grade 4000
and mirror-like polishing with 1 lm diamond paste. All the elec-
trochemical experiments were performed in a reference corrosive
solution (D 1384-87 ASTM standard water [20]: Na2SO4, 148 mg/
l; NaHCO3, 138 mg/l; NaCl, 165 mg/l (pH = 8.3; r = 650 lS cm�1)),
noted ‘‘ASTM water’’ in the text, whose composition simulates cor-
rosion under environmental exposure [21,22]. The solution was
erimental data [17,18] (a); Calculated ternary equilibria in the Zn-rich corner of the



Table 1
Optimized Gibbs energy coefficients of the Ce–La–Zn system.

Phase Model Parameter Coefficients
a

Liquid (Ce,La,Zn) 0LL
Ce;La

+696.0015

1LL
Ce;La

+2172.273

(Ce,La)Zn11 (Ce,La)1(Zn)11 0LMZn11
Ce;La:Zn

�556.436

LaZn13 (Ce,La)1(Zn)13 Do
f GLaZn13

Ce:Zn
�16718.687

0LLaZn13
Ce;La:Zn

+116.589

Table 2
Compositions of intermetallic phases besides Zn matrix within ZnRE alloys.

Alloys ZnCe ZnLa ZnMisch

Intermetallic phases CeZn11 LaZn13 Ce1�xLaxZn11 CeyLa1�yZn13

Zn (at.%) 91.8 ± 0.5 92.4 ± 0.5 91.6 ± 0.5 92.4 ± 0.5
Ce (at.%) 8.2 ± 0.1 – 6.4 ± 0.1 4.8 ± 0.1
La (at.%) – 7.3 ± 0.1 1.9 ± 0.1 2.6 ± 0.1
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aerated by bubbling industrial air. The circular working electrode
surface (3.14 cm2) was horizontal, facing to a platinum grid used
as counter electrode; the reference electrode was a KCl-saturated
calomel electrode (SCE). Electrochemical tests were carried out at
room temperature (20 �C ± 3 �C) using a Gamry instruments
Framework (600 Potentiostat/Frequency Response Analyzer).

The following experimental sequence was used both on alloys
and intermetallic bulk phases:

(a) Measurement of the corrosion potential (Ecorr) during 24 h in
ASTM corrosive water,

(b) Measurement of the anodic and cathodic polarization curves
independently after 24 h immersion in ASTM water with a
scan rate of 1 mV s�1 [23]. These curves were not ohmic-
drop compensated. Nevertheless, the distance between the
reference electrode and the working one was kept constant
(1 cm) thanks to fixed positions in the electrochemical cell.

On the other hand, galvanic coupling measurements were per-
formed in ASTM water between pure zinc and bulk intermetallic
phases CeZn11 and LaZn13 (surface ratio 1/1).

2.4. Surface analysis after long-time immersion

To investigate the morphology and the chemical composition of
the corrosion products, the alloys were immersed during 30 days
in ASTM corrosive water and then observed in cross-section by
Fig. 2. Metallographic cross-sections of ZnRE alloys (SEM imag
backscattered scanning electron microscopy (FEG-SEM Jeol
J7600F). Wave-length dispersive X-ray spectrometry (WDS Oxford
Wave) was used to characterize the presence and repartition of the
different elements in the corrosion layer.
3. Results

3.1. Microstructural characterization of the synthesised alloys

SEM micrographs (Fig. 2) show a homogeneous dispersion of
intermetallic precipitates (bright) within a zinc matrix (dark) for
ZnCe, ZnLa as well as ZnMisch alloys. The solubility of cerium
and lanthanum in this zinc matrix is close to zero, below the detec-
tion limit of these elements by EPMA measurements (Det.
Lim. � 600 ppm for Ce and La in ZnRE alloys). For each type of al-
loy, the compositions of intermetallic precipitates, resulting from
EPMA measurements, are gathered in Table 2. Whatever the com-
position of the binary alloys, the composition of the intermetallic
phases corresponds to the richest zinc containing intermetallic
phases: CeZn11 in the case of ZnCe alloys, LaZn13 in the case of ZnLa
alloys, in accordance with the binary diagrams [14,15]. These re-
sults are confirmed by the comparison between the diffrac-
togramms of the alloys and the diffractogramms of CeZn11 and
LaZn13 pure intermetallic phases, synthesized as bulk materials
(Fig. 3a and 3b).

Concerning the ZnMisch 2 wt.% alloy, two populations of inter-
metallic phases are detected by EPMA analysis, corresponding to
the Ce1�xLaxZn11 (with x = 0.23) and CeyLa1�yZn13 (with y = 0.68)
es): ZnCe 2 wt.% (a); ZnLa 2 wt.% (b); ZnMisch 2 wt.% (c).
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composition. In this alloy, the quantities of each intermetallic
phase are not sufficient to be detected by macroscopic XRD.
Nevertheless, a more concentrated ZnMisch 15 wt.% was synthe-
sized, and the diffractogram of this sample confirms the presence
of the two crystallographic structures, CeZn11 and LaZn13, as
displayed in the Fig. 3c. So, two kinds of intermetallic phases are
in equilibrium in the Zn–La–Ce ternary system.

From thermodynamic data described in the experimental sec-
tion, the thermodynamic simulation of the zinc-rich corner of the
ternary system corroborates the possibility of equilibrium between
the zinc matrix, Ce1�xLaxZn11 and CeyLa1�yZn13 phases (Fig. 1).
Some other experimental points would certainly be necessary to
precise the solubility limit of cerium in LaZn13.

The relatively high size of the intermetallic particules (until 50–
100 lm in some areas) indicates that they are formed via a primary
precipitation phenomenon in the zinc liquid phase (at 600 �C) be-
cause of their high melting point temperature (between 700 and
800 �C), which favors the growth of large and coarse intermetallic
particles.
3.2. Electrochemical behavio of the alloys

The electrochemical behavior of the different synthesized alloys
was investigated in ASTM water by recording the corrosion poten-
tials during 24 h, then by performing separately cathodic and ano-
dic potentiodynamic experiments. The results are compared with
those obtained on pure zinc on Fig. 4.
Fig. 3. X-ray diffraction patterns of ZnRE alloys and ZnRE pure inte
Open-circuit potential values are confined in the range �1.1 V/
SCE to �0.9 V/SCE whatever the immersion duration and the
amount and nature of the addition elements. In all cases (pure zinc
and alloys), the potential decreases during the four first hours,
which corresponds to the dissolution of the original passive layer.
Then, the open-circuit potential remains constant on pure zinc sur-
face, whereas the addition of low quantities of rare-earth elements
leads to a slight ennoblement, characterized by a gradual increase
of the potential. This is the sign of a chemical modification of the
corrosion products layer in the presence of rare earth alloying ele-
ments, enhancing the passivity of the alloys compared to pure zinc.

Consistently with open-circuit potential measurements, the
potentiodynamic curves show a nobler corrosion potential for
rare-earth metal containing alloys than for pure zinc. The first part
of the cathodic curve (cathodic ‘‘plateau’’ between Ecorr and
�1.22 V/SCE), corresponding to O2 reduction, is greatly affected
by the addition of rare-earth elements: in comparison with pure
zinc, the kinetic of O2 reduction is divided by a factor ten in the
case of ZnCe and ZnMisch alloys and by a factor hundred for ZnLa
alloys. Below �1.22 V/SCE, the current density, mainly due to
water reduction, is reduced to a lesser extent for lanthanum con-
taining alloys. Regarding the anodic curve, only ZnCe alloys induce
a modification of the electrochemical behavior with the appear-
ance of a passivation plateau until -0.8 V/SCE. On this plateau,
the anodic current density reaches 10 lA cm�2, reduced by thirty
in comparison with pure zinc. In the case of ZnLa binary alloys, a
slight anodic inhibition is also observed.
rmetallic phases: RE = Ce (a); RE = La (b); RE = Mischmetal (c).



Fig. 4. Corrosion properties of ZnRE alloys compared to pure Zn in ASTM water: open-circuit potential measurements (a); cathodic (b) and anodic (c) potentiodynamic curves
performed after 24 h immersion.
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Finally, the three alloys can be classified regarding the anticor-
rosion performance and the inhibition mechanisms compared to
pure zinc:

(a) The ZnCe alloys show both anodic and cathodic inhibition of
corrosion phenomena compared to pure zinc.

(b) The ZnLa alloys show only a cathodic inhibition. This effect is
very strong so that these alloys can be more efficient than
ZnCe alloys (depending on the composition).

(c) Finally, the ZnMich alloys show the worst properties with
only a slight cathodic inhibition and no inhibition of anodic
processes.

3.3. Electrochemical behavior of bulk-intermetallic phases

In order to get a deeper understanding of the corrosion resis-
tance of these alloys, the pure intermetallic phases were synthe-
sized (CeZn11 and LaZn13) to be studied by electrochemistry.

As shown in Fig. 5a, the corrosion potential evolution in ASTM
water is similar for both intermetallic phases, reaching a value
comparable to the value observed for alloys after 24 h immersion.
The two phases are nobler than pure zinc, and have a corrosion rate
slightly lower than pure zinc.

The corrosion process of the intermetallic phases is obviously
mainly cathodically controlled (Fig. 6b). On the cathodic region
of the polarization curves, a slight inhibition of O2 reduction can
be observed in the case of CeZn11 intermetallic phase. This phe-
nomenon is much more significant for LaZn13. Consequently, the
corrosion rate in ASTM water of CeZn11 is higher than the corrosion
rate of LaZn13.

The galvanic coupling measurements between each of the inter-
metallic phases and pure zinc were performed in ASTM water
(electrode areas ratio equal to 1), and are displayed in Fig. 6. The
sign of the coupling currents is consistent with the higher potential
of CeZn11 and LaZn13 in comparison with pure zinc: both interme-
tallic phases are cathodic when they are electrochemically coupled
with pure zinc. After a few minutes of immersion, the coupling cur-
rent density of LaZn13 is lower than for CeZn11, which is consistent
with the more significant cathodic inhibition observed previously
in Fig. 5b for LaZn13.
3.4. Surface analysis after corrosion

The corrosion products layers on ZnRE alloys were observed
after 30 days of immersion in ASTM water at open-circuit potential
(Fig. 7). On all the alloys, WDS measurements revealed the pres-
ence of Zn, O and C. Hydrozincite was the only crystalline phase
identified by X-ray diffraction in the corrosion layers. Whereas
no trace of lanthanum was detected in the corrosion layers in the
case of ZnLa alloys, the chemical analysis of ZnCe corrosion layers



Fig. 5. Corrosion properties of CeZn11 and LaZn13 intermetallic phases compared to pure Zn in ASTM water: open-circuit potential measurements (a); potentiodynamic curves
(b) performed after 24 h immersion.

Fig. 6. Galvanic coupling in ASTM reference water between pure Zn and pure intermetallic phases (CeZn11 and LaZn13): coupling potential (a); galvanic coupling current
density (b).
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revealed the presence of cerium quite-homogeneously distributed
in the corrosion layer even far from intermetallic precipitates, as
proved by the X-ray map of Ce by EPMA (Fig. 7d). In the case of
ZnCe 2 wt.% alloy, the concentration of cerium in the corrosion
layer could be evaluated to 0.1 wt.%.

As already observed for ZnCe alloys [10] and consistently with
electrochemical coupling results, LaZn13 intermetallic precipitates
(white particles in Fig. 7a) act mainly as cathodic site, so that the
oxidation preferentially affects the zinc matrix. The LaZn13 and
CeZn11 phases are slightly oxidized as shown on the Fig. 7a in
the case of ZnLa 2 wt.% alloy.

Concerning the ZnMish alloys, contrary to LaZn13 and CeZn11

intermetallic phases, the two ternary intermetallic phases are oxi-
dized by the solution at the same time as the zinc matrix. The
resulting corroded products, flaky-shaped, are constituted of cer-
ium, lanthanum and a large amount of oxygen as revealed by
EDS point analyses performed on cross sections. They are inserted
in the corrosion layer, as displayed on the Fig. 7b. So, in the case of
ternary alloys, the intermetallic phases are oxidized, but the lan-
thanum and cerium element are not homogenously dispersed in
the corrosion layer.
4. Discussion

From the overall electrochemical results, rare-earth addition to
zinc metal reduces the corrosion rate of the alloys by inhibiting
both the cathodic reaction of oxygen reduction, and the anodic
reaction of zinc oxidation. This improvement of the anticorrosion
performance by rare earth addition is comparable to the decrease
of the corrosion rate brought by the addition of rare-earth salts
in the corrosive medium or in a protective layer, described in some
studies relative to zinc [24,25] to aluminum [26] or Al–Zn–In alloys
[27].

In the case of ZnRE alloys, the electrochemical effect of cerium
and lanthanum is closely linked to the microstructure of the alloy,
especially the composition and distribution of the intermetallic
phases: CeZn11 and LaZn13 for binary alloys or Ce1�xLaxZn11 and
CeyLa1�yZn13 for ternary alloys. Indeed, despite the low amount
of rare-earth in the alloy, the bulk concentration in RE-enriched
intermetallic precipitates is important (as displayed in the Fig. 3)
because the rare-earth content in the intermetallic phases is low.

Three phenomena have to be considered to get a comprehen-
sive understanding of the corrosion behavior of the alloys: the



Fig. 7. Cross-section corrosion layers observed on ZnRE alloys immersed 30 days in ASTM water: ZnLa 2 wt.% (a), ZnMisch 2 wt.% (b), ZnCe 2 wt.% far from intermetallic
particules: BSE image (c) and corresponding EPMA X ray-map of Ce (d).
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intrinsic corrosion of pure zinc, the intrinsic corrosion of the inter-
metallic phases and the galvanic coupling between zinc matrix and
the precipitated intermetallic ZnRE phases. From an electrochemi-
cal point of view, anodic and cathodic currents Ia and Ic can be de-
scribed respectively by equations 1 and 2:

Ia ¼ ia;Zn � SZn þ ia;IM � SIM ð1Þ

Ic ¼ ic;Zn � SZn þ ic;IM � SIM ð2Þ

where ia,Zn and ic,Zn are respectively the anodic and cathodic current
densities on the zinc matrix; ia,IM and ic,IM are respectively the ano-
dic and cathodic current densities on the intermetallic phases; SZn

and SIM are respectively the zinc matrix area and the intermetallic
phases area in contact with the electrolyte.

The corrosion point of the alloys is defined by Ia = Ic. In many
cases, the galvanic coupling is the determining factor, with a high
corrosion potential difference between the matrix and the nobler
intermetallic phases. Therefore, at the corrosion potential, the con-
tribution of the intermetallic phases to the anodic current is negli-
gible as well as the contribution of the zinc matrix to the cathodic
current. In these cases, the oxidation and reduction reactions
inducing the corrosion are decoupled: the oxygen reduction is
localized at the surface of the precipitates whereas the oxidation
affects the zinc matrix.

However, in the specific case of the ZnRE alloys, the corrosion
potential difference between the zinc matrix and the zinc rich
intermetallic phases is rather low (less than 100 mV). Moreover,
the values of the corrosion current densities of the intermetallic
phases are in the same order of magnitude as the values of galvanic
coupling current densities (around 1 lA cm�2). Therefore, even if
the area covered by the intermetallic phases is around 20% of the
total area in contact with the electrolyte, the oxidation of the inter-
metallic phases cannot be neglected in the general corrosion
process of the alloys.

This oxidation of the intermetallic phases explains the anodic
inhibition observed especially on ZnCe alloys, with the apparition
of a passivation plateau. Actually, a study by electrochemical
impedance spectroscopy described in a precedent work [10] has
shown a modification of the dielectric properties of the passive
layer grown at the alloys surface. In parallel, the homogeneous
presence of cerium in the corrosion layer (in very low quantity)
even far from the intermetallic precipitates could be highlighted
by X-ray cartography in this work. The passivating properties of
the corrosion layer are thus reinforced by the presence of a zinc/
cerium mixed compound, inducing the decrease of the anodic
reaction rate. This phenomenon has already been observed for ZnAl
alloys for example [7]: at their surface, a double (Zn2+, Al3+) lamel-
lar hydroxide compounds increases the density, the adhesion and
therefore the protective properties of the layer of corrosion
products. In the specific case of ZnLa alloys, the anodic inhibition
is slight and at the same time no lanthanum was detected in the
corrosion layer by EPMA analysis after 1 month immersion. How-
ever, this slight anodic inhibition could be explained by the
presence of a very low quantity (below the detection limit
600 ppm), because lanthanum salt can be efficient at a very low
level as revealed by some corrosion inhibition studies [28].

Concerning the cathodic inhibition observed on the alloys, the
galvanic coupling is the key parameter. The cathodic inhibition ob-
served on ZnRE alloys is mainly due to the cathodic inhibition ob-
served on the ZnRE intermetallic phases. This phenomenon is
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actually more significant for ZnLa alloys than for ZnCe alloys since
the cathodic inhibition for the Zn13La pure intermetallic phase is
more significant than for the Zn11Ce pure intermetallic phase.

In the case of ZnMisch alloys (up to 2 wt.%), the electrochemical
behavior of alloys only shows a slight inhibition of cathodic reac-
tion of corrosion process. No inhibition of anodic reaction of alloys
was observed by the addition of Mischmetal (75/25 wt.% of Ce/La).
Globally, the alloys seem to contain not enough lanthanum to in-
duce a strong cathodic inhibition, comparable to ZnLa alloys, and
not enough cerium to produce an efficient anodic inhibition, com-
parable to ZnCe alloys. This effect can be due to the particular
behavior of ternary intermetallic phases. Indeed, the metallo-
graphic observations have shown that the ternary phases are rap-
idly oxidized and entirely incorporated to the corrosion layer.
Further studies on the pure ternary intermetallic phases could be
useful to more completely characterize the electrochemical behav-
ior of ternary ZnLaCe alloys.

5. Conclusion

Low amounts of cerium or lanthanum added to zinc induce an
improvement of its corrosion resistance. In these alloys, the two
rare-earth metals are homogeneously dispersed through the pre-
cipitation in the zinc matrix of two intermetallic compounds:
CeZn11 and LaZn13, consistently to the binary phase diagrams. In
the case of ZnCeLa alloys (synthesized from mischmetal composi-
tion), new ternary intermetallic compounds were characterized,
Ce1�xLaxZn11 and CeyLa1�yZn13, and their equilibrium with zinc
matrix was confirmed by phase diagram calculation.

The electrochemical effect of rare-earth addition is closely
related to electrochemical behavior of intermetallic phases in the
alloys. CeZn11 and LaZn13 induce a cathodic inhibition of the
oxygen reduction in comparison with pure zinc. For Zn–Ce alloys,
the electrochemical corrosion rate of CeZn11 phase is sufficient to
allow the Ce3+ release and the formation of a Ce enriched passive
layer, leading to a further anodic inhibition of the corrosion
processes. Concerning the Zn–Mischmetal alloys, the low content
of lanthanum and cerium in the observed ternary intermetallic
phases does not allow bringing particular benefits for the corrosion
resistance of the zinc matrix.
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