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Abstract

The corrosion protection a�orded by cerium, lanthanum and praseodymium conversion

coatings formed on pure magnesium and a magnesium alloy, WE43, has been studied using
dc polarisation and ac impedance techniques. The coatings, which were formed by
immersion in rare-earth salt containing solutions, reduced signi®cantly the dissolution of
magnesium in a pH 8.5 bu�er solution. With continued immersion of the treated electrodes

in the aggressive pH 8.5 solution, the coatings ®rst appeared to become more protective,
but after periods exceeding 60 min began to deteriorate. This is attributed to the formation
of magnesium hydroxy corrosion products and mixed rare earth/magnesium oxide/

hydroxide coatings, which on continued immersion became consumed by the formation of
magnesium corrosion products. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Magnesium and magnesium-based alloys exhibit an attractive combination of

low density and high strength/weight ratio making them ideal candidates for light-
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weight engineering applications. However, the corrosion resistance of magnesium-
based alloys is generally inadequate, and has limited the use of magnesium and its
alloys [1±3].

Surface treatments, such as the formation of conversion coatings, are commonly
applied to magnesium alloys in order to increase the corrosion resistance. Such
processes vary from the widely used chromate/manganese dip treatment to anodic
treatments in ¯uoride-containing baths [4].

In recent times, the search for more environmentally acceptable alternatives in
surface modi®cation processes, particularly in the case of aluminium alloys, has
lead to the identi®cation of rare earth metal salts (REMS) and especially cerium
species [5±13]. Corrosion inhibition by cerium salts is generally associated with the
formation and precipitation of cerium oxides or hydroxides over cathodic sites on
the metal surface. These precipitates, in turn, give rise to a blocking e�ect and
reduce the rate of the reduction reactions. This has been shown clearly for copper-
containing aluminium alloys where cerium-rich insoluble ®lms have been identi®ed
at copper precipitates, these ®lms precipitating from solution because of the local
increase in alkalinity at the copper cathodic sites [10,11,13].

In this communication, the corrosion behaviour of pure magnesium and a
magnesium alloy, WE43, following treatment in cerium, lanthanum and
praseodymium solutions is examined.

2. Experimental method

Test specimens were prepared from pure magnesium (99.9%) and a Mg alloy,
WE43, (3.7±4.3% Y, 2.4±4.4% rare earths, 0.4% Zr). The electrodes were
embedded in resin leaving an exposed surface area of 0.84 and 0.94 cm2 for pure
magnesium and the alloy, respectively. The exposed surfaces were polished to a
mirror ®nish using diamond paste. They were then cleaned in distilled water and
methanol and dried under a stream of air.

The conversion coatings were formed by placing the magnesium electrodes in
50 � 10ÿ3 mol dmÿ3 solutions of Ce(NO3)3, La(NO3)3 or Pr(NO3)3 at room
temperature under gentle agitation for a 5 min period. This resulted in the
formation of a visible coating on the electrode surface. These coatings were
adherent, but could be removed by scratching the surface.

The electrochemical cell consisted of a three-electrode pyrex glass cell. A
saturated calomel electrode (SCE) was used as the reference electrode and high
density graphite rods were used as the auxiliary electrodes. All potentials quoted
are on the SCE scale.

Potentiodynamic electrochemical tests were carried out using a PAR Model 263
potentiostat. In potentiodynamic polarisation tests, the working electrode was
immersed in the solution for 5 min and then polarised from the corrosion
potential at a scan rate of 0.5 mV sÿ1 in the anodic or cathodic directions.
Impedance spectra were recorded at the corrosion potential using a Solartron 1250
FRA and 1287 potentiostat. All impedance data were ®t to appropriate equivalent
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circuits using a complex non-linear least squares ®tting routine, using both the
real and imaginary components of the data. A borate bu�er solution, 0.15 mol
dmÿ3 H3BO3/0.05 mol dmÿ3 Na2B4O7, pH 8.5, was used as the test electrolyte.

3. Experimental results

In Fig. 1 the open-circuit potential (OCP) is shown as a function of time for
pure magnesium immersed in a 50 � 10ÿ3 mol dmÿ3 Ce(NO3)3 solution, pH 3.6.
This was the least acidic solution that could be used because of the hydrolysis
reactions of cerium salts. The OCP increased from approximately ÿ1500 to about
ÿ1410 mV, as a cerium-containing ®lm or coating formed on the magnesium
surface. The most protective coating appeared to form on the surface after an
immersion period of 5 min, as is evident from the anodic polarisation data
presented in Fig. 2. Here, the anodic polarisation behaviour recorded in a pH 8.4
borate bu�er solution for untreated magnesium and magnesium treated in the
cerium solution for di�erent time intervals is shown. It can be seen that the
untreated Mg electrode dissolved, with the measured anodic current reaching
values of 3 mA cmÿ2 in the ÿ1400±ÿ1200 mV range. The anodic current density
was considerably reduced for the cerium-treated electrodes, with the lowest
current, 25 mA cmÿ2, being recorded for the 5 min treated electrode. Longer
immersion times in the acidic cerium solution produced a less protective ®lm, as
was evident from the increase in the anodic current density recorded for the 80
min cerium-treated electrode.

Fig. 1. The open-circuit potential of Mg as a function of time on immersion in a 50 � 10ÿ3 mol dmÿ3

Ce(NO3)3 solution.
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In Fig. 3(a) and (b) the anodic polarisation plots recorded in the borate bu�er
solution for the untreated, cerium-treated, lanthanum-treated and praseodymium-
treated electrodes are shown for pure magnesium and the magnesium alloy,
WE43, respectively. There appeared to be little di�erence in the electrochemical
behaviour of the treated electrodes, with each of the treatments giving rise to a
signi®cant and similar reduction in the anodic current density. Similar data were
recorded for the treated pure metal and alloy electrodes.

The cathodic polarisation behaviour of cerium-treated, lanthanum-treated and
praseodymium-treated pure magnesium in the pH 8.4 borate bu�er solution is
shown in Fig. 4. A considerable ennoblement in the corrosion potential is seen for
all the treated samples. The slope calculated for the cerium-treated electrode in the
ÿ1.5 to ÿ1.8 V region was ÿ109 mV, and in ÿ1.8 to ÿ2.6 V region was ÿ219 mV
per decade of current. The slope calculated for the untreated electrode in the ÿ1.8
to ÿ2.0 V interval was ÿ110 mV and in the ÿ2.2 to ÿ2.6 V region was ÿ180 mV
per decade. This, together with the magnitude of the current suggests slightly
faster reduction kinetics for the untreated magnesium electrode. Similar e�ects
were observed for the conversion coatings formed on the magnesium alloy.

The OCP adopted by the cerium-treated, lanthanum-treated, praseodymium-
treated and untreated magnesium electrodes in the borate bu�er solution is shown
in Fig. 5 as a function of time. The OCP of the untreated electrode increased
slightly on continued immersion; however, signi®cant changes occurred for the
treated electrodes. The potential of the treated electrodes decayed from relatively

Fig. 2. Anodic polarisation plots of Mg untreated *, following a 2 min cerium treatment w, following

a 5 min cerium treatment r, following a 10 min cerium treatment r, following a 15 min cerium

treatment q, following a 25 min cerium treatment p, and following a 80 min cerium treatment u, in

borate bu�er solution.
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Fig. 3. (a) Anodic polarisation plots of Mg untreated *, cerium-treated w, lanthanum-treated r and

praseodymium-treated r, in borate bu�er solution; (b) Anodic polarisation plots of WE43 untreated

*, cerium-treated w, lanthanum-treated r and praseodymium-treated r, in borate bu�er solution.
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noble values to a potential value in the region of ÿ1600 mV with a slightly slower
potential decay for the lanthanum-treated electrode. Similar e�ects were observed
with the conversion coatings formed on the magnesium alloy.

Fig. 4. Cathodic polarisation plots of Mg untreated *, cerium-treated w, lanthanum-treated r, and

praseodymium-treated y, in borate bu�er solution.

Fig. 5. Open-circuit potential as a function of time of Mg untreated *, cerium-treated w, lanthanum-

treated r and praseodymium-treated r, in borate bu�er solution.
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Fig. 6. (a) Anodic polarisation plots in borate bu�er solution of Mg untreated *, untreated and

immersed in bu�er solution for 1 h W, cerium-treated w, cerium-treated and immersed in bu�er

solution for 1 h r, cerium-treated and immersed in bu�er solution for 15 h r; (b) Anodic polarisation

plots in borate bu�er solution of Mg untreated *, lanthanum- treated y, lanthanum-treated and

immersed in bu�er solution for 1 h w, lanthanum-treated and immersed in bu�er solution for 15 h r;

(c) Anodic polarisation plots in borate bu�er solution of Mg untreated *, praseodymium-treated w,

praseodymium-treated and immersed in bu�er solution for 1 h r, praseodymium-treated and immersed

in bu�er solution for 15 h y.
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In order to test the stability of the conversion coatings over longer immersion
times in the borate electrolyte, anodic polarisation plots and impedance data were
recorded for the treated electrodes after di�erent immersion periods. These data
are presented in Figs. 6±8. In Fig. 6(a) the anodic polarisation behaviour of
untreated magnesium, untreated and immersed in the bu�er solution for 1 h,
cerium-treated, cerium-treated and immersed in the bu�er solution for 1 h,
cerium-treated and immersed in the bu�er solution for 15 h is shown. Similar data
are presented for the lanthanum and praseodymium systems in Fig. 6(b) and (c),
respectively. It is evident that the conversion coatings became more protective
after a 1 h immersion period in the bu�er solution. The anodic current density
decreased by approximately 30 mA cmÿ2 for the cerium coating and for the
lanthanum coating and by approximately 70 mA cmÿ2 for the praseodymium
coating following 1 h immersion in the bu�er solution. The coatings became less
protective after a 15 h immersion period, as evident from the increases in the
anodic current recorded for the treated electrodes immersed for 15 h. Similar
polarisation data were recorded for the treated alloy, Fig. 7. Again, the most
signi®cant decrease in the anodic current density, following the 1 h immersion
period, was seen for the praseodymium-treated electrode. Although not shown
here, longer immersion periods lead to a deterioration in the protective properties
of the coating.

In Fig. 8(a) the impedance spectra recorded as a function of immersion time in
the borate bu�er solution are shown for the untreated magnesium electrode and
the cerium-treated electrode. The symbols represent the experimental data and the
solid lines represent the simulated data, generated using the equivalent circuit in

Fig. 6 (continued)
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Fig. 8(b). All spectra were recorded at the corrosion potential, and the ®rst
spectrum was recorded after a 1 h immersion period at which point the OCP had
reached a stationary value. The spectra di�er signi®cantly for the treated and
untreated electrodes. The presence of the cerium coatings can be seen clearly in
the high-frequency region, from 105 to 2 � 103 Hz. Also, it is clear that the
protective properties of the coating deteriorate with continued immersion in the
bu�er solution, as the impedance and phase angle maxima in this high frequency
region decrease with increasing time. In the case of the cerium-treated electrodes
the impedance spectra were ®t to the equivalent circuit depicted in Fig. 8(b),
which is similar to that used in previous studies [14±16]. Rs is the solution
resistance, Rcf is the resistance of the cerium ®lm, Qcf is a constant phase element
representing the intact ®lm, Cdl is the capacitance of the underlying metal and Rp

is its polarisation resistance. A simple Randles circuit was used to ®t the untreated
samples. Very good agreement between the experimental and simulated data was
found as is evident in Fig. 8(a). The impedance of the constant-phase element,
Qcf, is de®ned as ZCPE � �Qcf�jo�n�ÿ1 where ÿ1 R n R 1. In this case, the n value
was close to 0.5 indicating that this is a Warburg di�usional term. This is
consistent with the fact that the coatings are somewhat porous allowing di�usion
to the underlying substrate. The dependence of the other ®tted parameters on
immersion time in the bu�er solution is illustrated in Fig. 9(a)±(c). Rcf decreased
from about 800 to 150 O cm2 over the 10 h immersion period, Fig. 9(a), due to

Fig. 7. Anodic polarisation plots in borate bu�er solution of WE43 untreated *, cerium- treated w,

lanthanum-treated r, praseodymium-treated r, cerium-treated and immersed in bu�er solution for 1 h

p, lanthanum-treated and immersed in bu�er solution for 1 h R, praseodymium-treated and immersed

in bu�er solution for 1 h W.
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Fig. 8. (a) Impedance spectra recorded in borate bu�er solution for Mg untreated and 1 h immersion

*, cerium-treated and 2.5 h immersion w, cerium-treated and 5 h immersion r and cerium-treated

and 10 h immersion r; (b) Equivalent circuit used to ®t coated data.
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deterioration of the coating. The polarisation resistance of the underlying metal
decreased in a similar fashion, Fig. 9(b), but even after the 10 h period the
polarisation resistance of the treated electrode was approximately a factor of three
greater than that for the untreated electrode. The deterioration of the cerium
coating and increase in the active area of the underlying magnesium electrode are
also evident from the variations in the capacitance of the metal, Fig. 9(c). The
capacitance Cdl of the untreated electrode reached a stationary value of
approximately 40 mF cmÿ2. The capacitance of the treated electrode increased
from less than 10 to about 25 mF cmÿ2 over the 10 h period. Similar data were
recorded for the lanthanide and praseodymium coatings.

4. Discussion

The results presented here demonstrate that the corrosion resistance of
magnesium and a magnesium alloy, WE43, can be increased considerably, at least
for short periods of time, by applying a cerium, lanthanum or praseodymium
passivation treatment/conversion coating to the metal or alloy. The coatings are
formed during the intense dissolution of magnesium in the acidic treatment
solutions. The potential decays as the coating forms, from ÿ1500 to about ÿ1430
mV (SCE) Fig. 1, with the nucleated coatings providing a barrier between the
aggressive solution and the metallic surface, as is evident from the impedance
data, Fig. 8.

It is accepted generally that the hydrogen evolution reaction is the predominate
reduction reaction in this type of environment, [4]

2H3O� � 2eÿ4H2 � 2H2O

As this reaction proceeds, local areas of alkalinity are established at which points
the precipitation of rare earth oxides/hydroxides occur. This conclusion is in
agreement with other studies [5]. The coatings appeared to nucleate in a similar
fashion on pure magnesium and the magnesium alloy, with the presence of the
alloying additions in the magnesium alloy having little e�ect. On further
immersion of these coatings in a pH 8.5 bu�er solution, a solution in which the

Fig. 8 (continued)
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Fig. 9. (a) Coating resistance, Rcf, as a function of immersion time in bu�er solution; (b) Polarisation

resistance, Rp, for Mg untreated w, and cerium-treated * as a function of immersion time in bu�er

solution; (c) Capacitance, Cdl, as a function of immersion time in borate bu�er solution for Mg

untreated w, and cerium-treated *.
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untreated samples dissolve, the coatings ®rst exhibited an increase in their
protective nature, Figs. 6 and 7, before deteriorating after several hours of
immersion, Figs. 6 and 8. The initial modi®cation of the coatings on immersion in
the pH 8.5 bu�er solution is probably associated with the build-up of magnesium
corrosion products and the formation of mixed magnesium/rare earth oxide/
hydroxide coatings. This modi®cation occurs during the early stages of immersion,
as is evident from the potential decay pro®les shown in Fig. 5. During the ®rst
1000 s, the OCP changed by approximately 200 mV for the coating formed in the
cerium solution with similar changes occurring for the lanthanum and
praseodymium-treated samples.

The presence of the REMS coatings and their deterioration with increasing
exposure time are clearly evident from the impedance spectra shown in Fig. 8.
Here, two distinct phase angle maxima were observed, the high-frequency one
being associated with the cerium coating/®lm and the low-frequency one being
associated with the properties of the substrate material exposed in pores of the
coating. This can be deduced from a comparison of the impedance data in Fig. 8.
The dependence of the cerium ®lm resistance, the polarisation resistance and
capacitance of the substrate magnesium on time clearly demonstrated that the
cerium coating deteriorated with prolonged immersion in the bu�er solution. It is
unlikely that the cerium coating dissolves under such pH conditions. Rather, it
appears that electrolyte penetration occurred through pores in the coating,
reacting with the underlying magnesium substrate and resulting in the formation
of magnesium hydroxy corrosion products which in turn destabilised the coating
by increasing its porosity. This conclusion is consistent with the decrease in the
cerium ®lm resistance, Rcf.

5. Conclusions

Treatment of pure magnesium and a magnesium alloy, WE43, in cerium,
lanthanum and praseodymium-containing solutions has lead to a signi®cant
increase in the corrosion resistance of magnesium in a pH 8.5 bu�er solution.
Although the coatings began to deteriorate on prolonged immersion in the bu�er
solution, the coatings still provided a three-fold increase in the polarisation
resistance of magnesium after a 10 h period of exposure to the aggressive test
solution. Future work will concentrate on increasing the corrosion resistance of
the coatings formed on magnesium and its alloys by immersion in REMS solution
using additional treatments to seal these coatings immediately after their
formation.
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