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Electrochemical corrosion behaviour of
binary magnesium - heavy rare earth
alloys

F. Rosalbino, S. De Negri, G. Scavino, A. Saccone

The corrosion properties of magnesium-heavy rare earth (RE) based alloys have been studied. Binary additions of gadolinium (Gd),
dysprosium (Dy) and erbium (Er) to pure magnesium were made to a nominal 1 at.%. The corrosion resistance of Mg99Gd1, Mg99Dy1
and Mg99Er1 alloys has been assessed by using open circuit potential measurements, potentiodynamic polarization curves and elec-
trochemical impedance spectroscopy (EIS) carried out in 0.075 M Na2B407 + 0.05 M H3BO3 solution, pH = 8.4. Electrochemical
results showed that heavy RE alloying additions significantly improves the corrosion behaviour of magnesium. This improvement can
be attributed to enhanced barrier properties of the corrosion products layer and additional active corrosion protection originated from
the inhibiting action of the lanthanide cations entrapped as oxides/hydroxides in this surface layer.
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INTRODUCTION

Magnesium alloys constitute a very interesting alternati-
ve to the materials traditionally applied in structural ap-
plications, and, especially in the automotive and aircraft
industry. The main advantage of magnesium alloys is the
reduction of the weight of the components due to the low
density and high specific strength of these materials [1,
2]. However, the principal drawback of magnesium alloys
is the low corrosion resistance, which is generally, much
lower when compared to many other competing materials,
like aluminum alloys or steels [2]. This limits the range of
technical applications of these materials.

The stability of several metals and alloys depends upon the
formation of stable surface films. However, in magnesium
and its alloys the surface film that forms spontaneously is
poorly protective and very unstable in a wide range of pH
values. This film becomes protective and stable only at pH
values over 11 [3].

Literature reporting the electrochemical behavior of pure
magnesium [4 - 7], zirconium free [8 - 14] and zirconium
containing alloys [15 - 19], has been published in the last
decade. Improvements to the corrosion resistance of Mg
alloys have been correlated with the addition of alloying
elements such as aluminum [8, 11 - 13], zirconium [16 - 18]
and yttrium [19].

Addition of rare earths (RE) as alloying elements to the so-
lid phase is an effective way to enhance the corrosion be-
havior of magnesium alloys. The scavenger effect, optimized
microstructure and formation of more protective corrosion

product films were considered as the main key factors to
improve the corrosion resistance of RE-containing Mg alloys
surface and to the inhibition of further corrosion [20 - 23].
However, it has also been suggested that the oxidation of
the RE, followed by an enrichment of these elements in
the surface film, decreases the corrosion rate by forming a
pseudo passive layer [24]. Moreover, It has been reported
[11] that the oxides formed can be more compact and able
to trap harmful anions by making the surface charge more
positive.

The objective of this work is to contribute to a better under-
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standing of the corrosion mechanism of magnesium alloys
and especially the role of heavy rare earths in buffer neutral/
alkaline solution. The electrochemical corrosion behaviour
of binary Mg-RE alloys containing gadolinium (Gd), dyspro-
sium (Dy) and erbium (Er), was assessed and compared with
that of unalloyed magnesium in order to gain information
about the influence of the heavy RE on corrosion process.
The corrosion behaviour of the RE-containing Mg alloys was
investigated by using open circuit potential measurements,
potentiodynamic polarization curves and electrochemical
impedance spectroscopy (EIS) carried out in borate buffer
solution. This electrolyte allows for an insight into the role
of the RE in the corrosion mechanism by imposing a pH at
which Mg can cover itself with scarcely protective oxide or
hydroxide which checks the dissolution reaction [3]. Fur-
thermore, the buffering effect avoids pH fluctuations, which
in NaCl solutions, for example, may increase more than 4
units.

Experimental

Binary alloys with nominal composition Mg99RE 1 (at.%, RE
= Gd, Dy, Er) were prepared by direct synthesis from the
constituent metals (purity > 99.9 mass %, Mg was sup-
plied by MaTecK, Jilich,Germany, the rare earth metals by
Newmet Koch, Waltham Abbey, England). Stoichiometric
amounts of the elements were enclosed in arc-sealed Ta
crucibles, in order to prevent Mg losses due to evaporation,
and induction melted under argon flow. Melting was repea-
ted three times in order to ensure homogeneity. Ingots with
a diameter of ~0.8 cm and a mass of ~0.4 g were extracted
from the crucibles after quenching in cold water. Chemi-
cal composition of samples was determined by spectrome-
tric analysis employing an argon microwave plasma torch
coupled to spark ablation (Spectro Analytical Instruments).
Specimens were ablated by a medium voltage spark (450
V, 370 Hz) in a point-to-plane configuration (spark times:
125s) and swept into a 100-W, 2.45-GHz argon microwave
discharge. The microwave plasma was observed end-on and
the radiation analyzed with a polychromator.
Microstructure examination was performed by a scanning
electron microscope (SEM) Zeiss Evo 40 equipped with a
Pentafet Link Energy Dispersive X-ray Spectroscopy (EDXS)
system managed by the INCA Energy software (Oxford In-
struments, Analytical Ltd., Bucks, U.K.). Smooth surfaces for
microscopic observation before the electrochemical tests
were prepared by using SiC papers and diamond pastes
with grain size down to 1 pm.

All the electrochemical tests were carried out in a single
compartment cell using a standard three electrode confi-
guration: saturated calomel electrode (SCE) as a reference
with a platinum electrode as counter and a sample as the
working electrode. The surface area exposed to the test so-
lution was 0.5 cm2. Before each measurement, the sam-
ples surface was first ground with 320, 400 and 600 pm
SiC abrasive papers in anhydrous ethyl alcohol and then

automatically polished up to 1 pum using diamond pastes
and non aqueous lubricants until a mirror-bright surface
was achieved. All the experiments were performed at room
temperature (25 + 0.1 °C) in naturally aerated sodium bo-
rate/boric acid buffer solution of pH 8.4. The p.a. reagents
(0.075 M Na,B,0, and 0.05 M H_BO,) were added in Mil-
lipore® water.

Potentiodynamic polarization curves were recorded starting
from -2400 mV/SCE and moving in the electropositive di-
rection at a scan rate of 1 mV/s, after allowing a steady-
state potential to develop. Free corrosion potential was
recorded with respect to the SCE every minute for a period
of 2 h. All stationary measurements were carried out using
an Amel System 5000 potentiostat controlled by a personal
computer.

Electrochemical impedance was measured at the open cir-
cuit potential using a Gamry FAS2 Femtostat with a PC4
Controller. The frequency range analyzed went from 100
kHz up to 10 mHz, with the frequency values spaced loga-
rithmically (seven per decade). The width of the sinusoidal
voltage signal applied to the system was 10 mV rms (root-
mean-square). Impedance measurements were performed
at different exposure times in the electrolyte.

For comparison, the electrochemical tests were also perfor-
med on unalloyed magnesium, supplied by Johnson Mat-
they, London, UK.

SEM-EDXS were used to investigate morphology and che-
mical composition of specimens surface after the electro-
chemical tests.

Results and discussion

Representative SEM micrographs of the Mg — heavy RE al-
loys are shown in Figure 1. All tested alloys are basically
constituted by a Mg-based matrix, where the rare earth is
totally dissolved, giving an average concentration near to
the nominal one. In all specimens the magnesium solid so-
lution is the only detected phase. The obtained results are in
agreement with the solubility trend of the rare earth metals
in magnesium, increasing from Gd to Er [18]. Moreover, the
presence of small isolated particles is also detected. The-
se particles may have formed during the melting process
and typically contains Mg and O, as estimated using EDXS
analysis.
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Fig. 1 - Representative SEM micrographs of Mg, RE, alloys. (a) Mg,,Gd, alloy; (b) Mg,Er, alloy (single phase samples)

Figure 2 reports the open circuit potential, £, of unalloyed
Mg and Mg,RE, alloys in naturally aerated sodium borate/
boric acid buffer solution, monitored for 2 h. The open cir-
cuit potential provides some indication of the reactivity of
the metal surface. As can be seen, the open circuit potential
of each Mg,,RE, alloys and for unalloyed Mg is, as expected,
relatively negative immediately after the specimen is im-
mersed in the solution, and subsequently the open circuit
potential gradually shifts towards more positive values. This

positive shift can be attributed to deposition of corrosion
products on the sample surface. By comparing the results
reported in Figure 2, it can be observed that the open cir-
cuit potential of Mg,RE, alloys is less negative than that
recorded on unalloyed Mg. This behaviour indicates that the
corrosion products layer formed at the surface of Mg,,RE,
alloys displays better corrosion protection characteristics
than the one formed on unalloyed magnesium in 0.075 M
Na,B,0, + 0.05 M H,BO3 solution.
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Fig. 2 - Variation of the open circuit potential, E_,

t/s

with exposure time in naturally aerated 0.075 M Na,B,0, + 0.05 M H,BO,

solution, pH = 8.4, for unalloyed Mg and Mg,,RE, alloys
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Figure 3 shows typical polarization curves of unalloyed Mg

and Mg,RE, alloys recorded in naturally aerated sodium
borate/boric acid buffer solution at 25 °C. As can be seen,
the shapes of the polarization curves are similar indicating
similar corrosion mechanisms. One important feature is that
the presence of heavy RE provokes a significant shift in the
corrosion potential to more positive values as compared to
unalloyed Mg, thereby confirming the previous E . measu-
rements. The anodic response for all specimens is characte-
rized by activation controlled kinetics in the vicinity of the
corrosion potential. In fact, the anodic current densities ini-
tially increase exponentially with increasing potential above
E.,,- However, as the potential becomes more anodic, the
behaviour is no longer exponential and all samples reach
a maximum current density after which the current density
gradually drops with further increasing potential. The po-
tential where the current density peaks to a maximum is
known as the passivation potential, £, while the current
at this potential is referred to as the critical current density,
icc. For unalloyed Mg, the E_ value is —1150 mV/SCE and
the /_value is 4.7 mA cm~. Regarding Mg,RE, alloys, the
passivation potential is shifted towards more noble values,
while the critical current density exhibits lower values. On
further scanning in the anodic direction the current density

remains independent of potential and a well-defined plate-

au appears thereby indicating the onset of a pseudopassiva-
tion process attributable to formation of a corrosion product
layer at the surface of corroding sample [26 - 30]. This cur-
rent is known as the pseudopassivation current density, i .
As can be observed in Figure 3 the ipp value of unalloyed
Mg is 2.6 mA cm~2 while the pseudopassive region extends
from about —1150 to 1490 mV/SCE when the surface layer
begins to break down in the solution employed and the ano-
dic current density rises again. The presence of rare earths
improves the pseudopassivation behaviour, resulting in a
larger pseudopassive region extending from about —930 to
1780 mV/SCE for Mg,,Gd, alloy, from about =910 to 1840
mV/SCE for Mg,,Dy, alloy and from —880 to 1920 mV/SCE
for Mg,,Er, alloy. The electrochemical parameters deduced
from the analysis of the anodic part of the polarization cur-
ves recorded in 0.075 M Na,B,0, + 0.05 M H,BO, solution
are summarized in Table 1. As was previously shown, he-
avy RE alloying additions increase the extent, AE, of the
pseudopassive region, thereby indicating the formation of a
more stable surface layer on Mg, RE, electrodes. Moreover,
the RE-containing Mg alloys show pseudo-passive current
density values lower than that of unalloyed Mg, suggesting
that the corrosion products layer formed on these systems
exhibits better protective characteristics.
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Fig. 3 - Potentiodynamic polarization curves for unalloyed Mg and Mg, RE, alloys in naturally aerated 0.075 M Na,B,0, + 0.05 M H,BO,
solution, pH = 8.4
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Tab. 1 - Electrochemical parameters obtained from the potentiodynamic polarization curves of unalloyed Mg and Mg,,RE, alloys recorded
in naturally aerated Na,B,0, + 0.05 M H,BO, solution, pH = 8.4

Sample Ecorr Epass icc
P (mV/SCE)  (mV/SCE)  (mAcm?)

Mg -1790 -1150 4.70 2640 2.60
Mg, Gd, 1590 930 3.90 2710 2.20
Mg,,Dy, 1530 880 3.40 2750 1.90
Mg,,Er, -1480 -830 2.90 2800 1.60

E__ = Corrosion potential; E s

corr

current density

S

In order to obtain e deeper understanding of the corrosion
processes, electrochemical impedance spectra (EIS) were
measured at hourly intervals for Mg, RE, and unalloyed Mg
at the corrosion potential during 24 h exposure to Na,B,0,
+0.05 M H,BO, solution. The surfaces were examined at the
end of each experiment using scanning electron microscopy
coupled with EDXS analysis.

Figure 4 shows the evolution of the impedance diagrams, in
the form of Nyquist plots, for unalloyed Mg and Mg,,RE, al-
loys a function of exposure time to naturally aerated sodium
borate/boric acid buffer solution. The EIS spectra are similar
in all cases and changes in a similar manner with increasing
exposure time. The Nyquist plots are characterized by two
well-defined capacitive loops: a high to medium frequency
(HF) and a medium to low frequency (MF) capacitive loop,
as labelled. The diameter of the HF capacitive loop typically
represents the charge transfer resistance (R_) of an actively
corroding electrode, with determined capacitance values
consistent with the electrochemical double layer. The MF ca-
pacitive loop is attributed to the presence of the surface film
influencing the corrosion process. In this case, the charge
transfer resistance through this defective (porous) surface
layer is not much higher than for the processes occurring on

= passivation potential; i . = critical current density; AE = pseudopassive range; i, = pseudopassivation

the bare surface of specimen. The corrosion can be designed
as active dissolution in both cases. The difference is in the
different dielectric properties of this surface film, inducing
higher capacitance values.

The polarization resistance, R, is evaluated in this case of
poor surface stability as the distance from the impedance
values at the highest frequency (theoretically at infinite fre-
quency) to the impedance at the lowest frequency (f=0.01
Hz) determined on the real part of impedance coordinate
in the Nyquist plot. The polarization resistance is related to
the corrosion resistance and the corrosion rate; high values
of polarization resistance relate to high corrosion resistance
and to low corrosion rates. The increasing size of the HF
loop typically indicates lateral stabilization of the surface
layer resulting in a decreasing actively dissolving surface
and as a consequence an higher impedance. For unalloyed
Mg and Mg,,RE, alloys, there is an increase of polarization
resistance, indicating that the corrosion resistance increases
(attributed to an increased stability of the defective surface
product layer).
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Fig. 4 - Representative Nyquist diagrams of unalloyed Mg and Mg, RE, alloys for various exposure times to naturally aerated 0.075 M
Na,B,0, + 0.05M H,BO, solution, pH = 8.4

Figure 5 presents the polarization resistance, R , versus ex-
posure time as measured from the Nyquist plots. In all cases
the polarization resistance (and the corrosion resistance)
increases with increasing exposure time, suggesting that a
surface corrosion products layer grows on the electrode sur-
face and that this layer effectively slows down active corro-
sion. As can be seen, Mg, ,RE, alloys exhibit higher values of
R, as compared to unalloyed Mg, thereby indicating that the

magnesium charge transfer process is significantly inhibited
by the alloyed heavy rare earth elements because of the
formation of a more protective surface film which develops
an effective barrier against corrosion, in agreement with
the results obtained from open circuit potential and poten-
tiodynamic polarization measurements (Figs. 2, 3).
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Fig. 5 - Variation of polarization resistance, R, for unalloyed Mg and Mg,RE, alloys as a function of exposure time to naturally aerated
0.075M NaZBAO7 +0.05M HgBO3 solution, pH = 8.4

SEM-EDXS characterization of samples surface at the end
of each EIS experiment was carried out in order to gain
information about the composition and morphology of
corrosion products layer which plays an important role
in determining the corrosion behaviour of investigated
materials. The different solid corrosion products, formed
on their surface at the onset of dissolution, may hinder
the transportation of the corrosion medium as well as the
mass exchange of reagents.

Representative SEM micrographs of unalloyed Mg and
Mg99RE1 alloys after 24 h exposure to naturally aerated
0.075 M Na,B,0, + 0.05 M H,BO, solution are shown
in Figure 6. A corrosion products layer covers the entire
surface of all specimens.

A thin oxide/hydroxide film forms spontaneously at the
surface of Mg on exposition to ambient air [31, 32]. This
surface film is not compact and part of the Mg substrate
can be easily exposed. In an aqueous solution, the Mg
surface film is covered by a thick porous layer of Mg(OH),.
The dissolution reaction mainly occurs at the bare parts
of the Mg surface, and can be summarized [4, 33 - 35]
as follows. The corrosion of Mg converts metallic Mg to
the stable ion, Mg**, in two electrochemical steps, (2)
and (3). These anodic reactions are balanced by the ca-
thodic partial reaction (1). The uni-positive ion, Mg*, is so
reactive that it has never been detected [33]. The overall
reaction is (4).

2H,0 + 2e” — 20H" + H2
Mg — Mg* + e~
Mg* — Mg** + e~

cathodic reaction (1)
anodic reaction  (2)
anodic reaction  (3)

Mg + 2H,0 — Mg(OH), + H, overall reaction  (4)
EDXS analysis performed on the surface layer of Mg,,RE,
alloys also evidenced a significant amount of rare earth
metals (about 5 at.%) in the form of oxide/hydroxide. The
lanthanide cations formed during dissolution of alloy (re-
action (5)) react with the hydroxyl ions (reaction (1)) gi-
ving rise to an insoluble oxide/hydroxide film that precipi-
tates at the alloy surface (reactions (6) and (7)) [36, 37]:

RE — RE3* + 3e- (5)
RE3* + OH- — RE(OH), (6)
2RE(OH), — RE,0, + 3H,0 (7)
Gd,0,, Dy,0, and Er203 are insoluble in water. The so-

lubility product constants, Ksp, for Gd(OH),, Dy(OH), and
Er(OH), are 1.1 x 10722, 1.4 x 10" and 1.8 x 107%, re-
spectively, which are much smaller than that of Mg(OH),
(5.61 x 107%). Thus Gd,0,, Dy,0, or Er,0, and Gd(OH),,
Dy(OH), or Er(OH), are more likely to be retained in the
corrosion products layer than Mg(OH),, due to the lower
solubility. This results in the enrichment of Gd, Dy or Er
in the corrosion products layer. The presence of rare earth
oxide/hydroxide film may explain the differences betwe-
en the surface morphology of pure Mg (Fig. 6a), on one
hand, and that of rare earth-containing alloys, on the
other, evidenced by SEM observations (Fig. 6b-d).

Literature reports improved corrosion resistance of ma-
gnesium alloys exposed to aggressive environments
containing lanthanide ions [38]. This improvement was
attributed to the precipitation of a protective film of rare
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earth oxides/hydroxides on the cathodic sites. Hybrid si-
lica sol-gel coatings containing lanthanide ions formed
on pure magnesium and on magnesium alloys were also
tested [39, 40]. It was reported that the sol-gel film mo-
dified with rare earths behave as conversion coatings

on the metallic substrates. The anticorrosive performan-
ce of lanthanide ions entrapped in the hybrid silica sol-
gel network occurs by means of the inhibitor effect and
self-repairing mechanism (probably associated with rare
RE(OH), precipitation) [40].

Fig. 6 -Representative SEM micrographs of the corrosion products layer formed at the surface of pure Mg (a); Mg,,Gd, alloy (b); Mg-
4Dy, alloy (c); Mg,Er, alloy (d) after 24 h exposure to naturally aerated 0.075 M Na,B,0, + 0.05 M H,BO, solution, pH = 8.4
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The d.c. polarization and EIS results obtained in the pre-
sent work show significant improvement of the corrosion
behaviour of Mg,,RE, alloys in sodium borate/boric acid
buffer solution with respect to unalloyed magnesium.
This result is linked with the presence of a more stable
surface layer responsible for the higher R, and lower i
values compared to unalloyed Mg. Since the negative
electrochemical potential of the elements Gd, Dy and Er
[41], is very similar to that of the element Mg, elemental
RE does not cause micro-galvanic corrosion of the Mg
matrix. Moreover, RE dissolved in the Mg matrix increa-
ses the protective nature of the surface film as evidenced
for Mg-Y alloys [42, 43]. The incorporation of oxidized
Y in the surface film was identified as enhancing their
degradation resistance. Therefore, Gd, Dy and Er, in the
oxidized state, can incorporate in the surface layer, incre-
ase its protectiveness and thereby decrease the corrosion
progress of metallic substrate. Since rare earth oxides/
hydroxides are very insulating they may contribute to en-
hance the dielectric properties of the corrosion products
layer, thus reinforcing its barrier properties. Besides, rare
earths alloying addition to pure Mg may impart active
corrosion protection properties to the corrosion products
layer, further improving its protection ability. Additional
active corrosion protection originates from an inhibiting
action of the rare earth cations, RE3*, entrapped as oxi-
des/hydroxides in the corrosion products layer. This surfa-
ce layer hinders the mass exchange of reagents and pro-
ducts between the substrate and the corrosive medium,
thus impeding further degradation and consequently in-
creasing the corrosion resistance. Similar explanation was
also proposed in literature [40] to interpret the improved
corrosion protection of sol-gel film containing La, Ce and
Pr.
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