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Abstract

Magnesium, due to its biocompatibility, a necessity in metabolic processes, and better mechanical properties than polymer, is an
ideal candidate for biodegradable implants. The main actual limitation for the use of magnesium alloys is its too fast degradation
rate in the physiological environment. The corrosion behaviour of an Mg—Y—RE magnesium alloy in two different physiological
solutions (artificial plasma (AP) and simulated body fluid (SBF)) was investigated, using electrochemical impedance spectroscopy
(EIS).

The investigation showed that SBF is significantly more aggressive than AP with regard to the polished surface. A large differ-
ence in the corrosion rate and mechanisms (uniform or localized corrosion) is observed as a function of the buffer capacity of the
media, but also of the carbonate and chloride content. For temporary surface protection, the formation of an approximately 350—
400 nm dense hydroxide layer is obtained by electrochemical anodising. An increase of the corrosion resistance of the treated alloy
for both physiological solutions is obtained, and this is especially noticeable for a long immersion time in AP. 7o cite this article:
N.-C. Quach et al., C. R. Chimie 11 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Le magnésium, en raison de sa biocompatibilité, son utilité¢ dans les processus métaboliques et de ses propriétés mécaniques
meilleures que celles des polymeres, est un candidat idéal pour les implants biodégradables. Cependant, 1’utilisation des alliages
de magnésium est actuellement limitée par sa vitesse de dégradation trop importante dans les milieux physiologiques. L’utilisation
de la Spectroscopie d’Impédance Electrochimique (SIE) a permis I’étude des mécanismes de corrosion de 1’alliage Mg—Y—RE
dans le Plasma Artificiel (AP) et le simulated body fluid (SBF). Cette étude a démontré que le « SBF » est nettement plus agressif
que I’ « AP » pour des surfaces polies. Une différence importante dans la vitesse et les mécanismes de corrosion (uniforme ou
localisée) est observée en fonction de la capacité tampon du milieu, mais aussi de la concentration en carbonate et en chlorure.
Pour obtenir une protection temporaire, la formation d’une couche dense d’hydroxyde (350—400 nm) est obtenue par anodisation
électrochimique. Une augmentation de la résistance a la corrosion de 1’alliage traité a pu étre observée, amélioration particuliere-
ment notable pour les temps d’immersion important dans AP. Pour citer cet article : N.-C. Quach et al., C. R. Chimie 11 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Metallic materials including stainless steel, titanium
alloys, and cobalt-based alloys represent, due to their
high strength, ductibility, and good corrosion resistance,
an important class of materials in hard tissue
replacement, especially load-bearing implants for the re-
pair or replacement of diseased or damaged bone tissues.
However, these metallic materials are not biodegradable
in the human body and can cause long-term complication
(infection). So a second surgery may be necessary after
the tissues have healed. Thus a new domain of research
in metallic implants focuses on new biodegradable im-
plants, which dissolve in biological environment after
a certain time of functional use. Biodegradable implants
represent an appropriate solution because of cost, conve-
nience and aesthetic reasons favourable to patients. Mag-
nesium as a degradable implant material provides both
biocompatibility and suitable mechanical properties.
Mg”" is present in large amount in the human body, in-
volved in many metabolism reactions and biological
mechanisms. Previous in vivo studies have shown that
magnesium is suitable as degradable biomaterial for
use in medical implant [1,2]. Compared to current im-
plant materials, magnesium alloys have a lower elastic
modulus (about 45 GPa which is closed to that of natural
bones (10—40 GPa)) and higher yield strength, that pro-
vide to these alloys the potential for avoiding the “stress
shield”” [3—5]. Their use as a permanent metallic implant
is seriously limited because of their poor corrosion resis-
tance (10.5—210 mm per year for Mg with purity of
99.9% in 3% NaCl solution, relevant for biomedical ap-
plications) [6]. The fact that they corrode relatively fast is
a good starting point to consider them for potential appli-
cations as bioabsorbable implant, but the corrosion per-
formance still has to be improved. Additionally, studies
concerning the corrosion behaviour of magnesium in bi-
ological environment and cytotoxicity of magnesium are
lacking.

From a corrosion perspective, magnesium is one of the
most active elements and will, as well as its alloys, cor-
rode rapidly in water-containing media except in the alka-
line pH range. Furthermore, rapid production of hydrogen
gas during the corrosion process may not be tolerated by
host tissues [7,8]. As a result of the high corrosion suscep-
tibility of Mg alloys, temporary protection of the surface
is necessary when this material is used in aqueous and

saline media such as the environment of the human organ-
ism. Recently, a number of studies have been carried out
to investigate the corrosion behaviour of magnesium alloy
in artificial physiological fluids. However, most of them
were considering an Al containing Mg alloy [9—12].
Most alloying elements will dissolve into the human
body during the magnesium alloy degradation. If, for ex-
ample, the AZ91D magnesium alloy is used, the Al pres-
ent in the alloy would get into the human body, which
might be hazardous, from a health point of view.

The purpose of this study is to investigate the in vitro
corrosion behaviour in contact with different simulated
biological environments of a model Mg—Y—RE alloy
(untreated and anodised) representing the actual trend
in alloys considered for biodegradable implants. Be-
cause of the potential use of Mg alloys for different types
of implants, two types of physiological solutions were
used depending on the envisaged implant location: arti-
ficial plasma (AP) for an implant in contact with blood
and a buffered simulated body fluid (SBF K9) for the
other applications where blood is absent. Protection of
Mg alloy by using plasma—electrochemical anodising
processes has been extensively studied in the past but
mainly to obtain a very thick (in order of 10 pm) and po-
rous coating with long-term corrosion protection [13—
20]. This is typically not a protection strategy that can
be applied to the surface considered for a biodegradable
implant purpose: a biodegradable implant needs to cor-
rode at a controlled rate after a certain delay in the cor-
rosion initiation. The final objective is to modify the
composition and/or the surface of the alloy with an an-
odic layer to obtain a suitable initial stability during
the initial period where mechanical strength is required,
followed after a couple of weeks by a full degradation of
the implant. So, as a temporary corrosion protection,
a thin (hydr)oxide film has been considered in this
work using the galvanostatic anodising treatment, and
then the corrosion behaviour of this coating was docu-
mented. Characterization of the oxide film structure
and composition for optimized conditions was per-
formed by different electrochemical impedance spec-
troscopy (EIS), optical microscopy and Auger Electron
Spectroscopy (AES) measurements. The AES investiga-
tion of the surface composition has evidenced the differ-
ent oxidation state. In order to take in account this fact,
the term of (hydr)oxide is used in this paper, indicating
the possible presence of both structure.
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2. Experimental

Test specimens were prepared from an Mg—Y—RE
alloy. Its composition in weight is the following: 3.9%
yttrium, 2.1% neodymium, 0.51% zirconium, and other
elements in trace amount. The samples were polished
using abrasive paper up to grit 4000 with ethanol as lu-
bricant and then polished with diamond paste (particle
size < 0.25 pm). Fig. 1 shows the SEM image of the
complex microstructure of the alloy.

For the corrosion investigation, two types of
physiological solutions were used. Artificial plasma
(composition according to ISO 10993-15) [21] and
simulated body fluid (SBF K9) [4] were both prepared
by dissolving the analytical grade reagents in deionised
water. The ion concentrations of SBF K9 and AP are listed
in Table 1. Two main differences need to be mentioned.
First of all, the SBF K9 contains buffer agent (Tris—
(CH,0H);CNH,) that induces good pH stabilization for
SBF KO contrary to the AP media. Secondly, AP is about
six times more concentrated in carbonate than in SBF, and
the carbonate is well known as a good corrosion inhibitor
in certain conditions for Mg alloys [22].

2.1. Anodising

The anodising bath solution was 0.1M
NaOH + 0.05M Naz;PO,. Potassium phosphate is
a commonly used chemical in anodising solutions for
magnesium alloys [16—19]. It has to be mentioned
that in pure NaOH solutions, high voltage anodising

is very difficult. This is due to the fact that in high
pH solution, the thin Mg hydroxide layer is
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Fig. 1. SEM image of the freshly polished Mg—Y—RE alloy surface
(Scale in microns).

Table 1
Ton concentrations (mM) in artificial plasma (AP) and simulated body
fluid (SBF) K9

Artificial plasma SBF K9
Na™ 144.5 142.0
K* 5.4 5.0
Mg>* 0.8 15
Ca*t 1.8 25
cI- 125.3 148.8
(HCO3)™ 26.2 42
(HPO,)*~ 3.0 1.0
Neorm 0.8 0.5

semiconducting, so it is necessary to add ions like
phosphate in the anodising bath, in order for them to
integrate in the Mg hydroxide, preventing water disso-
ciation [23,24]. Phosphate ions are essential in order to
get an insulating surface oxide at the beginning of the
anodising. Surface film modification such as phosphate
integration in the Mg hydroxide can also help to reduce
the subsequent uncontrolled growth of the surface
oxide in neutral electrolytes. Anodising was performed
using a galvanostatically controlled anodising current
provided by a KEITHLEY 2400 power supply system
with the current/voltage source whose maximum cur-
rent and voltage can be preset. The specimen was the
anode and a platinum electrode was used as a cathode.
The anodising current density was 15 mA/cm?” applied
for 5 min, with a maximum voltage limit set to 200 V
(limitation of the potentiostat is 250 V).

2.2. Electrochemical impedance spectroscopy (EIS)

In order to identify and investigate the
electrochemical reaction mechanisms (uniform versus
localized corrosion susceptibility), the electrochemical
behaviour of untreated and treated samples (anodised)
was examined by electrochemical impedance spectros-
copy (EIS). An Autolab PGSTAT 30 system from Eco
Chemie B.V. (Utrecht, the Netherlands) was used and
both artificial plasma and simulated body fluid have
been tested as electrolytes. The EIS spectra were mea-
sured at 37 £ 2 °C. The measured area was lcmz,
smaller than the anodised region (diameter 2.6 cm).
The AC potential amplitude applied for EIS measure-
ment was 10 mV and the frequency was varied from
100 kHz to 10 mHz. The electrochemical cell con-
sisted of a classical three-electrode cell. A saturated
calomel electrode (SCE) was used as a reference
electrode and a Pt counter electrode.

For every EIS measurements, the whole frequency
spectra from 100 kHz down to 10 mHz are recorded.
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Afterwards, often the value at 10 mHz is used to
characterize the charge transfer resistance related to
uniform processes. It is clearly an approximation be-
cause, depending on the measured value that is ranging
from 10 to 250 kQ/cm?, this impedance corresponds to
different processes. However, it is a good indication of
how good the surface protection is as a function of the
used electrolytes and conditions.

2.3. Surface characterization by Auger electron
spectroscopy (AES)

Characterization of the surface oxide formed and its
influence on the stability in aqueous media is a key as-
pect of the study. A PHI/Perkin Elmer 4300 system
equipped with an LaBg filament was used for scanning
electron microscopy, surface analysis and sputter depth
profiling measurements. The in-depth elemental com-
position of the oxide formed on the magnesium alloys
was obtained by combining Auger electron spectros-
copy (AES) with controlled sputtering of the sample
surface using a 4 keV argon ion beam. The sputtered
area was 2 X 2mm and after each data acquisition
cycle, the sputter duration was 1 min. The sputtering
rate was around 20 nm/min, as determined by
calibration using a 100 nm SiO,/Si reference sample.
Quantitative analysis was based on standard atomic
sensitivity factors obtained from PHI reference
handbook [15].

3. Results and discussion
3.1. Alloy degradation

3.1.1. Electrochemical analysis

The first aspect of the study was to monitor the
corrosion reaction rates as a function of time in simu-
lated body fluids and get a first picture of the uniform
versus localized corrosion attack. The electrochemical
impedance spectroscopy (EIS) measurements with its
frequency depending information allow distinguishing
between different corrosion reactions and to assess
the protecting ability of surface. The EIS measure-
ments are performed in the different body fluids
mentioned in Section 2. The denomination untreated
samples refer to freshly polished surfaces before the
measurement.

Fig. 2 shows the Bode representation of an
impedance measurement performed on a polished
Mg—Y—RE alloy after immediate immersion in AP.
Depending on the frequency domain considered, the
Z modulus (later called impedance) and the phase shift
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Fig. 2. Bode representation of the modulus and phase shift for a bare
surface after immediate immersion in AP.

curves give information concerning the type of electro-
chemical processes occurring during the immersion. In
the high frequency domain (around 100 kHz), there
should not be a capacitive charging of the electrochem-
ical double layer and the system resistance can be de-
fined as the solution resistance R only. In the low
frequency domain (<1 Hz in our case) the system re-
sistance depends mostly on the polarisation resistance
of the oxidized surface and is related to corrosion resis-
tance. The (hydr)oxide film formed during the immer-
sion can act as a more or less efficient electric barrier
for the charge transfer depending on its homogeneity
and stability. The higher the charge transfer resistance
of the formed surface film is, the higher would be the
uniform corrosion resistance of this (hydr)oxide layer,
and accordingly the higher would be the impedance
value measured at low frequency. It has to be
mentioned at this point that because of the complexity
of the surface processes with competing uniform and
localized corrosion processes as well as oxide film
formation on an alloy with heterogeneous microstruc-
ture, it is not possible and reasonable to formulate
equivalent circuit models for the impedance
measurements.

In order to study the uniform corrosion resistance of
the alloy in the different body fluids, attention was
turned to the impedance results in the low frequency
domain. The impedance values for the Z modulus (ob-
tained at f=0.01 Hz) measured in AP and SBF K9 at
open circuit potential increase as a function of immer-
sion time during the first 24 h. In these experimental
conditions considered (pH, buffer ability...), the initial
air-formed (hydr)oxide layer is not expected to be
protective.

Large differences between the impedance values for
each solution are obtained. Concerning the immersion
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in SBF K9, even if an increase of the impedance value
is observed at longer immersion time (Fig. 3), imped-
ance range values are 20—30 times lower than that
for AP immersion. This discrepancy represents a prob-
lem for an accurate implant life prediction which is
necessary when a specific application is envisaged.
AP solution is significantly less aggressive than SBF
solution for the untreated surface shown by the charge
transfer through the surface being more hindered than
in SBF. Degradation is critically dependant on the sur-
face pH and the buffering ability of the media. The
buffering ability of SBF induces a low corrosion resis-
tance: the increase in pH at the electrode surface is not
high enough to reach a value where thermodynamics
predicts the formation of a stable and protecting Mg
oxide or hydroxide layer.

Concerning the immersion in AP, the high
impedance values found after few hours of immersion
indicated that the surface film becomes increasingly
resistant and insulating as a function of immersion
time. Afterwards, the corrosion resistance slightly de-
creases after 4 h of immersion and seems to stabilize.
The result of this (hydr)oxide film stabilization is
the initiation of localized corrosion attack and forma-
tion of pits at defects in the surface film. Fig. 4 shows
deep localized attacks (pits) visible after 24 h of AP
immersion and with a size estimated at 50—100 um,
investigated using optical microscopy observations.
There are no corrosion products present in these pits,
so that the defect is completely open to the attacks.
The presence of this defect is detrimental to the global
corrosion resistance and especially to mechanical
failure of the implants.

The pH of the environment that is in contact with
the (hydr)oxide film surface is one of the most

5x10° T T T T T

ax10* | E

3x10* | E
% AP

2x10* | E
1x10* E
1.0x10° F 3
5.0x10° | E
0.0
0 5 10 15 20 25
Immersion time [h]

Impedance [Q.cm 2]

Fig. 3. Impedance values measured at f=0.01 Hz of a bare surface
Mg—Y—RE alloy as a function of immersion time in AP compared to
SBE.

Fig. 4. Optical micrograph of corroded surface after 24 h immersion
in AP at 37 °C for a polished sample of Mg—Y—RE alloy.

important parameters concerning the corrosion of
magnesium. In a previous publication [23], it was
shown that the Mg and Mg alloy corrode relatively
quickly in aggressive electrolytes (for example, chlo-
ride solutions) as long as the pH of the surface does
not reach a value high enough. The pH 12 provides
a good protection with the formation of a passive
oxide. Due to the low electrochemical potential of
the surface, the anodic Mg dissolution is accompanied
by a very high rate of cathodic hydrogen evolution
guaranteeing the charge balance of the corrosion
process. As a result of this H" consumption, the pH
at the surface rises quickly inducing a spontaneous
improvement of the corrosion resistance.

Fig. 5 shows the pH increase measured in small
amount (5 ml/1 cm?) in AP, SBF K9 and DI water dur-
ing alloy corrosion. The measurements are performed
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Fig. 5. pH evolution as a function of immersion time of Mg—Y—RE
alloy surface in AP, SBF and distilled water measured at 37 °C.
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with a micro-pH sensor positioned 1 mm above the
surface (needle tip micro-pH electrode by Thermo
Orion). In contact with distilled water, the pH at the
surface increases very quickly up to a value of around
9.5—10. In this range of surface pH, the chemical equi-
librium exists for this solution volume. The alkaliniza-
tion of the surface in the DI water occurs also in the
absence of aggressive ions because of the thermody-
namic instability of Mg resulting in uniform dissolu-
tion. It had been evidenced that the rate of pH
increase depends obviously on the solution volume to
exposed area ratio [25].

In contact with the AP, the pH value measured at the
surface increases quickly during the first few minutes
of immersion but reaches a slightly lower pH value
limit than for distilled water immersion. Some buffer-
ing ability of carbonates can explain this trend. When
the surface is in contact with SBF K9, important pH
transients are visible induced by the competition be-
tween the important H" consumption during localized
attack which increases the pH and the buffering ability
of the solution. The pH of the buffered SBF is 7.4, but
after these severe corrosion attacks, it can clearly not
be maintained over longer period of time.

3.1.2. Influence of the carbonate amount and the
buffering ability on the corrosion rate
of the Mg—Y—RE alloy

The difference in corrosion behaviour between
immersion in AP and SBF K9 might also be related
to the difference of the ionic species content of these
solutions (Table 1). One main difference is the amount
of carbonate which is six times less concentrated in
SBF. In order to study the influence of the carbonate
ions on the corrosion mechanisms, two kinds of AP
solutions referred as AP and AP low (HCO3') were pre-
pared. In the “usual” AP solution, the carbonate ion
concentration is very similar to that of human plasma.
The amount of carbonate ions in the AP low (HCO3)
solution is adjusted to be the same concentration than
the one present in the SBF K9 (e.g. Table 1). The sec-
ond difference is the buffering ability of SBF K9. This
means that the composition of SBF K9 without buffer
agent corresponds to AP low (HCO3). Fig. 6(a) dis-
plays impedance spectra showing the influence of the
buffering ability of the media directly after immersion
of the alloy surface in SBF K9 and SBF K9 without
buffer agent. As described before, the impedance be-
haviour of the alloy at low frequency may be related
to the uniform corrosion resistance of the surface
(hydr)oxide film. A large difference in the corrosion
rate is observed as a function of the buffering capacity
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Immersion time [h]

Fig. 6. (a) Bode representation of the impedance modulus diagram
of an untreated surface after immediate immersion in SBF K9 and
SBF K9 without buffer agent at 37 °C. (b) Impedance evolution as
a function of immersion time of the alloy in SBF K9, SBF K9 with-
out buffer agent and AP.

of the media. Although a good buffering ability de-
creases strongly the uniform corrosion resistance of
the alloy, when the pH slightly increases, susceptibility
to localized corrosion is also immediately higher. This
is visible in Fig. 6(a) by the fast reaction present in the
high frequency domain (10*—10° Hz) of the spectrum
for the immersion in SBF without buffer agent. An ad-
ditional phase shift peak as well as a shoulder in the
impedance graph is a clear indication of a fast electro-
chemical process which is the case of localized attack.
In order to model the localized breakdown in an oxide
layer due to corrosive attack, previous publications
have developed different pitting models for the case
of Al alloys [26—31]. Different authors had evidenced
that the phase angle is a very sensitive indicator of the
localized corrosion. In these models, artificial pitting
was generated on the coating. When pits had grown
to a certain size, a new time constant appeared at
higher frequency [28]. In an another active pit model,
it had been shown that even a small amount of pitting
lead to a pronounced change of the spectra in the high
frequency region [26,30].
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Fig. 6(b) shows the low frequency impedance
evolution as a function of immersion time in SBF
K9, SBF K9 without buffer agent and AP for the
Mg—Y—RE alloy. The high amount of carbonate in
AP seems to speed up the initial surface protection
and induces a faster stabilization of the surface in the
first 4 h of immersion. But after few hours of immer-
sion in AP, the dissolution rate of the alloy decreases
and the impedance values measured during immersion
in SBF without buffer agent are very similar to the one
measured during immersion in AP low (HCO3). In
summary, it can be stated that no long-term protecting
effect is observed for high amount of bicarbonate that
could be related to the presence of a continuous pro-
tecting MgCO; layer. A positive effect of carbonate
in reducing the corrosion rates is only observed in
the early stage of the corrosion process.

3.1.3. Corrosion behaviour of magnesium sample in
AP and AP without CI~

The formulation of the corrosion mechanisms of
Mg—Y—RE alloys in body fluids is complicated
because of the presence of a large number of species
in the solution. Moreover, we are not in the presence
of the direct active dissolution of the alloy because in
this case there would not be an increase of the imped-
ance values as a function of immersion time. The direct
passivation of the alloy with formation of a protecting
oxide layer is not possible in this pH range as well.
Usually, a critical parameter influencing the corrosion
resistance is the amount of chloride ions in the
solution. Chloride ions are aggressive for the magne-
sium alloy not from a passivation breakdown perspec-
tive, but because the absorption of chloride ions on the
oxide films of the magnesium surface transforms
Mg(OH), to easily soluble MgCl, [32]. In the buffered
chloride solution, the corrosion rates of magnesium al-
loys are determined by the pH and the chloride ion
concentration [33]. In fact, in physiological solution,
some corrosion products are present at the interface,
and the stability of these corrosion products in solution
can be increased by the integration of different anions
like C1™ or HCOj3'. The situation is totally different for
passive systems where the chloride ions are part of the
most detrimental elements for the corrosion resistance.

AP solutions with and without chloride ions were
used to investigate the influence of this ionic species
on the corrosion of untreated samples. In the chloride
free AP solution, all the chemicals containing chloride
ions have been removed, inducing also small changes
in cationic species concentration. Since the amount
of ions present in solution is less important, the

solution resistance will also be higher. The Bode plot
of impedance modulus diagrams measured at 37 °C
in AP and AP without CI™ directly after immersion
and after 24 h of immersion is given in Fig. 7(a) and
(b), respectively. After immediate immersion, the resis-
tance in the low frequency domain associated to the
film formation (corrosion product layer) obtained for
AP is five times higher than the one observed in AP
without C1™. For low impedance values, subtraction
of the solution resistance (Rs value measured at high
frequency) is necessary. The difference in corrosion
rate (which is evaluated by the difference Rp — Rg) is
then even more evident. AP without CI™ shows higher
corrosion rate than conventional AP for the Mg—Y—
RE alloy. This indicates that the presence of chloride
in the solution has a beneficial effect on the overall
surface stability inducing better corrosion product
stability. This observation clearly demonstrates that it
is not possible to think in terms of oxide breakdown
in this type of corrosion processes. Then, after a longer
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Fig. 7. Bode plot of the impedance modulus diagram of an untreated
surface after (a) immediate and (b) 24 h immersion in AP and AP
without (CI7) at 37 °C.
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immersion time, a fast electrochemical reaction is
observed in the high frequency domain of the spectrum
in Fig. 7(b) for the alloy immersion in chloride con-
taining AP. The negative effect of chloride is now vis-
ible in terms of the initiation of a fast localized attack
as soon as the surface stability is increasing (visible as
well in Fig. 3).

In summary, the stability of the corrosion products
in body fluids depends also on the ions present in the
solution and their integration in the corrosion products.
This observation is typical for hindered active corro-
sion processes with the formation of stable reaction
products on the surface and localized corrosion suscep-
tibility in the case of metals like Cu, Zn or Ni. In the
case of these metals, the corrosion susceptibility is
influenced by the ion diffusions and the solubility of
dissolution products in solution. Chloride alone in the
solution will not stabilize the corrosion product layer
[32], but in combination with bicarbonate and/or phos-
phate, it has a beneficial effect for uniform corrosion
protection of Mg surfaces.

3.2. Protection by anodic surface oxides

3.2.1. Galvanostatic electrochemical anodising

To obtain an initial delay in the corrosion processes,
a temporary protecting surface layer is necessary on
the implant surface. An initial corrosion rate in physi-
ological solution still too fast has been mentioned pre-
viously. Electrochemical anodising in high pH solution
is one of the ways to grow ‘“‘thick” oxides and has been
envisaged for the initial protection of the alloy surface.
Fig. 8 shows a typical potential evolution curve during
galvanostatic anodising of Mg—Y—RE alloy in pH 13,
0.05 M NazPO, solution. For an applied current den-
sity of 20 mA/cm? in the galvanostatic mode, the
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Fig. 8. Potential evolution during galvanostatic anodising of an Mg—
Y—RE alloy in pH 13 phosphate solution.

potential increases very quickly to reach the 200 V
value that represents the limit set to the Keithley cur-
rent source. This behaviour for the potential evolution
indicates the formation of a dense protecting oxide
layer. As indicated previously, phosphate ions are nec-
essary to suppress the semiconducting nature of the Mg
hydroxide and to produce a stable surface layer where
no water dissociation reaction can occur. This mode of
anodising allows controlling accurately the film thick-
ness which is around 350—400 nm in this case. When
the limiting voltage of 200 V in our case is reached,
then the current drops automatically because the film
formation also stops.

3.2.2. Characterization of the (hydr)oxide surface
From the potential evolution during anodising, it
can be assumed that a “thick’ and dense oxide is pro-
duced. Auger electron spectroscopy (AES) was used to
obtain additional information on surface composition
and, together with sputter depth profiling, on the in-
depth composition and thickness of the (hydr)oxide
layer grown by the anodising process. A depth profile
was performed on a sample previously anodised for
5 min (potential reached 200 V) at 20 mA/cm? current
density, and is presented in Fig. 9(a). It is possible to
use the O KLL transition to characterize the oxidation
process. The thickness of the hydroxide film was deter-
mined from the depth corresponding to the half-maxi-
mum of the O KLL intensity. This profile shows that
the (hydr)oxide film on an as anodised sample was rel-
atively thick, and estimated from the sputtering time
(removal rate of 20 nm/min) to be approximately
350—400 nm for the (hydr)-oxide layer. Focused ion
beam sectioning confirmed the thickness determined
by AES [26]. The (hydr)oxide contains mainly
magnesium and oxygen. At the (hydr)oxide metal in-
terface, a slight yttrium enrichment is observed which
maybe related to the faster oxidation of Mg. In the sub-
strate, only magnesium is detected; this observation is
expected due to the very small amount of yttrium (4%)
present in the alloy and mainly present in the interme-
tallic phases. A further observation when considering
in detail the Mg and O spectra as a function of depth
is that the anodised (hydr)oxide can be divided into
two sublayers: a very thin surface layer and a much
thicker inner layer. Fig. 9(b) shows the AES spectra
measured at different depths. The spectra show a clear
shift between the two different oxidized species of Mg
in the (hydr)oxide layer. A peak is visible at an energy
of 1178 eV for the outer layer and 1170 eV for the in-
ner layer. A comparable shift is observed for the O
peaks. The kinetic energy of the oxidized species of
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Fig. 9. (a) AES composition depth profiles of Mg—Y—RE alloy after
the galvanostatic polarization. (b) AES spectra (magnesium, oxygen)
as a function of sputtered depth in the oxide and alloy substrate.

Mg and oxygen for the different magnesium oxide and
hydroxide is referenced in Table 2, and allows us to
also have some additional information on the type of
oxide structure formed in the anodic layer consisting
mainly of Mg(OH), with a native and thin outer layer
of MgO. A more detailed analysis of the surface (hydr-
Joxide formed on Mg alloys including comparison of
AES and XPS data can be found in detail in an another
study [34].

3.2.3. Surface film corrosion resistance during im-
mersion in AP and SBF

Even in the presence of a 400 nm thick and
homogeneous hydroxide, localized “filiform like”” cor-
rosion occurs during the immersion in AP solution, as
can be observed in Fig. 10(a). This type of corrosion
attack seems to be the result of a combination of the
better corrosion resistance obtained but with poor me-
chanical properties of the hydroxide film. It is not the

Table 2

Specific kinetic energy of Mg and O peaks for Mg(OH), and MgO
E (eV) Mg 0
Mg(OH), 1170—-1172 502—-504
MgO 1176—1178 508—510

classical undermining of an organic coating, but an
open to solution attack which then propagates laterally
like the classical filiform attack. A similar type of
“filiform” corrosive attack under a hydroxide film
has already been evidenced on pure Mg immersed in
NaCl solutions containing dichromate [35]. The first
step of the corrosion propagation is a local breakdown
of the (hydr)oxide which induces an easier solution ac-
cess to the filament head, and then allows further lat-
eral propagation of the corrosion. Although in-depth
growth of this type of attack is slow because of the
local alkalizing occurring, it can be very detrimental
to the protection of the surface, because considerable
damage is produced, followed by new attacks so that
the final result is a uniformly corroded surface. It is
necessary to modify the anodising bath by adding car-
bonate in the solution to obtain a coating that will not

Fig. 10. Optical micrograph of the attack immersed in AP at 37 °C
for anodised (hydr)oxide: (a) phosphate anodising; (b) mixed phos-
phate—carbonate anodising.
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break open after the corrosion initiation as it is shown
in Fig. 10(b). In this second case, corrosion attack does
not propagate laterally after initiation. This difference
in the filiform propagation is probably due to the pres-
ence of a mechanically stronger film combined with
high pH conditions which hindered the propagation
of the attack under the anodised layer.

The low frequency values (f=0.01 Hz) of the
impedance obtained after different immersion times
in AP at 37°C for an untreated and an anodised
surface are shown in Fig. 11. It is clear that the oxi-
hydroxide has better corrosion resistance properties,
evidenced by the increasing impedance value obtained
as a function of immersion time in AP. But, as shown
before in Fig. 10(a), a local ““filiform corrosion” attack
is observed for this phosphate coating after 24 h of
immersion. Localized corrosion can be detrimental
on the long term for the general corrosion resistance
properties. The high impedance values measured dur-
ing immersion do not always reflect correctly this
fact especially if the size and amount of the localized
attack stay small. The homogeneity of the dissolution
is a very important point when optimized biodegrad-
able surfaces have to be developed. EIS curves of the
anodised (hydr)oxide after immediate immersion and
24h of immersion are shown in Fig. 12. After
immediate immersion of the anodised sample, only
one time constant (one peak in the phase shift curve)
is observed. But after few hours of immersion in AP,
a second peak in the phase shift curves appears corre-
sponding to a fast localized reaction visible in the high
frequency domain of the spectrum. From this time, two
distinct electrochemical processes are proceeding on
the surface, whereas only one process is detected at
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Fig. 11. Impedance values obtained at f=0.01 Hz for an anodised
and an untreated Mg—Y—RE surface as a function of immersion
time in AP at 37 °C.
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Fig. 12. Impedance (square) and phase shift (triangle) curves of ano-
dised layer after immediate and 24 h immersion in AP at 37 °C.

the beginning of the immersion. The second peak
corresponds to the deep localized attacked corrosion
observed in Fig. 10(a). An important comment related
to data interpretation in the case of uniform and local-
ized corrosion occurring simultaneously and in parallel
is that the impedance modulus at low frequency is
a convolution of the impedance of the two processes.
In the processes presented in this paper, the impedance
value measured at low frequency is the sum of the
contribution of the uniform corrosion resistance im-
provement of the (hydr)oxide and the localized corro-
sion attacks which decrease the impedance values.
This behaviour is typical for a defective oxide or coat-
ing [36] where the intrinsic corrosion resistance of the
oxide is always higher, but the lower impedance value
measured is due to the additional contribution of the
defect of the oxide or coating. To assess intrinsic cor-
rosion resistance of the anodised layer that is certainly
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Fig. 13. Impedance values obtained at f=0.01 Hz for a phosphate
anodised surface as a function of immersion time in AP and AP
with low [HCO;3] at 37 °C.
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Fig. 14. Schematic description of corrosion process on anodised oxides: (a) at short immersion times; (b) at longer immersion times.

exceeding the MQ/cm? range in this case, it would be
necessary to either perform local impedance spectros-
copy measurements or to characterize very precisely
the effective surface of the localized attack. These
characterizations are certainly a next step in the current
investigation, but not a high priority in this first phase
of development of protecting oxide.

3.24. Influence on the corrosion processes of the
carbonate content of the physiology solutions

The low frequency (f=0.01 Hz) impedance values
obtained after different immersion times in AP and AP
low (HCO3) at 37 °C for an anodised surface are
shown in Fig. 13. It is clear that the HCO3 ion content
in the solution plays an important role in the uniform
corrosion resistance of the surface. As described previ-
ously for an untreated surface, the presence of a high
amount of carbonate ions allows one to decrease the
initial dissolution rate, but do not induce the formation
of a protecting (hydr)oxide (Fig. 6). The beneficial
protecting effect of the carbonate ions is here more vis-
ible in the case of localised corrosion attack of an al-
ready formed anodised oxide. In the presence of low
amount of carbonate in AP, the corrosion resistance
of an anodised oxide is not better than that of an un-
treated sample, because localized attack can initiate
and proceed at a very high dissolution rate. When
higher amounts of carbonate ions are present, they
react locally to slow down the corrosion processes,
as observed in Fig. 6 on the untreated surfaces. The
most obvious interpretation is that the high carbonate
amount produces more stable corrosion products into
the pits as is shown in Fig. 14. In the case of already
anodised surfaces, this effect is combined with the al-
ready existing protecting oxi-hydroxide. When only
part of the surface needs to be protected by the carbon-
ate, the fact that a uniform protection could not be ob-
tained for the untreated surface is less a problem on
anodised surfaces.

4. Conclusions

The investigations presented in this paper allow the
description of the concept of the positive use of corro-
sion processes to obtain tailored biodegradable
metallic implants. The electrochemical data are only
treated qualitatively because it is first necessary to
identify the corrosion mechanism of this very complex
degradation process with temporary surface protection.
Some of the key issues related to the dissolution of this
type of metallic implants are discussed and can be
summarized in the following way:

- A main problem related to the use of Mg alloys in
physiological solution is the very large difference
in the corrosion rate (a factor of 20—30) and mech-
anisms obtained between AP and SBF used for in
vitro characterization experiments.

The exact prediction of the implant life is relatively
difficult and the correlation with in vivo results is
still investigated. The media used in this study
should simulate the different environments that
an implant can be in contact with different medical
application fields. Artificial plasma (AP) is related
to blood contact and simulated body fluids (SBF),
for implants where blood contact is less probable.
- A better uniform corrosion is furthermore often
related to higher localized corrosion susceptibility.
This can be monitored and investigated by electro-
chemical impedance spectroscopy (EIS). The Bode
plot representation allows identifying the presence
of the high frequency electrochemical process only
present in the case of fast localized attack and the
slower uniform dissolution processes measured at
low frequency.

A second aspect related to biodegradable implants
is clearly to avoid corrosion in a first period in
order to guarantee the mechanical integrity and
the functionality of the implants. This is difficult
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to achieve with a bare alloy surface and
electrochemical anodising has been used to grow
an approximately 350—400 nm phosphate—
carbonate containing Mg hydroxide.

An initial corrosion protection is obtained, but
localized attack cannot be hindered. The suscepti-
bility and type of attack are, however, strongly re-
duced with the phosphate/carbonate combination
in the high pH anodising bath compared to the
use of pure phosphate. On the long term, localized
attacks are necessary in order to have degradation
of the implants!
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