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a  b  s  t  r  a  c  t

Mg-Y-RE  alloy  is  potentially  useful  in  biodegradable  implants  but  the  fast  degradation  rate  in the  physio-
logical  environment  restrains  actual  applications.  In  order  to  enhance  the  corrosion  resistance,  aluminum
and  oxygen  ion  implantation  is employed  to modify  the  surface  of  the Mg-Y-RE  alloy.  X-ray  photoelectron
spectroscopy  (XPS)  is conducted  to  obtain  elemental  depth  profiles  and  determine  chemical  state  changes.
eywords:
. Biomaterials
. Surface
. Ion implantation
.  Corrosion
.  Magnesium alloys

Electrochemical  impedance  spectroscopy  and  potentiodynamic  polarization  are  employed  to  investigate
the  electrochemical  behavior  in  simulated  body  fluids  (SBF).  After polarization,  the  corroded  surface  is
further  studied  by scanning  electron  microscopy  (SEM).  The  results  indicate  Al and  O  ion implantation
produces  an  Al2O3-containing  protection  layer  which  improves  the  corrosion  resistance  of Mg-Y-RE  alloy.
After  the  surface  treatment,  localized  corrosion  becomes  the  dominant  corrosion  mechanism  instead  of
general  corrosion.
. Introduction

Magnesium as a degradable implant material provides both
ood biocompatibility and suitable mechanical properties as
bserved from earlier clinical examples as well as in vitro and

n vivo assessments [1–8]. Among the various magnesium alloys,
he Mg-Y-RE (WE43) alloy is one of the most promising candi-
ates for biomedical degradable stents [9–11]. Yttrium (Y) and rare
arth (RE) elements introduced into magnesium alloys are predom-
nantly used to strengthen the materials and improve the corrosion
esistance. In comparison with conventional stainless steels, stents
ade of WE43 possess superior antiproliferative properties and

ignificantly decreased restenosis rate [11]. However, magnesium
tents may  degrade so quickly that arteries are not supported long
nough to prevent negative remodeling [12]. Therefore, further
rotection has to be conducted to control the corrosion rate in vivo
efore WE43 can be safely applied to clinical applications [13].

Surface  modification is a viable approach to make biodegrad-
ble Mg  alloys more suitable for biomedical applications and has
ttracted growing interests [14–17]. Besides usual coating tech-

iques, ion implantation can be utilized to control the degradation
ate of magnesium and its alloys [18–22]. As a non-line-of-sight
echnique, plasma immersion ion implantation (PIII) is particularly
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suitable for magnesium alloy stents with a complex geometry
[23,24]. Since the implanted layer which can be tailored is usually
not very thick, it is possible to use ion implantation to adjust the
degradation rate of biomedical magnesium alloys in a controllable
manner, particularly in the early stage after surgery [25].

Generally, magnesium and magnesium alloys are prone to rapid
surface oxidization when they are exposed to air because of their
high chemical reactivity. Unfortunately, the oxide layer formed is
usually loose and not stable in the aqueous medium thus affect-
ing the protection ability [26]. Among the various structures, Al2O3
as a bioinert ceramic which has many clinical applications such
as total hip prostheses and dental implants offers excellent hard-
ness, high chemical stability, suitable tribological properties, as
well as desirable biocompatibility [27–32]. Therefore, in order to
improve the surface corrosion resistance, an Al2O3 layer is pro-
duced on the surface of the WE43 magnesium alloy by plasma
immersion ion implantation in this study. Owing to the mismatch
in the mechanical properties between Al2O3 and Mg  and very nega-
tive electrochemical potential of Mg  [26,33], an implanted Al layer
serves as a transition layer between the Al2O3 layer and magne-
sium substrate. The electrochemical behavior and corresponding
corrosion mechanism of the surface-treated alloy are investigated
systematically in simulated body fluids (SBF).
2. Experimental details

As-cast  WE43 plates (Mg  with 4 wt%  Y and 3 wt%  Nd;
10 mm × 10 mm × 5 mm)  were mechanically polished using up to

dx.doi.org/10.1016/j.matchemphys.2011.11.028
http://www.sciencedirect.com/science/journal/02540584
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the thickness of the Yn+-containing layer is about 150 nm.
Fig. 3 displays the chemical state changes in the Al–O implanted

WE43 magnesium alloy versus sputtering time and Fig. 4 presents
Fig. 1. High-resolution XPS spectra acquired from the WE43 magnesium alloys at

 �m diamond paste, ultrasonically washed in pure acetone and
thanol, and dried. Aluminum plasma ion implantation was carried
ut on the HEMII-80 ion implanter equipped with an aluminum
athodic arc source in the Plasma Laboratory in City University
f Hong Kong. The samples were implanted for 1 h at a terminal
cceleration voltage of 35 kV and base pressure of 1.5 × 10−3 Pa.
he Al implanted samples then underwent oxygen ion implanta-
ion in a GPI-100 ion implanter. An oxygen plasma was formed in
he chamber using an oxygen flow rate of 20 sccm. Using pulsed
oltage, pulse width, and pulsing frequency of 20 kV, 50 �s, and
00 Hz, respectively, oxygen plasma immersion ion implantation
as conducted for 3 h.

X-ray photoelectron spectroscopy (XPS) with Al K� irradia-
ion was used to determine the chemical states and elemental
epth profiles before and after ion implantation. The sputtering
ate was estimated to be about 7.6 nm min−1 based on that cal-
ulated from a SiO2 standard sputtered under similar conditions.
he binding energies were referenced to the C 1s line at 285.0 eV.
he electrochemical experiments were performed in a simulated
ody fluid (SBF) with a pH of 7.40 (ion concentrations of Na+

42.0, K+ 5.0, Mg2+ 1.5, Ca2+ 2.5, Cl− 147.8, HCO3
− 4.2, HPO4

2−

.0, and SO4
2− 0.5 mM similar to those of human blood plasma

34]) at 37 ◦C on a Zahner Zennium electrochemical workstation
sing the conventional three-electrode technique. The potential
as referred to a saturated calomel electrode (SCE) and the counter

lectrode was a platinum sheet. The specimens with a surface area
f 10 mm × 10 mm were exposed to the SBF solution at 37 ◦C. The
IS data were recorded from 100 kHz to 100 mHz  with a 10 mV
inusoidal perturbing signal at the open-circuit potential after sta-
ilization in the solution for 5 min. The polarization curves were
cquired by scanning the potential at a rate of 1 mV  s−1 from
150 mV  to 600 mV  following the EIS measurement. After the
olarization test, the surface morphology was examined by scan-
ing electron microscopy (SEM).

. Results and discussion

Fig.  1 illustrates the chemical state changes in the near surface of

he un-implanted WE43 magnesium alloy. As shown in the high-
esolution XPS spectra, the valence states of Mg  and Y gradually
hange from the oxidized to metallic ones upon sputtering. In the
eantime, the intensity of the O 1s peak declines gradually. It can
ent sputtering time with the numbers in the figures denoting the sputtering time.

thus be inferred that both Mg  and Y are oxidized in the near surface.
As reported in the literature, Mg(OH)2 and MgO  are usually formed
on the surface of magnesium alloys after exposure to air [35]. In
the WE43 alloy, Mg12YNd and Mg14YNd2 are the main precipitated
phases [36]. Hence, Mg  and the RE elements exist in many chemical
states. Since some of them have approximate binding energy, it
is difficult to ascertain their existence by XPS. Therefore, we only
describe them as metallic Mg  (Y or Al) or oxidized Mg  (Y or Al) in
this paper.

The  elemental depth profiles obtained from the un-implanted
WE43 alloy are depicted in Fig. 2. According to the chemical states
of the elements, three different regions can be delineated in the
near surface as follows: Region 1 (Mgn+), Region 2 (Mgn+, Mg0, Yn+,
Y0), and Region 3 (Mg0, Y0). The top surface layer is composed of
magnesium compounds and its thickness is estimated to be about
15 nm.  The amount of Yn+ in the top surface is relatively small and
Fig. 2. XPS depth profile of WE43 magnesium alloy.
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ig. 3. High-resolution XPS spectra of WE43 magnesium alloys at different sputter
he sputtering time.

he XPS depth profiles. Following the analysis of Fig. 1, metallic
g, Y and Al are indicated and designated as Mg0, Y0 and Al0 in

ig. 3. In Fig. 4, six different regions in the near surface can be
dentified based on the chemical shifts revealed in Fig. 3. From the
op surface to the bulk, they are: Region 1 (Mgn+, Aln+), Region 2
Mgn+, Aln+, Al0), Region 3 (Mgn+, Mg0, Yn+, Y0, Aln+, Al0), Region

 (Mg0, Y0, Aln+, Al0), Region 5 (Mg0, Y0, Al0), and Region 6 (Mg0,
0). During ion implantation, Al and O ions penetrate the native
urface oxide layer shown in Fig. 2 into the substrate. A gradient
tructure consisting of Al2O3-containing and Al-containing layers
s formed near the surface after ion implantation. The implanted Al
xhibits a Gaussian-like distribution with a peak concentration of
bout 40 at% and the Mg  concentration is sharper in the implanted
ayer. Even though the thickness of the implanted layer is similar to

hat of the native oxide, the two structures are very different. In the
mplanted layer, Aln+ exists from Regions 1 to 4 to act as a barrier
reventing metallic Mg  from oxidation.

ig. 4. XPS depth profile of WE43 magnesium alloy after Al and O plasma ion
mplantation.
e after Al and O plasma ion implantation and the numbers in the figures denoting

Fig. 5 displays the representative potentiodynamic polarization
curves of the samples acquired in SBF. Generally, the corrosion
potential and corrosion current density can be derived directly
from the region in the cathodic polarization curves by Tafel region
extrapolarization. Based on our calculation, the un-implanted sam-
ple has a fairly negative corrosion potential in SBF of about
−1.972 V. Compared to the un-implanted sample, the corrosion
potential of the implanted sample is nobler and shifts to about
−1.586 mV.  The corrosion resistance is closely related to the corro-
sion current density. The corrosion current density of the implanted
sample (4.468 × 10−5 A cm−2) is much lower than that of the
un-implanted sample (6.025 × 10−4 A cm−2), implying that degra-
dation of magnesium is indeed retarded by ion implantation.

Fig.  6 shows the SEM micrographs of the WE43 magnesium alloy
after polarization tests in SBF. General corrosion can be observed
from the surface of the un-implanted sample as manifested by

networks of cracks whereas localized corrosion is dominant on
the Al–O implanted samples. The formation of cracks on the un-
implanted samples may  be due to dehydration of the corrosion

Fig. 5. Polarization curves of WE43 and Al–O implanted WE43 in SBF.
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shown in Fig. 6. The results also reveal that the corrosion rate of the
implanted sample diminishes significantly and it can be attributed
to the formation of the Al2O3-containing oxide layer.
ig. 6. SEM micrographs of magnesium alloys after polarization test in simulated
ody fluid: (a) un-implanted WE43 alloy and (b) Al–O implanted WE43 alloy.

roducts [37]. After ion implantation, the cracks almost disappear
ith the exception of some corrosion pits. Severe corrosion usu-

lly increases the possibility of cracks. Thus, our data imply that
he corrosion resistance in SBF is improved after ion implantation.
uring attack by aggressive electrolytes, the protection offered by

he implanted layer deteriorates and so some local corrosion occurs
n the weak areas, but good corrosion is still observed from the
ndamaged regions.

Fig.  7 depicts the EIS spectra of the WE43 magnesium alloy after
mmersion in SBF for 5 min. Two capacitive arcs are shown from the
urves of the un-implanted WE43 magnesium alloy, one in the high
requency region and the other in the low frequency region. When
he sample is immersed in SBF, corrosion takes place on the entire
urface and a corroded layer forms quickly. The capacitive arcs are
sually attributed to charge transfer, film effects, as well as mass
ransfer in the corrosion product layer. After ion implantation, the
apacitive arc is evidently enlarged, indicating that the corrosion
ate of the implanted sample is significantly reduced. It is noted that
he spectral shapes before and after ion implantation are different
hereby providing clues about the different corrosion mechanisms.

ith regard to the implanted sample, the capacitive arc in the low
requency region is much smaller than that in the high frequency
egion. It may  be related to corrosion taking place on the local-
zed surface as shown in Fig. 6. The high frequency behavior in the
IS result is usually associated with electrolyte penetration includ-

ng water uptake and salt intrusion. The low-frequency region in
he EIS result contains important information about the electrode
ontrolled process together with the contribution from localized
efects to the overall impedance [38]. Considering the physical
Fig. 7. Representative EIS spectra (Nyquist plots) of WE43 magnesium alloy after
soaking in SBF for 5 min.

structure of the electrode system and its impedance response, an
equivalent circuit to model the implanted alloy/solution system
and the corresponding EIS fitting data are presented in Fig. 8 and
Table 1. Here, Cf, one of the constant phase element (CPE) compo-
nents, represents the capacitance of the corrosion product layer and
Rf is the corresponding layer resistance. Cdl, another component of
CPE, expresses the capacitance of the double layer in the vulnerable
regions. Rt is the charge transfer resistance related to the electro-
chemical reaction in the same region and Rs, which is placed in
series with other elements of the circuit, is the solution resistance
between the reference and working electrodes. Its value depends
on the conductivity of the test medium and geometry of the cell.
Rpore is the sum of the resistances of all the pores in the corrosion
product. For the Al–O implanted sample, both Rt and impedance
of Cdl increase largely after implantation. Moreover, Rpore is signif-
icantly enhanced compared to Rf before implantation. They are in
good agreement with the localized corrosion and general corrosion
Fig. 8. Equivalent circuits based on analysis of the EIS spectra acquired from the
WE43 magnesium alloy soaked in SBF for 5 min: (a) un-implanted WE43 alloy and
(b) Al–O implanted WE43 alloy.
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Table  1
Fitted EIS results of WE43 magnesium alloy in SBF.

Rs (� cm2) Y0f (S cm−2 s−n) nf Rf or RPore (� cm2) Y0d1 (S cm−2 s−n) ndl Rt (� cm2)
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Un-implanted 36.96 6.333E−5 0.7597 

Al–O  implanted 26.71 1.063E−6 0.9254 

The high degradation rates of commercial magnesium alloys in
BF primarily originate from aggressive attack by chloride ions. It
s known that MgO  can react slowly with H2O to produce Mg(OH)2.
ecause Mg(OH)2 is slightly soluble in an aqueous solution and
hloride ions can transform it into more soluble MgCl2 [38], the
rotective effect of the oxide film is compromised and further dis-
olution of magnesium is promoted. Similarly, sulfates, phosphates,
nd carbonates in the SBF can also attack magnesium, but not to
he extent of chloride ions. Unlike Mg(OH)2 and MgO, Al2O3 is rela-
ively stable in the aqueous medium and can effectively resist attack
y chloride ions. Hence, formation of the Al2O3-containing surface

ayer provides a good barrier to improve the corrosion resistance
f the WE43 alloy in chloride-containing solutions. Although the
odified layer is not very thick, significant improvement in the

orrosion resistance has already been achieved. Further optimiza-
ion of the processing parameters is expected to produce better
esults and based on this study, Al and O dual ion implantation is

 promising surface modification technique for WE43 magnesium
lloy.

. Conclusion

An Al oxide-containing surface structure is produced on Mg-Y-
E magnesium alloy using Al–O dual ion implantation. After the
urface treatment, the corrosion resistance in simulated body flu-
ds is significantly improved as indicated by polarization test and
lectrochemical impedance spectroscopy. Our study reveals that
ocalized corrosion becomes the dominant corrosion mechanism
nstead of general corrosion after surface modification.
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