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a b s t r a c t
The degradation rate is important to biodegradable magnesium materials. In this study, Zn is implanted using a
cathodic arc source into pure magnesium at an accelerating voltage of 35 kV. The nominal ion implant ﬂuence is
2.5 × 1017 ions cm−2. After Zn implantation, the degradation rate in simulated body ﬂuids is increased
signiﬁcantly. It is postulated that because Zn exists in the metallic state in the implanted layer, the galvanic effect
between the Zn rich surface region and magnesium matrix induces the observed accelerated degradation.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Commercial applications of magnesium and magnesium alloys have
been hampered by their intrinsic properties such as low mechanical
strength and poor corrosion resistance compared to other metals such
as titanium and stainless steels [1]. However, the materials degrade
naturally in the physiological environment and there has been
increasing interest in developing biodegradable Mg-based materials
for clinical applications such as orthopedics and dentistry. In fact, in
addition to its natural degradability, magnesium has another favorable
biomedical property in that its Young's modulus of about 40 GPa is
similar to that of human bone [2–4]. Clinically, the healing period after
implantation of the surgical instruments into the human body depends
on the conditions of the affected tissue. Unfortunately for raw
magnesium and its alloys, their biodegradation rate is not acceptable
and attempts have been made to control the degradation rate to suit
biomedical application [5,6]. Coatings are considered to be effective in
lowering the degradation rate of magnesium materials in the
physiological environment. For instance, Al2O3 coatings have been
proposed to reduce the corrosion rate of biodegradable magnesium
alloys [7]. However, because most ceramic coatings are chemically inert,
this approach may compromise the eventual bio-integrability between
the artiﬁcial materials and body tissues.
Some biodegradable polymers such as polyglycolide, polylactide and
polycaprolactone not only possess good biocompatibility but also
exhibit lower degradation rates than magnesium materials [8,9].
Hence, if magnesium substrates are coated with such polymeric ﬁlms,
surface degradation can be mitigated. For example, we deposited a
degradable polymer coating made of polycaprolactone (PCL) and
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dichloromethane (DCM) onto magnesium alloys and successfully
retarded the degradation rate both in vitro and in vivo [10]. On the
heels of our success, we propose a new polymer/magnesium structure
model as shown in Fig. 1 that is potentially applicable to blood vessels,
urethra, biliary tracts, intestinal canals and esophagus. In this technique,
the magnesium substrate is protected by the degradable polymer
coating in the physiological environment and effectively supports the
affected tissues during healing. After the healing period, the magnesium
substrate loses the protective layer and intrinsic degradation occurs.
Obviously, it is still necessary to develop a surface treatment protocol
that allows the suitable degradation rate in this step without causing
psychological harm and signiﬁcant impairment to the human body.
Besides coating techniques, ion implantation can be utilized to
control the degradation rate of magnesium and its alloys and both
decelerated and accelerated degradation effects have been reported
[11,12]. It should be noted that because of the limited ion energy, the
implanted layer is usually not very thick and so may not resist
corrosion as effectively as thicker ceramic coatings. Zn is one of the
vital elements and has been incorporated into biomedical materials
such as Mg–Zn alloys [13,14]. In this study, we investigate the effects
of Zn ion implantation on the biodegradation of pure magnesium in
simulated physiological conditions.
2. Experimental details
As-cast magnesium plates (99.95% pure and 10 × 10 × 5 mm3)
were mechanically polished using up to 1 μm diamond paste,
ultrasonically washed in pure ethanol, and dried prior to Zn ion
implantation. An HEMII-80 ion implanter equipped with a zinc
cathodic arc source manufactured by Plasma Technology Ltd. was
used to conduct Zn ion implantation. The base pressure in the vacuum
chamber was 1.8 × 10− 4 Pa and the implantation time was 1 h. The
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Zahner Zennium electrochemical workstation using the conventional
three-electrode technique. The potential was referred to a saturated
calomel electrode (SCE) and the counter electrode was a platinum
sheet. The specimens with a surface area of 10 × 10 mm2 were
exposed to the SBF solution and the test was carried out at 1 mV/s at
37 °C. An immersion test was further performed to evaluate the
degradation. The surface and cross-section of the specimens were
observed after immersion in SBF for 18 h at 37 °C. An MTS nanoindenter was utilized to evaluate the hardness and elastic modulus
values of the specimens.
3. Results and discussion

Fig. 1. Schematic diagram of a representative stent made of polymer-coated Mg materials.

zinc ions were accelerated by a voltage of about 35 kV and the
nominal ion implant ﬂuence was 2.5 × 1017 ions cm−2. The average
projected range determined by TRIM was about 47 nm.
X-ray photoelectron spectroscopy (XPS) with Al Kα irradiation was
used to determine the chemical states and elemental depth proﬁles
before and after ion implantation. The sputtering rate was estimated
to be about 0.034 nm s−1 based on the rate calculated from a standard
SiO2 ﬁlm sputtered under the same conditions. The binding energies
were referenced to the C 1s line at 285.0 eV. Simulated body ﬂuids
(SBF) [11] were prepared to evaluate the biodegradation of the
specimens. The electrochemical experiment was carried out on a

Fig. 2 shows the XPS results of the pure and Zn implanted
magnesium samples. It can be observed that a zinc rich layer is formed
near the surface after ion implantation. Generally, the shift in the Zn
LMM Auger peak is an indicator of chemical state changes. The peak near
992.1 eV corresponds to zinc in the metallic state whereas the peak near
988.5 eV is associated with zinc in the oxidized state [15]. Here, no
evident shift is observed during sputtering, indicating that zinc in the
implanted layer is in the metallic state. As the sputtering time increases,
the oxygen content gradually decreases and the Mg 1s peak shifts from
about 1304.5 eV to 1303.0 eV. It means that an oxide layer is formed on
the surface when the sample is exposed to air. Because MgCO3, Mg
(OH)2, and MgO are probably formed on the top surface when Mg and
Mg alloys are exposed to air [16,17], there exists a slight difference in the
O 1s peak between a sputtering time of 10 s and others.
Fig. 3(a) displays the polarization curves of the samples in SBF. The
curve obtained from the implanted magnesium sample shifts to a higher

Fig. 2. XPS depth proﬁles of (a) pure magnesium and (b) Zn implanted magnesium. High-resolution XPS spectra of (c) pure magnesium and (d) Zn implanted magnesium.
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Fig. 3. (a) Polarization curves of pure magnesium and Zn implanted magnesium in SBF. (b) Surface and cross-section pictures of the samples after immersion in SBF for 18 h. (c) Load
on sample as a function of displacement into surface. (d) Hardness and elastic modulus of pure magnesium and Zn implanted magnesium.

current density and higher potential. In this study, the corrosion
potential and corrosion current density are derived directly from the
region in the cathodic polarization curves by Tafel region extrapolation.
The corrosion potential of the implanted sample increases from
−1.998 V to −1.517 V and its corrosion current density increases
from 1.738 × 10−4 A/cm2 to 1.147 × 10−3 A/cm2. The higher the corrosion current density, the lower is the corrosion resistance and therefore,
the degradation rate of magnesium is evidently increased by ion
implantation. Fig. 3(b) illustrates the results of the immersion test. After
18 h of immersion in SBF, white degradation products are observed on
the surface of the implanted sample. Both the surface and cross-section
pictures disclose that the Zn implanted sample suffers from more severe
local corrosion than pure magnesium. According to the XPS analysis, a
thin Zn rich layer where Zn exists in the metallic state is formed near the
top surface after ion implantation and so galvanic corrosion is prone to
happen between the Zn rich region and Mg matrix in SBF. Furthermore,
as described in the literature [12,18], ion implantation introduces
defects to the surface providing short cuts to accelerate galvanic
corrosion. Fig. 3(c) shows the load–displacement curves and Fig. 3(d)
presents the hardness and elastic modulus. No signiﬁcant difference in
the hardness and modulus can be observed between the pure
magnesium and Zn implanted sample. In other words, in spite of the
difference in the corrosion resistance, Zn ion implantation does not alter
the surface mechanical properties of magnesium appreciably.
4. Conclusion
A thin Zn rich surface layer with Zn existing in the metallic state is
formed by ion implantation. The degradation rate of pure magnesium

in simulated body ﬂuids is increased after Zn ion implantation due to
the galvanic effect. In spite of the change in the corrosion
characteristics, Zn ion implantation does not affect the surface
mechanical properties of magnesium.
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