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Hafnium (Hf) ion implantation is conducted to improve the corrosion resistance and biocompatibility of WE43
magnesium alloy. The surface composition, corrosion behavior, as well as in vitro cell adhesion and cytotoxicity
are evaluated. The implanted layer consists of mainly Hf and Mg oxide and Hf ion implantation retards the
deterioration of the WE43 magnesium alloy in simulated body fluids. The Hf-implanted WE43 magnesium
alloy also shows good cell attachment and negligible cytotoxicity.
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1. Introduction

Magnesium and its alloys have aroused much attention due to their
promising application to temporary biomedical implants including
orthopedic implants [1,2] and cardiovascular stents [3,4]. The WE43
magnesium alloy is one of the attractive biomedical rare-earth magne-
sium alloys without potentially toxic aluminum [5,6] and addition of
small quantities of Nd and Y has been observed to improve themechan-
ical properties and corrosion resistance of magnesium alloys [7,8].
Owing to the natural biodegradability of magnesium-based alloys
under physiological conditions, a follow-up surgery to remove the
implant can be avoided after tissue healing [9]. The ideal biodegradable
candidate should allow sufficient time for the tissues to heal or grow
before losing the mechanical integrity in the dissolution process and
simultaneously be biocompatible with the human body. Unfortunately,
degradation of magnesium-based alloys in the aggressive physiological
environment is quite fast and sometimes unpredictable often leading to
premature mechanical failure of the implant before the tissues have
time to heal [10]. Fast degradation of Mg and Mg alloys also results in
excessive hydrogen evolution, released metal ions, localized alkaline
pH condition, and corrosion product formation [11], which may affect
recovery of the surrounding tissues and must be controlled. Conse-
quently, it is crucial to improve the corrosion resistance of magnesium
alloys and minimize adversary biological reactions in order that the
materials can be used clinically.

Surface treatment is a practical and economical strategy to enhance
the corrosion resistance and biocompatibility of magnesium-based
alloys [12,13] and in particular, ion implantation has several advantages
such as no change of the geometric dimensions of the treated speci-
mens, no layer delamination, and precise control of the ion fluence.
Hence, ion implantation has been widely implemented to improve the
surface properties of materials [14–17]. In biomedical applications,
biosafety is also very important and so the choice of the implanted ele-
ment is limited to those that can improve the corrosion resistance and
do not compromise the biological properties. In this respect, hafnium
(Hf) belongs to the same chemical group as titanium and zirconium in
the periodic table and is expected to provide good corrosion resistance
and biocompatibility [18,19]. Hf-based material have been shown to
have good anticorrosion properties due to the formation of HfO2 [20,
21] and new Ti alloys containing non-toxic Hf have been developed
for biomedical applications [22–24]. However, there have been few
studies pertaining to the use of Hf ion implantation to improve the
surface properties of magnesium alloys. In this work, Hf is implanted
into the WE43 Mg alloy to simultaneously improve the corrosion resis-
tance and biocompatibility.

2. Experimental details

The 10mm×10mm×2mmspecimenswere prepared from the as-
cast WE43 magnesium alloy. Prior to ion implantation, the samples
were ground successively with 400–1200 grit SiC abrasive papers,
ultrasonically rinsed in ethanol for 15 min, and dried in air. Hf ion
implantation was conducted on a metal ion implanter equipped with
a Hf cathodic arc source (HEMII-80, Plasma Technology Ltd., Hong
Kong SAR) for 3 h at an accelerating voltage of 30 kV and base pressure
of 4.0 × 10−4 Pa. The ion current was 5 mA and ion fluence was
8 × 1017 cm−2. X-ray photoelectron spectroscopy (XPS, PHI 5802,
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Fig. 2. Polarization curves of WE43 and HWE43 in SBF.
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Physical Electronics, Inc., USA equipped with an Al Kα source) was
performed to determine the elemental depth profiles and chemical
states of the HWE sample. The sputtering rate was estimated to be
8.0 nm/min based on a SiO2 reference.

The electrochemical experiments were performed in the simulated
body fluid (SBF) at 37 °C on an electrochemical workstation (Zennium,
Zahner, Germany) equipped with a three-electrode cell. All the poten-
tials were referred to SCE if not specified otherwise. The SBF solution
was prepared using reagent grade chemicals according to the method
described by Kokubo [25]. 1 cm2 of the sample surface was exposed to
the solution during the electrochemical measurements. Prior to
conducting electrochemical impedance spectroscopy (EIS), the samples
were immersed in the solution for 5min. EISwas conducted at the open
circuit potential (OCP) from 100 kHz to 100 mHz and potentiodynamic
polarizationwas subsequently carried out at a scanning rate of 1mVs−1

from −350 mV and 450 mV with respect to the OCP.
To further investigate corrosion on the untreated and implanted

WE43, the specimens with an exposed area of 1 cm2 were also im-
mersed in 20 mL of SBF at 37 °C for 1 day. After rinsing with deionized
water and drying in air, the surfacemorphology and composition before
and after immersionwere determined by scanning electronmicroscopy
(SEM, JSM-820, JEOL Ltd., Japan) equippedwith energy dispersive X-ray
spectroscopy (EDS, INCAx-sight, Oxford Instruments, UK). The mor-
phology of the cross-sections after immersion was also examined by
SEM and EDS. The biological assessment including direct cell adhesion
and indirect cytotoxicity evaluation was performed according to the
methods described in our previous paper [26].

3. Results and discussion

Fig. 1 shows thatHf ion implantation produces a surface layermainly
composed of Hf and Mg oxide in addition to a small amount of metallic
Hf [27–29]. The oxide layer is expected to protect the substrate from
corrosive attack. The polarization curves acquired from WE43 and Hf-
implantedWE43 (HWE43) in SBF are shown in Fig. 2 and the corrosion
current density (Icorr) is determined by Tafel extrapolation of the ca-
thodic polarization curve. HWE43 exhibits much smaller Icorr (40.0 ±
1.2 μA cm−2) than WE43 (625.7 ± 45.5 μA cm−2). The smaller the
corrosion current density, the less is surface corrosion. The polarization
results reveal that degradation of theWE43 magnesium alloy is greatly
retarded by Hf ion implantation. The Nyquist plots acquired fromWE43
and HWE43 in SBF are shown in Fig. 3 to reveal more details about the
corrosion process. HWE43 shows a larger capacitive loop at high and
medium/low frequencies, suggesting that the corrosion resistance of
Fig. 1.High-resolution XPS spectra of Hf 4f andMg 1s acquired at different sputtering time
from HWE43.
the WE43 magnesium alloy is improved by Hf ion implantation. The
equivalent circuits with two and three time constants as shown in
Fig. 3 are applied to fit the experimental EIS data without and with an
inductive arc, respectively. Zhao et al. [28] and Jamesh et al. [16] have
used similar models to explain the corrosion behavior of the bare
and implanted WE43 magnesium alloy. Rs corresponds to the solution
resistance between the reference electrode and sample. CPE1 is the
capacitance of the oxidized surface layer or corrosion products and R1
is the corresponding resistance. CPE2 represents the double layer
capacitance at the electrolyte/substrate surface and R2 is the relevant
charge transfer resistance. The inductive loop in the equivalent circuit
is possibly associated with adsorption of the corrosion products and RL
represents the corresponding resistance. HWE43 exhibits a large
increase in the resistance against mass transportation, R1, (from
10.8 Ω cm2 to 1315 Ω cm2) and charge transfer resistance, R2, (from
49.6 Ω cm2 to 1564 Ω cm2) further indicating that corrosion on
HWE43 ismitigated. The obviously larger R1 and R2 of HWE43 are attrib-
uted to the surface layer containing Hf and Mg oxide formed by Hf ion
implantation.

The backscattered electron (BSE) images in Fig. 4 show that after
immersion for 1 day in SBF, the corroded area on HWE43 is smaller
and there are less cracks on the surface. Smaller amounts of Ca and P
but larger amount of Mg are detected from the surface corrosion layer
of HWE43 according to EDS. The cross-sectional BSE images in Fig. 5
Fig. 3. Nyquist plots of WE43 and HWE43 in SBF. The two corresponding equivalent
circuits are used to fit the EIS data.



Fig. 4. BSE surface images with the corresponding EDS analysis of WE43 and HWE43 after immersion in SBF for 1 day.
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disclose that the corrosion layer on the untreated WE43 sample has a
thickness of 27.2 to 62.9 μm, whereas that on HWE43 is less than
12.3 μm. In addition, the untreated WE43 sample has more cracks
which provide the paths for the corrosivemedium to penetrate through
the loose corrosion product layer into the substrate resulting in further
degradation of the magnesium substrate. Our results show that the
barrier layer formed by Hf ion implantation provides good protection
for the substrate in SBF.

After immersion of the untreated WE43 Mg alloy in the corrosive
solution, corrosion occurs to the magnesium matrix (Eq. (1)) adjacent
to the second phase which has a nobler potential and is less reactive
than the magnesium matrix [30]. Insoluble magnesium hydroxide is
then formed in the local corroded regions (Eq. (3)).

Mg sð Þ→Mg2þ aqð Þ þ 2e‐ anodic reactionð Þ ð1Þ

2H2O aqð Þ þ 2e‐→H2 gð Þþ2 OH‐ aqð Þ cathodic reactionð Þ ð2Þ

Mg2þ aqð Þþ2OH‐ aqð Þ→Mg OHð Þ2 sð Þ product formationð Þ ð3Þ

Mg sð Þþ2H2O aqð Þ→Mg OHð Þ2 sð ÞþH2 gð Þ s overall reactionð Þ: ð4Þ
The solution can quickly penetrate into the metallic substrate
through the product layer with a very loose structure. Therefore, the
metallic substrate is continuously consumed by the corrosive electro-
lyte and a high dissolution rate is expected from the untreated WE43
magnesium alloy. With regard to the HWE43 magnesium alloy, the
surface is covered by the implanted layer mainly containing relatively
inert Hf oxide and MgO. The corrosive species can only reach the
substrate through few unprotected regions. Consequently, the surface
layer composed of protective Hf oxide and MgO formed by the Hf ion
implantation provides good protection against attack by the corrosive
media.

Compared to the high cell cytotoxicity of the untreated WE43
magnesium, the cell viability of the MC3T3-E1 pre-osteoblasts is very
good at 95% after the HWE43 extract has been cultured for 3 days, as
shown in Fig. 6. The good results reveal that HWE43 has negligible cell
cytotoxicity and cells proliferate well during incubation. The number of
MC3T3-E1 cells attached to HWE43 is much larger than that to the
untreated WE43 sample. Additionally, the MC3T3-E1 cells seeded on
HWE43 after incubation for 5 h exhibit better spreading with a good
shape. The enhanced corrosion resistance provides a relatively stable en-
vironment allowing better initial cell attachment and ensuing cell growth.



Fig. 5. BSE cross-sectional imageswith the corresponding EDSmaps ofWE43 and HWE43
after immersion in SBF for 1 day.
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4. Conclusion

A surface layer containing Hf and Mg oxide is produced on WE43
magnesium alloy by Hf ion implantation. The Hf-implanted sample
(HWE43) exhibits a smaller corrosion current density, larger charge
transfer resistance, and bigger mass transportation resistance in the
simulated body fluid (SBF). A loose and thick corrosion product layer
is formed on the untreated WE43 magnesium alloy after immersion in
SBF for 1 day, but only a few pits allowing shallow penetration of the
corrosion medium into the magnesium alloy substrate are observed
Fig. 6. In vitro cell viability of the MC3T3-E1 pre-osteoblasts cultured with the extracted
medium from WE43 and HWE43 at time points of 1 and 3 days and fluorescent images
of the MC3T3-E1 pre-osteoblasts after incubation on WE43 and HWE43 for 5 h.
from HWE43. Moreover, HWE43 shows good cell adhesion and negligi-
ble cytotoxicity.
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