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a b s t r a c t

Magnesium and its alloys have promising applications as biodegradable materials, and plasma ion
implantation can enhance the corrosion resistance by modifying the surface composition. In this study,
suitable amounts of zinc and aluminum are plasma-implanted into pure magnesium. The surface com-
position, phases, and chemical states are determined, and electrochemical tests and electrochemical
impedance spectroscopy (EIS) are conducted to investigate the surface corrosion behavior and elucidate
vailable online 29 September 2012
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on implantation

the mechanism. The corrosion resistance enhancement after ion implantation is believed to stem from the
more compact oxide film composed of magnesium oxide and aluminum oxide as well as the appearance
of the ˇ-Mg17Al12 phase.

© 2012 Elsevier B.V. All rights reserved.
orrosion

. Introduction

In spite of unique mechanical properties, biodegradable charac-
eristics, and good biocompatibility [1,2], magnesium and its alloys
uffer from fast surface corrosion which must be addressed in real
pplications. Plasma immersion ion implantation (PIII) is an effec-
ive and efficient surface treatment technique [3–5]. In addition
o its non-line-of-sight advantage, the process can be readily con-
rolled by adjusting the plasma density, pulse width, and applied
oltage [5]. Ion implantation of metallic elements into magnesium
nd its alloys has been suggested to modify the surface composition
n an attempt to enhance the corrosion resistance and mechanical
roperties. For example, compact surface oxide films can be formed
y Ce [6,7], Ti [7,8], Al [9,10], and Y [11,12] ion implantation into
agnesium alloys to promote the corrosion resistance. The bet-

er mechanical properties and corrosion resistance introduced by
l [9] ion implantation is due to the increased second phase of ˇ-
g17Al12, whereas the dense MgO layer and alloy phase of Ta2Al

ead to better corrosion resistance after Ta [13] ion implantation.
n the other hand, after Zn [14,15] ion implantation, the corrosion

esistance is lower on account of the galvanic effect, but the sur-
ace hardness and modulus are improved. Cr [16] ion implantation

esults in a higher corrosion rate for the same reason as Zn, but
ubsequent O ion implantation retards corrosion by forming a sur-
ace oxide layer [17]. Owing to natural degradation of magnesium,

∗ Corresponding author.
E-mail address: paul.chu@cityu.edu.hk (P.K. Chu).

169-4332/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.09.116
the implanted metallic species can be released into body fluids
and tissues causing deleterious effects and the type and amount of
implanted elements must be carefully chosen to obtain the optimal
corrosion resistance and biocompatibility.

Aluminum and zinc are popular alloying elements in commer-
cial magnesium alloys and influence the mechanical, physical, and
chemical properties of the materials. Aluminum can significantly
improve the tensile strength via the formation of the ˇ-Mg17Al12
phase. Zn plays a similar role as Al and can hinder the movement
of the recrystallized grain boundary to refine the microstructure
[18]. Commercial magnesium alloys such as Mg–Al–Zn alloys (AZ31
and AZ91) have in fact been suggested for biomedical applications
[2,19–21]. Zinc is biologically benign being a necessary mineral and
component of many proteins and nucleic acid and can accelerate
cell metabolism [22]. However, a high aluminum concentration is
harmful to neurons and osteoblasts and may be linked to dementia
and Alzheimer’s disease [23]. Aluminum also inhibits the phos-
phorylation process and ATP synthesis subsequently reducing the
intracellular energy reserve [24]. Hence, the amount of Al released
from the biodegradable Mg alloys must be carefully controlled. If
the surface of magnesium can be alloying like the AZ alloy, it can
hopefully enhance the corrosion resistance but with a lower dose
of aluminum and zinc.

In this work, pure magnesium is implanted with zinc and sub-
sequently aluminum. Since the mechanical characteristics after Zn

or Al ion implantation is well known, this work mainly focuses on
the corrosion behavior and corrosion mechanism. As a comparison,
surface corrosion on pure magnesium, AZ31, AZ91 and implanted
Mg is investigated systematically in simulated body fluids. To

dx.doi.org/10.1016/j.apsusc.2012.09.116
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:paul.chu@cityu.edu.hk
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nderstand the corrosion process and mechanism, a corrosion
odel is proposed based on the experimental data.

. Experimental details

Three types of magnesium materials, as-cast pure magnesium
locks (99.95% pure; 10 mm × 10 mm × 5 mm), AZ31 blocks (Mg
ith 3 wt% Al and 1 wt% Zn; 10 mm × 10 mm × 5 mm), and AZ91

locks (Mg with 9 wt% Al and 1 wt% Zn; 10 mm × 10 mm × 5 mm)
ere mechanically ground by up to #4000 water proof diamond
aper and ultrasonically cleaned in ethanol. The pure magnesium
locks were implanted with zinc for 30 min at a terminal voltage of
5 kV and then aluminum for 120 min at the same voltage on the
EMII-80 ion implanter manufactured by Plasma Technology Ltd.
he base pressure in the vacuum chamber was 10−4 Pa.

The Mg, Zn, and Al depth profiles were acquired by X-ray photo-
lectron spectroscopy (XPS) on a Physical Electronics PHI 5802.
l K� irradiation was employed to determine the chemical states
nd the estimated sputtering rate was 6.2 nm/min. The phase con-
tituents in the AZ91 and implanted sample were determined by
-ray diffraction (XRD, Rigaku SmartLab).

To evaluate the corrosion morphology, the implanted mag-
esium and pure magnesium samples were immersed in the
imulated body fluid (SBF) for 3 h. The SBF was prepared with deion-
zed water. The concentrations (mmol/l) of the various ions in the
BF were: 142.0 Na+, 5.0 K+, 1.5 Mg2+, 2.5 Ca2+, 147.8 Cl−, 4.2 HCO3−,
.0 HPO4

3−, 0.5 SO4
2−. 1 mol/l HCl solution was pipette to adjust the

H to 7.25 at 37 ◦C. The temperature of SBF was kept at 37 ± 0.5 ◦C
n a water bath. The samples after immersion were fully rinsed with
e-ionized water and dried. The morphology and microstructure of
he corroded surfaces were examined by using scanning electron

icroscopy (SEM, FEI/Philips XL30 Esem-FEG).
The electrochemical corrosion behavior of the implanted sam-

le, pure magnesium, AZ31, and AZ91 were studied using a
ennium electrochemical workstation. The electrochemical tests
ere carried out in SBF using a three-electrode cell with the sample

erving as the working electrode, calomel electrode as the reference
lectrode, and platinum sheet as the counter electrode. Poten-
iodynamic polarization tests were performed at a scanning rate
mV s−1. Since rapid corrosion took place when the sample was

oaked in SBF, potential scanning commenced as soon as the sam-
le was exposed to the solution. The impedance data were recorded
rom 100 kHz to 100 mHz with a 10 mV sinusoidal perturbing sig-
al. Equivalent circuits (EC) were proposed to analyze the obtained
IS spectra and the EIS spectra were fitted using the ZSimpWin soft-
are. All the electrochemical tests were performed at the ambient

emperature 37 ± 0.5 ◦C.

. Results and discussion

The XPS depth profiles obtained from the implanted sample
epicted in Fig. 1 confirm that Zn and Al have been implanted. The
g concentration increases steadily whereas the O signal decreases

uickly in the near surface and then reaches to a terrace. Sub-
equently, the Mg concentration reaches around 100% and the O
oncentration drops to zero. The Al concentration is more than 10%
n the beginning and then decreases gradually to zero. The distribu-
ion of Zn is Gaussian like. It is increasing slowly near the surface,
eaching a peak concentration of about 17%, and dropping steadily
o zero in the bulk.

The ion implant fluence of the HEMII-80 is calculated according

o the following formula [25]:

(
ions
cm2

)
= k

lm · � · n

e · S · n0
, (1)
Fig. 1. XPS depth profiles obtained from the implanted sample.

where k is an empirical coefficient usually between 0.30 and 0.35,
lm is the average current, � is the pulse width being 1 ms, n is the
pulse number, e is the electron charge, S is ion beam area, and
n0 is the average charge state number. Taking the average charge
state number of Zn as being +1.4 [26], the ion implant fluence after
implantation for 30 min is about 8.7 × 1016 ions cm−2. Since the
average state number of Al is +1.7, the ion implant fluence after
implantation for 120 min is about 3.6 × 1017 ions cm−2.

Fig. 2 presents the XPS spectra of the Mg 1s, Al 2p and Zn 2p3/2
peaks in the implanted sample revealing the changes in the chem-
ical states with sputtering depth. As shown in Fig. 2a and b, the
trends of Mg and Al are similar. With increasing sputtering time,
the binding energies shift to lower values, suggested transforma-
tion from oxide to metallic states [27]. As shown in Fig. 2c, the
Zn pattern changes from being flat to Gaussian. It implies that Zn
exists mainly in a deeper region in the metallic state but there
is hardly any Zn in the outermost surface. This is in good agree-
ment with the concentration distribution of Zn in Fig. 1. The XPS
results indicate that the surface film consists of roughly three
different layers: an outer layer consisting mainly of magnesium
oxide and aluminum oxide, an intermediate alloyed layer with
magnesium, aluminum, and zinc, as well as an inner layer rich in
magnesium.

To better understand the phase composition of the implanted
sample, its diffraction pattern is compared to that of AZ91 before
and after immersion in Fig. 3. Before immersion, the AZ91 and
implanted sample exhibit diffraction peaks corresponding to the
Mg phase. The individual diffraction peak of intermetallic ˇ-
Mg17Al12 phase is detected from the AZ91 magnesium alloy [8]. In
previous studies [8,10,13,28–30], metal ion implantation yielded
hybrid effects of ion irradiation and deposition forming an ion
mixed layer. The diffraction pattern shows the appearance of the
ˇ-Mg17Al12 phase after ion implantation. Another diffraction peak
of MgAl2O4 is observed from the implanted sample [10]. Because
of the low ion implant fluences, the intensities of the ˇ phase and
oxide phase are relatively weak in the implanted sample. The data
also indicate a three-layered surface film similar to that disclosed
by XPS. After immersion in SBF for 3 h, the XRD patterns of the cor-
roded samples are similar to those of the fresh samples, and no
new phase can be detected. The results indicate that the corrosion
products on the surface have an amorphous nature.

As shown in Fig. 4a, the scratches from the mechanical polish-

ing can be seen from the pure Mg. However, in Fig. 4b, pits are
formed from ions implantation on the scratches. After immersion
in SBF for 3 h, the surface of Mg, in Fig. 4c, is covered by a uniform
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via the following reaction:
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Fig. 3. XRD patterns of AZ91 and implanted samples.

orrosion product. The Mg surface is severely corroded as man-
fested by block-like products and cracks. On account of the

nherently high chemical activity, the surfaces of Mg and its alloys
orm oxide layers upon exposure to air. This oxide film comprises

ig. 4. Surface morphology of samples: (a) pure magnesium before immersed in SBF, (b)
BF, (d) implanted sample after immersed in SBF.
 Energy (eV) Binding Energy (eV)

ering depth: (a) Mg 1s, (b) Al 2p, and (c) Zn 2p3/2.

mainly MgO which is converted into Mg(OH)2 in an aqueous solu-
tion by the following reaction [31]:

MgO + H2O → Mg(OH)2. (2)

This layer is not compact and easily penetrated by Cl− ions in the
solution forming MgCl2 [32] leading to severe corrosion in SBF.

Then after ion implantation, only small pits and cracks can
be found by SEM in Fig. 4d. Previous studies point out that ion
bombardment produces a dense oxide layer that yields enhanced
corrosion resistance in SBF [8,9]. It is believed that the compact
oxide surface may be an important factor in the improved elec-
trochemical stability of the implanted sample. Moreover, the new
ˇ-Mg17Al12 phase may act as a barrier to impede corrosion. How-
ever, when defects exist in the passivation layer, some pits and
cracks appear. The pitting corrosion arises for two reasons. First of
all, the oxide film is not perfect and the inhomogeneous compo-
sition and microstructure produces vulnerable regions for pitting
corrosion similar to Eq. (2). Secondly, because of the galvanic effects
resulting from the inhomogeneous microstructure, the microanode
has the ˛ phase and the microcathode has the ˇ phase similar to
the AZ alloys [31]. Evolution of hydrogen makes it difficult for the
corrosion products to precipitate at the microcathode and it gath-
M + nH2O → M(OH)n + n

2
H2, (3)

implanted sample before immersed in SBF, (c) pure magnesium after immersed in
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in the same region. The higher the charge transfer resistance, the
lower is the corrosion rate. Compared to AZ31 and AZ91, the charge
transfer resistance is higher, meaning that the implanted sample
Current Density (A/cm )

Fig. 5. Potentiodynamic polarization curves of different samples.

here M represents Mg, Al, or Zn and n = 2 or 3 depending on the
ind of alloying element dissolved [31,33].

Potentiodynamic polarization curves provide useful infor-
ation of the corrosion behavior and corrosion rate. The

otentiodynamic polarization curves of the four samples in the SBF
re depicted in Fig. 5. Pure magnesium exhibits the most negative
orrosion potential (−1.976 V). The implanted sample (−1.8125 V)
as a similar corrosion potential as AZ91 (−1.8368 V). AZ31 shows
he highest corrosion potential (−1.7038 V). The results indicate
hat the implanted sample has higher corrosion potential than
ure magnesium over 160 mV. After ion implantation, the corrosion
otential of pure magnesium shifts to the AZ alloys. The corrosion
esistance is closely related to the corrosion current density. The
igher the corrosion resistance, the lower is the corrosion current
ensity. The corrosion current densities of Mg, AZ91, and AZ31
re 3.59 × 10−4 A/cm2, 4.61 × 10−4 A/cm2, and 4.59 × 10−4 A/cm2,
espectively. The corrosion current density of the implanted sam-
le (2.27 × 10−5 A/cm2) is an order of magnitude smaller than that
f the other three samples. It implies that the degradation rate of
agnesium is indeed retarded by dual ions implantation. It is noted

hat an obvious passivation region is present in the anodic polariza-
ion curve of the implanted sample, which has a similar passivation
ehavior as the AZ31 and AZ91 magnesium alloys. After dual ion

mplantation, its corrosion potential is lower than that of AZ31 but
igher than that of AZ91 while its corrosion current density is lower
han that of AZ31 and AZ91. The corrosion resistance of implanted
ample is improved.

The electrochemical behavior of the samples is investigated by
lectrochemical impedance spectroscopy (EIS) and Fig. 6 exhibits
he EIS curves obtained from the four samples in SBF. The diameters
f the capacitive loops represent the corrosion resistance [34] and
o the enlarged capacitive loop of the implanted sample indicates
igher corrosion resistance. As Mg, AZ31, and AZ91 have similar
iameters in the capacitive loops, they have similar corrosion resis-
ance. The results show good agreement with those of polarization.

The spectrum acquired from the implanted sample is character-
zed by three distinct loops: capacitive in the high frequency range,
apacitive in the intermediate frequency range, and pseudoinduc-
ive in the low frequency range. The AZ31 and AZ91 samples have
imilar time constants as the implanted sample. The capacitive
oops are often attributed to charge transfer, film effects, as well as
ass transfer in the corrosion product layer. The pseudoinductive
oop is associated with the existence of relaxation processes involv-
ng absorbed species on the vulnerable regions [35] and reflects the
itting corrosion mode [36].
Fig. 6. Electrochemical impedance spectra of different samples.

When a small amplitude excitation signal is applied to the sys-
tem, the response depends on the electrode kinetics which is quite
complicated usually. It often contains several sub-processes includ-
ing mass transfer, charge transfer, and so on. These sub-processes
are in series or parallel with each other [37] and the combined
impedance reflects all the sub-processes in the system. Taking
the physical structure of the electrode system and its impedance
response into account, the EC of the implanted sample and Mg
alloys is proposed in Fig. 7. The EIS fitted results of the above
three samples are presented in Table 1. Rs is the solution resistance
between the reference and working electrode. Its value is deter-
mined by the conductivity of the test medium and cell geometry
[31]. Since the reaction systems are similar, the values of solution
resistance are similar in these three systems. Cf is one of the con-
stant phase angle CPE components and represents the capacitance
of the intact film on the surface. A larger value of Cf indicates that
the dielectric constant of the surface film increases due to elec-
trolyte penetration and/or film thickness reduction due to chemical
dissolution. This suggests that the implanted sample has a more
protective surface film. Rf is the relevant resistance named after
pore or ionic conducting defect resistance. The implanted sample
shows a larger Rf implying good corrosion resistance on the surface
film. Cdl, another CPE component, denotes the capacitance of the
interface electric double layer in the vulnerable regions exposed to
electrolyte penetration. The variation in Cdl should be attributed to
the deterioration of the surface film resulting in a larger area frac-
tion of the vulnerable regions. After immersion in SBF, these three
samples show pitting corrosion. Moreover, the corroded areas on
the AZ alloys are larger than those on the implanted sample. This
result is consistent with the variations of Cdl. The Faraday charge
transfer resistance, Rt, is related to the electrochemical reaction
Fig. 7. Equivalent circuit (EC) for analysis of EIS spectra.
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Table 1
Fitted results of EIS spectra.

Sample Rs (� cm2) Cf (10−6 F cm−2) m Rf (� cm2) Cdl (10−6 F cm−2) n Rt (� cm2)
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AZ31 13.3 6969 0.7915
AZ91 13.22 3410 0.4596
Implanted 13.64 149.5 0.6238

as a smaller corrosion rate. Here, bigger values of Rt and Rf also cor-
espond to smaller Cf and Cdl, respectively. In addition, L expresses
he inductance and m and n are indices of the dispersion effect of
he CPE components, Cf and Cdl, respectively representing devia-
ions from the ideal capacitance because of the inhomogeneity and
oughness of the electrode on the microscale. The values of m and
are in the range between 0 and 1 and obviously, the values are
ithin this range.

Considering that the spectral shape before and after ion implan-
ation is different, the corrosion mechanisms are different. With
egard to Mg, the EC is proposed to be Rs(CfRf)(CdlRt). This result
eveals that the corrosion mode of Mg is general corrosion.

. Conclusion

Zn and Al are implanted into pure magnesium at 15 kV for 0.5
nd 2 h, respectively. The surface and chemical composition with
epth and the phases in the implanted sample are determined. A
hree-layer surface film comprising an outer layer of magnesium
xide/aluminum oxide, a middle layer alloyed with metallic Zn, Al
nd Mg, and an inner layer rich in metallic Mg is formed. Immersion
ests in simulated body fluids reveal better corrosion resistance on
he implanted sample and pitting corrosion mode. Further inves-
igation by electrochemical tests (polarization and EIS) confirms
he immersion results and reveals the corrosion mechanism. The
orrosion resistance enhancement observed from the implanted
ample stems from the more compact hybrid oxide film as well
s formation of the ˇ-Mg17Al12 phase. Pitting corrosion on the
mplanted sample is a consequence of the inhomogeneous oxide
lm.
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