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Abstract

Various electrochemical approaches, including potentiodynamic polarization, open circuit potential evolution and electrochemical
impedance spectroscopy (EIS), are employed to investigate the degradation behavior of biomedical magnesium alloy under the influence
of aggressive ions, such as chloride, phosphate, carbonate and sulfate, in a physiological environment. The synergetic effects and mutual
influence of these ions on the degradation behavior of Mg are revealed. Our results demonstrate that chloride ions can induce porous
pitting corrosion. In the presence of phosphates, the corrosion rate decreases and the formation of pitting corrosion is significantly
delayed due to precipitation of magnesium phosphate. Hydrogen carbonate ions are observed to stimulate the corrosion of magnesium
alloy during the early immersion stage but they can also induce rapid passivation on the surface. This surface passivation behavior
mainly results from the fast precipitation of magnesium carbonate in the corrosion product layer that can subsequently inhibit pitting
corrosion completely. Sulfate ions are also found to stimulate magnesium dissolution. These results improve our understanding on the

degradation mechanism of surgical magnesium in the physiological environment.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Magnesium alloys; Biomaterial; Degradation; Aggressive ions

1. Introduction

Stainless steels, cobalt-based alloys and titanium alloys
are widely studied and applied clinically in hard tissue
implants, especially in load-bearing applications, due to
their high strength, ductility and good corrosion resistance.
However, they cannot degrade spontaneously and a second
surgical procedure is usually needed to remove the metal
implants from the body after the tissues have completely
healed. Repeated surgery increases the cost as well as
patient morbidity. In this respect, biodegradable magne-
sium-based alloys can be a potential solution. Many clini-
cal cases as well as in vivo and in vitro assessments have
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demonstrated that magnesium alloys possess good biocom-
patibility [1-3]. Some studies have also shown that the dis-
solved magnesium ions may promote bone cell attachment
and tissue growth on the implants [4-6]. Unfortunately,
pure magnesium and its alloys corrode too quickly at phys-
iological pH (7.4-7.2), as well as in physiological media
containing high concentrations of aggressive ions, thereby
losing mechanical integrity before tissues have sufficient
time to heal [1,3,7,8]. This has become the main limitations
in clinical applications. The fast degradation rates of Mg
alloy are generally considered to result from aggressive ions
in the physiological environment, such as chlorides, phos-
phates, carbonates and sulfates. The aggressive behavior
of chloride ions to Mg alloys has been widely investigated
and it is generally accepted that chloride ions can trans-
form the protective MgO/Mg(OH), into soluble MgCl,
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[9], thus accelerating magnesium dissolution. Phosphates,
carbonates and sulfates in the physiological environment
may also attack magnesium. However, their influences
have rarely been systematically investigated. In addition,
the synergetic effect and mutual influence of these ions on
the degradation behavior of Mg are not well understood.
Electrochemical approaches, such as the potentiodynamic
polarization test, open circuit potential evolution and the
electrochemical impedance spectrum (EIS), have been
widely employed to investigate the corrosion process of
alloys, and they are powerful tools to deduce the corrosion
mechanism involved [10-12]. However, there have been few
reports to date investigating the corrosion mechanism of
magnesium alloys in a physiological environment by sys-
tematic electrochemical approaches.

In this work, phosphate, carbonate and sulfate ions
with the same concentrations as in human body fluid were
introduced separately into a sodium chloride solution.
Electrochemical approaches including potentiodynamic
polarization, open circuit potential evolution and EIS were
employed to investigate the degradation behavior of Mg
alloys in the solutions containing these ions. In conjunction
with scanning electron microscopy (SEM) and Fourier
transform infrared (FTIR) characterization, the synergetic
effects and mutual influence of the different ions on the deg-
radation behavior of magnesium were systematically inves-
tigated and analyzed. The results show that phosphate ions
can slow down the corrosion rates significantly, and that
carbonate ions can induce surface passivation and totally
inhibit pitting corrosion induced by chloride ions. Also, sul-
fate ions stimulate the corrosion of magnesium. Our results
aid our understanding of the degradation mechanism of
surgical magnesium in a physiological environment.

2. Experimental
2.1. Sample preparation

Commercial die-cast AZ91 Mg alloys purchased from
YiHo Corporation, Shenzhen, China were used. The
dimensions of the samples used in the experiments were
I5mm x 15mm x 3 mm. They were ground with No.
4000 waterproof diamond paper, polished and ultrasoni-
cally cleaned in alcohol. Four types of solutions were pre-
pared using NaCl, NaHCO;, K;HPO, and Na,SO,. The
concentrations of the chloride, phosphate, carbonate and
sulfate ions in the four solutions mimic those in human
body fluids [13] and are listed in Table 1.

2.2. SEM and FTIR

The samples after immersion for 7 days were taken out
of the solutions and ultrasonically cleaned in distilled
water. The surface morphology of the samples was
observed by SEM. FTIR from 4000 to 400 cm™' was also
conducted to identify the functional groups in the corro-
sion products.

2.3. Degradation rate measurement

The volume of emitted hydrogen during immersion is
related to the dissolution of magnesium:

Mg + 2H,0 — Mg>* + 20H + H, (1)

The corrosion products do not influence the relationship
between hydrogen evolution and magnesium dissolution.
The degradation rate of magnesium can thus be monitored
by the evolved hydrogen volume, and this method is reli-
able, easy to implement and not prone to errors inherent
in the weight loss method [9]. In addition, this technique
has the advantage that variations in the degradation rates
can be monitored by the hydrogen evolution rates, allow-
ing the study of the degradation rate variation vs. exposure
time. The samples were soaked in 200 ml solutions for
7 days at an ambient temperature of 37 4+ 0.5 °C. It has
been verified that the dissolved oxygen does not influence
the result of the measurements [9] and thus our experiments
were carried without deaeration. The emitted hydrogen
volumes were measured as a function of immersion time.

2.4. Electrochemical tests

The electrochemical corrosion behavior of the AZ91
magnesium alloy was investigated in the four solutions by
potentiodynamic polarization tests, the open circuit poten-
tial evolution (E.—t) and EIS using Gamry Reference
600. A three-electrode cell with the sample as the working
electrode, calomel electrode as the reference electrode and
platinum electrode as the counter electrode were used. As
magnesium reacted in the solution quickly, the potentiody-
namic polarization test commenced as soon as the samples
were soaked in the solution. A scanning rate of 1 mV s™!
was used in the potentiodynamic polarization test. In the
E..—t test, changes in the open circuit potential were mon-
itored as a function of immersion time for about 240 ks.
The data were recorded every 120 s. The impedance data
were recorded from 100 kHz to 10 mHz with a 10 mV sinu-

Table 1

Ion concentrations in the four solutions

Concentration (mmol l’l) Na* K* Ca®" Mngr Cl HPO, 2 HCO ;5 S0, 2
Blood plasma 142.0 5.0 2.5 1.5 103.0 1.0 27.0 0.5
Solution #1 103 - - - 103.0 - - -
Solution #2 103 2.0 - - 103.0 1.0 - -
Solution #3 130 2.0 - - 103.0 1.0 27.0 -
Solution #4 130.5 2.0 - - 103.0 1.0 27.0 0.5
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soidal perturbing signal at open circuit potential. The low-
est frequency was set at 10 mHz in order to reduce the time
and potential noise interference. The EIS measurement
may be affected by phase shifts from the potentiostat in
the high frequency region, and so the upper frequency limit
was set at 100 kHz [14]. All the electrochemical tests were
carried out at room temperature. Equivalent circuits (EC)
were proposed to analyze the obtained EIS spectra. The
EIS spectra were fitted with the ZSimpWin software.

3. Results and discussion
3.1. Corrosion morphology

The surface morphology of the samples soaked in the
four solutions for 7 days are depicted in Fig. 1. Pitting cor-
rosion takes place on both samples soaked in solutions #1
and #2. Unlike autocatalytic pitting observed on stainless
steels, the corrosion pits spread laterally and no deep pit-
ting can be seen. In the high-magnification pictures, many
pits (denoted by the arrows) are also observed which are
suspected to be the sites with the f phase (Mg;;Al},).
Mg;,Al;, has a higher standard potential and exhibits a
more passive behavior over a wide pH range in chloride
solutions than either Al or Mg [9]. Due to selective attack
along the B phase networks, they are gradually attacked
and peel from the surface forming the pits. Severe corro-

sion is expected to take place at these sites. Although the
by-product of magnesium dissolution, OH™, can promote
precipitation of Mg(OH),, this corrosion product layer is
loose and cannot provide sufficient protection. The chlo-
ride ions can transform the formed Mg(OH), into more
soluble MgCl,, further accelerating the dissolution of the
substrate [15]. Corrosion will spread laterally from these
sites. This porous corrosion morphology may be the result
of the propagation of the pits and subsequent coalescence
at the pit fronts. However, no porous pitting corrosion is
visually observed on the entire surface of the samples
soaked in solutions #3 and #4. Many cracks are discern-
ible, as indicated in Fig. 1, and can probably be attributed
to dehydration of the corrosion products in the corroded
layer after drying in warm air and the SEM vacuum cham-
ber. These results strongly suggest that the presence of
HCO™; in the solutions completely suppresses pitting cor-
rosion on AZ91 magnesium alloy. The reasons will be dis-
cussed in more details in subsequent sections.

3.2. FTIR results

X-ray diffraction (XRD) was employed to identify the
corrosion products on the samples soaked in the four solu-
tions for 7 days. However, no useful information is
acquired except peaks arising from magnesium and the B
phase. This may result from the fact that the corrosion
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Fig. 1. Surface morphology of AZ91 magnesium samples after immersion in the solutions for 7 days: (a, b) soaked in solution #1; (c, d) soaked in solution

#2; (e, f) soaked in solution #3; (g, h) soaked in solution #4.
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products are not crystalline. Hence, FTIR was performed
to study the corrosion products, and the spectra acquired
from samples soaked in the four solutions for 7 days are
displayed in Fig. 2. The broad absorption band from
3700 to 2500 cm ™! is attributed to the stretching vibration
of the hydroxyl group. This broad band stems mainly from
water, with strong H bonding inside the structure. In con-
trast, in the sample soaked in solution #1, a sharp absorp-
tion peak at about 3693 cm™! is observed. This higher
position peak is related to the free hydroxyl group indicat-
ing the presence of magnesium hydroxide [16]. The band at
1640 cm ™! arises from H,O bending vibration. The obvious
absorption bands at 1160 and 1040 cm ™' correspond to
phosphate and the broad band from 1400 to 1550 cm™!
originates from carbonate [17]. The bands at 560, 670
and 750 cm™! result from hydroxyl groups mainly in the
form of magnesium hydroxide [18]. The 450-550 cm '
band can be ascribed to Mg-O bonding (MgO) [16]. In
solution #1, the corrosion products consist mainly of mag-
nesium hydroxide. When magnesium and its alloys are
soaked in an aqueous medium, reaction (1) takes place.
This reaction leads to an increased pH value and Mg(OH),
precipitates, forming the corrosion product layer. In the
presence of HPO, 2 ions, the insoluble tertiary magnesium
phosphate, Mg;(PQOy,),, tends to precipitate as the corro-
sion products due to consumption of OH™ produced dur-
ing magnesium dissolution, as indicated in reaction (1) by
the hydroxphosphate ions. Thus, in solution #2, besides
magnesium hydroxides, insoluble magnesium phosphates
are present in the corrosion product layer. The corrosion
products after immersion in solutions #3 and #4 are simi-
lar and include magnesium carbonate, magnesium phos-
phate and magnesium oxide. Similarly, magnesium
dissolution results in higher pH values and when the pH
of the solution reaches about 9.3, MgCO3 will precipitate
on the surface [20].

3.3. Degradation rates

The hydrogen evolution rates that are related to the
magnesium dissolution rates are plotted as a function of
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Fig. 2. FTIR spectra of AZ91 magnesium alloys soaked in the four
solutions for 7 days.

immersion time in Fig. 3. The degradation rate of the sam-
ple in solution #1 diminishes slowly during the first 36 h
and then stabilizes subsequently. When the sample is
exposed to the corrosion medium, chemical dissolution
and electrolyte penetration result in spontaneous corrosion
on the entire surface leading to fast degradation rates of the
magnesium surface. One by-product of magnesium dissolu-
tion is OH™, which can raise localized corrosion and stabi-
lize the corrosion product (Mg(OH),). As immersion
proceeds, the thickness of the corrosion product layer
increases and the corrosion rate decrease gradually. When
an equilibrium between dissolution and formation of cor-
rosion products is established, the corrosion rate stabilizes.
However, this Mg(OH), layer is loose and cannot provide
sufficient protection. In addition, the chloride ions on the
surface can transform the formed Mg(OH), into soluble
MgCl, [9]. Dissolution of Mg(OH), makes the surface
more active, subsequently decreasing the protected area
and causing further dissolution of magnesium. Therefore,
the corrosion rate of the sample in solution #1 does not
decrease significantly even after a long immersion time.
During the first 12 h, the degradation rate in solution #2
is about the same as that in solution #1 and drops dramat-
ically after 24 h. With prolonged exposure, the degradation
rates are nearly constant and about half of those in solu-
tion #1. The presence of hydrophosphate ions can retard
the corrosion rates of magnesium significantly. Unlike
Mg(OH),, the magnesium phosphate in the corrosion
product layer is inherently dense and compact, and cannot
be affected by the chloride ions [19]. This may be the reason
why the corrosion rates in solution #2 are much lower than
those in solution #1. However, owing to the low concentra-
tion of hydrogen phosphate ions (only 1 mmoll™"), the
corrosion rates of magnesium cannot be retarded signifi-
cantly with less than 24 h of exposure. The initial degrada-
tion rates in solutions #3 and #4 are much higher than
those in solutions #1 and #2 and drop quickly with expo-
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Fig. 3. Hydrogen evolution rates (HVR) from the AZ91 magnesium alloy
samples as a function of immersion time in the four solutions.
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sure time. The degradation rates stabilize after about 72 h
and are similar to each other. It can also be noted that
the degradation rates after 96 h exposure in solutions #3
and #4 are even lower than those in solution #2. The con-
sumption of OH™ by HCO™; promotes reaction (1) and
accelerates magnesium corrosion as well. Consequently,
high corrosion rates of the magnesium alloys during early
immersion are observed. However, the by-product of mag-
nesium dissolution is OH ™, which leads to a local increase
in pH. The high pH accelerates the precipitation of magne-
sium phosphate and carbonate, and also stabilizes the
magnesium hydroxide. In addition, HCO™; can transform
Mg(OH), into the more stable giorgiosite (Mgs(CO3)4
(OH),5H,0) [21]. The multiple protection effects offered
by magnesium phosphate and carbonate may be the reason
for the lower corrosion rates observed in solutions #3 and
#4 compared to those in solution #2 after 96 h of immer-
sion. As the protective layer thickens, the corrosion rates
of the substrate gradually diminish, eventually attaining
constant values. The degradation rates in solution #4 are
higher than those in solution #3 during the first 72 h, sug-
gesting that the sulfate ions in solution #4 also aggressively
attack magnesium.

3.4. Electrochemical behavior

Representative potentiodynamic polarization curves
acquired from samples immersed in the four solutions are
displayed in Fig. 4. The Tafel fit is employed to analyze
the polarization curves. The samples exhibit low corrosion
potentials of about —1774 and —1789 mV in solutions #3
and #4, respectively. The corrosion potentials of the sam-
ples in solutions #1 and #2 are about —1530 and
—1518 mV, which are nearly the same and about 250 mV
nobler than those in solutions #3 and #4. Furthermore,
the corrosion current densities in solutions #3 and #4 are
much higher than those in solutions #1 and #2. However,
a brief passivation region appears in the curves acquired
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Fig. 4. Representative potentiodynamic polarization curves of AZ91
magnesium alloy sample soaked in the four solutions.

from the samples soaked in solutions #3 and #4. As men-
tioned above, hydrocarbonate can accelerate the corrosion
rate significantly during the early immersion stage, giving
rise to more negative potentials. The higher pH values lead
to the rapid formation of magnesium carbonate as well as
magnesium phosphate on the surface, resulting in surface
passivation. When the B phase comes off the surface, fast
passivation at these sites occurs quickly, and hence corro-
sion propagation is limited. The presence of surface passiv-
ation is probably the reason for the absence of porous
pitting corrosion in the sample soaked in solutions #3
and #4.

The typical E.,—t curves of the AZ91 magnesium alloys
exposed to the four solutions are shown in Fig. 5. At first,
the potential of the sample in solution #1 increases rapidly,
but drops quickly thereafter. Subsequently, the corrosion
potential experiences a short anodic polarization. A sharp
drop in the potential occurs at about 18 ks, indicating the
occurrence of pitting corrosion, and intensive fluctuations
in the corrosion potential appear during the subsequent
immersion. The fluctuations reveal spreading of the corro-
sion pits and/or formation of new pits [14]. The potential of
the sample immersed in solution #2 increases gradually at
first. There is then an abrupt drop at about 150 ks, imply-
ing the emergence of the first corrosion pits. The initial
increase in the corrosion potential also clearly results from
the precipitation of the protective magnesium phosphate as
well as magnesium hydroxide. It should be noted that pit-
ting corrosion occurrence is significantly delayed, suggest-
ing that phosphate ions can suppress pitting corrosion on
magnesium. Although porous pitting corrosion is also
present, this may be attributed to the low concentration
of phosphate ions in solution #2, and fast passivation can-
not occur after pit formation. The curves obtained from the
samples immersed in solutions #3 and #4 are quite similar.
From the beginning, the potentials shift to the nobler direc-
tion gradually and smoothly. No large fluctuations in the
corrosion potentials can be observed during the entire
exposure duration, indicating a general corrosion process
in solutions #3 and #4. The increase in the corrosion
potentials are also related to the gradually enhanced pro-
tection offered by the corrosion product layer. The above
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Fig. 5. Open circuit potentials evolution of the AZ91 magnesium alloy
samples immersed in the four solutions as a function of exposure time.
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results imply that formation of Mg carbonates may have a
large effect on the suppression of pitting corrosion, and the
presence of carbonates totally inhibit pitting corrosion.
EIS is a powerful technique with which to study the elec-
trochemical corrosion process on metals. When an excita-
tion signal with a small amplitude is applied, the
response depends on the electrode kinetics. It usually con-
sists of several different sub-processes, including mass
transfer and charge transfer. By analyzing these responses,
the individual sub-process can be deduced [11]. The EIS
spectra acquired from the AZ91 magnesium alloys soaked
in the four solutions for about 0.5 h are presented in Fig. 6.
In the curves obtained from the samples in solutions #1
and #2, two time constants are observed: one capacitive
arc in the high frequency region and one capacitive arc in
the low frequency region. Generally the capacitive arcs
result from charge transfer and film effects, as well as mass
transportation. The curves obtained in solutions #3 and #4
exhibit a capacitive loop in the high frequency region, a
capacitive loop in the middle frequency region and a
pseudo-inductive loop in the low frequency region. The
presence of the inductive loops in spectra #3 and #4 indi-
cates two surface states. Considering the presence of the
passivation region in the potentiodynamic polarization
curves, the two surface states are the active region and
the passive region. The EIS spectra acquired after immer-
sion in the four solutions for 6 h are shown in Fig. 7.
The spectrum obtained from the sample in solution #1 con-
tains two enlarged capacitive arcs. In the spectrum
obtained from the sample in solution #2, the capacitive
arc in the high frequency range is enlarged. However, the
capacitive arc in the low frequency range is nearly invisible.
In the spectra acquired from the samples in solutions #3
and #4, one capacitive arc at high frequency and one
capacitive arc at low frequency are seen. Both capacitive
arcs are also enlarged. The inductive loop becomes almost
invisible and the diminishing inductive loop indicates an
increasing passivation area. As shown in Fig. 8, after
24 h immersion, the system in solution #1 still shows two
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Fig. 6. Representative EIS spectra of AZ91 magnesium alloy soaked in
the four solutions for 0.5 h.

800

600

400

200

Zim/ohm.cm’

I 1 1

-200 . : :
500 1000 1500 2000 2500 3000 3500

Zre/ohm.cm’

Fig. 7. Representative EIS spectra of AZ91 magnesium alloy soaked in
the four solutions for 6 h.

larger capacitive arcs. No obvious changes in the spectrum
taken from the sample in solution #2 can be observed. In
solutions #3 and #4, the capacitive arcs are larger to some
extent. In addition, the inductive loops in the spectra
obtained in solutions #3 and #4 vanish almost entirely,
implying only one dominated surface state, which is the
passive state.

EC that not only match the physical structure but also
create similar spectra as test spectra are proposed and
shown in Fig. 9 with (a) being the analysis of the EIS spec-
tra without inductive loops and (b) being the fits of the
spectra with inductive loops. Cy, one of the constant phase
element (CPE) components, represents the capacitance of
the corrosion products layer and Ry is the corresponding
layer resistance. Cg;, another component of CPE, expresses
the capacitance of the double layer at vulnerable regions.
R, is the charge transfer resistance related to the electro-
chemical reaction in the same region. R, is the solution
resistance between the reference and working electrodes,
but has nothing to do with the electrode process. Its value
depends on the conductivity of the test medium and the
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Fig. 8. Representative EIS spectra of AZ91 magnesium alloy soaked in
the four solutions for 24 h.
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Fig. 9. EC for analysis EIS spectra of AZ91 magnesium alloy soaked in
the four test solutions for different durations: (a) for spectra without
inductive loop; (b) for spectra with inductive loop.

geometry of the cell [14]. As usual, R, is placed in series
with other elements of the circuit. Ry and L originate from
the inductive loops in the EIS spectra. The fitted EIS results
of the samples soaked in solutions #1-#4 as a function of
immersion time are listed in Tables 2-5, respectively. For
sample in solution #1, Cr decreases dramatically after 6 h
immersion. With prolonged immersion durations, no sig-
nificant decrease is observed. Both R; and R, increase
greatly after 6 h exposure, and at the end of 24 h, only a lit-
tle increase is observed. These results reveal that the corro-
sion rates of the samples decrease significantly during the
first 6 h. This may indicate the dramatically decreased
fresh/active surface area due to the formation of corrosion
products on the surface. After 6 h, the corrosion product
layer thickens, leading to a slow decrease in the corrosion
rates. The capacitance of the double layer, Cy,, that shows

the typical metal/solution system, which varies from 10 to
100 uF [14] with continuous immersion, decreases slightly.
Here, m and n are indices of the dispersion effects of the
CPE components, Cy and Cg), respectively representing
their deviations from the ideal capacitance due to the inho-
mogeneity and roughness of the electrode on the micro-
scale. The values of m and n are always 0 <m, n <1. It is
obvious that the values of m and » in our experiments
are in this range. In solution #2, no obvious changes in
Cr or Ry after 6 h of exposure can be observed. However,
R; and R, increase significantly and C; decreases slightly
after 24 h immersion, indicating the progressive enhance-
ment of protection from the corrosion product layer. Con-
sidering the consumption of OH™ by hydrophosphate ions
during early immersion, the formation of corrosion prod-
uct as Mg(OH), is suppressed and thus C; and Ry change
very little. Owing to the low concentration of hydrophos-
phate ions, after a long exposure, the pH value increases
progressively and the corrosion products gradually precip-
itate on the surface, leading to greatly enhanced values in
both Ry and R;; Cy also decreases. Cy;, m and n are in the
typical range. With regard to solutions #3 and #4, similar
variations in the values of the components are observed.
Both R; and R, increase gradually with immersion time,
while C; decreases gradually with increased exposure dura-

Table 2

EIS fitted results of sample in solution #1 for 0.5, 6 and 24 h

Time (h) R, (Qcm?) Cr (107*F em ™) m R¢ (Q cm?) Cq (107°F cm™?) n R (Qcm?)
0.5 134 2.87 0.959 542 28.14 0.787 1592
6 139 0.038 0.800 710 20.15 0.930 4800

24 144 0.031 0.781 914 20.03 0.990 5062

Table 3

EIS fitted results of sample in solution #2 for 0.5, 6 and 24 h

Time (h) R, (Qcm?) Cr (1073F em™?) m R (Q cm?) Cq (107°F cm™?) n R, (Qcm?)
0.5 130 1.60 0.942 909 29.59 0.785 1513
6 146 2.28 0.996 1170 34.25 0.800 3712

24 151 0.7 0.774 3870 20.03 0.830 4111

Table 4

EIS fitted results of sample in solution #3 for 0.5, 6 and 24 h

Time (h) Ry (Qcm?) Cr (10°F em ™) m R (Q cm?) Cq (107°F cm™?) n R (Qcm?)
0.5 122 1.46 0.543 423 24.14 0.866 229
6 133 0.54 0.771 782 40.72 0.865 609

24 167 0.48 0.565 1161 60.58 0.860 932

Table 5

EIS fitted results of sample in solution #4 for 0.5, 6 and 24 h

Time (h) R, (Qcm?) Cr (103Fem™?) m R (Q cm?) Cq (107°F cm™) n R (Qcm?)
0.5 121 1.31 0.737 122 19.14 0.920 176
6 129 0.64 0.806 581 42.2 0.845 599

24 124 0.55 0.810 1136 55.21 0.848 1142
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tion. All these changes indicate the gradually enhanced
protection offered by the precipitated corrosion products.

4. Conclusion

The effects of aggressive ions with concentrations similar
to those in the physiological environment on the degrada-
tion behaviour of AZ91 magnesium alloys have been sys-
tematically studied for the first time. Chloride ions induce
porous pitting corrosion on the magnesium alloys. Phos-
phate ions can retard the corrosion rate effectively and
delay the emergence of pitting corrosion. During early
immersion, carbonate ions promote the dissolution of mag-
nesium. However, they induce rapid surface passivation
due to precipitation of magnesium carbonate, which totally
suppresses pitting corrosion. Sulphate ions also attack
magnesium. Our results provide a better understanding of
the degradation mechanism of magnesium alloy in the
physiological environment and should be helpful to clinical
applications of biomedical magnesium alloys.
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