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Magnesium and its alloys are potential candidates for bioabsorbable stents. The degradation rate of an indwelled magnesium stent is
expected to be controlled under a blood flow. The influence of the controlled flow on the polarization and impedance behavior of pure Mg was
thus investigated in a 0.6 mass% NaCl solution using a rotating electrode. The existence of a flow caused an increase in the anodic current
density as well as a decrease in the impedance for a few hours of immersion, indicating the acceleration of Mg dissolution and the retardation of
the growth of the surface hydroxide film. Interestingly, the existence of a flow retarded the breakdown of the surface film. After the surface film
was broken down, the impedance did not depend on the rotation speed. To precisely evaluate the degradation rate of magnesium and its alloys for

use in stents, the flow rate of the test solution should be controlled.
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1. Introduction

Magnesium and its alloys are candidates for bioabsorbable
metals because a high concentration of magnesium is present
as an essential element in the human body" and magnesium
is easily corroded in a physiological solution. The first
attempts of the application of magnesium alloys for implant
devices failed due to the formation of a hydrogen gas cavity
around the implant devices. Hydrogen gas was generated
accompanying by the corrosion of magnesium.>® The
failure of these attempts was ascribed to the uncontrolled
and very low corrosion resistance of the alloys. Since then,
the corrosion resistance of magnesium alloys has been
improved not only by alloying with aluminum and/or rare-
earth elements but also by eliminating the contaminated
elements, such as iron, nickel, and copper, which cause
severe corrosion with a slight amount of contamination.” The
corrosion (degradation) rate of bioabsorbable metals must be
controlled depending on the implanted part of the body and
the kind of devices.

Recently, the application of commercial magnesium alloys
(AE21%7 and WE43%%) for bioabsorbable stents has been
attempted, and some successful results have been obtained in
clinical trials. The success of clinical trials is attributed to the
relatively high corrosion resistance of the alloys. In addition,
the rapid blood flow on the surface of an indwelled stent may
have also contributed to the success because the blood flow
accelerates mass diffusion, probably preventing the forma-
tion of a gas cavity and the pH change of blood near the
surface of the stent while accelerating the dissolution of the
magnesium alloy. The influence of the existence of a flow on
the corrosion behavior of a magnesium alloy is reported in
the following.!®'? The stirring of the carbonate buffer
solution accelerated the corrosion of magnesium.'" Witte et
al. suggested that the natural convection flow of body fluid
around the implanted magnesium alloy caused the faster
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corrosion rate of AZ91D and LAE442 in vivo than that in
vitro.'”) The natural convection is derived by the surrounding
blood flow. The blood flow rate varies from 0.1 to 1.0ms™!
depending on the diameter of the blood vessel.!*!¥ There-
fore, the influence of the existence of a flow on the corrosion
behavior of a magnesium alloy should be elucidated to
control the degradation rate of a magnesium device.

In this study, the influence of the controlled flow on the
polarization and impedance behavior of pure magnesium is
examined. The controlled flow was derived by rotating a
magnesium disk electrode.

2. Experimental

2.1 Materials and electrolytes

A disk of pure Mg extrusion (99.9*% purity, Osaka Fuji
Kogyo Co.) with a diameter of 8 mm and a thickness of 2 mm
was used as a specimen. The measurements were carried out
on a plane perpendicular to the direction of extrusion. The
chemical composition of the pure Mg disk is shown in
Table 1. The microstructure of the surface of the Mg disk was
observed with an optical microscope. The Mg disk was fixed
to an electrode holder of a rotating disk electrode (PAR). The
surface of the Mg disk electrode was polished with #600 SiC
polishing paper in ethanol, and the Mg disk was rinsed in
acetone with an ultrasonic bath. Immediately after polishing,
the Mg disk electrode was fixed onto a rotating shaft, and the
rotation of the Mg disk electrode was started. The rotation
speed was controlled at 0, 120, 240, 720, and 1440 rpm. The
surface flow rate derived at 1440 rpm corresponds to 1 ms~!,
which is the maximum blood flow rate in the coronary artery.
The rotating Mg disk electrode was immersed in an aerated
0.6% NaCl solution previously warmed at 310K, and
electrochemical measurements were carried out. The pH of
the 0.6% NaCl solution was about 6 before using in the
experiments, and no significant change in pH was observed
after the experiments. The 0.6% NaCl solution was employed
to make the C1~ ion concentration of the solution equivalent


http://dx.doi.org/10.2320/matertrans.MRA2008011

Polarization Behavior of Pure Magnesium under a Controlled Flow in a NaCl Solution 1457
Table 1 Chemical composition of Mg disk.
mass% Al Zn Mn Ni Cu Fe Si Pb Ca Sn Cd Mg
Mg 0.003 0.008 0.0037 0.0005 0.0003 0.0030 0.005 0.001 0.001 <0.001 <0.0001 Bal.

to that of blood plasma because the corrosion rate of pure
Mg is very sensitive to the Cl~ ion concentration. In the
polarization test of pure Mg as a preparatory experiment, the
anodic current density around the corrosion potential of pure
Mg in a 0.9% NaCl solution was 1.5 times higher than that
in a 0.6% NaCl solution.

2.2 Electrochemical measurements

Open-circuit potential (ocp) and polarization measure-
ments of the rotating Mg disk electrode were carried out in
the NaCl solution at rotation speeds between 0 and 1440 rpm.
The ocp of the rotating Mg disk electrode was monitored for
3.6 ks; subsequently, the potential was swept anodically and
cathodically at a rate of 1 mV/s.

Impedance measurements were carried out on the rotating
Mg disk electrode in the NaCl solution at immersion times of
0, 1.8, 3.6, 7.2, 14.4, and 21.6 ks. The rotation speed of the
Mg disk electrode was controlled at 0 or 1440 rpm. The ac
frequency ranged from 10° to 1072 Hz with a sampling step
of 12 points per decade. The polarization amplitude was
5mV around the ocp.

A saturated calomel electrode (SCE) was used as the
reference electrode, and a Pt wire loop was used as the
counter electrode in all the measurements. The electro-
chemical measurements in this study were carried out using
an ALS 660a electrochemical analyzer.

3. Results and Discussion

3.1 Microstructure

The typical microstructure of the pure Mg extrusion is
shown in Fig. 1. No defect and inclusion were observed. The
grain size was distributed from 30 to 200 um. The average
grain size was 60 um.

3.2 ocp
Figure 2 shows the ocp transient curves of the Mg disk in
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Fig. 1 Microstructure of a Mg disk on a plane perpendicular to the
direction of extrusion.

the 0.6% NaCl solution at various rotation speeds. Figure 3
shows the optical surface images of the Mg disk immersed in
the 0.6% NaCl solution for 3.6 ks at various rotation speeds.
The ocp increased in the initial 300 s and showed a constant
value that decreased with the increase of the rotation speed.
In the cases of 0 and 120 rpm, the ocp increased in the last
600 s of immersion.

The corrosion of magnesium in a neutral solution proceeds
as follows:!>19
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Fig. 2 ocp transient curves of a Mg disk at various rotation speeds in a
0.6% NaCl solution.

(c) 240 rpm
Fig. 3 Images of the surface of a Mg disk immersed for 3.6ks in a 0.6%

NaCl solution at (a) Orpm, (b) 120 rpm, (c) 240rpm, (d) 720 rpm, and (e)
1440 rpm.
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Mg — Mg*" +2e )
2H,0 +2e~ — H, +20H )
Mg** +20H™ — Mg(OH), 3)

The pH of a solution increases with the generation of H, gas
and OH™ ions, as shown in eq. (2). Then, Mg(OH), is formed
on the surface of magnesium, as shown in eq. (3), because
Mg(OH); is stable at around room temperature.'® Beside the
above electrochemical corrosion reaction, the chemical dis-
solution of Mg(OH), may have simultaneously taken place
in the 0.6% NaCl solution.'®!7

The initial increase of ocp is owing to the growth of the
Mg(OH), film, which rapidly takes place immediately after
immersing magnesium in the neutral solutions.!” The
decrease of the constant ocp with the increase of the rotation
speed is attributed to the acceleration of mass diffusion by the
flow as follows. The ocp, the equilibrium potential between
anodic and cathodic reactions (eqs. (1) and (2)), was shifted
by the acceleration of the anodic reaction. The growth of
the Mg(OH), film was retarded by the diffuse away Mg+
and OH™ ions by the flow, leading to the decrease of the
protectiveness of the surface film. Simultaneously, the
chemical dissolution of the Mg(OH), film might be accel-
erated by the increase of the rotation speed due to the
prevention of the pH increase near the surface. The pH near
the surface of the Mg disk at a relatively high rotation speed
would be kept at the pH of bulk solution, pH 6, at which the
stability of Mg?* is much higher than that of Mg(OH),.'®

Interestingly, the surface of the Mg disk immersed at 720
and 1440 rpm for 3.6 s showed no breakdown of the surface
film, whereas that of a disk at lower rotation speeds showed
breakdown of the surface film, as shown in Fig. 3. Polishing
scars and luster remained on the surface of the Mg disk at a
relatively high rotation speed. This result indicates that the
breakdown of the surface film is retarded by the existence of
a flow.

The increase of ocp in the last 600 s of immersion at 0 and
120 rpm was accompanied by the breakdown of the surface
film. The filiform corrosion grew along polishing scars on
the surface of the Mg disk at 0, 120, and 240rpm. The
induction time for the breakdown of the surface film of the
Mg disk in this study was shorter than that of the 3N-Mg and
6N-Mg specimen finished with 1 um diamond paste.'® The
roughness of the Mg disk finished with #600 SiC paper in
this study was larger than that of the specimens finished with
diamond paste. The surface roughness seems to affect the
initiation of the breakdown of the surface film. The ratio of
the breakdown area to the luster area that was not broken
down clearly decreased with the increase of the rotation
speed. In the case of Orpm, almost all the area was broken
down and colored black, and a white gel-like corrosion
product covered the broken-down surface. This deposited
corrosion product probably retarded the diffusion of dis-
solved metal ions, leading to the increase of ocp in the last
600 s of immersion.

3.3 Polarization curves

Figure 4 shows the polarization curves of the Mg disk at 0,
120, and 1440rpm subsequently measured after the 3.6ks
immersion. The polarization curves at 240 and 720 rpm were
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Fig. 4 Polarization curves of a Mg disk at various rotation speeds in a 0.6%
NaCl solution.

very similar to that at 120 rpm. More than two experiments
for every rotation speed were conducted; the cathodic current
density (I.am) at —1.8'V (vs. SCE), the corrosion potential
(Ecorr) On the anodic polarization curve, and anodic current
density (/,,0) at —1.2V were obtained from the curves and
are summarized in Fig. 5.

The I . abruptly increased with the existence of a flow at
120 rpm and decreased with the increase of the rotation speed
up to 240rpm. Over 240 rpm, the .., was almost constant
with the increase of the rotation speed. The surface film of the
Mg disk at Orpm was fully broken down during the 3.6ks
immersion before the polarization, as shown in Fig. 3,
indicating that the actual surface area increased. On the other
hand, the corrosion product covering the surface prevented
the diffusion of the H,O molecule, retarding the cathodic
reaction. The surface film of the Mg disk at 120 rpm was
partially broken down, whereas the deposited corrosion
product was less than that at O rpm. This result indicates that
the effective surface area for the cathodic reaction on the Mg
disk at 120 rpm was larger than that at Orpm, causing the
higher I, at 120 rpm than that at O rpm. The surface film of
the Mg disk over 240rpm was not significantly broken,
indicating that the effective surface area at over 240 rpm was
smaller than that at 120 rpm. Thus, the I at over 240 rpm
was smaller than that at 120 rpm.

The I, increased with the existence of a flow, indicating
the acceleration of the diffusion of the dissolved Mg?* ion by
the flow. This result agrees with the decrease of ocp with the
existence of a flow, as shown in Fig. 2. On the other hand, the
Lo appeared to reach constant levels at over 720rpm,
suggesting that the anodic reaction was limited by the
ionization step of Mg at —1.2'V.

The polarization curves at 0 and 120rpm sometimes
showed a stepwise increase of the current density. The
stepwise increase on the cathodic and anodic polarization
curves probably corresponds to the formation and detach-
ment of the hydrogen gas bubble and the local breakdown of
the surface film, respectively.

3.4 Impedance behavior

Figures 6-8 show the change in the impedance behavior of
the Mg disk at 0, 120, and 1440 rpm during immersion in a
0.6% NaCl solution for 21.6ks. In the case of Orpm, the
phase curve clearly showed a peak between 103 and 10! Hz,
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Fig. 5 (a) Iam at —2.0V, (b) Eco, and (¢) Iy at —1.2V on the
polarization curves of a Mg disk as a function of rotation speed in a 0.6%
NaCl solution.

indicating the existence of a surface film having a time
constant. In the case of 120 and 1440 rpm, the phase curve
showed a peak between 10® and 10' Hz having a shoulder
peak at around 1Hz, indicating a surface film having two
time constants. Then, an equivalent circuit having one or two
sets of parallel circuits composed of a resistance (R) and a
capacitance (C) is suggested for the Mg disk at 0, 120, and
1440 rpm. However, further analysis on the surface structure
is necessary to draw an equivalent circuit.

The constant Z value between 10! and 10! Hz was higher
than that between 10~! and 10~2 Hz, as shown in Figs. 7 and
8, suggesting that the corrosion resistance of a Mg disk
corresponds to the constant Z value between 10' and
10~! Hz. Then, the difference between two constant Z values
at 1 and 10* Hz was obtained as a resistance of the surface
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Fig. 6 Changes in Bode plots of a Mg disk at Orpm in a 0.6% NaCl
solution.
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Fig. 7 Changes in Bode plots of a Mg disk at 120rpm in a 0.6% NaCl
solution.
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Fig. 8 Changes in Bode plots of a Mg disk at 1440 rpm in a 0.6% NaCl
solution.

film (Rfm) and is plotted in Fig. 9(a). The time constant
(T = Rfim - Ca1) (Cqp: capacitance of the double layer) was
obtained as a frequency characteristic from the break-point
frequency between 102 and 10' Hz and is plotted in Fig. 9(b).
Two transient curves of the Ry, and 7 of the Mg disk at 0 and
120 rpm are plotted in Fig. 9, since the reproducibility of the
experiment was poor. The optical images of the Mg disk
surface after the 21.6ks immersion with the impedance
measurement are shown in Fig. 10.

The surface of the Mg disk at Orpm after the 21.6ks
immersion was covered with filiform corrosion growing
along the polishing scar, and large pits also formed along the
polishing scar. A gel-like corrosion product preferentially
precipitated on the pits. The surface of the Mg disk at
120rpm was also covered with filiform corrosion, but the
filiform corrosion grew along the direction of the rotation
flow. The corrosion product accumulated along the edge of
the silicone coating, probably because the corrosion product
was carried by the solution flow. The surface of the Mg disk
at 1440 rpm was partially covered with the filiform corrosion
growing along the rotation flow.

Immediately after the immersion, the Rg, at Orpm was
higher than that at 120 and 1440rpm, indicating that the
protectiveness of the surface film formed immediately after
immersing the Mg disk at 0 rpm was higher than that obtained
at 120 and 1440 rpm. The abrupt increase of the pH of a
solution near the surface at Orpm would encourage the
formation of a thick Mg(OH), film. The Ry, of the Mg disk
at 0 and 120 rpm increased in the beginning and showed a
large fluctuation, sometimes increasing and sometimes
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Fig. 9 (a) Reim and (b) T of a Mg disk as a function of the immersion time
in a 0.6% NaCl solution at rotation speeds of 0, 120, and 1440 rpm.

decreasing. The fluctuation might correspond to the break-
down of the surface film. This decrease in the 3.6ks
immersion and subsequent increase of impedance of 3N-
Mg were reported by Takatani et al. in a 0.5N NaCl
solution.'” The Ry, at 1440rpm slightly increased during
21.6 ks, indicating that the Mg(OH), film grew slightly. On
the other hand, the Ry, values at various rotation speeds
reached a similar value at 21.6ks of immersion, although
they followed a different transient, indicating that the
corrosion resistance of magnesium depends on the break-
down area of the surface film.

The 7 at Orpm linearly increased with the increase of the
immersion time, suggesting that the diffusivity at the
interface decreased during immersion, probably owing to
the deposition of the gel-like corrosion product. The t at
120rpm sometimes increased and sometimes remained
unchanged up to 14.4 ks of immersion. When the t increased,
the Rpm decreased. Thus, the increase of T seems to
correspond to the breakdown of the surface film. In the case
of 1440 rpm, the T was constant up to 14.4 ks of immersion
and subsequently increased between 14.4 and 21.6ks. The
breakdown of the surface film of the Mg disk at 1440 rpm
might occur between 14.4 and 21.6ks.

3.5 Influence of the existence of a flow on the breakdown
of surface film

The breakdown of the surface film was prevented by the

existence of a flow, as shown in Figs. 3 and 10. Since the

breakdown is initiated by the adsorption of the Cl~ ion, the

following two mechanisms are assumed to take place. The
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Fig. 10 Images of the surface of a Mg disk immersed at (a) Orpm, (b)
120rpm, and (c) 1440rpm in a 0.6% NaCl solution for 21.6ks with
impedance measurement.

outermost surface of the Mg(OH), film is rapidly dissolved
under the flow; thus, the C1~ ion cannot adsorb on the surface
for enough time to break the film. On the other hand, the
continuous dissolution of the outermost surface removes the
defect of the outermost surface formed by the C1~ ion before
the defect grows into the obvious breakdown of the surface
film. The prevention of anion adsorption by the existence of a
flow was indicated by the XPS analysis data. Borate was
detected on a magnesium surface immersed in a borate buffer
solution at O rpm; however, the signal originated from the B
1's electron was under the detection limit on a magnesium
surface immersed at 1440rpm. The details of the surface
analysis will be reported in the near future.

4. Conclusion

Polarization and impedance measurements were carried
out on a pure Mg disk in a 0.6 mass% NaCl solution using a
rotating disk electrode to understand the influence of a
controlled flow on the corrosion behavior of magnesium.

The existence of a flow caused the decrease of ocp, the
increase of I,,, on the polarization curve, and the decrease of
Riiim obtained from the impedance curve, indicating the
acceleration of the Mg dissolution and the retardation of the
growth of the surface Mg(OH), film. Interestingly, the
existence of a flow retarded the breakdown of the surface
film. After the breakdown of the surface, the Rgi, did not
depend on the flow rate. The corrosion rate of magnesium is
determined by the breakdown area on the surface. The
deposited corrosion product seems to decrease the diffusivity
at the interface and retard the corrosion reaction of
magnesium.

The implanted bioabsorbable magnesium alloy is exposed
to the dynamic environment with a blood flow or the natural
convection of body fluid at around neutral pH. To accurately
estimate the degradation rate of magnesium and its alloys in
vitro, the flow rate of the test solution should be controlled
depending on the implanted part of the body.
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