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WE43 magnesium alloy has been considered as a promising candidate material for

biodegradable coronary stents. In order to evaluate the effects of blood flow on the corrosion

process of biodegradable Mg and its alloys, the corrosion behaviours of as cast pure Mg and as

extruded WE43 alloy in Hank’s solution under three different conditions, i.e. static, stirring and

flowing, were investigated in the present work. We found that the as cast pure Mg exhibited much

higher corrosion rate than the as extruded WE43 alloy regardless of the liquid flowing condition of

the solution. Both pure Mg and WE43 alloy samples exhibited the lowest corrosion rate under the

stirring condition while the flowing condition promoted local corrosion with the corrosion rates

three to six times faster. The results of this study suggest that static immersion may be not proper

to predict in vivo corrosion rates of magnesium alloy stents.
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Introduction
Magnesium alloys were first introduced to biodegradable
cardiovascular stent application in 20031 and were
expected to overcome the drawbacks of current bio-inert
permanent metallic stent technology, such as in stent
restenosis, late stent thrombosis and the need for
prolonged antiplatelet therapy.2 Rapid advances have
been achieved, and the safety and efficacy of biodegradable
magnesium stents have been validated through a series of
implantation trials in animals3,4 and humans.5–7 However,
the rapid degradation rate of biodegradable magnesium
based stents in vivo leads to an unexpected early loss of the
mechanical integrity and results in restenosis.1,5

Two primary groups of magnesium based alloys are
those that contain 2–10 wt-% aluminium with trace
additions of zinc and manganese and those that contain
a mixture of rare earth elements in combination with
another metal such as zinc or silver and a small amount
of zirconium.8 Magnesium based biodegradable stents
are mainly made of RE containing alloys, such AE211

and WE43.9

To develop magnesium based alloys with better
corrosion resistance, we should first comprehensively
understand the degradation mechanisms. The corrosion
rate and the underlying corrosion process of magnesium

alloys depend on a variety of factors, including, but not
limited to, alloy composition,10,11 surface treatments
and coatings,12,13 solution composition14,15 and solution
transport conditions.16,17 To understand the corrosion
behaviour of magnesium stents in a blood vessel, it is
necessary to take the influence of flowing mode into
consideration. Hiromoto et al.16 found that the existence
of flow could prevent the accumulation of corrosion
products and promote uniform corrosion of pure Mg,
leading to an increase of the anodic current density and
a decrease of the impedance. Levesque et al.17 reported
that when the stress applied by the flow is low, it protects
the surface of AM60 alloy from localised corrosion,
while when it is very high, in addition to high uniform
corrosion, some localised corrosion also occurs. Chen
et al.18 also claimed that the presence of circulating
solution over the surface of the MgZn alloy increased its
corrosion rate compared to that in the static immersion
test.

Outside of the biomaterial field, the influence of flow
on corrosion has been paid close attention in the coal
industry, power plants, water conservancy engineering
and metallurgy industry, and the relationship can be
very complicated. When no surface films are present on
the metal surface, the corrosion rate will be accelerated if
the corrosion process is under control of cathode
diffusion, such as corrosion of iron and copper in
water.19 However, the flow will have no effect on the
corrosion rate if the corrosion process is under control
of charge transfer (activation) or chemical reaction
rate.19 When surface films are present, the films can be
removed locally or globally by the flow through
chemical dissolution or mechanical forces, both of
which lead to very high corrosion rates.19 The flow
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may accelerate the corrosion of magnesium in this way
since a Mg(OH)2 film grows on the corroded area. The
flow can also retard corrosion. For example, it can
reduce the sensitivity of stainless steels to pitting
corrosion.20

In this paper, the corrosion behaviour of as cast pure
Mg and as extruded WE43 alloy in static, stirring and
flowing conditions was studied with Hank’s solution as
immersion medium. The aim is to evaluate the effect of
solution flowing condition on the corrosion/degradation
behaviour of magnesium and its alloys.

Experimental
The die cast pure Mg alloy (99?95%) was provided by
DongGuan EONTEC Co., Ltd, China. The extruded
WE43 alloy (91?35 wt-%Mg, 4?16 wt-%Y, 3?80 wt-%RE,
0?36 wt-%Zr, 0?20 wt-%Zn and 0?13 wt-%Mn) was
provided by Changchun Zhong-Ke-Xi-Mei Magnesium
Alloy Co., Ltd, China, with an extrusion ratio of 10. The
pure Mg ingot was cut into square samples (106
1062 mm), and the as extruded WE43 rod of 12 mm in
diameter was cut into disc samples with 2 mm thickness.
All samples were mounted in phenolic resins in order to
expose only one of the large surfaces. Each sample was
mechanically polished up to 2000 grit, ultrasonically
cleaned in acetone, absolute ethanol and distilled water
and then dried in the open air. The microstructure of pure
Mg and WE43 alloy was characterised using optical
microscopy (Olympus BX51 M) after etching with a 4%
HNO3/alcohol solution.

The immersion test was carried out in Hank’s solution
under three different conditions, i.e. static, stirring and
flowing modes. In each condition, three pure Mg

samples and three WE43 samples were exposed to 5 L
Hank’s solution for as long as 240 h and kept at 37uC by
a thermostatic water bath. A magnetic stirrer was used
to slightly agitate the solution in the stirring test. In the
flowing test, a dynamic immersion test bench described
elsewhere21 was employed, and the shear stress applied
on the sample surface was kept at 0?68 Pa to simulate
the wall shear stress in human coronary arteries.22 When
the test was over, the samples were removed from the
resins, rinsed with distilled water and dried in the open
air. The changes of surface morphologies and compo-
sition of the samples were characterised by environ-
mental scanning electron microscopy (Quanta 200FEG)
equipped with an energy disperse spectrometer (EDS)
attachment and X-ray diffractometer (XRD, Rigaku
DMAX 2400) using Cu Ka radiation. Then, the samples
were immersed in 200 g L21 CrO3 solution to remove
the corrosion products and then observed by environ-
mental scanning electron microscopy.

According to ASTM-G31-72, the corrosion rate is
given by equation (1)

Corrosion rate~(K|W )=(A|T|D) (1)

where the coefficient K58?766104, W is the weight
change (g) before immersion and after cleaning the

1 Optical micrographs of a as cast pure Mg and b as

extruded WE43 alloy

2 X-ray diffraction patterns of a pure Mg and b WE43 before

and after immersion in Hank’s solution for 240 h under

static, stirring and flowing conditions respectively
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corrosion product, A is the sample area exposed to the
solution (cm2), T is the exposure time (h) and D is the
density of the material (g cm–3).

Results
Figure 1 shows the microstructures of the as cast pure
Mg and as extruded WE43 alloy. The as cast pure Mg
exhibited very coarse grains with the size of several
millimetres, whereas the as extruded WE43 alloy showed
relatively fine grains (5–20 mm) with second phase
particles distributed in the grains. The XRD pattern
in Fig. 2 demonstrates that the pure Mg was composed
of a single a-Mg phase, while peaks of Mg24Y5 and
Mg41Nd5 can be identified from the pattern of the WE43
alloy.

The macromorphologies of pure Mg and WE43
alloy after immersion for 24, 120 and 240 h are shown
in Fig. 3. The pure Mg samples presented local cor-
rosion in all three conditions, and the accumulation of
corrosion products initiated from the interface of the
sample and the resin. The grain boundaries of the pure
Mg sample submitted to stirring Hank’s solution
clearly emerged after 120 h. The WE43 samples in
static and stirring conditions exhibited slight and com-
paratively uniform corrosion. Nevertheless, the corro-
sion products accumulated locally near the edge of the
WE43 sample under the flowing condition. A large gap
and a hole that penetrated right through the cross-
section can be observed after corrosion products were
removed.

The condition of the solution had great influence on
the morphologies of the corroded surface and the
corrosion products of pure Mg samples, as shown in
Fig. 4. Some parts of the sample in the static condition
were covered by squama-like products that contained
mainly Mg and O elements. The other part was covered
by irregular precipitates, in which Ca, P and O elements

were detected. After cleaning the samples with chromic
acid, pitting holes, as large as 100–250 mm, could be
clearly revealed on the surface. The corrosion behaviour
of pure Mg in the stirring solution seems to be related to
the grain orientation. Figure 4e shows that some grains
were severely corroded along the grain boundaries, while
some were complete with only some cracks and holes in
the centre of the grains. On top of the complete grains
was a film of spherical and bar-like products that was
rich in Ca and P. The Ca/P molar ratio was 0?72, as
checked by EDS. Large and connected pitting holes are
presented in Fig. 4c and f, indicating that the existence
of flow promoted the corrosion of pure Mg.

Compared with pure Mg, the surface morphologies of
WE43 alloy did not change much after immersion test,
as seen in Fig. 5. Similar to pure Mg, a more compact
layer of spherical and bar-like corrosion products was
only observed on the WE43 alloy sample in the stirring
condition (Fig. 5b). After removing the corrosion
products, small isolated pits were found on the sample
in the static condition, while more pits that spread
laterally could be observed on the sample in the flowing
condition (Fig. 5f). There is no pit on the WE43 alloy
sample under the stirring condition.

The XRD patterns in Fig. 2a illustrated that the
crystalline corrosion product of pure Mg in Hank’s
solution was Mg(OH)2. Figure 2b shows that the peak
intensity of a-Mg was remarkably decreased after
immersion test, but only weak peaks of Mg(OH)2 were
detected in all the WE43 alloy samples, and the peaks of
Ca(H2PO4)2.H2O were identified in the WE43 stirring
sample. No other phase was detected that might be
attributed to that the products are amorphous or there is
a quantity of other possible phases in the products below
the detection limit of the XRD.

Figure 6 represents the corrosion rates calculated
from mass loss. For both pure Mg and WE43 alloy,
the corrosion rate followed the ranking order stirring,

3 Macroscopic morphologies of pure Mg and WE43 alloy immersed in Hank’s solution under static, stirring and flowing

conditions for 24, 120 and 240 h and corresponding morphologies after being removed from solution and resin and

cleaned with CrO3 solution
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static,flowing. The corrosion rates of pure Mg and
WE43 alloy were accelerated three to six times by the
flow. Pure Mg exhibited a much higher corrosion rate
than that of WE43 alloy regardless of the condition of
the solution.

Discussion
Referring to a model proposed by Li et al.,23 the
corrosion mechanism of magnesium and its alloys can
by characterised as:

(i) formation of magnesium hydroxide film. When
the fresh surface was exposed to the aqueous
solution, the magnesium hydroxide film was
expected to be formed according to equation (2)

Mgz2H2O?Mg(OH)2zH2 (2)

(ii) Song et al.24 reported that the magnesium
hydroxide film is uncompact with microholes
,10 nm in diameter on it, so the magnesium
hydroxide film is only partially protective

(iii) the adsorption of chloride ions to transform
Mg(OH)2 into MgCl2. It is generally accepted
that the aggressive chloride ions can transform
the partially protective magnesium hydroxide
film into soluble MgCl2 and induce pitting
corrosion, thus accelerating the magnesium
dissolution14,25

(iv) precipitation of Ca/P compounds. The Ca/P
compounds precipitated on the surface of the
hydroxide layer from Hank’s solution as the
corrosion proceeded. However, due to the strong
inhibitory effect of magnesium ions on Ca/P
crystal growth,26 no crystallised Ca/P com-
pound was detected by XRD analysis except
Ca(H2PO4)2.H2O on the WE43 alloy sample
in stirring condition

(v) the etched magnesium alloy bulk would not
keep its integrity, and sooner or later irregular
small pieces would peel from the bulk Mg
material and fall off into the surrounding
medium, and the bulk Mg material would be
further corroded.

4 Images (SEM) showing direct morphologies of pure Mg immersed in a static, b stirring and c flowing Hank’s solution

for 240 h and corresponding d static sample after cleaned CrO3 solution, e stirring sample after cleaned CrO3 solution,

f flowing sample after cleaned CrO3 solution, g EDS spectrum of the framed area A in a, h EDS spectrum of framed

area B in a and i EDS spectrum of framed area C in b: insets in a, b and c are enlarged images of corrosion products
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Taking the WE43 alloy as an example, a schematic
illustration of how the flow condition of the solution
influences the corrosion behaviour of materials is shown
in Fig. 7. In the static state (Fig. 7a), deleterious
chloride ions may congregate near the surface and
promote step (ii). Pitting holes propagated perpendicu-
lar to the original metal/solution interface. In the
flowing condition (Fig. 7c), the existence of the flow
may influence the corrosion behaviour of magnesium in
two aspects, i.e. applying shear stress on the surface and
promoting diffusion. Although the flow prevented
chloride ions from local congregation, the shear stress
made the sample surface more susceptible to pitting and
localised corrosion. Pits would propagate laterally and
coalescence subsequently at the frontiers. Meanwhile,

pits increased the surface area exposed to the immersion
medium, thus promoting the occurrence of corrosion.
The flow also transported Mg2z, OH2 and other cor-
rosion products from the metal/solution interface to the
whole solution, thus delaying the equilibrium of the
system and aggravating corrosion. Similar results were
also reported in previous works on AM60B-F alloy,17

MgZn alloy18 as well as biodegradable binary Fe–X
alloys.21 However, when the shear stress is low, it pro-
tects the surface from localised corrosion.14,15 Although
the equilibrium of corrosion reaction may also delay in
the stirring test, a lower Mg2z concentration near the
surface allowed Ca/P crystal growing, forming a more
compact and protective layer than an amorphous Ca/P
compound layer. Since the flow greatly enhanced the
corrosion rate of magnesium alloys, currently widely
used static immersion test may not be proper to predict
the in vivo corrosion rate of magnesium stents. The
thickness of stent struts is ,80 mm, and the stents should
maintain mechanical integrity for at least 6 months.2

Apparently, the corrosion rates of pure Mg and WE43
alloy in this study are too fast, and localised corrosion is
not desirable. Although biodegradable magnesium alloy
stents may not degrade that fast in vivo since the stent
would be covered by endothelial cells soon, control of
the corrosion process is still a big concern.

In our study, pure Mg and WE43 alloy presented
distinct differences in corrosion resistance. The extre-
mely coarse grain may be the main reason for the poor
corrosion resistance of pure Mg. Many previous works
reported that fine grained pure Mg27 and magnesium
alloys, such as AZ31,28,29 AZ9130 and Mg–Ca alloys,23

could exhibit a significantly reduced corrosion rate
compared to the coarse grained one. Segregation of
impurities and alloying elements towards the grain
boundary results in a more cathodic behaviour of the

5 Images (SEM) showing direct morphologies of WE43 alloy immersed in a static, b stirring and c flowing Hank’s solu-

tion for 240 h and corresponding d static sample after cleaned CrO3 solution, e stirring sample after cleaned CrO3

solution and f flowing sample after cleaned CrO3 solution: insets in a, b, c and d are enlarged images

6 Corrosion rates of pure Mg and WE43 alloy immersed

in Hank’s solution in static, stirring and flowing condi-

tions calculated by weight loss
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grain boundary and near matrix compared to the centre
of the grain.31 Therefore, the centre of the grain was first
attacked, as shown in Fig. 4e. The corrosion resistance
of coarse pure Mg grains was found to be related to the
crystal orientation. In fine grained magnesium alloys,
the cathode and anode are close to each other and
distributed more uniformly, so the corrosion behaviour
appears to be more homogeneous. Therefore, fine
grained magnesium alloys are more desirable for
cardiovascular stent application.

Conclusions
In this paper, the corrosion behaviour of as cast pure
Mg and as extruded WE43 alloy in static, stirring and
flowing Hank’s solution was studied. The as cast pure
Mg exhibited much higher corrosion rate than that of
the as extruded WE43 alloy regardless of the flow
condition of the solution. Both pure Mg and WE43 alloy
were more susceptible to corrosion in the flowing solu-
tion since the shear stress applied by the flow promoted
local corrosion. Samples in the stirring test exhibited the
best corrosion resistance, and a crystalline Ca/P com-
pound layer formed on the surface.
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