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Abstract Magnesium alloy stent has been employed in

animal and clinical experiment in recent years. It has been

verified to be biocompatible and degradable due to corro-

sion after being implanted into blood vessel. Mg–Y–Gd–

Nd alloy is usually used to construct an absorbable

magnesium alloy stent. However, the corrosion resistant of

as cast Mg–Y–Gd–Nd alloy is poor relatively and the control

of corrosion rate is difficult. Aiming at the requirement of

endovascular stent in clinic, a new biomedical Mg–Zn–Y–

Nd alloy with low Zn and Y content (Zn/Y atom ratio 6) was

designed, which exists quasicrystals to improve its corrosion

resistance. Additionally, sub-rapid solidification processing

was applied for preparation of corrosion-resisting Mg–Zn–

Y–Nd and Mg–Y–Gd–Nd alloys. Compared with the as

cast sample, the corrosion behavior of alloys in dynamic

simulated body fluid (SBF) (the speed of body fluid:

16 ml/800 ml min-1) was investigated. The results show

that as sub-rapid solidification Mg–Zn–Y–Nd alloy has the

better corrosion resistance in dynamic SBF due to grain

refinement and fine dispersion distribution of the quasi-

crystals and intermetallic compounds in a-Mg matrix. In the

as cast sample, both Mg–Zn–Y–Nd and Mg–Y–Gd–Nd

alloys exhibit poor corrosion resistance. Mg–Zn–Y–Nd

alloy by sub-rapid solidification processing provides excel-

lent corrosion resistance in dynamic SBF, which open a new

window for biomedical materials design, especially for

vascular stent application.

1 Introduction

Metallic materials including stainless steel, titanium alloys,

and cobalt-based alloys, due to their high strength, ductibility

and good corrosion resistance, have been used as materials in

vascular stent [1]. However, these metallic materials are not

biodegradable in the human body and can cause long-term

complication (infection and restenosis). In addition, with the

passage of time,the metallic materials age gradually and are

corrosived in body fluids releasing of ions which have a

negative impact on the body. Thus, it is necessary urgently to

research the new biodegradable stents. Biodegradable stents

represent an appropriate solution because of their low cost,

convenience and little infection, which are favourable to

patients [2]. Magnesium alloy as a degradable stent material

provides both biocompatibility and suitable mechanical

properties. Mg2? is present in large amount in the human

body, involved in many metabolism reactions and biological

mechanisms. Previous in vivo studies have shown that

magnesium is suitable as degradable biomaterial for use in

vascular stent [1, 3]. Compared to current polymer biode-

gradable stent materials, magnesium alloys have higher yield

strength, which provide enough support strength. Besides,

among the potential advantages of these stents, when com-

pared to conventional stents, are the elimination of late stent

thrombosis, chronic inflammation, and artifacts during

noninvasive imaging.

Mg and its alloys have been previously used for biode-

gradable orthopedic implants [3]. However, these materials

are novel in their application to coronary stents. Their

mechanical and corrosion properties do not suit the

requirements for stent material. AE21 [4] and WE43 [5] are

two kinds of Mg-based alloys reported in the literature for

making stents. But they have poor corrosion resistance and

poor radial strength because of their low elastic modulus.
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In order to provide proper vessel wall support, the struts

have to be thicker and this will increase the area of metal-

artery interaction. The restenosis rate after implantation of a

magnesium stent was high because rapid biocorrosion

resulted in only brief opposition to vessel recoil forces.

Stable icosahedral quasicrystal phase (I-phase) with stoi-

chiometric composition of Mg30Zn60Y10 in Mg–Zn–Y alloy

system was first reported in 1993 by Luo et al. [6]. I-phase

possess many interesting properties, such as high hardness,

high corrosion resistance, low interface energy, etc. [7].

Recently, adding elements (Al, Mn, Ag, etc.) [8–10], heat

treatment [11], ageing [12] or reworking method (hot forging,

equal channel angular processed, extrusion, etc.) [13–15] by

some workers to strengthen the Mg–Zn–Y alloys and

improving mechanical properties of Mg–Zn–Y alloys. An

approach is to prepare metal matrix composites reinforced by

I-phase. Mg–Zn–Y alloys with low Zn content have a poten-

tial for biomedical application, due to its moderate strengthen,

high ductility, and excellent corrosion resistance [16].

Mg–Y–Gd–Nd alloy (WE43) is usually used to con-

struct an absorbable magnesium alloy stent. The alloying

system was selected because Y and Nd are known to be

benecial in enhancing the corrosion resistance of Mg-

alloys, and Mg-alloys containing Nd, Y and Gd have been

shown in recent studies are not cytotoxic for implant

applications [3, 17]. Besides, Zn is an essential element in

the human body and it has also an even more evident

strengthening effect on magnesium alloys, a magnesium

alloy which contains suitable amount of Zn is a potential

biodegradable alloy [18].

The aim of present study is to find a new biomedical

magnesium alloy which has good corrosion properties in

dynamic SBF for vascular stent application. A new bio-

medical Mg–Zn–Y–Nd alloy with low Zn and Y content

(Zn/Y atom ratio 6) was designed, and sub-rapid solidifi-

cation processing was applied to two magnesium alloys,

Mg–Zn–Y–Nd and Mg–Y–Gd–Nd alloys, with and without

I-phases, to evaluate the corrosion behaviour in static or

dynamic SBF.

2 Materials and methods

2.1 Materials preparation

A new Mg–Zn–Y–Nd alloy was prepared by using high

purity Mg, high purity Zn, Mg–25Y (wt%) (in purity

99.99 wt%) and Mg–25Nd (wt%) (in purity 99.97 wt%)

master alloys by induction of mild steel crucible at approx-

imately 740�C under CO2/SF6 (volume fraction rate, 3000:1)

atmosphere in an electronic resistance furnace. Mg–4Y–

1Gd–2Nd (wt%) alloy was supplied by National Engineering

Research Center of Light Alloys Net Forming [19]. The sub-

rapidly solidified bars were prepared by copper mould splat

cooling method at 700�C under Ar atmosphere. The diameter

of the bars was 2 mm. The cooling rate range of sub-rapid

solidification is 102–103K/S, and the cooling rate of U2 mm

bars was about 200 K/s [20], which come within the cooling

rate range of sub-rapid solidification.

2.2 Microstructure

The microstructure of the materials was characterized with

scanning electron microscopy (SEM) using a field-

emission electron source operating at 20.0 kV. The SEM

microgragh was obtained from the etched surface using a

solution of nitric acid (4 ml) and ethanol (96 ml). Con-

stituent phases were identified by X-ray diffraction using

monochromatic CuKa radiation. The phase compositions

were analyzed by standardless energy dispersive spectrum

(EDS) in scanning electron microscopy (SEM). The grain

size was measured according to the linear intercept method

described in the ASTM standard E112-G6.

2.3 Electrochemical tests

For the potentiodynamic polarisation measurements, rect-

angular specimens of 25 mm in length and 2 mm in width

were connected to copper wire and embedded in epoxy

resin with only one side exposed for the test. The exposed

area was calculated by ImageTool. The working surface

was ground with SiC emery papers of up to 800 grit, and

finely polished with 0.5 lm diamond powder then ultra-

sonically cleaned in alcohol for 5 min, then dried in air.

The potentiodynamic curves were performed by means of a

EG&G model potentiostat/galvanostat controlled by a

computer with M352 corrosion analysis software. Experi-

ments were performed at 37�C in a glass cell containing

cycling SBF. The potentiodynamic polarisation was mea-

sured in a simulated body fluid within the normal physio-

logical flow rate (2 ml/100 ml min-1) under dynamic

conditions. Figure 1 shows the schematic diagram of flow

Fig. 1 Schematic diagram of flow chamber system (1) Sample

chamber; (2) Sample; (3) Water bath; (4) Pump; (5) SBF storage tank

2002 J Mater Sci: Mater Med (2010) 21:2001–2008

123



chamber system. The composition of SBF is listed in

Table 1, which is prepared based on Ref. [21].

2.4 Weight loss measurement

As cast rectangular samples for the immersion test were cut

from the as cast bars directly, and were covered by epoxy

resin with only one side of 1 cm2 exposed for the test,

while the sub-rapidly solidified bars were ground to

semicicrular with a rectangular plane, then other planes

were covered by epoxy resin. The exposed area was cal-

culated by ImageTool. Then the samples were immersed in

SBF at 37�C for up to 7 days. The immersion solution was

refreshed every 24 h. The sample weight was measured

before the immersion by a balance with accuracy of

0.1 mg. After immersion, samples were cleaned in a

25 wt% chromate acid solution for about 5 min to remove

the corrosion products. The specimens were then quickly

washed with distilled water, dried in warm flowing air.

The dried specimens were weighed and the corrosion rate

was calculated by following [22]:

CR ¼ MW= Atð Þ

where CR is the corrosion rate, mg/cm2/h; W is the weight

loss, mg; A is the original surface area exposed to the test

solution, cm2, and t is the exposure time, hour.

3 Results and discussion

3.1 Microstructure observation

Figure 2 shows the optical microstructures of as cast

Mg–Y–Gd–Nd, Mg–Zn–Y–Nd alloys and as sub-rapid

solidification Mg–Y–Gd–Nd, Mg–Zn–Y–Nd alloys. The as

cast Mg–Y–Gd–Nd alloy is mainly composed of equiaxed

grains and partially divorced interdendritic eutectics,

marked as A in Fig. 2a. The average grain size of as-cast

Table 1 Ion concentrations of SBF

Ion K? Na? Ca2? Mg2? Cl- HCO3
- SO4

2- HPO4
2-

Concentration (mmol/L) 5.0 142.0 2.5 1.5 147.8 4.2 0.5 1.0

b

50μm 

A 

10μm 

50μm 10μm 

a 

c d

Fig. 2 Optical image of alloys: a as cast Mg–Y–Gd–Nd alloy; b as sub-rapid solidification Mg–Y–Gd–Nd alloy; c as cast Mg–Zn–Y–Nd alloy;

d as sub-rapid solidification Mg–Zn–Y–Nd alloy
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Mg–Y–Gd–Nd alloy is about 70 lm. The phase composi-

tions of as-cast alloy by XRD analysis are shown in

Fig. 3a. It demonstrates that the main intermetallic com-

pounds in as cast Mg–Y–Gd–Nd alloy is MgGd3 phase.

After sub-rapid solidification at 700�C under Ar atmo-

sphere, from XRD result in Fig. 3b, Mg2Y and Mg41Nd5

appear. However, the microstructure of the as-cast Mg–Zn–

Y–Nd alloy is different from Mg–Y–Gd–Nd alloy, which

consists of two different types phases: gray phases and

some small particles, shown in Fig. 2c. From XRD result,

shown in Fig. 3c, the gray phases are a-Mg, the particle-

shaped phases are Nd3Zn11 phase. These small particles

distribute inside the crystal. Compared with as cast

Mg–Zn–Y–Nd alloy, as sub-rapid solidification Mg–Zn–

Y–Nd alloy have new phases, two new phases are identi-

fied, respectively in Fig. 3d, respond to I-phase (Mg3YZn6)

and Mg41Nd5. Furthermore, the average grain size of as

sub-rapid solidification both Mg–Y–Gd–Nd and Mg–Zn–

Y–Nd alloy is reduced significantly than the as cast ones,

about 15 lm, which is indicated clearly in Fig. 2b, d.

It is shown in the optical microstructures that the grain

size of as-cast alloys are not uniform and the size of larger

grains is even beyond 150 lm. Comparison of the average

grain size of samples with the same compositions under

different process conditions, both Mg–Y–Gd–Nd and

Mg–Zn–Y–Nd alloys, after sub-rapid solidification, their

grains refine obviously, that is, the increasing cooling rate

results solute closure, grain size decrease notably and more

phases appear, in the meanwhile, elements distribute more

uniform.

3.2 Quasicrystals

A little amount of I-phase (Mg3YZn6, icosahedral quasi-

crystal structure, quasi-oeriodically ordered) is observed in

XRD pattern (Fig. 3d). SEM microstructure of as sub-rapid

solidification Mg–Zn–Y–Nd alloy (Fig. 4) reveals that the

morphology of I phase is spherical. Mg3Zn6Y (I-phase) in

Mg–Zn–Y alloys was firstly reported by Luo et al. [23].

But Mg3Zn6Y (I-phase) in Mg–Zn–Y–Nd alloys with low

Zn low Y content (Zn/Y atom ratio 6) is firstly discovered

in this study. The average grain size of quasicrystals are

measured, about 500 nm.

For both Mg–Y–Gd–Nd and Mg–Zn–Y–Nd alloys, sub-

rapid solidification brings different phases: Mg2Y and

Mg41Nd5 appear in Mg–Y–Gd–Nd; while I-phase, Mg41Nd5

are discovered in as sub-rapid solidification Mg–Zn–Y–Nd

alloy. For all of the alloys, I-phase only appears in as sub-

rapid solidification Mg–Zn–Y–Nd alloy, that is, the forma-

tion of I-phase is related with the solidification rate.
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Fig. 3 XRD patterns of alloys: a as cast Mg–Y–Gd–Nd alloy; b as sub-rapid solidification Mg–Y–Gd–Nd alloy; c as cast Mg–Zn–Y–Nd alloy;

d as sub-rapid solidification Mg–Zn–Y–Nd alloy
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According the relation of the solidification rate and I-phase,

because I-phase was metastable phase, so the solidification

rate should beyond certain threshold to avoid the I-phase

transform crystal; In the meantime, I-phase formed by

nucleation and growing up, which were controlled by dif-

fusion. So the sub-rapid solidification was favorable to the

formation of I-phase. The growth mechanism of quasicrystal

still remains an unsolved and debating problem. After the

primary quasicrystal forms, it grows according its prefer-

ential crystal direction. The quasicrystal structure have two-

fold, three-fold, and five-fold symmetry axes, what’s more,

different from the 32 kinds of classical crystal point groups,

the point group of icosahedral quasicrystal exhibits m 35

[24]. The regular icosahedral quasicrystal owns twelve peak,

it grow petal-like morphology if the fastest growth follows

the twelve peak. However, Spherical I-phase be only dis-

covered in this study. Because of the special nature of

quasicrystals, which have the nature of both crystal and non-

crystal, the alloys with I-phase will own special properties

comparing with the ones without I-phase, especially its

excellent corrosion-resistance property.

3.3 Corrosion behaviour

3.3.1 The corrosion properties of different alloys

in dynamic SBF

The as sub-rapid solidification alloys in this work show

better corrosion properties than that of as cast ones. It

indicates that the sub-rapid solidification processing can

improve corrosion properties strongly. The as sub-rapid

solidification Mg–Zn–Y–Nd alloy shows the highest cor-

rosion resistance, revealing that as sub-rapid solidification

Mg–Zn–Y–Nd alloy has the best corrosion properties. The

corrosion potential curves in Fig. 5, polarization curves in

Fig. 6 and immersion results in Figs. 7 and 8 all show the

same tendency. The sub-rapid solidification processing not

only brings grain refinement, but also increases solubility

limit of solute atoms, expanding the scope of the alloying

and making the composition and microstructure more

uniform, shown in Fig. 2c, d. In the meantime, the harmful

impurity elements solute the a-Mg matrix, not distribute on

Element At% 

Y L  0.98 

Zn K 5.79 

A

a b
Fig. 4 a SEM morphology of

spherical I-phase; b EDS of I

phase with A in a

Fig. 5 Corrosion potential curves of four alloys

Fig. 6 Polarization curves of alloys under different process

conditions
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the grain boundary, changing the condition of grain

boundary by forming self-cleaning inner surface to lessen

the trend of galvanic corrosion. After sub-rapid solidifica-

tion, the grain size becomes more uniform, shown in

Fig. 2b, d; the stability of grain boundary increases, which

can avoid the local micro-battery phenomenon. Thus,

sub-rapid solidification processing can improve corrosion

properties.

Corrosion potential curves and polarization curves are

shown in Figs. 5 and 6. For as cast alloys, the corrosion

potential (-1.95 V for Mg–Y–Gd–Nd and -1.76 V for

Mg–Zn–Y–Nd) is lower than that of as sub-rapid solidifi-

cation ones (-1.83 V for Mg–Y–Gd–Nd and -1.57 V for

Mg–Zn–Y–Nd)(as listed in Table 2); Meanwhile, the cur-

rent density of as cast or as sub-rapid solidification Mg–

Zn–Y–Nd alloy has apparent reduction comparing with

that of Mg–Y–Gd–Nd alloy (shown in Table 2), that is, the

corrosion properties of Mg–Zn–Y–Nd alloys, as sub-rapid

solidification or as cast, are better than the Mg–Y–Gd–Nd

alloys. The main reasons are that: Firstly, as sub-rapid

solidification Mg–Zn–Y–Nd alloys exist I-phase which is

favorable to improve the corrosion properties, because it

have low interfacial energy making it have stable interface;

secondly, I-phase own excellent corrosion properties itself;

Thirdly, it has been widely accepted that Zn can reduce the

effects of Fe, Ni on corrosion properties and then improve

the anticorrosion properties of Mg [25].

Figure 8 is the corrosion rate of four alloys after

immersion in SBF for up to 168 h. From the corrosion rate

results in Fig. 8, the corrosion rate of every alloy increases

with the time increasing before 24 h, achieving the maxi-

mum at 24 h. Then, after 24 h, the corrosion rate of every

alloy declines with the time increasing. This phenomenon is

related with the surface of alloy in the corrosion process.

Because the alloys’ initial surface is smooth, the exposed

area is bigger in the corrosive medium, resulting the prob-

ability of medium invasive is bigger. The invasived medium

reactioned with the surface of alloys. Due to the reaction

exothermics, making the local temperature increased, then,

the corrosion rate accelerates. With the time increasing, the

corrosive conduct increased, which covered in the samples’

surface, blocking the direct contact between the corrosive

medium and the samples’ surface, having certain protective

effect. Thus, the corrosion rate of every alloy declines.

3.3.2 The difference of corrosion properties

in dynamic and static SBF

The Mg–Zn–Y–Nd alloy in this study is designed for

vascular stent application, its corrosion properties are

studied in the dynamic SBF which is cycling at the same

speed of body fluid, that is, the SBF in sample chamber all

renew once every 50 min. we discover that, the corrosion

Fig. 7 Weight loss of four alloys after immersion in SBF for up to

168 h: a as cast Mg–Zn–Y–Nd alloy; b as cast Mg–Y–Gd–Nd alloy;

c as sub-rapid solidification Mg–Zn–Y–Nd alloy; d as sub-rapid

solidification Mg–Y–Gd–Nd alloy
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Fig. 8 corrosion rate of four alloys after immersion in SBF for up to

168 h: a as cast Mg–Zn–Y–Nd alloy; b as cast Mg–Y–Gd–Nd alloy;

c as sub-rapid solidification Mg–Zn–Y–Nd alloy; d as sub-rapid

solidification Mg–Y–Gd–Nd alloy

Table 2 Relationship of corrosion potential and corrosion current

Samples Ecorr/V I corr/(A/cm2)

Mg–Y–Gd–Nd alloy As cast -1.95 1.86 9 10-4

As sub-rapid

solidification

-1.83 1.45 9 10-4

Mg–Zn–Y–Nd alloy As cast -1.76 5.30 9 10-5

As sub-rapid

solidification

-1.57 2.62 9 10-5
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properties of the same alloy in static SBF and dynamic SBF

are different, shown in Fig. 9. For the same alloy, both

Mg–Zn–Y–Nd and Mg–Y–Gd–Nd, the corrosion potential

improve about 80 mv in dynamic SBF than that in static

SBF, that is, dynamic SBF is favorable to the corrosion

properties. In the SBF, the concentrations of Cl- have a

great influence on corrosion properties. Cl- can lessen the

corrosion properties based on the following reasons. First

of all, Cl- makes Mg(OH)2 which is the sediments on

samples, surface converted into MgCl2 which has higher

solubility via the reaction

Mg OHð Þ2þCl� ! MgCl2 þ 2OH� ð1Þ
As a result, Cl- increases alloys corrosion. Secondly,

Cl- has small radius to penetrate the surface film easily,

leading to competitive adsorption, that is, Cl- takes the

place of O2, OH- which are absorbed onto the surface of

alloys to form the soluble complex. The continuously

cycling dynamic SBF brings stability for Cl- in the sample

chamber, which make the corrosion morphology of alloys

more uniform and the corrosion rate slower (Fig. 9). While

in static SBF, as anodic reaction developing, more and

more Mg2? dissolve in the solution, HCO3
- and HPO4

2-

are consumed, which make the concentration of Cl-

increase relatively to reduce the corrosion potential.

4 Conclusions

(1) A new biomedical alloy Mg–Zn–Y–Nd with low Zn

and Y content (Zn/Y atom ratio 6) was firstly

designed. The microstructure of as cast Mg–Zn–Y–Nd

alloy consisted of a-Mg ? Nd3Zn11,while in as sub-

rapid solidification Mg–Zn–Y–Nd alloy, spherical

I-phase was formed. After sub-rapid solidification,

the average grain size of Mg–Y–Gd–Nd alloy and

Mg–Zn–Y–Nd alloy significantly reduced, from about

700 lm to about 15 lm.

(2) Sub-rapid solidification processing improves the cor-

rosion resistance of Mg–Y–Gd–Nd and Mg–Zn–Y–

Nd alloy in dynamic SBF. The corrosion potential of

Mg–Zn–Y–Nd alloy rises to the maximum -1.57 V

after sub-rapid solidification, which is attributed to

I-phases existing and grain refinement; meanwhile,

the corrosion potential of as sub-rapid solidification

Mg–Y–Gd–Nd alloy rises to -1.83 V from -1.95 V

as result of grain refinement.

(3) The corrosion potential of as cast Mg–Zn–Y–Nd alloy

(-1.76 V) is higher than that of as cast Mg–Y–Gd–Nd

alloy(-1.95 V)and as sub-rapid solidification Mg–Y–

Gd–Nd alloy(-1.83 V) for the reason that Zn was

beneficial to improve the corrosion resistance. Simul-

taneously, the corrosion rate of Mg–Zn–Y–Nd alloy

reduced significantly after sub-rapid solidification.

(4) For the same alloy, either Mg–Zn–Y–Nd or Mg–Y–

Gd–Nd alloy, the corrosion potential improve about

more 80 mv in dynamic SBF than that in static SBF,

which mainly related to the concentration of Cl-.
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