
Materials Letters 162 (2016) 242–245
Contents lists available at ScienceDirect
Materials Letters
http://d
0167-57

n Corr
China. F

nn Cor
Harbin

E-m
zhongji
journal homepage: www.elsevier.com/locate/matlet
Microstructure, mechanical properties, in vitro degradation behavior
and hemocompatibility of novel Zn–Mg–Sr alloys as biodegradable
metals

Xiwei Liu a,b,c, Jianke Sun a,b,c, Yinghong Yang b, Feiyu Zhou b, Zhongjie Pu b,c,n, Li Li a,
Yufeng Zheng a,d,nn

a Center for Biomedical Materials and Engineering, Harbin Engineering University, Harbin 150001, China
b Lepu Medical Technology Co., Ltd., Beijing 102200, China
c National Engineering Research Center for Heart Disease Explants Intervention of Medical Instruments and Equipment, Beijing 102200, China
d Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China
a r t i c l e i n f o

Article history:
Received 30 June 2015
Received in revised form
28 July 2015
Accepted 29 July 2015
Available online 31 July 2015

Keywords:
Zn–Mg–Sr alloys
Biomaterials
Microstructure
Degradation behavior
Hemocompatibility
x.doi.org/10.1016/j.matlet.2015.07.151
7X/& 2015 Published by Elsevier B.V.

esponding author at: Lepu Medical Technolo
ax: þ86 10 80120666.
responding author at: Center for Biomedica
Engineering University, Harbin 150001, China
ail addresses: zhongjie_pu@lepumedical.com,
epu2009@163.com (Z. Pu), yfzheng@pku.edu.c
a b s t r a c t

The microstructure, mechanical properties, in vitro degradation behavior and hemocompatibility of
novel Zn–1Mg–0.1Sr and Zn–1Mg–0.5Sr (wt%) ternary alloys were evaluated with pure Zn as control. The
results indicated that Zn–Mg–Sr alloys exhibited much higher yield strength (YS), ultimate tensile
strength (UTS), hardness and corrosion rate than those of pure Zn. But their elongation and hemolysis
rates were reduced. Furthermore, the hot-rolled Zn–1Mg–0.1Sr alloy presented the superior mechanics
performance (196.84713.20 MPa, 300.0876.09 MPa, 22.4972.52%, 104.31710.18 for YS, UTS, Elon-
gation and hardness, respectively), appropriate corrosion rate (0.1570.05 mm/year) and excellent he-
mocompatibility (hematolysis rate of 1.1070.2% and no signs of thrombogenicity), showing a preferable
candidate as the biodegradable implant material.

& 2015 Published by Elsevier B.V.
1. Introduction

Zinc with the electrode potential is between that of magnesium
and iron, which is under the condition of meeting the clinical
needs, giving an option to be candidate as biodegradable metals [1,
2]. Furthermore, zinc is widely acknowledged as nutrient element,
showing an important biological function involved in the synthesis
such as DNA polymerase, RNA polymerase and many transcription
factors [3]. Following this, Zn has been investigated for potential
clinical applications [4]. However, due to the poor mechanical
strength and hardness, similar to pure Mg, pure Zn might not
satisfy the mechanical property requirement of implant materials.
Therefore, several modifications have been adopted to improve its
mechanical performance, such as Zn alloys (e.g. Zn–Mg alloys [5,
6]), Zn–ZnO composites [7], and Zn-nanodiamond composites [8].
Nevertheless, alloying becomes an indispensable approach. As an
effective alloying element in zinc alloys, Mg was found to
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adequately improve its mechanical strength [5] and corrosion
properties [6]. Meanwhile, it was reported recently [9] that fabri-
cation of Mg-1X binary alloys with Mg and Sr could improve its
mechanical properties and corrosion rate of pure Zn in Hank's
solution. However, to date, there have been no systematical in-
vestigations on Zn–Mg–Sr ternary alloys for biomedical applica-
tions. Moreover, it is essential to be stressed that Mg and Sr have
no toxic effects and play a primary role in biochemical activities. In
the study, considering the benefits of Mg and a small amount of Sr,
new series of Zn–Mg–Sr alloys have been designed and their mi-
crostructure, mechanical properties, in vitro biodegradation and
hemocompatibility are systematically evaluated.
2. Materials and methods

Zn–Mg–Sr alloys were prepared by gravity casting under the
protection of CO2 with pure Zn (99.99%, Huludao Zinc Industry Co.,
China), pure Mg (99.99%, Henan Yuhang Metal Materials Co.,
China) and pure Sr (99.5%, Aladdin Industrial Co., China) as the raw
materials. Pure Zn was used as reference through secondary
smelting with the above method. The ingots were cut into 11 mm
thick plates and polished up to 1200 grit, and then hot rolled to
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about 2.1 mm thick sheets after pre-heating to 250 °C for 3 h. The
specimens for microstructure characterization and in vitro mea-
surements were cut into plates with the geometric size of
10 mm�10 mm�2 mm.

All samples for microscopic observation were mechanically
polished, etched with acid solution and evaluation of the micro-
structure was carried out using an optical microscopy and SEM
(Quanta 200) with an energy dispersive spectrometer (EDS). An
X-ray diffractometer (X’pert Pro) with CuKα radiation was em-
ployed for identification of the phases of the studied alloys with
the scanning angle range of 10–90°.

The samples for mechanical test were machined according to
ASTM-E8/E8M-08 [10] and the test was carried out at a crosshead
speed of 1 mm/min in an Instron 5969 universal test machine. The
fracture surface was observed using SEM. Vickers microhardness
was determined using a HMV-2T microhardness tester, with an
applied load of 100 g and a dwelling time of 15 s.

The corrosion properties were evaluated by potentiodynamic
polarization test in Hank's solution [5] using an electrochemical
workstation (Parstat 2273). A platinum electrode was set as the
auxiliary electrode and a saturated calomel electrode (SCE) as the
reference, respectively. The tests were measured at a scan rate of
1 mV s�1 with a scan range from �1600 to �400 mV. The cor-
rosion rates were calculated by extrapolating the polarization
curve according to ASTM-G102-89 [11].

Hematolysis rate test was carried out according to a standard
procedure described in Ref. [12]. Platelet–rich plasma (PRP) was
prepared by centrifuging the whole blood containing sodium ci-
trate (3.8 wt%) for 10 min at a rate of 1000 rpm/min. Specimens
were immersed in the PRP, incubated at 37 °C for 60 min, and then
rinsed with saline to remove the no–adherent platelets. The ad-
hered platelets were fixed in 2.5% glutaraldehyde solution for
60 min at room temperature followed by dehydration in a gradient
ethanol/distilled water mixture (50%, 60%, 70%, 80%, 90%, 95%,
100%) for 10 min each and dried in the air. The adhered platelets
on the surface of experimental plates were observed by SEM.
3. Results and discussion

It can be seen from Fig. 1(a), the Zn–Mg–Sr alloys are composed
of the matrix Zn with a hexagonal close-packed structure, SrZn13

and MgZn2 as the secondary phase can be detected. Fig. 1(b)–
(e) presents optical micrographs of the studied samples. For Zn–
Fig. 1. (a) X-ray diffraction patterns, (b–f) optical micrographs of the experiment
1Mg–0.1Sr alloy (Fig. 1(c)) and Zn–1Mg–0.5Sr alloy (Fig. 1(d)), the
typical metallographic microstructure of dendrites primary grains
with eutectic mixtures [5] distributing along the primary grain
boundaries can be seen. Strip grains with fewer eutectic mixtures
precipitated along the grain is visible in the as-rolled sample (Fig. 1
(e)). From the detailed view on the primary grain boundaries of
dendrites (Fig. 1(f)), the eutectic mixtures are mainly composed of
laminar eutectic structures (position G) and fingerprint-like eu-
tectic structures (position H). EDS quantitative analysis (Fig. 1
(g) and (h)) show that Zn and Sr exist predominantly in laminar
eutectic structures (position G), containing a mixture of Zn and
SrZn13, and Zn and Mg exist predominantly in fingerprint-like
eutectic structures (position H), containing a mixture of Zn and
MgZn2.

Fig. 2(a) and (b) shows the mechanical properties of the studied
alloys. It is obvious that the YS, UTS and hardness of Zn–Mg–Sr
alloys are 108.93714.30 MPa, 132.7279.57 MPa and
93.7076.81 Hv for Zn–1Mg–0.1Sr alloy, and 129.0875.07 MPa,
144.15714.97 MPa and 109.3378.43 Hv for Zn–1Mg–0.5Sr alloy,
which are higher than those of pure Zn, suggesting the effective-
ness of alloying on the improvement of its mechanical property.
Nevertheless, the elongation of samples has been deteriorated
from 2.6070.54% for pure Zn to 1.3870.42% for Zn–1Mg–0.1Sr
alloy and 1.0670.12% for Zn–1Mg–0.5Sr alloy, due to the presence
of more eutectic mixtures along the grain boundaries (Fig. 1(c),
(d) and (f)), which acts as region of stress concentration and cracks
(Fig. 2(d) and (e)). After hot-rolling, the YS, UTS, elongation and
hardness of Zn–1Mg–0.1Sr alloy are further increased up to
196.84713.20 MPa, 300.0876.09 MPa, 22.4972.52% and
104.31710.18 Hv, due to the presence of strip grain and a reduc-
tion of eutectic structures (Fig. 1(e)). Compared with the pre-
viously reported magnesium alloys [13], the Zn–1Mg–0.1Sr alloy
after hot rolling provides greater mechanical properties for bio-
medical applications. Fig. 2(c)–(f) illustrates the fracture surface
after tensile tests. It is obvious that pure Zn suffers a brittle rupture
with inter-granular fracture due to mechanical overload. And Zn–
Mg–Sr alloys exhibit a reduction trend with inter-granular frac-
ture, while eutectic mixtures show cleavage fracture attributed to
stress concentration and trans-granular cracking. However, the
hot-rolled Zn–1Mg–0.1Sr alloy exhibits the ductile fracture feature
with shear lips and fiber region, being also confirmed by the ty-
pical stress–strain curves with an obvious stress plateau, which is
mostly attributed to the occurrence of dendrites walls cracking
and dynamic re-crystallization during hot-working and resulting
al alloys samples and (g–h) EDS analysis of the as-cast Zn–1Mg–0.1Sr alloy.
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Fig. 2. (a) Typical stress–strain curves and inset showing tensile properties data deduced from such curves, (b) microhardness and (c–f) fracture surface after tensile tests of
samples at room temperature.
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in the formation of strip grains with fewer eutectic structures.
Fig. 3(a) shows typical potentiodynamic polarization curves

and corrosion rate datas calculated from the electrochemical
measurement. The corrosion potentials (Ecorr) of the Zn–Mg–Sr
alloys are �1.2170.01 V for Zn–1Mg–0.1Sr alloy, �1.2170.02 V
for Zn–1Mg–0.5Sr alloy and �1.1970.02 V for Zn–1Mg–0.1Sr as-
rolled, which are lower than that of pure Zn. In addition, the
corrosion current density (Icorr) and corrosion rate (Vcorr) of the
Zn–Mg–Sr alloys are significantly improved compared to those of
pure Zn, which may be involved in the formation of galvanic mi-
cro-cells between Zn and SrZn13 or Zn and MgZn2 and then ac-
celerating corrosion of the substrate [5]. As seen in Fig. 3(b), the
surfaces of the studied samples are corroded seriously with pitting
due to the penetration of chloride ion in Hank's solution de-
stroying the equilibrium of oxide film and inducing galvanic
corrosion.

Fig. 4(a) shows the hemolysis rate of the samples. It is obvious
that the hemolysis rates are significant reduced from 4.2170.21%
for pure Zn to the range of 1.03–1.10% for the studied alloys, which
are far below the safe value of 5%, a judging criterion for excellent
blood compatibility, according to ASTM-F756-08 [14]. Therefore, it
Fig. 3. (a) Typical potentiodynamic polarization curves and inset showing electrochemic
is suggested that they have no significant destructive effect on
erythrocyte. Typical SEM images of samples with the adhesion of
platelets after incubation in PRP for 1 h are shown in Fig. 4(b). It is
clear that the platelets on the surface of experimental specimens
keep a nearly round shape without any pseudopodia, meaning
that there are no signs of thrombogenicity of the alloys.
4. Conclusions

In this study, we have investigated the microstructure, me-
chanical properties, in vitro degradation behavior, hematolysis and
platelet adhesion of novel Zn–Mg–Sr alloys. Compared with pure
Zn, Zn–Mg–Sr alloys were composed of the matrix Zn and sec-
ondary phase. They exerted higher strength, hardness and corro-
sion rate, but their elongation and hemolysis ratio were reduced.
After hot-rolling, the YS, UTS, elongation and hardness of Zn–
1Mg–0.1Sr alloys were further improved. All these results in-
dicated that Zn–1Mg–0.1Sr alloys after hot rolling would be pro-
mising as biomedical devices with excellent mechanical behavior,
outstanding corrosion performance and hemocompatibility.
al corrosion data and (b) surface morphologies after electrochemical measurements.
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Fig. 4. (a) Hemolysis percentages of the studied materials and (b) SEM micrographs of platelets adhered on samples.
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