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a b s t r a c t

Zn, a promising biodegradable material, possesses excellent biocompatibility and biodegradability,
however its low strength and hardness largely limit its application in biodegradable implants. The
addition of alloying elements would generally be suggested as an effective method for improving the
mechanical properties. In the current study, alloying with a minor amount of Ca or Sr in Zne1.5Mg alloy,
the ternary alloys were composed of the matrix Zn and precipitated phase (Mg2Zn11 and CaZn13 for Zn
e1.5Mge0.1Ca alloy, Mg2Zn11 and SrZn13 for Zne1.5Mge0.1Sr alloy, respectively). Besides, the grain size
of ternary alloys became more homogeneous and smaller than that of Zne1.5Mg alloy. Meanwhile, the
effect of alloying elements on the mechanical properties and corrosion behavior of Zne1.5Mg alloy were
analyzed. The results showed that the ternary alloys exhibited much higher yield strength (YS), ultimate
tensile strength (UTS) and elongation than those of Zne1.5Mg alloy. The measured corrosion rates of the
ternary alloys were slightly increased due to galvanic corrosion reaction. Besides, a model of the
corrosion mechanism in the simulated body fluid was discussed here based on the results of the studied
alloys.

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

Zn and it alloys have been recently suggested as a promising
biodegradable material for orthopedic implants and cardiovascular
interventional devices, due to their excellent biocompatibility and
biodegradability [1e6]. The specific advantages of zinc and it alloys
for their use in medical applications come from the following as-
pects: firstly, Zn is an essential element for humans. It plays an
important role in the metabolism of human body, such as involving
in the component of enzymes for protein and transcription factors
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synthesis [7,8]. From this perspective, the release of Zn during
implantation could participate in the normal metabolism with no
toxicity and side effect. The results of previous researches indicated
that Zn in the abdominal aorta and femora of mice exerted good
biocompatibility, displaying healthy arterial tissue clung firmly to
the wire [2] and promoting new bone formation around the pins
[6]. Secondly, Zn exhibits the high chemical activity with the
electrode potential fallen in between that of magnesium and iron.
At the same time, however, the biodegradable metals have been
disputed continuously. Especially in Mg alloys and Fe alloys for
biomedical fields applications [1,9e13], either because Mg-based
biodegradable metals are corroded so rapidly without effective
support after implantation into the body, or because Fe-based
biodegradable metals possess slow degradation rate causing re-
actions similar to permanent implants [9,13].

Despite these advantages, the use in biodegradable metal of
pure Zn is rather limited due to its insufficient strength, plasticity
and hardness. The previous study indicated that the tensile
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strength of pure Zn was only 20 MPa, the elongation was 0.3% and
the hardness was approximately 25 Hv [3,4]. Orthopedic and car-
diovascular implants require sufficient mechanical support, there-
fore, developing Zn with high strength and hardness is one of the
main approaches to broaden their biomedical implants applica-
tions. Using alloys elements becomes a powerful tool for dramati-
cally improvement performance. The addition of Mg to Zn has been
studied in previous researches [3e6], which indicated Mg could
prominently improve the tensile strength and hardness of Zn.
Addition of 1.5%wt. Mg to pure Zn exerted the better tensile
strength and hardness [3,4]. The addition of Ca and Sr to Zn has
been investigated as well [6,7]. Considering the biological functions
of Ca and Sr, they are major component of bone, essential element
for cell chemical signaling and involve in mineralization, enzymatic
reactions in human body [7,14]. Therefore, Ca and Sr are considered
beneficial in alloying to Zn for biomedical applications. Meanwhile,
the previous results showed that Ca and Sr could improve both
mechanical strength and hardness of pure Zn; nevertheless, the
result of the addition of Ca and Sr to Zne1Mg alloy indicated that
wt.1% of Sr and Ca could not lead to significant variation in results
[6,7]. To our knowledge, multi-phase metal is very easy to cause
localized corrosion and the high levels of other alloying elements
may make the results even worse, due to the formation of more
galvanic cells between different phases compared to single-phase
metal. For this reason, in the paper we evaluated the effect of
adding even a minor level of Ca or Sr on the mechanical properties
and corrosion behavior of Zne1.5Mg alloy, in the view of its
application in biodegradable implants. Besides, we focused atten-
tion on correlating the in vitro corrosion behavior of
Zne1.5Mge0.1Ca alloy and Zne1.5Mge0.1Sr alloy to their micro-
structure features, and compare the mechanical properties of the
Zne1.5Mg alloy.
2. Materials and methods

2.1. Materials preparation

Zn-based alloys with the nominal composition of Zne1.5Mg
alloy, Zne1.5Mge0.1Ca alloy and Zne1.5Mge0.1Sr alloy (wt. %)
were prepared using pure Zn (99.99%, Huludao Zinc Industry Co.,
China), pure Mg (99.99%, Henan Yuhang Metal Materials Co.,
China), pure Ca (99.99%, Hanzhong Xinye special material Co.,
China) and pure Sr (99.5%, Aladdin Industrial Co., China). All
experimental alloys were melted at 470e520 �C under the pro-
tection of CO2. After about 30 min holding and stirring, the molten
metal was cast into a steel mold at about 430 �C. The analyzed
chemical compositions of the nominal alloy ingots by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Varian
715) were given in Table 1. The specimens for microstructure
characterization and in vitro corrosion measurements were cut
from the ingotswith the geometric size of 10mm� 10mm� 2mm.
The specimens were polished to 3000 grit, followed by ultrasoni-
cally cleaned in acetone, absolute ethanol and distilled water and
then dried in the open air.
Table 1
Chemical compositions of the alloy samples investigated.

Alloy Mg (wt.%) Ca (wt.%) Sr (wt.%) Zn (wt.%)

Zne1.5Mg 1.46 e e Bal.
Zne1.5Mge0.1Ca 1.51 0.12 e Bal.
Zne1.5Mge0.1Sr 1.42 e 0.09 Bal.
2.2. Microstructure characterization

An X-ray diffractometer (XRD, X'pert Pro) with CuKa radiation
was employed for the identification of constituent phases of the
studied alloy. Diffraction patterns were generated with the values
of 10e90� at a scanning speed of 4�/min.

Evaluation of the microstructure of the studied alloys was car-
ried out using an optical microscopy and a scanning electron mi-
croscopy (SEM, Quanta 200) with an energy dispersive
spectrometer (EDS). All the samples for microscopic observation
were polished, etched with an etchant composed of 5 ml nitric acid
and 95 ml ethanol.
2.3. Mechanical test

The samples for mechanical test were machined into subsize
plate-type specimens with the gage length of 25.0 ± 0.1 mm and
the thickness of 2 mm according to ASTM-E8-04 [15]. The me-
chanical tests were carried out in an Instron 5969 universal material
test machine with a crosshead speed of 1.0 mm/min. At least four
measurements were taken for each group. The fracturemorphology
of the tensile specimens was further investigated with SEM.

Vickers microhardness was determined using a HMV-2T hard-
ness tester, with an applied load of 100 g and a dwelling time of
15 s. At least three parallel specimens were taken for each group
and six fields for collection were made for each sample.
2.4. Electrochemical test

The electrochemical tests were evaluated by potentiodynamic
polarization test. A three-electrode cell was used for the mea-
surements on an electrochemical workstation (Parstat 2273) in
Hank's solution. The container filled with 200 ml Hank's solution
and the temperature was controlled at 37.5 ± 0.5 �C using a water
bath. A platinum electrode was set as the auxiliary electrode, a
saturated calomel electrode (SCE) as the reference electrode, and
the studied alloy specimens as the working electrode, respectively.
All samples were connected to a copper sheet and the exposed area
of the working electrode to the electrolyte was 0.283 cm2. The
open-circuit potential (OCP) of each sample was continuously
monitored for 3600s in Hank's solution. Then the potentiodynamic
polarization tests were conducted using a scan rate of 1 mV/s and
scan range from �1600 to �400 mV. The corrosion current density
was calculated by extrapolating the polarization curve and the
corrosion rate (Vcorr) were calculated according to ASTM-G102-89
[16]. The surface morphology of the specimens after electro-
chemical tests was further observed by SEM.
2.5. Immersion test

Immersion tests were carried out in Hank's solution according
to ASTM-G31-72 [17]. The ratio of surface area to solution volume
was 1 cm2:25 ml. The pH value of Hank's was adjusted to 7.40, and
the temperature was kept at 37 ± 1 �C using an incubator shakers.
After immersion periods, samples were removed from Hank's so-
lution, rinsed with distilled water and then dried at room tem-
perature. The surface morphology of the studied samples within 30
days immersion was observed using SEM and corrosion products
were identified by EDS. Afterward the corrosion products were
removed by chemical reagents according to ISO 8407:2009 [18]. For
the studied alloy, a solution of 200 g/L CrO3 and 10 g/L AgNO3 was
used for this purpose. According to ASTM-G31-72 [17] the corrosion
rate was given by the followed equation:
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Fig. 1. X-ray diffraction patterns of (a) Zne1.5Mg alloy, (b) Zne1.5Mge0.1Ca alloy and
(c) Zne1.5Mge0.1Sr alloy samples.
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Fig. 2. Optical microscopic image of (a) Zne1.5Mg alloy, (b) Zne1.5Mge0.1Ca alloy and
Zne1.5Mge0.1Sr alloy, and (e), (f), (h) and (i) EDS spectrum corresponding to the area mark
colour in this figure legend, the reader is referred to the web version of this article.)
Where the coefficient K¼ 87.6,Wo (mg) andWt (mg) are theweight
before immersion and after cleaning the corrosion products, D is
the density of the material (g/cm3), A is the sample area exposed to
the solution (cm2), T is the exposure time (h).

2.6. Statistical analysis

The software of origin 8.0was used to analyze the obtained data.
The values of mechanical test and in vitro corrosion measurement
were averaged (n > 3). Student's t-test was performed to determine
the statistical significance and differences were considered statis-
tically significant at P < 0.05.

3. Results

3.1. Structures

Fig. 1 illustrates the XRD patterns of the studied alloys. It can be
found that the Zne1.5Mg alloy is composed of the matrix Znwith a
hexagonal close-packed (hcp) structure and precipitated phase
(Mg2Zn11) [19]. Nevertheless, for the Zn-based ternary alloys,
(c) Zne1.5Mge0.1Sr alloy; SEM micrograph of (d) Zne1.5Mge0.1Ca alloy and (g)
ed by a red frame (in (d) and (g), respectively). (For interpretation of the references to
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adding alloying elements leads to the generation of new phase
(CaZn13 for Zne1.5Mge0.1Ca, SrZn13 for Zne1.5Mge0.1Sr,
respectively).

Fig. 2 presents the microstructure of the studied alloys. As we
can see from Fig. 2aec, the typical optical micrographs of the
studied samples are consisting of dendrites primary grains and
eutectic mixtures [3,4,7]. For Zne1.5Mg alloy, laminar eutectic
mixtures (arrow tips) distributing along the primary grain bound-
aries can be seen. Compared to Zne1.5Mg alloy, it is obvious that
addition of Ca and Sr decreased the size of coarse primary den-
drites. What's more, Sr showed a better grain refinement effect
than Ca. SEM micrograph of the detailed view on the microstruc-
ture of the Zne1.5Mge0.1Ca alloy is shown in Fig. 2d. It can be seen
that the precipitation with irregular or sharp-edged structure dis-
tributes along the primary grain boundaries [7]. The results of EDS
quantitative analysis indicate that Zn and Ca exist predominantly in
the precipitation (Fig. 2e), containing a mixture of Zn and CaZn13.
However, for other eutectic structures, the existence of Zn andMg is
confirmed by EDS quantitative analysis (Fig. 2f), containing a
mixture of Zn and Mg2Zn11. Thus it can be seen that the generation
of new phase (CaZn13) as an individual distributes along the pri-
mary grain boundaries. Besides, as we can see from Fig. 2g, there is
no obvious precipitation along the primary grain boundaries.
Nevertheless, the results of EDS quantitative analysis from different
areas in eutectic mixtures shows different compositions, which
indicate that Zn and Sr exist predominantly in position H, con-
taining a mixture of Zn and SrZn13, and Zn, Sr and Mg exist pre-
dominantly in position I, containing a mixture of Zn, SrZn13 and
MgZn2. And these results are in fact exactly what are confirmed by
XRD pattern in Fig. 1.
3.2. Mechanical properties

Fig. 3 shows the tensile properties and microhardness of the
studied alloys samples. It is obvious that the Zne1.5Mg alloy shows
the relatively low yield strength (YS), ultimate tensile strength
(UTS) and elongation of (112.29 ± 2.99) MPa, (150.55 ± 13.57) MPa
and (1.25 ± 0.16) %, respectively. While adding alloying elements
with Ca and Sr, the YS, UTS and elongation of the studied alloys
were improved to the values of (173.81 ± 15.09) MPa,
(241.38 ± 0.39) MPa and (1.72 ± 0.01) % for Zne1.5Mge0.1Ca alloy;
and (129.55 ± 7.57) MPa, (209.22 ± 9.96) MPa and (2.03 ± 0.22) %
for Zne1.5Mge0.1Sr alloy, respectively. However, the microhard-
ness of the studied alloys samples shows no significant changes
whether adding the third alloy elements or not, due to the rela-
tively low level of alloying elements composition. And, more
Fig. 3. (a)Tensile properties data and (b) microhardness of the studied allo
remarkable, of the ternary alloys studied here, the UTS and elon-
gation of the alloys exceed the values of 200 MPa and 1.5%, being
much higher than those of pure Zn, which the metal possessed the
UTS and elongation of about 20 MPa and 0.3% in the Ref. [3].
Nevertheless, according to Srinivasarao B. et al. [20], the pure Zn
prepared by high pressure torsion showed the UTS and elongation
of approximately 100 MPa and 40%, which implied that it would be
possible to adjust the mechanical properties of Zn alloys to the
acceptable values for biomedical applications by pressure
processes.

Fig. 4 illustrates the typical fracture morphologies after tensile
tests of the studied alloys samples. It can be seen from the Fig. 4a,
transgranular fracture, cleavage planes and coarse grain boundary
delamination are apparent on the fracture surface of the Zne1.5Mg
alloys, suggesting a fracture mode of cleavage fracture style due to
the metallographic microstructure filled with coarse dendrites
primary grains and eutectic mixtures. The voids can be seen clearly
on the cleavage planes of the fracture surface, and this situation
caused by the matrix deformation around eutectic mixtures due to
a separation of the particles from the metal matrix [21]. In addition
to the smaller traces of grain boundary delamination, the fracto-
graphs of the ternary alloys exhibit no notable differences, which is
due to the grain size modified more homogeneous and smaller,
being confirmed by their metallographic microstructure.
3.3. Corrosion behavior

Fig. 5 shows the corrosion rate data calculated from the elec-
trochemical tests and immersion tests. The calculated corrosion
rates from electrochemical tests follow the ranking order:
Zne1.5Mge0.1Ca alloy > Zne1.5Mge0.1Sr alloy > Zne1.5Mg alloy.
And the results after immersion in Hank's solution for 30 days show
the same trend with the same sequence of corrosion rates from
high to low was: Zne1.5Mge0.1Ca alloy > Zne1.5Mge0.1Sr
alloy > Zne1.5Mg alloy. It could be seen from Table 2 that compared
with the mostly reported magnesium alloys for biomedical appli-
cations, the corrosion rate of the studied alloys show the better
corrosion resistance in Hank's solution; meanwhile, comparedwith
the reported degradable Fe-based biodegradable metals, the novel
Zn-based alloys provided the ideal values of corrosion rate for
viable bioabsorbable materials use in biomedical applications [2].

Fig. 6 demonstrates the surface morphologies of the studied
alloy after electrochemical tests. It is obvious that the surfaces are
corroded seriously with distribution of the localized anodic main
attack sites, which is probably explained with the help of the fol-
lowed mechanism. Under application of an electric field and high
ys samples. *Indicates p < 0.05 when compared with Zne1.5Mg alloy.



Fig. 4. Fracture surface of (a) Zne1.5Mg alloy, (b) Zne1.5Mge0.1Ca alloy and (c) Zne1.5Mge0.1Sr alloy after tensile tests at room temperature.
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Fig. 5. Corrosion rate calculated from the electrochemical tests and immersion tests.
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concentrations of chloride ion in Hank's solution, the equilibrium of
oxide film on the surfaces of the studied alloys was rapidly
destroyed, and then caused sudden galvanic corrosion reaction.

Fig. 7 presents the SEM micrographs and EDS results of the
surface morphologies of the studied alloys after immersion in
Hank's solution for 30 days. Fig. 7aec show the surface morphol-
ogies before the removal of the corrosionproducts. It is obvious that
the surfaces of the studied alloys are enwrapped with massive
white precipitates, nevertheless, the square configuration of sam-
ples suffer no significant damage and their substrates still remain
relatively intact. The EDS results indicate the presence of the ele-
ments C, O, Mg, P, Cl, Ca and Zn in the white precipitates on the
surface of the studied alloys, and C, O, P and Zn are the main
component of the precipitates, which is due to the corrosion
products compose of zinc phosphates, zinc carbonates and zinc
hydroxide, being confirmed the result reported in other Ref. [23]. In
contrast, the composition of corrosion products on the surface after
electrochemical tests shows a greater amount of Cl, as shown in
Table 2
Corrosion rates of Mg alloys and Fe alloys reported as potential biodegradable metals [2

Alloy system Electr

Mg alloys Mge1Ca e

LAE442 6.9
Mge10Gd e

Mge8Y 2.17 ±
Mge2Sr 0.87 ±

Fe alloys Fe 0.105
Fee2W 0.075
Fee0.5CNT 0.099
FeeMn 0.105
FeeW 0.151
Fig. 6d, which confirms the existence of zinc chloride. Fig. 7gei
illustrate the surface morphologies of the studied alloys after
removing the corrosion products. To the naked eyes, the surfaces of
studied alloys show the severe corroded with larger corroded area,
especially in Fig. 7g and h, for ternary alloys, which corrosion sites
with precipitation stripped and matrix dissolved on the surfaces
can be seen. As was mentioned before, this was caused by the
presence of the more active secondary phase, resulting in galvanic
corrosion reaction.
4. Discussion

4.1. Effect of alloying elements on the microstructure and properties
of Zne1.5Mg alloy

Based on the above experimental results, it was inevitable that
the microstructure and properties of Zn-based alloys were
impacted by the addition of alloying elements in Zne1.5Mg alloy. In
the present work, the correlation of alloying elements on the
microstructure and properties including the mechanical properties
and corrosion properties were studied, which was promoted our
aim to optimize Zn-based biodegradable metal alloys for their
application in biodegradable implants.

From the microstructure point of view, it is obvious that the
microstructure of Zne1.5Mg alloy is consisting of dendrites pri-
mary grains and eutectic mixtures, due to the Mg2Zn11 with the
melting point below that of the matrix and precipitated out later
with the formation of hypoeutectic structure. Nevertheless, after
alloying with Ca and Sr, CaZn13 for Zne1.5Mge0.1Ca alloy and
SrZn13 for Zne1.5Mge0.1Sr alloy as the new phases are generated.
As an additional strategy, it has been demonstrated that the CaZn13
and SrZn13 phase peaks could be identified in Fig. 1. Meanwhile, it
needs to be emphasized that the primary dendrites are modified
with the morphology of more homogeneous and smaller sizes.
Those results could be explained by the high melting points of
CaZn13 and SrZn13 [24] that Ca and Sr would be rapidly enriched in
2].

ochemical test (mm/year) Immersion test (mm/year)

12.56
5.535
1.25 ± 0.2

0.23 e

0.08 0.37 ± 0.05
0.012
0.026
0.048
0.0018
0.016



Fig. 6. Surface morphologies of (a) Zne1.5Mg alloy, (b) Zne1.5Mge0.1Ca alloy and (c) Zne1.5Mge0.1Sr alloy after electrochemical measurements and (d) EDS result performed at
red frame in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the liquid ahead of the growing interface, thus restricting grain
growth during solidification [25].

From the mechanical property point of view, the YS, UTS and
elongation of Zne1.5Mg alloy is improved significantly when
alloying with Ca and Sr, as shown in Fig. 3; meanwhile, compared
with the reported as-cast Zne1Mg alloy, Zne1.5Mg alloy,
Zne1Mge1Ca alloy and Zne1Mge1Sr alloy in other Ref. [3,7], the
Zne1.5Mg-based ternary alloys possessed better mechanical
properties. Tensile property of metals is considered to be sensitive
to the grain sizes, according to the HallePetch relation, where finer
grains result in higher grain boundary strengthening. The same rule
is also generally true of Zn and its alloys. The grain sizes of the
studied alloys alloying with Ca and Sr become more homogeneous
and smaller, so lead to the promotion of tensile properties. Mean-
while, the presence of new phase CaZn13 and SrZn13 in the studied
alloys also probably has contributed to precipitation strengthening
by acting as impediments for dislocation movement during defor-
mation [26]. Appropriately, after alloying with Ca and Sr, the pri-
mary grains with new phases precipitating along the grain
boundaries can be seen in Fig. 2, and the dispersed second phase
particles are likely to play an important suppressive role in dislo-
cation movement and result in the strengthening effect. Moreover,
when the highest dislocation density around the particles reaches
the critical level with the formation of dislocation accumulation
during deformation, the precipitate may act as crack sources,
resulting in the fractographs with cracks and reared ridge as shown
in Fig. 4.

From the corrosion resistance point of view, Zn is easy to be
degraded in the physiological environment by corrosion. After
adding with Ca and Sr, the corrosion rate of the studied alloy was
promoted from 0.104 mm/y (Vcorr) and 0.0648 mm/y (V) for
Zne1.5Mg alloy to 0.238 mm/y (Vcorr) and 0.110 mm/y (V) for
Zne1.5Mge0.1Ca alloy, 0.105 mm/y (Vcorr) and 0.105 mm/y (V) for
Zne1.5Mge0.1Sr alloy, as shown in Fig. 5. It is generally known that
corrosion resistance of metallic material depends on metallurgical
factors such as the alloy content, another phase component, pre-
cipitates, segregation of alloying elements and impurities. There-
fore, for the studied alloys, those improvements could be due to the
formation of kinds of very active intermediates (e.g. CaZn13 and
SrZn13) with the lower equilibrium potential of alloying elements
[1], thus exerted strong trend of galvanic corrosion reaction in the
solution. Meanwhile, the same result was confirmed that alloying
with Ca and Sr could improve the corrosion rate of Zne1Mg alloy in
Hank's solution [6,7]. In addition, it is noted that the corrosion rates
of the studied alloys calculated from electrochemical tests were
higher than those generated by immersion tests due to the for-
mation of the strong polarization effect on the surface during
electrochemical test, being consistent with the results reported in
Ref. [7]. Specifically, for Zne1.5Mge0.1Ca alloy, the value of Vcorr

was significantly above that of V, which was likely to be because the
precipitation (as shown in Fig. 2d) led to strong galvanic corrosion
forces under the action of polarization effect.

4.2. The degradation behavior and concomitant formation

The knowledge regarding the corrosion mechanisms specific to



Fig. 7. SEM micrographs of the surface morphologies of (a) Zne1.5Mg alloy, (b) Zne1.5Mge0.1Ca alloy and (c) Zne1.5Mge0.1Sr alloy after immersion in Hank's solution for 30 days;
(d), (e) and (f) EDS result corresponding to the area in (a), (b) and (c), respectively; And SEM micrographs of specimens with the removal of surface corrosion products: (g)
Zne1.5Mg alloy, (h) Zne1.5Mge0.1Ca alloy and (i) Zne1.5Mge0.1Sr alloy.
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Zn and its alloys which are chemically active with a standard
potential �0.76 V [1] can degrade naturally in the physiological
environment by corrosion. Referring to a model proposed by pre-
vious study [1], the degradation process of biodegradable metal in a
nearly neutral physiological environment generally occurs via
cathodic and anodic reaction. The same rule is also generally true of
Zn-based biodegradable metal. Meanwhile, based on the results in
the current study and the relevant literature, a corrosion model at
the alloyeliquid interface was proposed as shown in Fig. 8, and the
biocorrosion behavior of the studied alloys can be hypotheses as:

1) ZneMg alloys are chemically active covered with the native Zn-
based oxide layer and Mg-based oxide layer surface layers [27],
and the same rule is also generally true in the studied alloys. But
to our knowledge, the native Mg-based oxide layer surface
layers are loose in nature and cannot provide sufficient protec-
tion in corrosive environment. When the alloy was exposed to
the simulation body fluid, chemical dissolution and electrolyte
penetration result in spontaneous corrosion on the entire sur-
face. The Mg-based oxide layer acted as an efficient cathode for
hydrogen evolution, leading to Mg cations generated and pref-
erentially corroded [28] (Fig. 8a). At the moment, one by-
product of magnesium dissolution was OH�, raising Mg(OH)2,
which was supposed to have no influence on the enhanced
corrosion performance due to its porous and non-adherent [29].
A research has even showed that morphological reduced their
corrosion resistance in two ways: (1) a high porosity density
resulted in a greater exposed area; (2) pores were easily blocked
by the corrosion products, which would form an auto-catalytic
corrosion cell inside the pores leading to severe localized
corrosion [30].

2) Especially in eutectic mixtures of the studied alloys rich in Mg,
they were corroded so rapidly and produced plenty of Mg(OH)2.
In fact, Mg(OH)2 might show a partial protective effect against
further corrosion, and the corrosion products were loose with
micro-pores locally [31]. The liquid in the physiological



Fig. 8. Schematic mechanism of the biocorrosion of the studied alloys in physiological fluids. (The black graphic lines in ZneMg matrix indicate the eutectic mixtures.)
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environment acted as the electrolyte, readily seeping through
the porous corrosion products and making contact with the
fresh Zn (Fig. 8b). Similarly, the anodic reaction of Zn is chemical
dissolution of the metal [1,32]. Nevertheless, the cathodic
reduction of Zn occured with the reduction of oxygen in the
nearly neutral solutions, which was different from that of Mg
reaction [32]:

anodic reaction:

Zn / Zn2þ þ 2e

cathodes reaction:

2H2O þ O2 þ 4e / 4OH�

overall reaction

2Zn þ 2H2O þ O2 / 4Zn(OH)2

Besides, the corrosion reaction between Zn and the electrolyte
would bring with the dissolution of Zn and the release of Hþ ions,
referring to the reactions as follows [33]:

Zn / Zn2þ þ 2e

Zn2þ þ 2H2O / Zn(OH)2 þ 2Hþ

That might be why the pH values of solution with Zn rose
relatively slowly and even exhibited a reduction trend at the
beginning of immersion time [34,35].

3) Meanwhile, the existence of chloride in the physiological envi-
ronment would destroy the equilibrium between dissolution
and formation of Zn(OH)2 since chloride ion could convert the
surface Zn(OH)2 into more soluble chloride salts. In particular,
the native Zn-based oxide layer on the surface was also con-
verted into chloride salts, which both the reactions are sum-
marized as follows [36]:
6 Zn(OH)2þ Zn2 þþ2Cl�/6 Zn(OH)2$ZnCl2

4 ZnOþ 4H2O þ Zn2 þþ2Cl�/4 Zn(OH)2$ZnCl2

Following this, the dissolution of Zn(OH)2 or ZnO made the
equilibrium of oxide layer on the surface destruction and caused
the surface more active, decreasing the protected area and pro-
moting further dissolution of alloy (Fig. 8c). Afterwards, the fresh
alloys substrate was exposed to the solution, occurring in cycles of
the cathodic and anodic reaction. At the moment, the secondary
phases acted as an efficient cathode, because the secondary phases
have the lower corrosion potential than a-Zn matrix, corroding
preferentially as a galvanic couple [3].

4) With prolonged exposure, corrosionwould spread laterally from
unmaintained area (Fig. 8e). As we have seen, the surface was
corroded completely as deeper corroded area or corrosion holes,
as shown in Fig. 7g. During corrosion, a large amount of Zn ions
dissolved into the bodily fluids and the pH value increased due
to the cathodic reaction, being consistent with the results as
shown in Refs. [34] and [31]. The previous research found that
the increase of the pH value was believed to play a crucial role in
the precipitation of calcium phosphate [2,23,37], which
consumed the calcium and phosphate ions from the surround-
ing fluids, and even abundant carbonates might also precipitate
as the corrosion products [23,38,39]. In the study, the compo-
nent of the corrosion products were confirmed with the exis-
tence of P, Ca, C and O detected by the EDS results as shown in
Figs. 6d and 7def.

5) As the bio-corrosion proceeded, the corrosion status of the
sample was gradually intensified (Fig. 8f). The severe corroded
surfacewere coveredwith the peeled-off surface feature (Fig. 7h
and i), and even the sample would not keep integrating, which
the remnants of the severe corroded sample gradually began to
disintegrate and fall out into the surrounding medium. The
larger particles continued to be eroded by repeating the process
above until they decomposed into very small particles.
Following this, as with the form of Mg-based implants, the
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smaller particles might be endocytosed in macrophages or giant
cells, and further bio-corroded in the microenvironment inside
these cells [31]. Afterwards, the corrosion products were
resorbed by cells and eliminated via the kidneys [40].

5. Conclusions

In the study novel Zne1.5Mg-based ternary alloys were devel-
oped as new biodegradable implant materials. It is shown that both
Ca and Sr have a positive impact on the microstructure, mechanical
property and in vitro corrosion behavior of the Zne1.5Mg alloy. The
ternary alloys were composed of the matrix Zn and a mixture of
precipitated phases (Mg2Zn11 and CaZn13 for Zne1.5Mge0.1Ca
alloy, Mg2Zn11 and SrZn13 for Zne1.5Mge0.1Sr alloy, respectively),
and their grain size became more homogeneous and smaller. The
results of tensile property test revealed that the ternary alloys
exhibited much higher yield strength, ultimate tensile strength and
elongation than those of Zne1.5Mg alloy. The corrosion behavior
evaluation using potentiodynamic polarization test and immersion
test showed that the corrosion rates of the ternary alloys were
significantly improved, and followed the ranking order:
Zne1.5Mge0.1Ca alloy > Zne1.5Mge0.1Sr alloy > Zne1.5Mg alloy.
Overall, the above results show that the addition of a minor level of
Ca or Sr is a promising route towards developing Zn-based biode-
gradable metals for temporary medical devices.
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