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Zn as a novel biodegradable metal holds great potential in bioresorbable implant application since it possesses
excellent biocompatibility and more corrosion resistant than Mg. In the present study, the effect of the micro-
alloying element Mn on the Zn–Mg alloy was studied with mechanical properties, in vitro degradation behaviors
and hemocompatibility being evaluated in comparisonwith pure Zn as control. The experimental Zn–Mg–Mn al-
loyswere composed of thematrix Zn and secondary phase (MgZn2).Meanwhile, Zn–Mg–Mnalloys ingots exhib-
ited much higher yield strength (YS), ultimate tensile strength (UTS) and hardness compared to pure Zn. But
their elongation was reduced. The results of immersion in Hank's solution for 30 days revealed that the sequence
of corrosion rates fromhigh to lowwas: as-cast Zn–1Mg–0.1Mn alloy N as-cast Zn–1.5Mg–0.1Mn alloy N pure Zn.
The consequences of electrochemical tests indicated that the calculated corrosion rates followed the ranking
order: as-cast Zn–1Mg–0.1Mn alloy N as-cast Zn–1.5Mg–0.1Mn alloy N pure Zn. The results of hemolysis rate
and platelet adhesion implied that the studied alloys had good blood compatibility. Furthermore, after hot-
rolling, the YS, UTS, elongation and hardness of Zn–1Mg–0.1Mn alloys were further improved and possessed
the superior mechanics performance (YS 195.02 MPa, UTS 299.04 MPa, Elongation 26.07%, Hardness 107.82
Hv), appropriate corrosion rate (Vcorr 0.25 mm/year) and excellent hemocompatibility (hemolysis rate of 1.10%
and no signs of thrombogenicity), showing the preferable candidate as a biodegradable implant material.

© 2015 Published by Elsevier Ltd.
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1. Introduction

Biodegradable metals (BMs) have broad application prospects in or-
thopedic implants and cardiovascular interventional devices, due to the
combination of excellent degradability and biocompatibility. Further-
more, as a class of biomedical metallic materials with the goodmechan-
ical property, BMs have attracted the greatest interest [1–3]. Based on
those, studies have focused on the feasibility of developing many
types of BMs, mainly concentrating on Mg-based BMs [4–11], Fe-
based BMs [12–15] and Zn-based BMs [16–18]. Mg-based BMs have
attracted great attention as implants due to their very low corrosion po-
tential, similarmechanical properties to the body's natural bone and the
biocompatibility of magnesium ions [4,19]. Nevertheless, their low
y Co., Ltd., Building 7, No. 37
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mechanical strength and elastic modulus cannot satisfy the mechanical
property requirements of artificial implants because they cannot sustain
the rigors of the daily activity of patients, in the meanwhile, they are
corroded so rapidly that cannot offer effective support prior to recovery
after implantation into the body [4,5,19]. It is well known that Fe is es-
sential to human life, which plays an important role in biochemical ac-
tivities [20]. Fe-based alloys are also given an option to be appropriate
materials for BMs family. Compared to Mg-based BMs, Fe-based alloys
are considered to be an alternative interesting candidate, owing to
their good mechanical performance close to stainless steel 316L and
without hydrogen evolution during the degradation [21]. However,
studies have shown that the shortcoming of the slow degradation rate
limits the application, which the preliminary animal tests have revealed
a slowdegradation rate, causing reactions similar to permanent applica-
tions [1,22].

Zinc with the electrode potential is between that of magnesium and
iron, which is under the condition of meeting the clinical needs, giving
anoption to be appropriatematerials for BMs. Furthermore, Zn iswidely
acknowledged as nutrient element for basic biological function in the
human body because it is related to nucleic acid metabolism, bone
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metabolism, and involved in the synthesis such as DNA polymerase,
RNA polymerase and many transcription factors [23]. Following this,
pure Zn has been under investigation for potential clinical applications
[16,18]. But to our knowledge, Zn with poor mechanical strength and
hardness close to pureMgmight not satisfy themechanical property re-
quirements of implant devices. Nevertheless, there is no doubt that
alloying strengthening is an indispensable and effective approach. As
an effective alloying element in zinc alloys, the previous work [17] indi-
cated thatMg could prominently improvemechanical performance, and
addition of 1wt.% or 1.5wt.%Mg to pure Zn possessed the higher tensile
strength and hardness. But the results showed that adding Mg exerted
relatively fewer influence on corrosion properties, which showed the
degradation rate far lower than the expected data (0.2 mm/year) as a
promising biodegradable material [17,18,24].

Mn has much effect on corrosion properties by removing and
avoiding introducing the heavy-metal elements during casting process
[25]. Meanwhile, the presence of Mnwith higher electrode potential in-
creased the susceptibility of galvanic micro-cells corrosion. Besides, Mn
has no toxic effects and plays a primary role in the activation ofmultiple
enzyme systems, that is, hydrolases, kinases, transferases,
decarboxylases, and mitochondrial respiration [26]. However, to date,
there have been no systematical investigations on Zn–Mg–Mn alloys
for biomedical applications. In the present work, the novel zinc alloys
have been designed considering the benefits of Zn, Mg and a minor
amount of Mn to develop the Zn–Mg–Mn alloys and evaluated their
in vitro biodegradation and hemocompatibility, and their microstruc-
ture, mechanical properties, in vitro degradation behavior,
hemocompatibility containing hemolysis rate and platelet adhesion
were tested, to evaluate their feasibility as a new kind of BMs.

2. Materials and methods

2.1. Materials' preparation

Zn–1Mg–0.1Mn alloy and Zn–1.5Mg–0.1Mn alloy were prepared by
gravity casting under the protection of CO2 with pure zinc (99.99%,
Huludao Zinc Industry Co., China), pure magnesium (99.99%, Henan
Yuhang Metal Materials Co., China) and Mg–9.8% Mn master alloy
(impurities b 0.015%, Yueyang Yuhua Metallurgy New Materials Co.,
China). Pure zinc was used as reference through secondary smelting
with the above method. The actual chemical compositions of the alloy
ingotswere analyzed inductively coupled plasma atomic emission spec-
troscopy (ICP-AES, Varian 715) and the results were given in Table 1.
The ingots were cut into 11 mm thick plates and polished up to 1200
grit, and then hot rolled to approximate 2.1 mm thick sheets after pre-
heating to 250 °C for 3 h; nevertheless, Zn–1.5Mg–0.1Mn alloys was
disintegrated during rolling process. The specimens for microstructure
characterization and in vitro measurements were cut into plates with
the geometric size of 10 mm × 10 mm × 2 mm. Each sample was me-
chanically polished up to 3000 grit and ultrasonically cleaned in ace-
tone, absolute ethanol and distilled water, and then dried in the open
air.

2.2. Microstructure characterization

The microstructure of the studied alloys was examined using optical
microscopy and scanning electron microscopy (SEM, Quanta 200) with
an energy dispersive spectrometer (EDS). All the samples for
Table 1
Chemical compositions of the alloy samples investigated.

Alloy Mg (wt.%) Mn (wt.%) Zn (wt.%)

Pure-Zn – – 99.99%
Zn–1Mg–0.1Mn 1.03 0.09 Bal.
Zn–1.5Mg–0.1Mn 1.57 0.11 Bal.
microscopic observation were polished, etched with an etchant com-
posed of 5 ml nitric acid and 95 ml ethanol. Additionally, X-ray diffrac-
tometer (XRD, X'pert Pro) with CuKα radiation was employed for the
identification of constituent phases. Diffraction patternswere generated
with the values of 10–90° at a scanning speed of 4°/min.

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 thick-
ness of 2 mm according to ASTM-E8-04 [27]. The mechanical tests
were carried out with a crosshead speed of 1 mm/min in an Instron
5969 universal material test machine. The fracture morphology was in-
vestigated with scanning electron microscopy (SEM, Quanta 200).
Vickersmicrohardnesswas determined using a HMV-2Tmicrohardness
tester, with an applied load of 100 g and a dwelling time of 15 s.

2.4. In vitro degradation measurements

2.4.1. Immersion test
Immersion tests were carried out in Hank's solution [17] according

to ASTM-G31-72 [28]. The sampleswere kept inside the Hank's solution
and the ratio of surface area to solution volume was 1 cm2:25 ml. The
temperature was kept at 37 ± 1 °C using an incubator shakers and the
pH value was adjusted to 7.40. An average of four measurements were
taken for each group. After different immersion periods (30 days and
90 days, respectively), the surface morphology was observed by SEM.
Afterward the corrosion products were removed by chemical reagents
composed of 200 g/L CrO3 and 10 g/L AgNO3 according to ISO
8407:2009 [29]. The corrosion rate was calculated according to ASTM-
G31-72 [28] by the followed equation:

V¼K � Wo−Wtð Þ=DAT :

where the coefficientK=87.6,Wo (mg) andWt (mg) are theweight be-
fore immersion and after cleaning the corrosion products. D is the den-
sity of thematerial (g/cm3). A is the sample area exposed to the solution
(cm2). T is the exposure time (h).

2.4.2. Electrochemical test
A three-electrode cell was used for the electrochemical measure-

ments on an electrochemical workstation (Parstat 2273) in Hank's solu-
tion. A platinum electrode was set as the auxiliary electrode and a
saturated calomel electrode (SCE) as the reference electrode, the speci-
mens as the working electrode, respectively. All samples were con-
nected 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 3600 s in Hank's
solution. Then the Potentiodynamic polarization tests were conducted
using a scan rate of 1 mV s−1 and scan range from −2000 to
−1000 mV. An average of three measurements were taken for each
group. The corrosion current density (icorr) was estimated by Tafel ex-
trapolation to the cathodic and anodic part close to 100 mv. The corro-
sion rates of the samples were calculated according to ASTM-G102-89
[30] and the formula was given as follows:

Corrosion rate=K∗ icorr∗EW/ρ where ‘K’ is 3.27 × 10−3 in mm g/
μA cm yr. ‘icorr’ is the corrosion current density in μA/cm2. ‘EW’ is equiv-
alent weight of Zn with the value of 32.68. ‘ρ’ is the density of Zn-based
alloys (7.14 g/cm3).

2.5. Hemolysis rate test

Health bloodwasmixedwith sodium citrate (3.8wt.%) in the ratio of
9:1 and diluted with physiological saline (0.9 wt.%) at a volume ratio of
4:5. Specimens were immersed in centrifuge tubes containing 10 ml of
physiological saline and they were incubated at 37 ± 0.5 °C for 30 min.
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Then 0.2 ml of diluted bloodwas added to these tubes and themixtures
were incubated at 37± 1 °C for 60min. Physiological salinewas used as
a negative control and ultrapure water as a positive control. Thereafter,
themixtures solutionwas centrifuged at 3000 rpm for 5min and the ab-
sorbance of the supernatant was calculated using an ultraviolet spectro-
photometer (Agilent 8453) at 545 nm. Thehemolysis ratewas calculated
according to the Ref. [31] and the formula was given as follows:

Hemolysis ¼ Dt−Dncð Þ= Dpc−Dncð Þ � 100%

where Dt is the optical density of the tested group. Dnc and Dpc are the
optical densities of the negative and positive groups, respectively.

2.6. Platelet adhesion

Platelet-rich plasma (PRP) was prepared by centrifuging the whole
blood containing sodium citrate (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 physiological saline to remove
the non-adherent platelets. The adhered platelets were fixed in 2.5%
glutaraldehyde solutions for 60 min at room temperature followed by
dehydration in a gradient ethanol/distilled water mixture (50%, 60%,
70%, 80%, 90%, 95%, and 100%) for 10 min each and dried in the air.
The morphology of adhered platelets on the experimental alloy plates
was observed by SEM.

2.7. Statistical analysis

The software of SPSS 18.0 was used to analyze the obtained experi-
mental data. Student's t-test was performed to determine statistical sig-
nificance and differences were considered statistically significant at
P b 0.05.

3. Results

3.1. Microstructure of the Zn–Mg–Mn alloys

Fig. 1 and Fig. 2 separately illustrated XRD patterns and microstruc-
ture of the Zn–Mg–Mn alloys. The results showed that the as-cast and
as-rolled Zn–Mg–Mn alloyswere composed of thematrix Znwith a hex-
agonal close-packed structure and MgZn2 as the secondary phase. As
shown in Fig. 2, the typical metallographic microstructure of dendrites
primary grains with eutectic mixtures [17] distributing along the pri-
mary grain boundaries for as-cast Zn–Mg–Mn alloys were seen. The
EDS analysis (Fig. 2(c)) showed that Zn, Mn and Mg elements were
Fig. 1. X-ray diffraction patterns of (a) as-cast pure-Zn, (b) as-cast Zn–1Mg–0.1Mn alloy,
(c) as-cast Zn–1.5Mg–0.1Mn alloy and (d) as-rolled Zn–1Mg–0.1Mn alloy.
predominantly existed in eutectic structures, containing a mixture of
Zn, MgZn2 and Mn. And the XRD results in Fig. 1 also demonstrated
the existence of Zn andMgZn2 phase, whereas no diffraction peaks aris-
ing from Mn were detected, due to its relatively low content. After
rolling the volume fraction of the eutectic mixtures was decreased and
the strip grains with fewer eutectic mixtures were precipitated along
the grains. It was found that there was a large difference in microstruc-
ture before and after hot deformation, indicating that hot working had
been adjustment of grain shape and boundary, resulting in the occur-
rence of dendrites walls cracking and stretching along the rolling direc-
tion. It was noted that dynamic re-crystallization was occurred during
hot working.

3.2. Mechanical properties of the Zn–Mg–Mn alloys

Fig. 3 showed the tensile properties and microhardness of the stud-
ied alloys. The pure Zn showed very low yield strength (YS), ultimate
tensile strength (UTS) and hardness of 22.85 MPa, 29.75 MPa and
36.57 Hv. But it is clear that after alloying with Mg and Mn, the YS,
UTS and hardness were significantly enhanced to 114.10 MPa,
131.94 MPa and 97.66 Hv (Zn–1Mg–0.1Mn alloy); 114.71 MPa,
121.72 MPa and 148.69 Hv (Zn–1.5Mg–0.1Mn alloy), which might be
attributed to the increase of volume fraction of the eutectic mixtures
(Fig. 2(b) and (d)). Moreover, the YS, UTS and hardness of Zn–1Mg–
0.1Mn alloy were further improved after hot rolling (195.02 MPa,
299.04 MPa and 107.82 Hv respectively), suggesting the effectiveness
of thermal deformation on the improvement of itsmechanical property.
Nevertheless, the elongation of as-cast samples was reduced from ap-
proximately 3.34% for pure Zn to 1.11% (Zn–1Mg–0.1Mn alloy) and
0.77% (Zn–1.5Mg–0.1Mn alloy), due to the presence of more volume
fraction of the eutectic mixtures (Fig. 2(b) and (d)), which act as a re-
gion of stress concentration and cracks. In the same respect, Zn–
1.5Mg–0.1Mn alloys was disintegrated during rolling process ascribed
to very more volume fraction of the eutectic mixtures. It is emphasized
that the hot-rolled Zn–1Mg–0.1Mn alloy showed superior ductility
(with the elongation as high as to 26.07%). The metallographic micro-
structure of Zn–1Mg–0.1Mn alloy could be obviously modified from
coarse dendrites primary grains with large quantities of eutectic mix-
tures structure (Fig. 2(b)) to strip grain and a reduction in eutectic
structures after the thermal deformation (Fig. 2(e)), which give rise to
significant enhancement of both tensile strength and hardness. Fig. 4 il-
lustrated the fracture morphologies of the studied alloys after tensile
tests. It was obvious that pure Zn showed a brittle rupture feature
with inter-granular fracture and no internal deformation, which might
be attributed to the mechanical overloading. The as-cast Zn–Mg–Mn al-
loys exhibited cleavage fracture with trans-granular crack and even flat
facets on the fracture surface (Fig. 4(c)) because of their metallographic
microstructure filled with coarse dendrites primary grains and eutectic
mixtures distributed (Fig. 2(b) and (e)). After hot-rolling, Zn–1Mg–
0.1Mn alloy suffered ductile fracture with large amounts of shear lips
and fibrous structure, due to adjustment of grain shape and boundary
during hot working.

3.3. Degradation behavior of the Zn–Mg–Mn alloys

3.3.1. Immersion degradation behavior of the Zn–Mg–Mn alloys
Fig. 5(a)–(d) showed the SEM images of samples immersed in

Hank's solution for 30 days and before the removal of the corrosion
products. As seen in the Fig. 5(a), the surface of the pure Zn presented
visible substrates with fewer corrosion products and scratches formed
by being polished. The surface of the studied alloys showed the different
trend: massive corrosion products were available on the surface and
scratches formed by being polished were almost invisible (Fig. 5(b–d)).

Fig. 6(a)–(d) showed the corroded morphology after 90 days im-
mersion in Hank's solution. As seen in Fig. 6(a) and (b), to the naked
eyes, the surfaces of pure Zn and the as-cast Zn–1Mg–0.1Mn alloy



Fig. 2. Micrographs of (a) as-cast pure-Zn, (b) as-cast Zn–1Mg–0.1Mn alloy, (c) EDS spectrum corresponding to the area marked by a frame (in b), (d) as-cast Zn–1.5Mg–0.1Mn alloy,
(e) as-rolled Zn–1Mg–0.1Mn alloy.
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were found to be coveredwithwhite precipitates and the square config-
uration of samples was severely destroyed, whose surfaces showed the
severe corroded with broken corrosion films, larger and deeper cor-
roded area or corrosion holes. A representative EDS analysis indicated
the presence of the elements C, O, Zn, P and Ca on the corrosion surface
of as-cast Zn–1Mg–0.1Mn alloy, as shown in Fig. 6(e,f), which might be
due to the corrosion products composed of zinc (calcium) phosphates,
zinc (calcium) carbonates and zinc hydroxide. In addition, the Zn–
1.5Mg–0.1Mn alloy and as-rolled Zn–1Mg–0.1Mn alloy showed the
best corrosion resistance, whose surface still remained relatively intact.
In contrast, the corrosion products of the Zn–1.5Mg–0.1Mn alloy im-
mersed in Hank's solution for 30 days showed a consistently greater
amount (as shown in Fig. 7(c)), which might be due to the sample
after 90 days immersion was too weak to keep the corrosion products
bound to each other [32].

The corrosion rates of the pure Zn and Zn–Mg–Mn alloys for 30 days
and 90 days immersion were presented in Fig. 7. After immersion in
Hank's solution for 30 days, the sequence of corrosion rates from high
to low was: as-cast Zn–1Mg–0.1Mn alloy N as-rolled Zn–1Mg–0.1Mn
alloy N as-cast Zn–1.5Mg–0.1Mn alloy N pure Zn. But the trend of
Fig. 3. (a) Tensile properties data and (b) microhardness of the stud
corrosion rates after immersion for 90 days was changed and as-rolled
Zn–1Mg–0.1Mn alloy and as-cast Zn–1.5Mg–0.1Mn alloy displayed
the higher corrosion rate. A possible clue as to why: galvanic micro-
cells accelerated corrosion of the substrate [17] and their surfaces cov-
ered with minimal corrosion products (as shown in Fig. 6). In addition,
it should be noted that the corrosion rate measured after 90 days im-
mersionwas lower than that for 30 days, because the studied alloysma-
trix showed the severely corroded with massive corrosion products
formed and corrosion products layers aggraded after 90 days immer-
sion, including zinc (calcium) phosphates, zinc (calcium) carbonates
and zinc hydroxide, as shown in Fig. 6, had an effective protective effect
and hence retarded further degradation.

3.3.2. Electrochemical corrosion behavior of the Zn–Mg–Mn alloys
Fig. 8 showed the typical potentiodynamic polarization curves of the

studied alloys tested around their respective stable open circuit poten-
tials and Table 2 summarized corrosion rates calculated from the elec-
trochemical measurement. The pure Zn had higher corrosion potential
(−1.12 V) and lower current density (3.52 μA/cm2) than other samples.
After alloying with Mg and Mn, the corrosion potentials were reduced
ied samples. * indicates p b 0.05 when compared with pure Zn.



Fig. 4. Fracture surface of (a) as-cast pure-Zn, (b) as-cast Zn–1Mg–0.1Mn alloy, (c) as-cast Zn–1.5Mg–0.1Mn alloy and (d) as-rolled Zn–1Mg–0.1Mn alloy after tensile tests at room
temperature.

Fig. 5. SEM micrographs of the surface morphologies of (a) as-cast pure-Zn, (b) as-cast Zn–1Mg–0.1Mn alloy, (c) as-cast Zn–1.5Mg–0.1Mn alloy and (d) as-rolled Zn–1Mg–0.1Mn alloy
after immersion in Hank's solution for 30 days.
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Fig. 6. SEM micrographs of the surface morphologies of (a) as-cast pure-Zn, (b) as-cast Zn–1Mg–0.1Mn alloy, (c) as-cast Zn–1.5Mg–0.1Mn alloy and (d) as-rolled Zn–1Mg–0.1Mn alloy
after immersion in Hank's solution for 90 days.
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(the same value of −1.23 V for Zn–1Mg–0.1Mn alloy and Zn–1.5Mg–
0.1Mn alloy) and the current densities were increased (17.21 μA/cm2

for Zn–1Mg–0.1Mn alloy and 9.34 μA/cm2 for Zn–1.5Mg–0.1Mn alloy),
which might be due to the formation of galvanic micro-cells between
Zn and MgZn2 or Zn andMn and then accelerated corrosion of the sub-
strate [17]. For the as-rolled specimens, the corrosion potential and cur-
rent density were in the same trend with the as-cast one, the corrosion
potential and current density were −1.21 V and 16.76 μA/cm2. Again,
this might be due to the presence of the active the secondary phase. In
addition, the calculated corrosion rate of Zn–1Mg–0.1Mn alloy was
proved to possess the highest corrosion rate for about 0.26 mm/year
(Table.2), and the calculated corrosion rates followed the ranking
order: as-cast Zn–1Mg–0.1Mn alloy N as-rolled Zn–1Mg–0.1Mn
alloy N as-cast Zn–1.5Mg–0.1Mn alloy N pure Zn, which were in
Fig. 7. Corrosion rate of the alloy samples in Hank's solution: (a) as-cast pure-Zn, (b) as-
cast Zn–1Mg–0.1Mn alloy, (c) as-cast Zn–1.5Mg–0.1Mn alloy and (d) as-rolled Zn–
1Mg–0.1Mn alloy.
agreement the results of the corrosion rate from immersion in Hank's
solution for 30 days.

3.4. Hemocompatibility of the Zn–Mg–Mn alloys

Fig. 9 showed the hemolysis rate of the studied alloys. For the pure
Zn induced 4.10% of hemolysis rate when contacted with diluted
blood. But for the specimens alloying with Mg and Mn, the hemolysis
rates were increased, showing higher hemolysis percentage (4.61% for
Zn–1Mg–0.1Mn alloy and 4.81% for Zn–1.5Mg–0.1Mn alloy). The speci-
mens after hot rolling provided lowest hemolysis with the value of
1.10%. To summarize the hemolysis rate of the studied Zn–Mg–Mn al-
loys were lower than 5%, a judging criterion for excellent blood compat-
ibility, according to ASTM-F756-00 [33]. Therefore, it is suggested that
the in vitro degradation of the Zn–Mg–Mn alloys has no destructive
Fig. 8. Typical potentiodynamic polarization curves of the alloy samples inHank's solution.



Table 2
Electrochemical data of the alloy samples in Hank's solution.

Alloy Ecorr (V) Icorr (μA/cm2) Vcorr (mm/year)

As-cast pure-Zn −1.12 3.52 0.05
As-cast Zn–1Mg–0.1Mn −1.23 17.21 0.26
As-cast Zn–1.5Mg–0.1Mn −1.23 9.34 0.14
As-rolled Zn–1Mg–0.1Mn −1.21 16.76 0.25
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effect on erythrocyte. Typical SEM images of the Zn–Mg–Mnalloys sam-
ples with the adhesion of platelets after incubation in PRP for 1 h were
shown in Fig. 10. It was easy to find that the platelets on the surface of
experimental specimens kept a nearly round shape without any pseu-
dopodia structures, meaning there are no signs of thrombogenicity on
the Zn–Mg–Mn alloys samples.

4. Discussion

At present, Mg-based BMs and Fe-based BMs possess the perfect
combination of degradability and mechanical properties, showing
broad application prospects in implantable devices. Nevertheless, they
are faced to critical challenges for widely applied to the clinical exami-
nation [22,34]. While for Mg-based BMs it is attempted to slow down
the degradation rate to offer effective support during recovery process,
the task for Fe-based BMs is to accelerate degradation rate to reduce re-
actions similar to permanent applications. Zinc was recently suggested
as a promising BMs, due to its excellent biocompatible and electrode po-
tential fallen in between that of magnesium and iron. In the present
work, the studies to evaluate properties including themechanical prop-
erties, corrosion property and hemocompatibility promoted our aim to
optimize Zn–Mg–Mn alloys for BMs.

From the mechanical property perspective, the UTS and elongation
of the Zn–1Mg–0.1Mn alloy were largely improved after hot rolling
(299.04 MPa and 26.07%), as shown in Fig. 3. It should be noted that
the UTS and elongation of the alloy were observably higher than that
of pure Mg, which showed the UTS and elongation of 176 MPa and
13.5% under an extrusion ratio of 25:1 [35]. Of the Zn–1Mg–0.1Mn
alloy studied here, the alloy possessed the UTS close to 300 MPa, ex-
ceeding that of the WE43 alloy [36] and matching with the expected
data as a promising biodegradable stentmaterial [18], and the alloy pos-
sessed the elongation value of 25% ormore, beingmuch higher than the
elongation value of theWE43 alloy (2–17%) [36]. TheWE43 alloy was a
magnesium alloy that has been applied to the clinical as a promising
biodegradable stent material [37]. Furthermore, taking pure Zn as an
Fig. 9. Hemolysis percentages of (a) as-cast pure-Zn, (b) as-cast Zn–1Mg–0.1Mn alloy,
(c) as-cast Zn–1.5Mg–0.1Mn alloy and (d) as-rolled Zn–1Mg–0.1Mn alloy.
example, the metal presented the UTS and elongation of about 20 MPa
and 0.3% in the Ref. [17], and then prepared by high pressure torsion
showed the UTS and elongation of approximately 100 MPa and 40%
[38], which implied that it would be possible to adjust the mechanical
properties of zinc alloys to the acceptable values for biomedical applica-
tions by intermediate processes. Overall, from the mechanical property
point of view, the Zn–1Mg–0.1Mn alloy indeed had great potentials to
satisfy the demands in mechanical properties for BMs.

From the corrosion resistance perspective, the immersion measure-
ment proved that the as-rolled Zn–1Mg–0.1Mn alloy was the most
corrosion-resistant material, with a calculated corrosion rate of
0.11mm/year after 30days immersion, showing the better corrosion re-
sistance in Hank's solution than most of the previously reported Mg al-
loys for biomedical applications as shown in Table 3. As an additional
strategy, the corrosion rate obtained from the electrochemicalmeasure-
ment exhibited a higher value of 0.25 mm/year. The higher corrosion
rates measured in electrochemical measurement vs. in immersionmea-
surement were in agreement with results from immersion measure-
ment with different lengths of time (as shown in Fig. 5), which the
corrosion films had a protective effect and hence retarded further deg-
radation. It was obvious from Table 3 that the corrosion rate of the as-
rolled Zn–1Mg–0.1Mn alloy was lower than that of the mostly reported
magnesium alloys for biomedical applications, andwas higher than that
of the degradable Fe-based BMs and Zn-based BMs, such as pure iron,
Fe–3C and Zn–1X alloys, and at the same level as that of novel Fe-
based BMs. But to emphasize an important point, the corrosion rate of
the novel Zn-based BMs with a value was close to 0.2 mm/year, which
was the ideal corrosion rate of viable bioabsorbable materials for future
cardiovascular stent application [18]. In view of the above-mentioned
facts, the as-rolled Zn–1Mg–0.1Mn alloy was a promising material
that could afford the proper corrosion rate as the favoredmetal for BMs.

From the biocompatibility perspective, in the present work, the Zn–
1Mg–0.1Mn alloy showed excellent hemocompatibility, being illus-
trated in the following detailed descriptions: (i) The hemolysis rate of
as-cast Zn–1Mg–0.1Mn alloy (4.61%)was largely reduced after fabricat-
ing under rolling (1.10%), being lower than the hemolysis rate values of
pure Mg, Mg–1Ca, Mg–1Zn, Mg–1Zn–Mn reported in literature [6]. The
hemolysis was used to characterize the blood compatibility of alloy in
the current study, which were less than 5%, showing good biocompati-
bility according to ASTM-F756-00 [33]; (ii) The morphologies of ad-
hered platelets were characterized and the results showed that the
platelets on the surface of experimental specimens kept a nearly
round shape without any pseudopodia structures, meaning that no
signs of thrombogenicity of the Zn–Mg–Mn alloys samples were
found. Based on the results, the hemolysis rate was lower and no signs
of thrombogenicity were found, showing more feasible compatibility.
Along the same lines, the possible toxicity of the Zn–Mg–Mn alloys
should be taken into account: (i) Zinc is an essential element for
humans, but the recommended daily dose of zinc is 15 mg day−1 [39],
due to overdose may cause systemic toxic. As indicated in Fig. 5, the
degradation rate of the as-rolled Zn–1Mg–0.1Mn alloy was about
0.11 mm/year, i.e. 0.21 mg cm−2 day−1. For a stent with the dimension
Φ3.0 × 18 mm (mesh cylinders, with a surface area of 0.80 cm2 and
approx. weight of 25 mg), the release rate of zinc would be about
0.17 mg day−1, which was much lower than the suggested intake of
15 mg day−1. Besides, the stent could be absorbed within one year
without any long-term retention. Therefore, the simple calculation re-
veals that the zinc release during degradation is safe; (ii) The results
of other references revealed that zinc alloys showed no cell toxicity to
normal human osteoblast cells [40] and vascular cell [41]. Meanwhile,
the in vivo results indicated that zinc alloys in the abdominal aorta
and femora of mice exerted good biocompatibility, displaying healthy
arterial tissue clung firmly to the wire [18] and promoting new bone
formation around the pins [41] from their respective points of genera-
tion; (iii) The corrosion products, probably formed both in vitro (as
shown in Fig. 7(e), (f) and in Ref. [42]) and in vivo degradation (as



Fig. 10. SEMmicrographs of platelets adhering to the alloy samples: (a) as-cast pure-Zn, (b) as-cast Zn–1Mg–0.1Mn alloy, (c) as-cast Zn–1.5Mg–0.1Mn alloy and (d) as-rolled Zn–1Mg–
0.1Mn alloy.
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shown inRef. [18]), were composed of calcium, phosphates and zinc hy-
droxide, similar to Mg alloys implants, which identified by Lespinasse
and Verbrugge were stated as non-toxic and non-irritant [5].

In aggregate, the as-rolled Zn–1Mg–0.1Mn alloy with superior me-
chanics performance, appropriate corrosion resistance and excellent
hemocompatibility, served as a preferable candidate of biodegradable
Table 3
Tensile properties, corrosion rate and hemocompatibility of alloys reported as biodegradable m

Material Alloy Tensile properties

YS (MPa) UTS (MPa)

Mg-based BMs Mg–1Ca as-extruded [43,44] 135.6 239.63
Mg–2Sr as-rolled [45] 147.3 213.3
Mg–6Zn as-extruded [46,47] 169.5 279.5
Mg–1Zn–1Mn as-extruded [44,48] 246.5 280.3
WE43 as-extruded [36,49] 198 277
Mg–3Sn–0.5Mn as-extruded [49] 150 240

Fe-based BMs Pure-Fe as-rolled [14] 360 440
Fe–3 at.%C as-rolled [14] 440 600
Fe–25Mn [50] 360 720
Fe–30Mn as-forged [51] 169 569
Fe–30Mn–1C as-forged [51] 373 1010
Fe–10Mn–1Pd (ht2) [22] 850 1450

Zn-based BMs Pure-Zn [17,52] – 20
Pure-Zn as-rolled [41] 29.99 49.55
Zn–1Mg as-cast [17,52] 108 153
Zn–1.5Mg as-cast [17,52] – 147
Zn–1Mg as-rolled [41] 190.61 236.90
Zn–1Ca as-rolled [41] 205.52 253.30
Zn–1Sr as-rolled [41] 188.42 228.91
Zn–1Mg–0.1Mn as-rolled
(present study)

195.02 299.04

a The corrosion rate could be calculated from the hydrogen evolution.
b The corrosion rate calculated based on electrochemical data.
c The simulating solutionwas shortened to “SBF” in the Ref. [17], but because its chemical com

solution.
metal implant. However, unlike conventional biomedical metal, biode-
gradable metal implants especially those made of zinc alloys are ex-
pected to support by a proper force over significant periods of the
time either in cardiovascular applications or in bone fracture healing
and then to degrade gradually to biocompatible constituents, leaving
after the vessel remodeled phase or the tissue healed sufficiently and
etals.

In vitro (mm year−1) Hemolysis (%)

Elongation (%) Electrochemical Immersion

10.63 1.74 (SBF) 2.18a (SBF) –

3.15 0.87 (Hank's) 0.37 (Hank's) –

18.8 0.16 (SBF) 0.07 (SBF) 3.4 (Saline)
21.8 1.81 (SBF)b 2.52 (SBF) 65.75 (Saline)
17 0.28 (Hank's) 0.42 (Hank's) 0.171 ± 0.552 (PBS)
23 0.04 (Hank's) 0.34 (Hank's) 0.128 ± 0.461 (PBS)
5 0.103 (Hank's) 0.007 (Hank's) Under 2 (Saline)
7.4 0.187 (Hank's) 0.011 (Hank's) Under 2.91 (Saline)
5 – 0.52 (Hank's) –

60 – 0.10 (Saline) 2.04 (PBS)
88 – 0.15 (Saline) 2.59 (PBS)
11 – 0.28 (SBF) –

0.3 0.145 (Hank's) b 0.033 (Hank's) –

5.72 0.135 (Hank's) 0.078 (Hank's) Under 0.5 (Saline)
1.5 0.018 (Hank's)b,c 0.027 (Hank's)c –

0.4 0.132 (Hank's)b,c 0.030 (Hank's)c –

11.95 0.148 (Hank's) 0.085 (Hank's) Under 0.2 (Saline)
12.76 0.160 (Hank's) 0.089 (Hank's) Under 0.2 (Saline)
19.69 0.175 (Hank's) 0.096 (Hank's) Under 0.2 (Saline)
26.07 0.25 (Hank's) 0.11 (Hank's) 1.10 (Saline)

positionwas similarly to Hank's solution, in the present workwe denoted it as the Hank's
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new bone tissue adequately regenerated corresponding to various ther-
apeutic purposes. Therefore, thematerials used for biodegradablemetal
implants need to fulfill strict requirementswith regard to theirmechan-
ical property and corrosion resistance. Currently, the reported Zn-based
BMs used for stents or bone implants indicated a relatively soft and low
ductility under the mechanical property requirement of implant mate-
rials. Conscious of that deficiency, advanced processing technology
[24], such as rolling, extrusion and equal channel angular pressing
(ECAP), high pressure torsion (HPT), drawing and forging, are the
most commonly-used process methods for properties enhancement of
Zn-based BMs, which were significant superior to the common used
Zn alloys. Undoubtedly, Zn-based BMs are the rising stars as the next
generation of metallic biomaterials, encouraging more researchers and
clinicians to investigate Zn alloys in further biomedical applications.

5. Conclusions

The Zn–Mg–Mn alloys were fabricated with composition of Zn–
1Mg–0.1Mn and Zn–1.5Mg–0.1Mn, after rolling Zn–1Mg–0.1Mn alloy
could significantly improve itsmechanical properties. The YS, UTS, elon-
gation and hardness were largely improved after hot rolling
(195.02 MPa, 299.04 MPa, 26.07% and 107.82 Hv, respectively). The
as-rolled alloy showed the best corrosion resistance, whose corrosion
ratewas 0.11mm/year after 30 day immersion and electrochemical cor-
rosion rate was 0.25 mm/year within immersion in Hank's solution.
Meanwhile, it would be specially mentioned that a mixture of C, O, Zn,
P, and Ca precipitated on the surface of the studied alloys with the ex-
tension of immersion. In addition, the results of hemolysis rate and
platelet adhesion implied that the studied alloys provided lower hemo-
lysis rate and no signs of thrombogenicity with excellent blood compat-
ibility. In the present study, the as-rolled Zn–1Mg–0.1Mn alloy had been
shown to be the preferable candidate as a biodegradable implant mate-
rial due to its superior mechanics performance, appropriate corrosion
resistance. Future studies to improve the biomechanical properties,
evaluate the cytotoxicity or genetic toxicity and investigate the in vivo
biocompatibility will help further the current research and promote
our ultimate aim to optimize Zn–1Mg–0.1Mn alloy for biodegradable
metal implants.
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