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Apart from the industrial and automotive applications, Zn and Zn-based alloys are considered as a new
kind of potential biodegradable material quite recently. However, one drawback of pure Zn as potential
biodegradable metal lies in that pure Zn has quite low strength and plasticity. In the present study, three
important IIA essential nutrient elements Mg, Ca and Sr and hot-rolling and hot-extrusion thermal defor-
mations have been applied to overcome the drawback of pure Zn and benefit the biocompatibility of
Zn-based potential implants. The microstructure, mechanical properties, corrosion behavior, hemocom-
patibility, in vitro cytocompatibility were studied systematically to investigate their feasibility as bioab-
sorbable implants. The results showed that the mechanical properties of the ternary Zn–1Mg–1Ca, Zn–
1Mg–1Sr and Zn–1Ca–1Sr alloys are much higher than that of pure Zn, owing to both the alloying effects
and thermal deformation effects. In vitro hemolytic rate test and cell viability test indicated that the addi-
tion of the IIA nutrient alloying elements Mg, Ca and Sr into Zn can benefit their hemocompatibility and
cytocompatibility, which would further guarantee the biosafety of these new kind of biodegradable
Zn-based implants for future clinical applications.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Zn and Zn-based alloys have been used for industrial and auto-
motive applications for the past decades [1–5]. On the other hand,
Zinc plays an important role in human body and is one of the most
abundant nutritionally essential elements in the human body [6]. It
is found in all body tissues with 85% of the whole body zinc in
muscle and bone, 11% in the skin and the liver and the remaining
in all the other tissues. In multicellular organisms, virtually all zinc
is intracellular, 30–40% is located in the nucleus, 50% in the
cytoplasm, organelles and specialized vesicles (for digestive
enzymes or hormone storage) and the remainder in the cell
membrane. Human zinc requirement is estimated at 15 mg/d [7].
Zinc has been shown to be essential to the structure and function
of a large number of macromolecules and for over 300 enzymic
reactions. Zinc is important as a component of enzymes for protein
synthesis and energy production and maintains the structural
integrity of biomembranes. More than 1200 proteins are predicted
to contain, bind, or transport Zn2+, such as zinc-finger proteins.
Zinc deficiency would result in series of problems including growth
failure, impaired parturition (dystocia), neuropathy, decreased and
cyclic food intake, diarrhea, dermatitis, hair loss, bleeding ten-
dency, hypotension, and hypothermia. Considering the biological
functions of Zinc element, recently, pure Zn wires were placed into
the arteries of rats and they degraded at a rate just below 0.2 mm
per year for the first three months. After that, the corrosion accel-
erated, so the implant would not remain in the artery for too long.
Moreover, the rats’ arteries appeared healthy when the wires were
removed, with tissue firmly grasping the implant [8]. From the
above study results, we can predict that Zn may find its new place
in the biodegradable material family.

However, one drawback of pure Zn as potential biodegradable
metal lies in that pure Zn has quite low strength and plasticity
(the tensile strength of the as cast Zn was below 20 MPa, the elon-
gation was only 0.2% [9]). Adding alloying elements is commonly
applied to modify the mechanical properties of metallic materials.
The IIA nutrient alloying elements Mg, Ca and Sr have unique
advantages in the biomedical applications. Table 1 listed the basic
chemical and physiological properties of these three IIA nutrient
alloying elements. They are essential elements and involve in bone
formation and mineralization, enzymatic reactions in human body.
So it is understandable that choosing these three IIA nutrient alloy-
ing elements to add into the Zn substrates can not only improve
the mechanical properties, but also has positive effect of the
biocompatibility.
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Table 1
The basic chemical and physiological properties of the three IIA nutrient alloying elements Mg, Ca and Sr.

Element Atomic
number

Atomic
weight

Content in the
whole human
body (g)

Content in
human blood
(lmol/L)

Content in
human bone
(mg/g)

Physiological roles Recommended
daily allowance
(RDA) (mg)

Mg 12 24.31 19 900 1.7 Involved in more than 300 enzymatic reactions in the
body; stabilizer of DNA and RNA

700

Ca 20 40.08 1000 1300 353.3 The most abundant mineral element in the body; essential
for the mineralization

800–1200

of bones and teeth; plays a role in muscle contraction and
nerve function

Sr 38 87.62 0.32 3 0.287 Natural ingredients in the bone; substituted in the Ca 2
positions of apatite in bone; promoting bone formation
and inhibiting bone resorption; being used in the
treatment of osteoporosis
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On the other hand, excellent mechanical properties can be
achieved by thermal deformations such as extrusion, forging and
rolling, or after particular heat treatments such as solution treat-
ment and ageing [10].

Based on the above discussion, we choose the three important
IIA essential nutrient elements Mg, Ca and Sr, which are well
known playing an irreplaceable role in bone formation, and deter-
mining bone mineral density and bone strength [11–13], as alloy-
ing elements to fabricate the Zn–1Mg–1Ca, Zn–1Mg–1Sr and Zn–
1Ca–1Sr alloys. Besides adding alloying elements to form alloys,
another important factor that would significantly influence the
properties of materials is the deformation history they went
through, i.e. the preparation process. It has been widely reported
Fig. 1. XRD patterns of as-cast (a) and as-rolled (b) pure Zn and Zn-based ternary
alloy samples.
that the alloys treated by rolling and extrusion are generally gain
enhanced mechanical properties. Considering that, different hot
working conditions (rolling and extrusion) were employed on the
Zn–1Mg–1Ca, Zn–1Mg–1Sr and Zn–1Ca–1Sr alloys in the present
study in order to further improve their mechanical performance.
The microstructure, mechanical properties, corrosion behavior,
hemocompatibility, in vitro cytocompatibility were studied sys-
tematically to investigate their feasibility as bioabsorbable
implants.
2. Materials and methods

2.1. Materials preparation

Zn-based ternary alloys with norminal compositions Zn–1Mg–
1Ca, Zn–1Mg–1Sr and Zn–1Ca–1Sr (wt.%) were designed and pre-
pared in a high purity graphite crucible under the protection of a
mixed gas atmosphere of SF6 (1 vol.%) and CO2 (balance). The
actual compositions of the resulting alloy ingots were analyzed
by inductively coupled plasma atomic emission spectrometry
(ICP-AES) (Profile, Leeman Labs, Hudson, NH, USA). The as-cast
pure Zn and Zn-based ternary alloy ingots were further undergone
the hot-rolled and hot-extruded treatments to get the as-rolled
and the as-extruded samples. All samples were grounded with
SiC paper up to 2000 grit, followed by ultrasonic cleaning in ace-
tone, absolute ethanol and distilled water for 15 min each. For
the cytocompatibility tests, the samples were sterilized by
ultraviolet-radiation for at least 2 h for one side and then turn over
the samples for another 2 h of ultraviolet radiation sterilization.
2.2. Microstructural characterization and composition analysis

X-ray diffractometer (XRD, Rigaku DMAX 2400, Japan) was
employed for the identification of the microstructure of pure Zn
and Zn-based ternary alloy samples. The optical metallographic
microstructures of the pure Zn and Zn-based ternary alloys were
observed using a light metallographic microscope (Olympus
BX51M).
2.3. Mechanical test and fracture surface observation

The tensile and uniaxial compression tests were performed at
room temperature using a universal material test machine
(Instron 5969, USA). Five parallel specimens were taken for each
group. The tensile fracture surfaces were further observed by scan-
ning electron microscopy (SEM, Hitachi S-4800, Japan).

Vickers hardness was determined using a hardness tester
(HMV-2T, Shimadzu corporation, Japan), with an applied 100 g
load and a loading time of 15 s. Six indentations were made for
each sample.



Table 2
The actual compositions of pure Zn and the Zn-based ternary alloys analyzed by ICP-AES.

Alloy Composition (wt.%)

Mg Ca Sr Pb Fe Cd Cu Zn

Pure Zn <0.003 <0.001 <0.001 <0.001 Balance
Zn–1Mg–1Ca 1.20 ± 0.04 1.13 ± 0.03
Zn–1Mg–1Sr 1.17 ± 0.04 1.15 ± 0.02
Zn–1Ca–1Sr 1.18 ± 0.03 1.10 ± 0.02
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2.4. Immersion test

Immersion tests were carried out in Hank’s solution simulated
body fluid according to ASTM-G31–72. After 2 weeks’ and 8 weeks’
immersion, samples were removed from Hank’s solution. The
weight of the samples was measured after removal of the corrosion
products. An average of five measurements were taken for each
group. The in vitro corrosion rate based on the weight loss mea-
surements was calculated according to the equation: C = Dm/qAt,
where C is the corrosion rate in mm/year, Dm is the weight loss,
q is the density of the material, A is the initial surface area and t
is the immersion time.
2.5. Electrochemical tests

The electrochemical tests were conducted in Hank’s simulated
body fluid at (37 ± 0.5) �C. A three-electrode cell was used for elec-
trochemical measurements. The auxiliary electrode was platinum
and the reference electrode was a saturated calomel electrode
(SCE). The open circuit potentials (OCP) were monitored for
7200 s. The potentiodynamic polarization tests were carried out
at a scanning rate of 1 mV/s and the initial potential was about
300 mV below the corrosion potential (Ecorr) after OCP measure-
ments. The in vitro corrosion rate based on the electrochemical
tests was calculated according to the equation: C = Micorr/nFq,
where C is the corrosion rate in mm/year, icorr is the corrosion cur-
rent density, M is the Molar mass, n is the number of electrons
involved in the corrosion reaction, F is the Faraday’s constant, q
is the density of the material.
Fig. 2. The optical metallographic microstructures of the materials: (a) as-cast pure Zn, (b
Ca–Sr.
2.6. Hemocompatibility evaluation

The healthy human blood was taken and diluted with normal
saline. Samples were dipped in 10 ml normal saline that were pre-
viously incubated at 37 �C for 30 min. Then 0.2 ml of diluted blood
was added and the mixtures were incubated for 60 min at 37 �C.
Similarly, normal saline solution was used as a negative control
and deionized water as a positive control. After this period, all
the tubes were centrifuged for 5 min at 3000 rpm and the super-
natant was carefully removed and transferred to the cuvette for
spectroscopic analysis at 545 nm using microplate reader
(Bio-RAD680).

2.7. Cytocompatibility evaluation

Human osteosarcoma MG63 cells were adopted to evaluate the
cytocompatibility of pure Zn and Zn-based ternary alloy samples.
The cells were cultured in the extracts of pure Zn and Zn-based
ternary alloy samples. After incubating the cells for 1, 3 and 5 days,
the cell morphologies were observed under inverted phase con-
trast microscope. After that, the cell viability and proliferation
were measured with a Cell Counting KIT-8 (CCK-8, Dojindo,
Japan). In order to avoid ion and serum influence, before adding
CCK-8 solution, the old cell culture media were replaced by fresh
cell culture media without serum.

2.8. Statistical analysis

Statistical analysis was conducted with SPSS 17.0. Differences
between groups were analyzed using one-way ANOVA followed
by Turkey test.
) as-cast Zn–Mg–Ca, (c) as-rolled Zn–Mg–Ca, (d) as-cast Zn–Ca–Sr, (e) as-rolled Zn–



Fig. 3. Microhardness of as-cast (a) and as-rolled (b) pure Zn and Zn-based ternary
alloy samples.

Fig. 4. Tensile properties of as-cast (a), as-rolled and as-extruded(c) pure Zn and
Zn-based ternary alloy samples.
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3. Results

The actual compositions of pure Zn and the Zn-based ternary
alloys were analyzed by ICP-AES and the results are listed in
Table 2. It is obvious that the actual compositions of the alloying
elements Mg, Ca and Sr in corresponding Zn-based ternary alloys
are close to their nominal composition.

Fig. 1 shows the XRD patterns of as-cast (a) and as-rolled (b)
pure Zn and the Zn-based ternary alloys. It can be found that pure
Zn and the Zn-based ternary alloys are mainly composed of the
phase of Zn with a hexagonal close packed (hcp) crystal structure,
besides, for the Zn-based ternary alloys, MgZn2, CaZn13 and SrZn13

phases were also detected.
Fig. 2 demonstrates the optical metallographic microstructures

of the pure Zn and Zn-based ternary alloys. It can be observed that
the pure zinc contains large grains above 500 lm in size (Fig. 2(a)).
The Zn-based ternary alloys (Fig. 2(b)–(e)) are hypoeutectic con-
sisting of primary Zn dendrites (light) and a eutectic mixture
(dark), as was proved by XRD pattern. The grain sizes (10–
50 lm) of the ternary alloys are more than ten times smaller than
that of pure Zn, indicating that adding alloying elements Mg, Ca
and Sr can modify the microstructure and decrease the grain size
of pure Zn. After hot rolling (Fig. 2(c) and (e)), the grain sizes of
the ternary Zn-based alloys became more homogeneous and smal-
ler compared with their as-cast counterparts (Fig. 2(b) and (d)).

Fig. 3 shows the microhardness of as-cast (a) and as-rolled (b)
pure Zn and Zn-based ternary alloy samples. It is obvious that
the as-cast pure Zn has quite low hardness, only (38.24 ± 1.06)
Hv, but after alloying with Mg, Ca and Sr elements and hot rolling
treatment, the microhardness enhanced significantly. The micro-
hardnesses of the as-cast and as-rolled Zn-based ternary alloy sam-
ples were over twice as much as that of pure Zn.

Fig. 4 shows the tensile properties of as-cast (a), as-rolled (b)
and as-extruded (c) experimental pure Zn and Zn-based ternary
alloy samples. It is obvious that the yield strength (YS), ultimate
tensile strength (UTS) and elongation of as-cast pure Zn are
low, with only (10.14 ± 2.32) MPa, (18.25 ± 2.99) MPa, and
(0.32 ± 0.08)%, respectively. After adding the alloying elements
Mg, Ca and Sr, the YS, UTS and elongation of as-cast Zn-based tern-
ary alloy samples are significantly improved. After hot rolling and
hot extrusion deformations, the YS, UTS and elongation of
Zn-based ternary alloy samples are further improved.

Fig. 5 shows the tensile fracture surface of as-rolled pure Zn and
Zn-based ternary alloy samples. Tearing edges can be evidently
observed on the fracture surface of the pure Zn. On the other hand,



Fig. 5. SEM morphology of the tensile fracture surface of as-rolled pure Zn and Zn-based ternary alloy samples: (a) pure Zn; (b) Zn–1Mg–1Ca; (c) Zn–1Mg–1Sr; (d) Zn–1Ca–
1Sr.

Fig. 6. Compressive properties of as extruded pure Zn and Zn-based ternary alloy
samples: (a) stress–strain curves; (b) compressive yield strength (YS).

Fig. 7. Corrosion rate generated by electrochemical tests and weight loss tests of
pure Zn and Zn-based ternary alloy samples (⁄means p < 0.05 compared with pure
Zn group).
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tiny and uniform dimples can be obviously observed on the frac-
ture surface corresponding to refined and equiaxed grains after
adding IIA nutrient alloying elements Mg, Ca and Sr, which would
benefit the toughness of the Zn alloys.
Fig. 6 shows the compressive properties of pure Zn and the
Zn-based ternary alloy samples. From the compression stress–
strain curves shown in Fig. 6(a), it can be noted that the
Zn-based ternary alloy samples exhibit unique superplastic charac-
teristic under compression, which can be explained by the forma-
tion of compressive twin crystal [14]. Because of the compression
superplastic characteristic of the Zn-based ternary alloy samples,
we are unable to obtain the ultimate compressive strength and
can only get the yield strength under compression test conditions.
Fig. 6(b) demonstrates the compressive yield strength data of the
pure Zn and the Zn-based ternary alloy samples. It is obvious that
the compressive yield strength has been improved from
(102.92 ± 6.73) MPa for pure Zn up to 300–400 MPa for the
Zn-based ternary alloy, and this further proves the effectiveness
of alloying (Mg, Ca ans Sr elements) on the improvement of its
mechanical property.

Fig. 7 shows the corrosion rate data calculated from the electro-
chemical measurement and weight loss by immersion testing. The



Fig. 8. Hemolysis rate of as-cast (a) and as-rolled (b) pure Zn and Zn-based ternary
alloy samples.

Fig. 9. MG63 cell viability cultured in cell culture medium, pure Zn and Zn-based
ternary alloy extracts (⁄means p < 0.05, ⁄⁄means p<0.01 compared with pure Zn
group) for 1, 3, 5 days.
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corrosion rate of the Zn-based ternary alloy samples are signifi-
cantly higher than that of pure Zn (⁄p < 0.05) and the sequence is
Zn < Zn–1Mg–Ca < Zn–1Mg–1Sr < Zn–1Ca–1Sr.

Fig. 8 shows the hemolysis rates of pure Zn and Zn-based tern-
ary alloy samples. It is obvious that they are quite low (<0.2%),
which are far below the safe value of 5% according to ISO
10993-4:2002, suggesting that the experimental Zn-based ternary
alloy samples would not lead to severe hemolysis and have good
hemocompatibility.

Fig. 9 demonstrates the change of viability of MG63 cell with
time when cultured with various experimental pure Zn and
Zn-based ternary alloy material extracts. It can be seen that the
extracts of pure Zn can lead to significantly reduced cell viability
(⁄p < 0.05) in comparison with negative controls, however, adding
the alloying elements Mg, Ca and Sr into Zn can significantly
increase the viability of MG63 and can promote the MG63 cell pro-
liferation compared with the pure Zn and negative control groups.

Fig. 10 shows the observation of the MG63 cell morphologies
cultured for 1 d. It is obvious that the MG63 cell morphologies
are healthy and exhibited polygonal or spindle shape and well
spread and proliferated, and they also exhibited affluent pseu-
dopods and secreted extracellular matrix. Compared with pure
Zn group, the cells cultured in the Zn-based ternary alloy material
extracts exhibit higher proliferation rates, indicating their better
cytocompatibility than pure Zn group.
4. Discussion

4.1. Effect of alloying elements and thermal deformation on
microstructure and mechanical properties of pure Zn

Mechanical property is a very important factor for biodegrad-
able metals. The implants, such as bone plates and vascular stents,
are used to substitute for the human tissue, which means that their
mechanical performance should match the mechanical perfor-
mance or environment of the local tissues or organs. From the
above demonstrated mechanical tests results, it is obvious that
the pure Zn has quite poor mechanical properties, due to the large
grain size and a lack of solid solution strengthening or precipitation
strengthening. For the biomedical applications, its unsatisfactory
mechanical properties need further modification in order to meet
the requirement of the various biomedical applications. In order
to enhance the mechanical properties of pure Zn, the two com-
monly used methods in metallic materials processing—adding
alloying elements and hot-working deformation are applied in
the present work. As the mechanical test results (Figs. 3–6) demon-
strated, these two methods both perform effectively well. The
mechanical properties of the ternary Zn-based alloys, including
the micro-hardness, the tensile properties, and the compressive
properties have enhanced significantly (⁄P < 0.05) compared to that
of pure Zn. This is mainly attributed to two aspects, on the one
hand, alloying elements and thermal deformation process would
result in a great reduction of the grain size. On the other hand, add-
ing alloying elements would bring about second phases as solid
solution strengthening or precipitation strengthening phases
[10]. The improved mechanical properties of the ternary
Zn-based alloys would guarantee their mechanical compatibility
when the Zn-based ternary alloys are used as bone plates, nails
or cardiovascular implants in human body.

4.2. Effect of Mg, Ca, Sr alloying elements on biocompatibility of pure
Zn

As novel biodegradable materials, biomedical Zn-based alloys
are expected to be totally degraded in the human body and it is
critical that the alloying elements chosen are carefully selected in
consideration of their biocompatibility. Thus, in the design of
degradable biomaterials, elements with potential toxicological



Fig. 10. MG63 cell morphologies cultured in pure Zn and Zn-based ternary alloy extracts for 3 days.
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problems should be ideally avoided if possible. There is no doubt
that the ideal alloying elements used in biodegradable systems
are the nutrient alloying elements. Since the nutrient alloying ele-
ments not only guarantee the biocompatibility of the biodegrad-
able alloys, but also provide essential and beneficial biological
functions to the human body. It is well known that Mg, Ca and Sr
are in the same group (IIA) in the periodic table, and are the impor-
tant essential elements of human body, especially in bone tissues.
Mg regulates active calcium transport and thus increases bone
mineral density and prevents bone fracture [15]. Calcium intake
is one of the important modifiable environmental factors for the
normal development of the skeleton during growth and the main-
tenance of bone mass in later life [12]. Strontium can inhibit bone
resorption and stimulate bone formation in both rodents and
osteoporotic patients [11]. The in vitro hemolytic rate test and cell
viability test indicated that the addition of the IIA nutrient alloying
elements Mg, Ca and Sr into Zn can benefit their hemocompatibil-
ity and cytocompatibility, which would further guarantee the bio-
safety of these new kind of biodegradable Zn-based implants for
future clinical applications.
5. Conclusions

In order to enhance the mechanical properties and the biocom-
patibility of pure Zn, the IIA nutrient alloying elements Mg, Ca and
Sr were chosen to fabricate novel biodegradable ternary Zn–1Mg–
1Ca, Zn–1Mg–1Sr and Zn–1Ca–1Sr alloys. Hot rolling and hot
extrusion were applied as two thermal deformations in order to
further modify their mechanical properties. The microstructure,
mechanical properties, corrosion behavior, hemocompatibility
and cytocompatibility of the ternary Zn–1Mg–1Ca, Zn–1Mg–1Sr
and Zn–1Ca–1Sr alloys have been systemically investigated. The
results showed that the mechanical properties of the ternary Zn–
1Mg–1Ca, Zn–1Mg–1Sr and Zn–1Ca–1Sr alloys are much higher
than that of pure Zn, owing to both the alloying effects and thermal
deformation effects. In vitro hemolytic rate test and cell viability
test indicated that the addition of the IIA nutrient alloying ele-
ments Mg, Ca and Sr into Zn can benefit their hemocompatibility
and cytocompatibility, which would further guarantee the biosaf-
ety of these new kind of biodegradable Zn-based implants for
future clinical applications.
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