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Abstract

Background: Although several studies on the Mg-Zn-Ca system have focused on alloy compositions that are
restricted to solid solutions, the influence of the solid solution component of Ca on Mg-Zn alloys is unknown. There-
fore, to broaden its utility in orthopedic applications, studies on the influence of the addition of Ca on the microstruc-
tural, mechanical, and corrosion properties of Mg-Zn alloys should be conducted. In this study, an in-depth investiga-
tion of the effect of Ca on the mechanical and bio-corrosion characteristics of the Mg-Zn alloy was performed for the
optimization of a clinically approved Mg alloy system comprising Ca and Zn.

Methods: The Mg alloy was fabricated by gravitational melting of high purity Mg, Ca, and Zn metal grains under an
Ar gas environment. The surface and cross-section were observed using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to analyze their crystallographic structures. Electrochemical and immersion
tests in Hank’s balanced salt solution were used to analyze their corrosion resistance. Tensile testing was performed
with universal testing equipment to investigate the impact of Ca addition. The examination of cytotoxicity for biomet-
ric determination was in line with the 1SO10993 standard.

Results: In this study, the 0.1% Ca alloy had significantly retarded grain growth due to the formation of the tiny and
well-dispersed Ca,MggZn; phase. In addition, the yield strength and elongation of the 0.1% Ca alloy were more than
50% greater than the 2% Zn alloy. The limited cell viability of the 0.3% Ca alloy could be attributed to its high corro-
sion rate, whereas the 0.1% Ca alloy demonstrated cell viability of greater than 80% during the entire experimental
period.

Conclusion: The effect of the addition of Ca on the microstructure, mechanical, and corrosion characteristics of
Mg-Zn alloys was analyzed in this work. The findings imply that the Mg-Zn alloy system could be optimized by adding
a small amount of Ca, improving mechanical properties while maintaining corrosion rate, thus opening the door to a
wide range of applications in orthopedic surgery.

Keywords: Biodegradable metal, Micro-galvanic corrosion, Mechanical properties, Corrosion resistance, In vitro,
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Introduction
Recent advancement in the field of biodegradable metals
has led to the development and clinical study of the next
generation of implantable devices that reduce the need
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(P-Mg) is limited in load-bearing orthopedic implants
due to its poor mechanical properties and relatively high
corrosion rate depending on impurities [1]. Therefore,
several alloy systems have been developed to overcome
these shortcomings. Alloying elements, such as Al, Li,
Zr, and rare earth metals, were initially considered due
to their beneficial effect on mechanical properties [3].
Although these alloy systems demonstrated good bio-
compatibility in vitro and in vivo experiments, the pos-
sible side effects of rare earth metals and aluminum on
human organs remain debatable [4—6].

Cha et al. studied the Mg alloy system consisting of
Ca and Zn in an attempt to eliminate any possible side
effects [7]. Ca and Zn were chosen as alloying elements
due to their biocompatibility and grain refinement effect
on Mg [8]. Ca is one of the main elements in human
bone [9, 10], while Zn strengthens immunity and other
biological mechanisms in the body [9, 11, 12]. Successful
clinical application of the Mg alloy system with Ca and
Zn was reported for small hand and wrist fractures with
no detrimental effects after 1year [13]. A recent study
also showed that the Mg-Zn-Ca system exhibits a highly
improved formability compared to the commercially
available Mg-Al alloy [14]. However, the main drawback
of the alloy system consisting of Zn and Ca is a high deg-
radation rate induced by micro-galvanic corrosion [15—
18]. Solution treatment can improve corrosion resistance
by reducing the secondary phase; however, it decreases
the mechanical strength [1, 19]. There have been stud-
ies to improve both mechanical and corrosion proper-
ties through the fine distribution of secondary phases by
hot-working methods (e.g., extrusion and rolling). How-
ever, despite the improved mechanical properties of the
Mg-Zn-Ca alloy, the corrosion rate is still greater than in
extremely pure (99.9%) P-Mg [20-22].

Controlling a small range of alloying elements could be
key to improving corrosion resistance in the Mg-Zn-Ca
alloy. According to previous studies, unsolved second-
ary phases during heat-treatment also exist after plastic
deformation, which can retard the uniform distribution
of the secondary phase. The maximum solubility of Ca
in Mg is only 0.2wt% at 23°C and 1.35wt% at 516.5°C in
the equilibrium state. When 4wt% Zn is added, the maxi-
mum solubility of Ca in Mg further reduces to 0.04wt%

Table 1 Chemical composition of the as-extruded Mg-alloys
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at 368°C [23]. Therefore, a small amount of Ca can
greatly influence the properties of the Mg-Zn-Ca system
due to significant changes in the distribution of second-
ary phases [23]. However, many studies on the Mg-Zn-Ca
system have focused on alloy compositions that are lim-
ited to solid solutions, but have not been able to clearly
understand the effect of the solid solution component of
Ca on Mg-Zn alloys [20, 21, 24, 25].

Here, an in-depth evaluation of the influence of Ca on
the mechanical and bio-corrosion properties of Mg-Zn
alloy was performed for further optimization of a clini-
cally approved Mg alloy system consisting of Ca and Zn.
The small range of 0, 0.1, and 0.3 wt% Ca was studied to
evaluate the differences between the Mg-2% Zn-0.1% Ca
alloy with a solid solution region at high temperature and
Mg-2% Zn-0.3% Ca alloy without a solid solution region.

Materials and methods

Sample preparation

The Mg alloy was prepared using the gravitational melt-
ing method, using high purity Mg (99.99%), Ca (99.5%),
and Zn (99.9%) metal grains under an Ar gas atmosphere.
The Mg alloy was prepared at a temperature of 740°C for
100 min. The molten metal was then poured into a mold
preheated at 200°C. The as-cast alloy was heat-treated at
420°C for 20h. This was followed by quenching in water.
The alloy was then extruded at 320°C, with an extrusion
ratio of 39.25 and ram speed of 0.2 mm/s. Table 1 shows
the inductively coupled plasma results of the alloys used
in this study.

Microstructure

The microstructure of the alloy was observed during
sample preparation with scanning electron microscopy
(SEM, inspect F50). The alloy was observed at the follow-
ing stages of its preparation: (i) the as-cast state, (ii) the
as-heat treated state, (iii) the as-extruded state, and (iv)
after immersion in Hank’s solution. For microstructure
observation, samples at each stage of preparation were
cut, ground with SiC papers (up to 2000 grit), and finely
polished with diamond powders (0.25-3 um). Energy
dispersive spectroscopy (EDS) was used to character-
ize the chemical compositions of the alloy phases. The
selected area diffraction pattern (SADP) of precipitates

Materials Element (unit: wt%)

Ca Zn Fe Ni Mn Si B
2%7n - 1.90 <0.003 <0.002 0.0011 <0.001 <0.002
0.1%Ca 0.10 2.00 <0.002 <0.002 <0.001 <0.001 <0.002
0.3%Ca 0.28 2.03 <0.003 <0.002 0.0011 <0.001 <0.002
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was investigated using transmission electron microscopy
(TEM, TitanTM80-300).

Immersion tests

The immersion tests were carried out in Hank’s balanced
salt solution. The pH and temperature of Hank’s solution
were adjusted to 7.4 and 37°C, respectively. Coin sam-
ples with a diameter of 8 mm and thickness of 1 mm were
prepared from the extruded alloy. They were ground
with SiC paper (up to 2000 grit), ultrasonically cleaned in
ethanol for 10 min, dried in air, and immersed in Hank’s
solution. The hydrogen gas generated was collected using
a funnel system to measure the corrosion rate. Consider-
ing the area and immersion time of the samples, the H,
generation rate was calculated and represented as Vy
(ml/(cm? day). The corrosion rate Ry, (mm/y) is related to
the H, generation rate V}; (ml/(cm? day), according to Eq.
(1).

Ry =2279 Vy (1)

Electrochemical measurements

The electrochemical measurements were conducted in
a three-electrode cell using a potentiostat (EG&G PAR
Model 263A Potentiostat/Galvanostat). The Mg alloy was
used as the working electrode. Platinum and Ag/AgCl
were used as counter and reference electrodes, respec-
tively. A potential range was applied to the working
electrode at a scanning rate of 0.83mV/s. The corrosion
current density (i) was estimated using linear regres-
sion and Tafel extrapolation to the cathodic and anodic
sections of the polarization curves. The corrosive envi-
ronment had a pH of 7.4. Hank’s solution was left in air at
36.5°C. The area of the samples exposed to the electrolyte
was 0.28 cm?. The corrosion rate was calculated with Eq.

(2).

. mm MI
Corrosion rate () =328 x — (2)
yr nd

M: Atomic mass (u).

I: Corrosion current density (mA cm™?).

n: Number of electrons involved in the corrosion
reaction.

d: Density (gcm™3).

The open circuit potential (OCP) of the intermetal-
lic compound was measured for 30min. The sample
preparation was the same as the fabrication of Mg alloys
described above, and Ca,Mg,Zn;, Mg, and Mg,Ca sam-
ples with Zn were fabricated from custom-made ingots
from R&D Korea.
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Mechanical properties

Tensile testing was conducted using a universal test-
ing machine (MTS U.S.A). Samples for the tensile test
were prepared according to ASTM B557-10. The speed
of crosshead and gauge length at room temperature
was 2mm/min and 15mm, respectively. To evaluate the
change of mechanical properties after immersion, sam-
ples were immersed in Hank’s solution for 30 days. Dur-
ing this test, Hank’s solution was replaced every 4days.
After immersion, the corrosion products were removed
with chromic acid (180g/L CrO;+1g/L AgNOs in dis-
tilled water) for 1 min.

Cytotoxicity test

Cytotoxicity evaluation for biometric determination is an
example of progress in accordance with ISO10993 stand-
ards. The experimental method is as follows. After elut-
ing the specimen in DMEM (Dulbecco’s Modified Eagles
Medium), a cell culture solution, for 1, 3, and 7days,
vascular cells (L-929) were cultured in each solution for
1day, and the number of surviving cells was determined.
The number of surviving cells was determined by meas-
uring the formazan absorbance using the CCK-8 kit with
1X DMEM containing no serum, and the ratio of the label
to the solution was 1cm?/ml. The test was performed in
an incubator maintaining a 37.5% CO, atmosphere.

Statistical analysis

One-way ANOVA with post hoc Tukey’s honest sig-
nificant difference (HSD) test was used to examine the
experimental groups. A statistically significant difference
between two groups with p <0.05, p <0.01, and p <0.001
is denoted by *, **, and ***, respectively.

Results

Microstructure

The addition of a small amount of Ca in the Mg-2% Zn
alloy system was investigated to characterize the differ-
ence between the Mg-2% Zn-0.1% Ca alloy with a solid
solution and Mg-2% Zn-0.3% Ca alloy without a solid
solution region, as shown in the phase diagram (Fig. 1).
The SEM images of as-cast Mg-2% Zn-xCa (x=0, 0.1,
0.3wt%) are shown in Fig. 2. The 2% Zn alloy showed the
secondary phase with equiaxed grains (of size 3 pum), as
displayed in Fig. 2a. As Ca was added to the 2% Zn alloy,
the fraction of the secondary phase distributed along the
grain boundary increased, as shown in Fig. 2b-c. EDS
results and the phase diagram of Mg-Zn-Ca showed that
the Mg-Zn phase was formed in the 2% Zn alloy, and the
Ca,Mg¢Zn, phase was formed in the Ca added alloys.
This is in good agreement with the previous studies,



Roh et al. Biomaterials Research (2022) 26:41

Page 4 of 13

500

400 1 *Mg

a-Mg + Liquid

_a-Mg+tiquid+Mg,Ca|

300 -
a-Mg +

T (°C)

200 A

\

100

Ca,MgeZn;

a-Mg+Ca,MggZn;+MgZn

a-Mg + Ca,MggZn,
+Mg,Ca

0

0 0.1 0.2 0.3

Fig. 1 Dove phase diagram of Mg-2%Zn-Ca

0.4 0.5 0.6 0.7

Ca (wt%)

0.8

100pm

56.62

4338  67.32

Fig. 2 Microstructures of the as-cast alloys: (@) 2%Zn,

ZnL 32.68

(b) 0.1%Ca, and

(€): 0.3%Ca

s . 100um
— o {
3827  20.28 ZnL 35.82 18.43
P
CaK . CaK 13.23 11.10

which reported that the addition of Ca in Mg-Zn alloys
retards the formation of the Mg-Zn phase and promotes
the formation of the Ca,Mg¢Zn, phase [26, 27].

Figure 3a—c show the SEM images of as-heat treated
the 2% Zn alloy, 0.1% Ca, and 0.3% Ca alloys, respec-
tively. After heat-treatment, secondary phases were not
observed in the 2% Zn and 0.1% Ca alloys. This can be
attributed to the dissolution of the secondary phase in
the Mg matrix. Most of the Ca,Mg,Zn; of the as-cast
alloys dissolved in the Mg matrix. However, the equiaxed
secondary phase was still observed in the 0.3% Ca alloy.

According to EDS analysis, the white area (circled in red
in Fig. 3) is Ca,Mg.Zn, and the gray area (circled in yel-
low in Fig. 3) is Mg,Ca, which included small amounts
of Zn (2.7 at%). The formation of the Mg,Ca phase has
not been reported in other similar studies [7]. Fig-
ure 3d—f show the microstructure of as-extruded 2% Zn,
0.1% Ca, and 0.3% Ca alloys, respectively. The extruded
alloy without Ca had no secondary phase, but the 0.1%
Ca alloy (Fig. 3e) had fine (~200nm) and well-dispersed
Mg,Ca,Zn,. However, coarse (~4 pum) Mg,Ca, and small
and well-dispersed Ca,Mg.Zn, were observed in the 0.3%
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Table 2 Grain size of the as-extruded Mg-Zn-Ca alloys

Materials 2%Zn 0.1%Ca 0.3%Ca

Grain Size 24.83 £829um 645 £ 1.79um 112 £1.39um

Ca alloy (Fig. 3f). The Ca content is also an important
factor in the grain size of as-extruded alloys (Table 2).
For the addition of small amounts of Ca in Mg-Zn alloys,
increasing Ca content effectively decreases the grain size.

The secondary phases in the extruded 0.1 and 0.3% Ca
alloy were further analyzed by TEM. TEM bright-field
images of extruded 0.1 and 0.3% Ca alloy are shown in
Figs. 4a—b. Fig. 4a shows the bright field image of 0.1% Ca
alloy that was taken with the incident beam along the [2
11 0] zone axis of the Mg matrix. The SADP of the sec-
ondary phase confirmed that it indeed was Ca,Mg,Zn;.
Fig. 4b shows the bright field image of 0.3% Ca alloy
that was taken with the incident beam along the [1 5 43]
zone axis of the Mg matrix. The SADP of the secondary

phase confirmed that these phases were Mg,Ca. Fig-
ure 4c—e show that the addition of small amounts of Ca
in Mg-Zn alloys can effectively decrease the grain size
from 24.83+8.29um in 2% Zn to 6.45+1.79pum and
1.12+1.39um in 0.1 and 0.3% Ca alloys, respectively.

Corrosion properties

Figure 5 shows the results of immersion and electro-
chemical testing. Immersion testing was performed by
collecting hydrogen gas from extruded samples immersed
in Hank’s solution for 7 days. Generally, the degradation
process of Mg in electrolytes can be expressed by the
reaction in Eq. (3).

Mg + 2H,O — Mg(OH), + H» (3)

The 2% Zn alloy showed the lowest amount of hydrogen
gas (0.038 ml/cm?) compared to the other samples. The
hydrogen gas released for the other samples were 0.07,
0.123, and 0.148ml/cm? for 0.1% Ca alloy, P-Mg, and
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Fig. 5 Results of the (a) immersion and (b) electrochemical corrosion tests

0.3% Ca alloy, respectively. Figure 5b shows the polari-
zation curves of the investigated samples. Generally, the
cathodic polarization curve is related to the evolution
of H, gas through the de-oxygenation reaction of water.
Meanwhile, the anodic polarization curve is related to the
degradation of Mg and the formation of Mg>* ions [28].
The corrosion potential and corrosion current density
were calculated from the polarization curve by the Tafel
extrapolation method. Results indicate that the corrosion

potential of the investigated alloys decreased depending
on the amount of added Ca. The gradients of the cathodic
curve for the 0.3% Ca and P-Mg alloys were steeper than
those of the other samples. However, the cathodic curve
gradients for 2% Zn and 0.1% Ca alloys were relatively
low in the applied potential range. The corrosion current
density decreased to 17 x 1076, 14 x 107°, 4.9 x 10~ ® and
4.4 x 10° A/cm? for 0.3% Ca, P-Mg, 0.1% Ca, and 2% Zn
alloys, respectively. The general trends of corrosion rate
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from the immersion and electrochemical tests were in
good agreement. Calculated parameters from the elec-
trochemical and immersion tests (corrosion potential,
corrosion current density, and corrosion rate) are listed
in Table 3.

Figure 6 shows the microstructures of the cross-section
of samples (0.1 and 0.3% Ca alloys) after immersion in
Hank’s solution for 7 days. It was observed that the cor-
rosion layer of the 0.1% Ca alloy (Fig. 6a) was uniform
and very thin (~3 pm), while that of the 0.3% Ca alloy
was thick (3—30 pm), and many signs of corrosion were
detected. Corrosion in the vicinity of the coarse second-
ary phase along the extrusion direction seemed to be
accelerated. Figure 7 shows the EDS results on the cor-
roded surface of the 0.3% Ca alloy. Interestingly, local
corrosion was found in the Ca-rich region (Mg,Ca), while
local corrosion of Ca,Mg,Zn; was not observed. Figure 8
shows the dependence of the fraction of the second-
ary phase and Zn content in the Mg matrix on the Ca
content. There seems to be a relationship between the
decrease in Zn content in the Mg matrix and the increase
in the formation of the secondary phase. The secondary
phase of the alloy, as calculated by the PANDAT pro-
gram (ver. 7), increased with Ca content. This increase
was notably higher from the 0.1-0.3% Ca alloy, when the
Zn content in the Mg matrix decreased highly signifi-
cantly. Figure 8b shows the open circuit potential (OCP)
of the intermetallic compound. The potential value of
the Ca,Mg¢Zn, was measured at —1.38 V. The potential
value of P-Mg increased with the addition of Zn, from
—1.68V (0 at% Zn) to —1.5V (1.3 at% Zn). The poten-
tial of Mg,Ca also increased with the addition of Zn from
—1.9V (0 at% Zn) to —1.85V (1.5 at% Zn).

In this experiment, the corrosion rate of the 0.1% Ca
alloy was lower than that of P-Mg, which was similar to
the 2% Zn alloy. However, the corrosion rate of 0.3% Ca
alloy was higher than that of P-Mg. The dramatic vari-
ation of the corrosion rate within a small range of Ca
content may be due to the behavior of Zn in the matrix.
The addition of Zn improves corrosion resistance by
increasing the potential of the Mg matrix [26]. How-
ever, the solubility of Zn in the Mg matrix decreased

Table 3 Electrochemical parameters and corrosion rates
obtained by polarization and immersion testing
Materials Corrosion Corrosion Polarization Immersion
potential density (uA/  (mm/y) (mm/y)
(v) cm?)
P-Mg —1.59 14 032 0.103
2%Zn —144 44 0.10 0.064
0.1%Ca —1.49 49 0.11 0.095
0.3%Ca —1.62 17 0.39 0172
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with the addition of Ca, leading to a gradual decrease in
the Mg potential. A previous study demonstrated that
corrosion resistance was achieved by controlling the
potential gap of phases, even in alloys with many sec-
ondary phases [7]. Therefore, the corrosion behavior of
Mg is affected by the potential differences between the
secondary phases more than the volume fraction of the
secondary phase.

In addition, the Mg,Ca phase (Fig. 8a) formed from
heat treatment could accelerate local galvanic corrosion
due to a lower potential than the Mg matrix. It has been
reported that the formation of Mg,Ca can accelerate
corrosion behavior by acting as an anodic electrode [8].

It was suggested by Hofstetter et al. that the degrada-
tion rate of the 5Zn-0.3Ca (wt%) is much higher than
pure-Mg because Ca,Mg,Zn; has a higher potential than
the Mg matrix. However, in this study, it was found that
the potential gap between Ca,Mg,Zn; and the Mg matrix
could be altered by controlling the amount of the alloy
elements. The 0.1% Ca alloy showed excellent corrosion
resistance.

Mechanical properties

Figure 9a shows the nominal stress-strain curve from
the tensile test at room temperature. The yield strength,
ultimate strength, and elongation to fracture of the 2%
Zn alloy were 153.4+1.2MPa, 238.3+0.8 MPa, and
16.2+0.8%, respectively. Both strength and elongation
increased for the 0.1% Ca alloy to 278.8+5.2MPa and
26.1+1.6%. However, when the Ca content increased to
0.3%, the elongation of the alloy dropped from 26.1 to
17.4%, despite the dramatically increased strength. Fig-
ure 9b shows the Hall-Petch relationship between grain
size and yield strength. With the addition of Ca, yield
strength increases proportionally to the decrease in grain
size. To evaluate the integrity of the mechanical prop-
erties in a corrosive environment, tensile testing on the
samples with added Ca was conducted after the immer-
sion test in Hank’s solution for 30days. Figure 9c—d
show the nominal stress-strain curve after immersion
testing for 30days in Hank’s solution. After the immer-
sion test, the yield, ultimate strength, and elongation of
the 0.1% Ca alloy were 239.44+3.6 MPa, 276.3+5.1 MPa,
and 14.3 +4.0%, respectively. The strength of the 0.1% Ca
alloy was maintained after immersion, while the elonga-
tion slightly decreased (Fig. 9c). However, the 0.3% Ca
alloy showed a large reduction in strength, elongation,
and deviation (Fig. 9d).

Many studies have demonstrated that the addition of
Ca in Mg-Zn alloys can have a positive effect on mechan-
ical properties [7]. The addition of Ca helps alloys gen-
erate a second phase during plastic deformation (e.g.,
during hot extrusion), which retards grain growth and
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causes the alloy to have a weak texture [8, 29]. This phe-
nomenon occurs in the 0.3wt% Ca alloy used in this
study. Calculated parameters from the tensile test (yield
strength, maximum strength, and elongation) are listed
in Table 4.

Integrity: mechanical properties after immersion

Mg implants should be maintained for a certain period
until suitable formation of new bone is achieved. There-
fore, the strength after degradation in electrolytes is
an important qualifying factor for an implant mate-
rial. Tensile testing was conducted after immersion in
Hank’s solution for 30 days. Interestingly, the mechani-
cal strength of the 0.1% Ca alloy was maintained after
immersion, while the mechanical strength of the 0.3%
Ca alloy decreased drastically. Sun et al. reported that
the mechanical strength of the 4wt% Zn-0.2wt% Ca
alloy decreased to 70% after immersion for 30 days [20].
Both alloys (0.3% Ca and 4wt% Zn-0.2wt% Ca) show a
fast corrosion rate due to several secondary elements
in the alloy. As mentioned earlier, Ca exceeding the
amount that can be completely dissolved in the Mg-Zn
alloy contributes to the potential imbalance between
the Mg matrix and Ca,Mg¢Zn;. This can decrease the
corrosion resistance of the alloy and cause local cor-
rosion, such as pitting corrosion. Figure 10 shows the
results of the micro-CT scan on the immersed tensile
sample (0.1% Ca and 0.3% Ca). These results demon-
strate that the decrease in mechanical properties after
immersion is related to pitting corrosion. The 0.3%
Ca alloy exhibited various pitting sizes of 20-240 um,
while the 0.1% Ca alloy had pit sizes less than 20 pm.

Cytotoxicity test

Figure 11 shows the results of the cell viability test on the
investigated samples. A basic media solution was used
as a negative control. The control group was cultured in
cell media for 24-h. Cell viability that falls below approxi-
mately 80% of the negative control is termed to have
cytotoxicity. The results showed that the cell viability of
all the samples (1 d) exceeded 100%. This implies that the
extraction media does not affect cell viability. However, it

Table 4 Tensile test results of the as-extruded Mg-Zn-Ca alloys

Materials Yield strength Maximum Elongation (%)
(MPa) Strength
(MPa)
2%7Zn 1534412 2383408 16.2+0.8
0.1%Ca 2424+ 45 2788 5.2 261 £16
0.3%Ca 3462 £ 4.5 3389456 174 +05
0.1%Caimmersed 2394 436 2764 +£5.1 143+40
0.3%Caimmersed 2444 £ 106 2769 £9.6 101 £ 2.1
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could be considered that the extraction media can result
in an increase in cell proliferation [29].

Cell viability decreased with time (1, 3, and 7 days) due
to a complex set of factors, including pH and ionic activ-
ity. The degradation of Mg is related to the pH and ionic
activity. Therefore, the low cell viability (<80%) of the
0.3% Ca alloy could be associated with the high corrosion
rate. Cells may find it difficult to survive in media with
large amounts of Mg and Zn ions as well as alkaline con-
ditions [30]. However, the 0.1% Ca alloy showed a cell via-
bility of above 80% during the entire experimental period.
This could be due to its better corrosion resistance.

Discussion

In the Mg-2% Zn alloy system, the addition of Ca pro-
motes the formation of the Ca,Mg,Zn, phase, and as
the amount of Ca added increases, the secondary phase
along the grain boundary also increases. However, in the
0.3% Ca alloy, large amounts of Mg,Ca, in addition to
Ca,Mg¢Zn,, were detected through SEM analysis. There-
fore, it is difficult for the 0.3% Ca to dissolve in the Mg
matrix. In Fig. 1, the phases of Mg+ liquid are stable in
the equilibrium state at 416 ‘C. Therefore, the second-
ary phase could have been a liquid phase, which then
changed into a eutectic phase comprised of Mg,Ca and
Ca,Mg¢Zn,.

Microstructures after extrusion showed different sec-
ondary phases depending on the content of Ca. After
the addition of 0.1% Ca, a fine and well dispersed sec-
ondary phase was observed, which did not form in the
2% Zn alloy. Cha et al. reported that this phenomenon
is caused by dynamic precipitation during hot extrusion
[7]. Moreover, coarse Mg,Ca was observed in the 0.3%
Ca alloy. These results reveal that homogeneous distri-
bution of the secondary phase is possible in the solid
solution condition. In addition, decreased grain due
to the addition of a small amount of Ca was observed
through TEM.

In the immersion and electrochemical corrosion
tests, the 2% Zn alloy showed the lowest corrosion
rate, and the corrosion resistance gradually decreased
as the amount of Ca added increased. Further, as found
in the open circuit potential analysis, increasing the
content of Ca results in a steady decrease of the Mg
potential, due to the decreased solubility of Zn in the
Mg matrix. This implies that Ca bridges a large poten-
tial gap between Ca,Mg.Zn, and the Mg matrix, which
may accelerate the anodic reactions of the Mg. Conse-
quently, the potential differences between the second-
ary phases impact Mg corrosion behavior more than
the volume fraction of the secondary phase.

The addition of 0.1% Ca had a surprisingly positive
effect on the mechanical properties of the alloy. The
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small and well-dispersed Ca,Mg¢Zn, phase in the 0.1%
Ca alloy (Fig. 3c) effectively retarded grain growth. It
was also observed that the yield strength and elongation
of the 0.1% Ca alloy increased by over 50% compared
to those of the 2% Zn alloy. However, the decrease in
mechanical properties, especially elongation, when
0.3% Ca was added, could have been caused by the sec-
ondary phase (located along the extrusion direction)
acting as a crack trigger. It has been reported that a
continuous secondary phase can improve mechanical

strength but have negative effects on machinability [7,
31]. These results were in agreement with those of the
corrosion test.

Moreover, the micro-CT scan demonstrated that the
deterioration of mechanical properties after immer-
sion is caused by pitting corrosion. Local stress con-
centration can occur easily in the 0.3% Ca alloy due to
a potential imbalance between the Mg matrix and the
secondary phases, contributing to the deterioration
of the mechanical properties. Conversely, the 0.1% Ca
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alloy had a relatively slow corrosion rate and a uniform
corrosion layer. This could cause the alloy to maintain
its strength.

The 0.1% Ca alloy showed more stable cell viability than
the 0.3% Ca alloy, which was related to corrosion and pH
change. These results implied that managing the amount
of Ca included in the Mg-Zn alloy is very important for
improved mechanical and bio-corrosion properties for
broad applications.

Conclusion

This study investigated the influence of the addition of Ca
on microstructural, mechanical, and corrosion proper-
ties of Mg-Zn alloys. A small addition of Ca results in the
formation of small and well-dispersed Ca,Mg¢Zn; dur-
ing hot extrusion. This gives rise to greater grain refine-
ment and improved mechanical properties. The ultimate
tensile strength and elongation of the 0.3% Ca alloy
approached 350MPa and 17%, respectively. However,
the imbalance of the electrochemical potential between
a-Mg and Ca,Mg¢Zn, due to the addition of Ca increases
the corrosion rate. Further, the formation of Mg,Ca in
the 0.3% Ca alloy during heat treatment accelerated
local galvanic corrosion. With regard to the integrity of
the alloys, the decrease in the mechanical properties of
the 0.3% Ca alloy after immersion for 30days was larger
than that of the 0.1% Ca alloy. This is due to deeper pit-
ting on the surface. The strength of the 0.1% Ca alloy was
maintained even after immersion (YS:239.4MPa and
UTS:276.4MPa). The 0.1% Ca alloy also demonstrated
no cytotoxicity. These results implied that optimization
of the Mg-Zn alloy system is possible through a small
addition of Ca, which significantly improves mechani-
cal properties while maintaining corrosion rate. This can
open doors for a wide range of applications in orthopedic
surgery.
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