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Abstract: The mechanical properties and degradation performance in Hank’s solution of the directionally solidified
(DSed) Mg—0.8Ca (wt.%) alloys were investigated and compared with those of the as-cast alloy. The microstructure
was studied by OM, SEM, TEM, and EBSD. It is found that the columnar grains in DSed alloys have a consistent
growth orientation of (1120). The mechanical strength and ductility of Mg—0.8Ca alloy are significantly improved
after directional solidification. Besides, the corrosion resistance of Mg—0.8Ca alloy in Hank’s solution is dramatically
enhanced after directional solidification. The Mg—0.8Ca alloys in Hank’s solution mainly undergo microgalvanic
corrosion, and the corrosion products consist of Mg(OH),, (Ca,Mg)3(POs),, and hydroxyapatite (HA). The superior
properties of the DSed Mg—Ca alloy are beneficial from the columnar microstructure and the redistribution of the
eutectics. The DSed Mg—0.8Ca alloy with columnar dendritic structure is expected to be used as biodegradable materials.
Key words: Mg—Ca alloy; directional solidification; microstructure; mechanical properties; degradation performance

1 Introduction

Magnesium (Mg) alloys are expected to be
used as biodegradable materials due to their
excellent biocompatibility, readily dissolvability,
and appropriate elastic modulus, etc [1,2]. It is well
known that element Ca plays a critical role in the
human body owing to its function in bone
construction. Moreover, it has been found that the
release of Ca ions into local cellular environments
has a positive effect on bone healing [3,4].
Therefore, the element of Ca is considered to be the
most suitable alloying element for Mg alloys used
as biomedical materials, and extensive efforts have
been made to prepare Mg—Ca binary alloys with
excellent combination properties of mechanical and
degradation properties [5,6]. Although a number of

Mg—Ca alloys have been designed and investigated,
few Mg—Ca alloys are approved for practical
application [7].

The mechanical and degradation properties of
the as-cast Mg—Ca alloys are dissatisfactory owing
to the coarse microstructure and secondary
phase [8]. It is widely accepted that microstructure
refinement is an effective way to enhance the
combination properties of Mg—Ca alloys. Many
manufacturing processes, including rolling and
extrusion, etc, have been used to control the
microstructure and enhance the combination
properties of Mg—Ca alloys [9—11]. SEONG and
KIM [9] improved the corrosion resistance of
Mg—2Ca and Mg—3Ca alloys by refining the grains
and Mg,Ca phase using high-ratio differential speed
rolling. Combined with the post-rolling annealing,

the biocorrosion resistance of Mg—Ca alloys with

Corresponding author: Yuan-sheng YANG, Tel: +86-24-23971728, E-mail: ysyang@imr.ac.cn

DOI: 10.1016/S1003-6326(22)66116-8

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



410 YiZHANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 409-421

the grain size of ~6 um is superior to that of pure
Mg. LI et al [10] found that the extrusion speeds
greatly affected the mechanical properties of

Mg—1.2Ca alloy owing to dynamic recrystallization.

Until now, most of the previous studies were
concentrated on the properties of wrought Mg—Ca
alloys with equiaxed grains, and little attention has
been paid to Mg—Ca alloys with columnar grains.

In fact, many Mg alloys with columnar grains
have been successfully fabricated by directional
solidification, such as Mg—Zn, Mg—Gd, and Mg—Al
alloys [12—14]. Microstructure, microsegregation,
and mechanical properties of directionally solidified
(DSed) Mg alloys have been studied extensively in
previous works [15—19]. Little attention has been
paid to the investigation of the degradation
properties of DSed Mg alloys. Recently, JIA
et al [20] reported the degradation behavior of
DSed Mg—4Zn alloys in Hank’s solution, and they
found that directional solidification technology is
advantageous in improving the corrosion resistance
of Mg alloy. However, there are few studies focused
on DSed Mg—Ca alloys for biomedical materials,
and there is no experimental assessment of the
combination properties of the columnar-structured
Mg—Ca alloys.

It has been found that Mg—Ca alloys with the
content of Ca <1 wt.% exhibit superior mechanical
and corrosion properties compared with alloys with
higher calcium contents [21]. Therefore, Mg—0.8Ca
(wt.%) alloy with different grain morphologies was
prepared in this study. The aim of this work is to
study the possibility of producing biodegradable
DSed Mg—Ca alloys with high strength and high
degradation resistance by directional solidification.
The microstructure characteristics and combination
properties of the DSed Mg—0.8Ca alloys were
investigated, and they were compared with the
as-cast alloy.

2 Experimental

2.1 Materials and sample preparation

Pure Mg (99.95 wt.%) and Mg—25wt.%Ca
master alloy were used to prepare as-cast
Mg—0.8Ca alloy. Melting and alloying were
performed in a low-carbon steel crucible at 750 °C
under an atmosphere of SFs (0.8 vol.%) and CO»
(Bal.). After the raw materials were melted, the melt
was stirred for about 3 min to homogenize the

alloying elements. Then, the melt was cooled to the
pouring temperature of 720 °C before casting into a
preheated graphite mold with the dimension of
d60 mm x 140 mm. Part of the cast ingot was
reserved for further tests, and the rest of the cast
ingot was machined into 6.8 mm cylindrical
bars for directional solidification. A directional
solidification apparatus with a temperature gradient
of 13 °C/mm was used in this work. The bars were
placed into alumina crucibles and melted at 900 °C
under the protection of Ar followed by pulling
down with a rate between 20 to 200 pum/s.

2.2 Microstructure characterization

Specimens, which were taken from the DSed
Mg—Ca sample and the cast ingot, were ground to
2.6 pm before polishing and etching with 1 wt.%
oxalic solution to reveal their microstructure. A
ZEISS Axio Observer.Z1m type optical microscope
(OM) and an FEI INSPECT F50 type scanning
electron microscope (SEM) were used to observe
the microstructure of the specimens. The grain size
was measured on the transverse section by the line
interception method using ImageJ software. The
specimen was ground to 6.5 um for the XRD test
(D8 Advance) to identify the types of phases in the
Mg—0.8Ca alloy.

The growth orientation of the DSed Mg—Ca
alloy was studied by a Tecnai G20 F30 type
transmission electron microscope (TEM) and a
TESCAN MAIA3-HKL type electron backscatter
diffraction (EBSD). The foils for TEM were taken
perpendicular to the growth direction (TD). The
crystal orientation was measured from more than
five grains for TEM observation. The tested surface
for EBSD was the longitudinal section of the DSed
samples, and over 10 mm? area was scanned in the
EBSD test.

2.3 Mechanical properties

Tensile specimens with gauge length of 18 mm
and gauge diameter of 3 mm were machined from
the DSed samples and the cast ingot. The tensile
tests were carried out at a constant speed of
1.0 mm/min by loading along the LD of the DSed
samples at room temperature. At least three
specimens were tested for each condition. The
representative stress—strain curves were given in
this work.
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2.4 Immersion tests

Cuboid specimens with the dimension of
10 mm X 6 mm x 3 mm were cut from the DSed
Mg—Ca samples. The specimens were prepared by
mechanical grinding using SiC abrasive papers to
6.5 um, followed by ultrasonic cleaning in ethanol
for 3 min. Immersion tests were conducted in
Hank’s solution at 37 °C for 48 h. The chemical
composition of Hank’s solution is given in Table 1.
After the immersion test, the specimens were
treated by ultrasonic cleaning for 2min in a
solution containing 20% CrOs and 1% AgNOs. The
specimens before and after the immersion test were
weighed using an electronic balance (Sartorius
CPA225D) with a precision of 0.01 mg. The
corrosion rate Rc (mm/a) can be calculated by the
mass loss using [22]

Ro— 87600AM

Sup (1)

where AM is the mass loss (g), S is the exposure
area (cm?), ¢ is the duration of immersion (h), and
p is the density of Mg—Ca alloy (g/cm?). Besides,

Table 1 Chemical composition of Hank’s solution (g/L)
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the corrosion morphology was analyzed by SEM
before and after the removal of corrosion products.
To identify the corrosion products, the corrosion
products were analyzed by XRD (D8 Advance).

3 Results and discussion

3.1 Microstructure

The optical micrograph of the as-cast alloy is
shown in Fig. 1(a). It can be seen that the
microstructure  is  significantly changed by
directional solidification. The grain size of the
equiaxed grains in the as-cast alloy is 335 um,
while the grains in the DSed alloys are columnar
with parallel trunks, as shown in Figs. 1(b, c).
Besides, the grain morphology of the DSed alloys
evolves from cellular to dendritic with the increase
of the growth rate. Under the growth rate of
20 um/s, the alloy solidifies with cellular structure
with the primary arm spacing of 86 um, and the
microstructure of the transverse section is
polygonal. The secondary arms have developed on
the side of the columnar grains marked with arrows
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in Fig. I(c) when the growth rate is increased to
160 um/s. Besides, the microstructure of the
transverse section exhibits a flower shape. The
primary arm spacing of the columnar structure at
various growth rates is given in Fig. 1(d). It is clear
that the primary arm spacing first slightly increases
during the transition of the microstructure, and then
it decreases with the increase of the growth rate. In
addition, the transverse grain boundaries are nearly
eliminated by directional solidification compared
with the cast ingot. In this work, the alloys with
equiaxed structure, cellular structure, and columnar
dendritic structure are abbreviated as E-type alloy,
C-type alloy, and D-type alloy, respectively.

Based on the experimental findings, the DSed
Mg—-0.8Ca alloys solidified with the typical
columnar structure. KURZ and FISHER [23] have
put forward a criterion for the cell-to-dendrite
transition, which is expressed as follows:

L, _GD __ GD
ATk mCy (k—1)

(2)

where w, is the critical growth rate; G is the
temperature gradient; D is the diffusion coefficient
in the liquid; ATy is the temperature interval
between the liquidus and solidus; m is the liquidus
slope; k is the equilibrium partition coefficient and
Cy is the initial alloy composition. These parameters
of Mg—0.8Ca alloy are listed in Table 2 [24]. In this
case, the calculation result of vy is 30 um/s, which
indicates that the alloy will solidify with cellular
structure at the growth rate slower than 30 pum/s.
The calculated result is consistent with the
experimental result in this study. After the structure
evolves from cellular to dendritic, the primary arm
spacing slightly rises. This phenomenon has been
reported in many researches of DSed alloys [25,26].
It can be attributed to the change of the tip radius
affected by the appearance of the secondary
dendritic arm.

Table 2 Parameters for DSed Mg—0.8Ca

Parameter Value
G/(K-mm™) 13
D/(m?s™) 2.19x10°8
m/(K-wt.% ") -12.67
Co/wt.% 0.8
k 0.06

The distribution and morphology of the
secondary phases in the as-cast alloy and DSed
alloys are observed by SEM under the
backscattering mode, as displayed in Fig. 2. The
secondary phases are mainly distributed inside and
between the equiaxed grains existing as eutectics
for E-type alloy, while they are mainly distributed
along the grain boundaries for the C-type and
D-type alloys. Besides, the secondary phases in
D-type alloy are much finer and more dispersed
along the grain boundaries. Apparently, the volume
fraction of the secondary phases for the C-type
alloy is less than that of the E-type and D-type
alloys. In addition, as Figs.2(b,e) show, the
eutectic morphology of the C-type alloy is different
from that of the as-cast alloy. The results of EDS
show that the eutectic phase mainly consists of
elements of Mg and Ca, as displayed in Figs. 2(b, f).
Combined with the phase diagram analysis and the
XRD diffraction pattern (Fig.3) [27], it can be
known that the eutectic phase in Mg—0.8Ca alloys
is a-Mg/Mg>Ca.

To investigate the growth orientation of the
DSed Mg—0.8Ca alloys, the selected area electron
diffraction (SAED) pattern was taken, as shown in
Fig. 4. It can be known that the preferred crystal
growth orientation for the DSed alloy is (1120)
from the SAED pattern. EBSD was used to further
identify the growth orientation as well. The
orientation map and the X-direction of inverse pole
figures obtained by EBSD are presented in
Figs. 5(a, b). The results show that most of the
grains grow along with (1120) and expose {0002}
outside, which is consistent with the result of TEM.
The same preferred growth orientation of Mg alloys
has been reported by JIA et al [16] and SHUAI
et al [18]. The grain size detected by EBSD is very
large due to the fact that one grain contains many
columnar grains with similar orientation. Besides, it
can be recognized from Fig. 5(c) that most of the
grain boundaries are low angle grain boundaries.

It is well accepted that the grains generally
prefer to grow along those directions perpendicular
to the crystallographic planes with higher surface
energy [28]. Some previous works have confirmed
that the closest packed crystal plane {0001} has the
lowest interfacial energy, which means that the
{0001} plane prefers to wrap the outside of the
grains during the solidification [29,30]. Besides, the
directions perpendicular to the {0001} plane have
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Fig. 2 Distribution and morphology of secondary phases in E-type alloy (a, b), C-type alloy (c), D-type alloy (d), and
eutectic phase in C-type alloy (e) with EDS results (f)
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Fig. 3 Phase diagram of Mg—Ca alloy (a) [27] and XRD diffraction pattern of Mg—0.8Ca alloy (b)
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Fig. 5 EBSD orientation map of X-direction (a), X-
direction of inverse pole figures (b), and misorientation
angle distributions of DSed Mg—0.8Ca alloy (c)

the lowest growth rate based on the Bravais rule.
For HCP Mg alloys, (1120) is one of the
orientations on the basal plane, and the surface
energy of {1120} is higher than that of many other
crystal orientations, including {0001}, {1010} and
{1011} [28]. In other words, crystal growth along
(1120) conforms to the energy selection for crystal
growth. Therefore, it is reasonable that the crystal
grows with (1120) orientation.

3.2 Mechanical properties

The tensile stress—strain curves of the
experimental alloys are shown in Fig. 6. The results
indicate that the solidification condition strongly
affects the mechanical properties of Mg—Ca alloys.
For the E-type alloy, the tensile yield strength
(TYS), ultimate tensile strength (UTS), and
elongation (EL) are 55 MPa, 89 MPa, and 2%,
respectively. After the directional solidification,
the mechanical properties of Mg—0.8Ca alloys are

140
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Fig. 6 Tensile stress—strain curves of Mg—0.8Ca alloys
with different microstructures
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significantly improved, especially for the EL. The
TYS, UTS, and EL of C-type alloy are 33 MPa,
64 MPa, and 27%, respectively, and those of the
D-type alloy are 86 MPa, 137 MPa, and 24%,
respectively. The TYS and UTS of the C-type alloy
are smaller than that of the E-type alloy, while the
EL of the C-type alloy is 13.5 times that of the
E-type alloy. As for the D-type alloy, its tensile
strength and ductility are superior to those of the
E-type and C-type alloys. The TYS, UTS, and EL
of the D-type alloy are 1.6 times, 1.5 times, and
12 times those of the E-type alloy, respectively. The
results of the mechanical properties demonstrate
that the mechanical strength and ductility of the
Mg—Ca alloy can be greatly enhanced by
directional solidification.

Figure 7 shows the fracture micrographs of the
experimental alloys. It can be seen that the cracks
across the grains for both two alloys, but the cracks
also extend along the grain boundaries of the E-type

Fig. 7 Fracture micrographs observed by OM: (a) E-type
alloy; (b) C-type alloy; (c) D-type alloy

alloy marked with the arrow in Fig. 7(a). The
fracture morphologies are presented in Fig. 8. It is
noted that the type of fracture is different between
the E-type alloy and the DSed alloys. As Fig. 8(a)
shows, the edges of the fracture are sharp, and river
patterns and holes with coarse particle phases inside
can be observed for the E-type alloy, indicating
the brittle fracture. However, there are abundant
dimples and river patterns on the fracture surface of
DSed alloy, meaning a mixed fracture of microvoid
coalescence and cleavage fracture.

The results show that the ductility of Mg—Ca
alloy can be greatly improved by the directional
solidification, and the mechanical strength of the

Fig. 8 SEM images of fracture morphology: (a) E-type
alloy; (b) C-type alloy; (c) D-type alloy
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D-type alloy is much higher than that of E-type
alloy. However, the mechanical strength of the
C-type alloy is lower than that of the E-type alloy
owing to the type of grain boundaries and the
distribution of the eutectic phase. The grain
boundaries of the C-type alloy are the small-angle
grain boundaries due to the similar crystal
orientation of the cellular grains (Fig. 5(c)).
Although the primary arm spacing of the C-type
alloy is much less than the grain size of the E-type
alloy, the large-angle grain boundaries in the E-type
alloy hinder the movement of dislocations during
the deformation more effectively than the
small-angle grain boundaries in the C-type alloy.
Therefore, in this respect, the low angle grain
boundaries of the C-type alloy lead to a drop in
mechanical strength. Besides, the Mg,Ca phases
with different crystal structures from a-Mg impede
the movement of dislocations as well. Compared
with the C-type alloy, the large volume fraction of
the Mg,Ca phase in the E-type alloy leads to the
enhancement of the strength as well.

As for the EL, the stress concentration caused
by the coarse Mg,Ca phase in the E-type alloy and
the bad deformation coordination caused by the
random crystal orientation of the grains in the
E-type alloy are the key factors that decrease the
ductility of Mg alloys. Moreover, cracks are easy to
extend along the grain boundaries of the E-type
alloy as Fig.7(a) shows. However, columnar
grains with a similar crystal orientation make
contributions to the coordinated deformation for the
DSed alloys. At the same time, less Mg>Ca phase
distributed along the grain boundaries is also
helpful to avoid the stress concentration. Therefore,
it is hard for the cracks to extend along the

columnar grain boundaries. A schematic diagram of
the extension of the crack is displayed in Fig. 9.

It is worth noting that the mechanical strength
of the D-type alloy is larger than that of E-type and
C-type alloys. As Fig. 2 shows, the eutectic phases
in the D-type alloy are much finer than the phase
in E-type and C-type alloys, and the -eutectic
phases are dispersedly distributed in the D-type
alloy. It is well known that the refined and
dispersed secondary phase can effectively improve
the mechanical properties of the Mg alloy.
Consequently, both the mechanical strength and
ductility of the D-type alloy are outstanding.

Figure 10 presents the mechanical properties
of several kinds of Mg—Ca alloys [8,11,31,32]. The
mechanical strength of Mg—Ca alloy can be
dramatically enhanced by rolling or extrusion, and
the EL can reach 20%. However, the DSed Mg—Ca
alloy exhibits ultrahigh EL larger than 20%, and its
mechanical strength can be improved by adjusting
the growth rate, which has great potential to be used
as biomaterials.

3.3 Degradation performance
3.3.1 Immersion test

Figure 11 shows the results of the immersion
test in Hank’s solution for 48 h including the
mass loss and the corresponding corrosion rate.
Apparently, the degradation rate of Mg—0.8Ca alloy
can be significantly decreased using directional
solidification. The degradation rates of the C-type
and D-type alloys are almost half that of the E-type
alloy. The degradation rates of the C-type and
D-type alloys are 2.54 and 2.37 mm/a, respectively,
indicating the better corrosion resistance of the
D-type alloy.

(b)

Mg,Ca
~ Crack
rd

Grain
boundary

~

Fig. 9 Schematic diagram of extension of crack of Mg—Ca alloys: (a) E-type alloy; (b) DSed alloy
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Fig. 11 Results of immersion test in Hank’s solution for
48 h

3.3.2 Corrosion morphology

The corrosion morphologies of the Mg—Ca
alloys are shown in Fig. 12. It can be seen in
Figs. 12(a, b) that the surface of the E-type
specimen has been totally covered with the
corrosion products after the immersion for 48 h,
while a large area of the surfaces of the DSed
specimens is just slightly corroded (Figs. 12(c—f)).
Additionally, the corrosion products are mainly
distributed along the grain boundaries drawing the
outline of the equiaxed grain for the E-type
specimen, as inserted in Fig. 12(a).

As for the C-type and D-type alloys, the
corrosion products mainly pile up as lines parallel
with the growth direction. Besides, it can be seen in
Figs. 12(a, b) that the corrosion products do not
fully cover the surface of the E-type specimen,
which means that the corrosion product film (CPF)
cannot provide effective protection. However, the
C-type and D-type specimens have an intact CPF
compared with the E-type specimen. Moreover, the

CPF of the D-type is much solid and compact than
that of the C-type specimen. The EDS results in
Fig. 12(f) show that the CPF contains elements of O,
Mg, P, and Ca. The XRD pattern of the corrosion
products is shown in Fig. 13, and the result shows
that the corrosion products mainly consist of
Mg(OH),, (Ca,Mg)3(PO4)2, and hydroxyapatite
(HA).

The corrosion morphologies after the removal
of the corrosion products of the experimental alloys
are presented in Fig. 14. Deep holes with a
dimension of 1 mm in diameter can be observed on
the specimen of the E-type alloy, which should be
caused by the peeling-off of some large equiaxed
grains, as marked by the arrow in Fig. 14(a). On the
contrary, the DSed alloys experience more uniform
and slight corrosion with relatively flat corrosion
morphology compared with the E-type alloy.
Among the DSed alloys, it can be observed in
Figs. 14(b, ¢) that the D-type alloy has suffered a
slighter corrosion attack than the C-type alloy.

3.3.3 Corrosion resistance

The results of the immersion test show that the
corrosion resistance of the DSed alloys is better
than that of the E-type alloy. For Mg—Ca alloys, the
Mg,Ca phases act as anodes and the Mg matrix as
the cathode during the corrosion, which leads to
microgalvanic corrosion [33]. For the as-cast
Mg—0.8Ca alloy, the Mg,Ca phases are mainly
distributed on the grain boundaries. Therefore, the
corrosion proceeding along the equiaxed grain of
the E-type alloy eventually results in the grain
shedding, as shown in Fig. 14(a). However, the
DSed alloys with Mg,Ca discontinuous distributed
on the grain boundaries can effectively avoid the
grain falling-off due to its long grain boundaries,
which is helpful to enhance the corrosion resistance
of the Mg—Ca alloy. A schematic diagram of the
corrosion mechanism of E-type and DSed alloy is
presented in Fig. 15. At the same time, Mg,Ca
phase exists in the as-cast alloy as typical lamellar
eutectic, which will increase the contact area
between the anode and cathode and accelerate the
corrosion rate. Besides, it is well known that there
is a potential difference between the grains with
different crystal orientations, which will result in
microgalvanic corrosion [34]. In this study, the
grains of the E-type alloy are randomly orientated,
while the grains of the DSed alloys have a similar
crystal orientation. Therefore, the microgalvanic
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corrosion caused by different orientations of grains
is greatly avoided by directional solidification. As
discussed above, the superior corrosion resistance
of the DSed alloys is beneficial from the columnar
grains with similar orientations.

Among the three experimental alloys, the
corrosion resistance of the D-type alloy is the best.
In fact, the fine microstructure and dispersed
distribution of Mg,Ca phases for the D-type alloy
promote the formation of a compact and protective
CPF during the corrosion, improving the corrosion
resistance of the Mg—Ca alloy. Therefore, the
D-type alloy exhibits excellent corrosion resistance
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Grain boundaries

Secondary phases

Fig. 15 Schematic diagram of corrosion mechanism of E-type alloy (a) and DSed alloy (b)

in Hank’s solution due to the formation of a
protective CPF. Table 3 summarizes in vitro
corrosion rates of various Mg—Ca alloys. It can be
seen that the corrosion resistance of DSed
Mg—-0.8Ca alloys is better than that of many
as-cast Mg—Ca alloys and even better than that of
as-extruded Mg—Ca alloys. The DSed Mg—0.8Ca
alloy shows great potential for application as a
biodegradable material.

Table 3 Summary of in vitro corrosion rates of various
Mg—Ca alloys

Corrosion rate/

Alloy State Medium (mm-a) Ref.
Mg—0.8Ca DSed Hank’s 2.37 -
Mg—0.8Ca DSed Hank’s 2.54 -
Mg—0.66Ca  As-cast SBF 7.00 [6]
Mg-0.54Ca As-extruded Hank’s 5.76 [35]
Mg-0.79Ca As-extruded Hank’s 2.76 [35]

Mg—2Ca As-cast  Kokubo 6.89 [36]
Mg—4Ca As-cast  Kokubo 9.04 [36]

4 Conclusions

(1) The columnar-structured Mg—Ca alloys
were successfully fabricated by directional
solidification. With the increase of growth rate, the
microstructure evolves from cellular to dendritic.
The microstructure evolution is well in accordance
with the criterion put forward by Kurz and Fisher.

(2) The DSed Mg-Ca alloys have a
(1120){0002} texture along the growth direction,
which is governed by the interfacial energy and
related crystallographic anisotropy.

(3) The mechanical properties can be
significantly improved by directional solidification
compared with the E-type alloy. Using directional
solidification can effectively solve the problem of
brittle fracture of the as-cast Mg—Ca alloy, and the
EL of the DSed Mg—Ca alloy can exceed 20%. The
mechanical strength of the DSed alloy can be
improved by adjusting the growth rate.

(4) The corrosion resistance of the Mg—Ca
alloy is greatly enhanced by the directional
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solidification, and the corrosion resistance of the
D-type alloy is the best among the experimental
alloys. The D-type alloy can produce a protective
CPF and avoid grain shedding during the
degradation due to its fine columnar grains with
similar orientation.

(5) The D-type alloy with superior mechanical
and degradation properties shows great potential to
be used as biodegradable material.
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