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Effect of Ca addition on microstructure and properties of
porous Mg—17Zn—1Sn alloy scaffold prepared via
3D printed Ti template-infiltration casting

Lei-ting YU!, Hao LIU', Peng-nan JIANG', Shao-yuan LYU"?, Yun ZHAO"?2, Wei LI1">3, Min-fang CHEN'?3

1. School of Materials Science and Engineering, Tianjin University of Technology, Tianjin 300384, China;

2. National Demonstration Center for Experimental Function Materials Education,

Tianjin University of Technology, Tianjin 300384, China;

3. Key Laboratory of Display Materials and Photoelectric Device (Ministry of Education),

Tianjin University of Technology, Tianjin 300384, China

Received 24 August 2023; accepted 9 April 2024

Abstract: The Mg—1Zn—1Sn and Mg—1Zn—1Sn—0.2Ca alloy scaffolds were prepared via infiltration casting using
3D-printed Ti templates to achieve complete and accurate control of the pore structure. The results indicate that the
actual porosity and pore size of the prepared P model for each pore size are greater than the designed values. The
addition of Ca changes the second phase of the alloy from Mg,Sn to CaMgSn and refines its microstructure. The
compressive yield strength and compressive modulus of the Mg—1Zn—1Sn—0.2Ca alloy scaffold reach 32.61 MPa and
0.23 GPa, respectively. The corrosion current density is measured at 14.64 pA/cm?, with an instantaneous corrosion rate
of 0.335 mm/a. Both scaffolds exhibit excellent biocompatibility and no cytotoxicity. Additionally, the antibacterial
effects of both alloys on E. coli are greater than 97.81%. These results indicate that Mg alloy scaffolds have great

potential for clinical applications.
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1 Introduction

Bone defects caused by tumors, orthopedic
inflammation, and external trauma require bone
grafting. Degradable metal materials have become a
research hotspot for bone defect repair materials
because of their good mechanical properties, unique
corrosion and degradation characteristics, and
ability to be metabolized by the human body. These
materials include Mg-, Zn-, and Fe-based materials
[1-3]. However, each type of degradable metal
has limitations. The degradation rate of Fe-based
materials is too slow, and their degradation products

are not easily absorbed by the surrounding tissues,
requiring a second operation. Zn-based materials
exhibit certain cytotoxicities [4], and their
development is limited by work softening and
self-aging [5—7]. Mg and its alloys have an elastic
modulus close to that of the natural cortical bone
[8]; thus, porous Mg alloy scaffolds can be utilized
to replace cancellous bone. Porous Mg alloy
scaffolds have adjustable mechanical strengths, and
Mg*" released from Mg alloy degradation in the
body fluid environment can enhance blood vessel
formation in new bone tissues and guide bone and
blood vessel growth [9]. Various methods have been
developed for preparing porous Mg alloy scaffolds,
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including investment casting, melt foaming, powder
metallurgy, traditional infiltration casting, and metal
additive manufacturing (3D printing). Powder
metallurgy and traditional infiltration casting can be
used to prepare porous Mg alloy scaffolds with
completely interconnected pore structures. However,
these two methods cannot accurately control the
internal pore structures of the Mg alloy scaffolds.

In contrast, 3D printing technology allows the
creation of scaffolds with internal pore structures
and complex shapes, such as triply periodic
minimal surface (TPMS) models, which have
smooth surfaces and highly connected pores. The
overall structure was precisely controlled by an
implicit function, which is an excellent solution for
the design and modeling of porous structures. The P
model has good connectivity and controllability of
the 3D surface structure and has an advantage over
conventional porous structures in terms of structural
efficiency. However, Mg has a high chemical
activity, which makes Mg alloy powder preparation
difficult, and the powder composition is not easy to
blend. Additionally, the inherent characteristics of
Mg alloys, such as their low evaporation temperature,
high vapor pressure, and high oxidation tendency,
lead to powder splashing and hot cracking during
3D printing. Therefore, the preparation of Mg alloy
scaffolds by 3D printing still faces a series of
challenges, and slight carelessness may increase the
risk of explosion [10].

The preparation of porous Mg alloy scaffolds
by infiltration casting pure Ti templates using 3D
printing can address the problems of powder
preparation and printing defects in the 3D printing
of Mg alloys. Pure Ti is a completely non-toxic
metal with a high melting point, and the process
of powder preparation and 3D printing is
well-developed; therefore, the structure of the
printed template can be much closer to the design
model. Additionally, the infiltration casting process
is also well-developed and can be used to prepare
dense alloys, which can effectively prevent the
formation of defects such as molten balls, porosity,
and thermal cracks. Alloying is one of the most
effective ways to improve the corrosion resistance
and mechanical properties of Mg alloys [11]. Both
Zn and Sn are essential elements in the human body
and have good biocompatibility. The addition of
appropriate amounts of Zn and Sn can effectively
enhance the mechanical properties and corrosion

resistance of Mg alloy [12,13], promote tissue
growth, and improve the activity of various
enzymes [14]. Ca is primarily stored in the bones
and teeth and can promote bone healing. Ca
alloying can refine the microstructure and reduce
the grain size of Mg alloys, improving their
properties [15]. YANG et al [16] studied the
effects of Ca addition on the microstructure and
mechanical properties of cast Mg—5Zn—5Sn (wt.%)
alloy. The results showed that adding 1.5-5.5 wt.%
Ca to the Mg—5Zn—5Sn alloy not only refined the
microstructure of the Mg alloy but also promoted
the formation of a thermally stable CaMgSn phase,
which enhanced the tensile mechanical properties
and creep properties of the Mg alloy. WEI et al [17]
investigated the effects of Ca addition (0, 0.2, 0.4,
and 0.6 wt.%) on the microstructure and mechanical
properties of Mg—4.5Zn—4.5Sn—2Al alloy. The
results showed that the grain size and grain
boundary compounds of the alloy gradually
decreased with increasing Ca content; however, the
mechanical properties decreased progressively,
possibly because of the susceptibility of the Mg
alloy with more than 0.3 wt.% Ca to thermal
cracking [18]. KIM et al [19] confirmed through
electrochemical and immersion experiments that the
addition of Ca improved the corrosion resistance of
Mg—Al-Sn alloy. The alloying elements can not
only improve the properties of Mg alloys but can
also be absorbed or discharged by the human body
after degradation [20]. Therefore, Zn, Sn, and Ca
have been widely used as alloying elements in the
construction of medical Mg alloy implants.

This study aims to prepare biodegradable
porous Mg alloy scaffolds with internal fully
connected pores and precisely controllable pore
structures using a novel approach and to regulate
the mechanical properties and corrosion resistance
of porous Mg alloy scaffolds by alloying and pore
size control of the model. The clinical conversion
potential of the Mg alloy scaffolds was evaluated
based on their microstructure, mechanical
properties, corrosion resistance, biocompatibility,
and antibacterial properties.

2 Experimental
2.1 Model design of porous scaffold pore structure

A combination of computer-aided design and
mathematical modeling of the TPMS method was
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used to design the pore structures of Mg alloy
scaffolds. Three primitive (P) models with pore
sizes of 1000 pum (large pore: LP), 800 um (medium
pore: MP), and 500 um (small pore: SP), with
porosities of 50%, were designed, as shown in
Fig. 1. The 3D models were imported into a
BLT-S200 series 3D metal printer (Huaxing
Advanced Science and Technology Application
Research (Tianjin) Co., Ltd., China), and a pure Ti
template was prepared. The particle size of pure
Ti spherical powder (Chendu Huayin Powder
Technology Co., Ltd., China) used was 15—53 pum.
The laser scanning speed was 1500 mm/s, and the
laser power was 500 W. Unidirectional powder
laying was adopted, and the single-layer powder
thickness was 0.02 mm. High-purity Ar was
injected into the printing process to eliminate the
negative effects of evaporation and other harmful
gases. Finally, porous pure Ti templates with
dimensions of 16 mm x 16 mm X 16 mm were
obtained. After printing, the printed pure Ti
templates were stripped from the Ti substrate using

(a)
LaHEE __—Scanning
mirror
Roller
sintering
Powder bed Building

platform

the wire-cutting method and ultrasonically cleaned
with anhydrous alcohol to remove the excess
powder in the pores.

2.2 Mg alloy scaffold prepared by infiltration

casting

The preparation process of the porous Mg
alloy scaffold using a 3D-printed Ti template as
the pore structure is illustrated in Fig. 2. Pure Mg
ingots (99.99 wt.%), pure Zn particles (99.99 wt.%),
pure Sn particles (99.99 wt.%), and Mg—Ca
intermediate alloys (25 wt.% Ca) were used as raw
materials. The Mg—1Zn—1Sn (ZT11) and Mg—1Zn—
1Sn—0.2Ca (ZTX110) alloys were melted at 760 °C
under the protection of a gas mixture containing
99.6% N and 0.4% SFe. After allowing the melt to
stand for 15 min, the Mg alloy melt was quickly
poured into a steel mold preheated at 690 °C and
placed in pure Ti templates. N> gas was quickly
injected into the mold until the melt completely
penetrated the pure Ti templates. After rapid
water cooling, the mold was released to obtain an

Fig. 1 Accurately 3D-printed pure Ti templates: (a) Preparation of porous pure Ti by selective laser melting; (b) Designed

P models with different pore sizes
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Fig. 2 Preparation flow chart of infiltration casting porous Mg alloy scaffold with 3D-printed Ti template
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intermediate complex ingot of pure Ti and Mg
alloys. The ingot was wire-cut into d6 mm x 9 mm
and 6 mm X 6 mm X 3 mm intermediate complex
samples, which were washed and dried. The porous
Mg alloy scaffold was obtained by the elution of
a pure Ti template with 40 wt.% HF solution.
In addition, the upper bulk Mg alloy ingot was
wire-cut into 6 mm x 6 mm X 3 mm samples for
phase analysis to determine the corrosion resistance
of the Mg alloy in vitro and the porosity of the
porous Mg alloy scaffolds.

2.3 Pore structure characterization

The pore structures of the scaffolds were
observed under a microscope, and the actual pore
sizes of the LP, MP, and SP samples were measured
using Nano Measurer 1.2. The mass method [21]
was used to determine the actual porosity of the LP,
MP, and SP samples. The actual porosity (P.) was
calculated using Eq. (1):

P=1-V,/V,=1= pWi/pV,=1- M, /M, (1)

where V), is the scaffold volume, V> is the bulk
volume with the same shape (6 mm X 6 mm X
3 mm) as the scaffold, p is the density of Mg alloy,
M, is the mass of the scaffold, and M is the mass of
the bulk Mg alloy with the same shape (6 mm %
6 mm x 3 mm) as the scaffold. At least three
samples were analyzed for each group.
2.4 Phase analysis and microstructure
characterization

Phase analysis of bulk ZT11 and ZTX110
alloys was performed by X-ray diffraction (XRD,
Ultima IV, Japan) using Cu K, rays (4=0.15418 nm)
at 40kV and 100 mA. The scanning rate was
3 (°)/min, and the scanning range was 20°-80°. The
surface of the bulk sample was mechanically
ground with 320% to 3000* SiC sandpaper. It was
then mechanically polished and chemically etched.
The etching solution consisted of 3.75 g of picric
acid, 5 mL of acetic acid, 5 mL of deionized water,
and 45 mL of anhydrous ethanol. The micro-
structure and grain size were observed by optical
microscopy (OM; GXS1F, Japan) and scanning

electron microscopy (SEM; Quanta FEG 250, USA).

The mean particle size of the Mg alloy was
measured using Nano Measurer 1.2. The
composition of the second phase was quantitatively
analyzed wusing energy-dispersive spectroscopy
(EDS; Quanta FEG 250, USA).

2.5 Mechanical properties test

The porous compressed specimens were
machined according to ISO 13314—2011, and the
size of the compressed specimens was d6 mm X
9 mm. The compression test was performed using
a universal testing machine (DDL50, China) at
a compression speed of 0.5 mm/min at room
temperature. Three parallel specimens were used in
each group. The compressive yield strength was
calculated using the 0.2% offset method [22].

2.6 Corrosion resistance test

(1) Electrochemical tests

The electrochemical polarization (IE) and
impedance spectroscopy (EIS) were performed in
Hank’s solution using a three-electrode system with
an electrochemical workstation (Zennium, Zahner,
Germany). Prior to the EIS and IE experiments, the
surfaces of all samples were ground with 3000* SiC
sandpaper, and the samples were tested for
open-circuit potential (OCP) to stabilize them. The
EIS experiments were first performed in the
frequency range from 100 mHz to 10 kHz, and the
IE experiments were then performed at a scan rate
of 1 mV/s. Each group consisted of three parallel
samples to ensure accuracy and stability. The
instantaneous corrosion rate (P, mm/a) was
calculated using Eq. (2), where Jeorr is the corrosion
current density:

P1:22. 85Jc()rr (2)

(2) Hydrogen evolution test

A porous sample was immersed in Hank’s
solution. As the degradation of 1 mol Mg (24.31 g)
releases 1 mol H, (22.4 L), it can be inferred that
each release of 1 mL H, is equivalent to the
degradation of 1.085mg Mg. Therefore, the
average annual degradation rate of the sample was
calculated based on the volume of H» released over
a period of time while the sample was immersed in
Hank’s solution. The annual corrosion rates (C,
mm/a) of the samples were calculated using Eq. (3):

C=KAm/(p-A-1) 3)

where K is a constant (8.76x10%), p is the density of
the sample (1.74 g/cm®), Am is the mass loss of the
volume conversion of H, collected (g), 4 is the
initial surface area of the sample (cm?), and ¢ is the
immersed time (h).

(3) In vitro quasi-in-situ corrosion test

A diamond cutter (SYJ—150, China) was used
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to draw cross-lines on the surface of each sample
to observe the microstructure at the same position
before and after immersion. The samples were
immersed in Hank’s solution, washed with
anhydrous ethanol, and then dried. The corroded
surfaces of the samples were observed using OM at
different immersion time.

2.7 Second phase potential test

The PeakFroce KPFM-AM mode of an atomic
force microscope (AFM; Dimension icon, Bruker)
was used to measure the second phase potential of
the ZT11 and ZTX110 alloys. The sample size for
the AFM testing was 6 mm X 6 mm X 3 mm. A
silicon probe coated with a Pt—Cr layer was used,
and the data were post-processed using NanoScope
Analysis.

2.8 Cytocompatibility test

(1) Indirect method (MTT test)

According to the national standard
GB/T 16886.12, a-MEM (containing 10% FBS,
Gibco, 100 U/mL Pen, and 100 pg Str. Genview)
was used as an extraction transmitter to prepare
the extraction solution. The UV-sterilized scaffold
samples were placed in a 37 °C cell incubator for
24 h at constant temperature based on the ratio
of surface area to extraction transmitter of
1.25 cm?mL, sterile filtration was performed
through an injection filter (aperture <0.22 um) to
obtain the extract (100%). The extract was diluted
to obtain concentrations of 50%, 25%, and 12.5%.
MC-3T3 cells were cultured with above a-MEM,
then digested with 0.25% Trypsin-EDTA (Genview,
China), counted under a microscope (Nikon, Ti-SR,
Japan), and the cell suspension concentration
was adjusted to 1.0x10° cells/mL. A cell suspension
(100 puL) was added into each well of the 96-well
plate and cultured for 24 h to ensure adhesion. After
determining the growth state, the medium in the
experimental group was replaced with the extracts
at different concentrations. After incubation for
1, 2, and 3d, 10 pL of Thiazolyl Blue (MTT,
CisHi6BrNsS, Genview, China) was added to each
well. After continuous culture for 4 h, the medium
was removed and the plate was washed twice with
phosphate buffered saline (PBS). DMSO (150 uL,
C,H¢OS, Dingguo, China) was added for 10 min
and then the plate was tested. The absorbance (OD)
of each well was measured using an enzyme-

labeled instrument (PL—9602, Perlong, China). The
wavelength of the light was 492 nm. Cell viability
(Cv) was determined from absorbance readings and
calculated using Eq. (4):

Ci=(0e—0:)/(0r—0:)x100% )

where O. is the absorbance of the experimental
group, O. is the absorbance of the control group,
and O, is the absorbance of the blank group. The
evaluation criterion was as follows: if the cell
survival rate was >50%, the sample was regarded as
non-cytotoxic [23]. The MTT assay was repeated
three times with five samples each time.

(2) Direct method (cell co-culture)

MC-3T3 cells (1.0x10° cells/mL) were seeded
on the surface of the scaffold, cultured for 24 h,
washed three times with PBS, and treated for
30 min in 4% paraformaldehyde (PFA, AR-0211,
China). The fixed cells were dehydrated with
gradient ethanol at concentrations of 50%, 70%,
90%, and 100% and then treated with gold spray
after air drying. The cell morphology and adhesion
were observed using SEM.

2.9 Antibacterial experiment

The antibacterial activities of the ZT11 and
ZTX110 alloys were evaluated using gram-negative
Escherichia coli (E. coli). 10 pL of the bacterial
solution was placed in a test tube, and 1 mL of
deionized water was added. The bulk sample was
placed in a test tube and co-cultured with the
bacterial solution on a shaking table at 37 °C for
24 h. Then, the co-cultured bacterial solution was
diluted 1 million times with deionized water, and
100 pL of the diluted mixed solution was dropped
on the AGAR plate for spin coating. Finally,
the AGAR plate was cultured in an incubator at
37°C and taken out for photos after 24 h. The
antibacterial rate (4r) was calculated using Eq. (5):

:Nb_Ne

N, (5)

A

where N, is the number of colonies in the blank
group, and N, is the number of colonies in the
experimental group.

3 Results

3.1 Pore structure
Figure 3 shows the pure Ti pore structure



1142 Lei-ting YU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1137—-1154

(a) (b) (©)
Fig. 3 Prepared pure Ti templates, Ti—-Mg composites,

and porous Mg scaffolds: (a) Pure Ti pore structure
template prepared by 3D printing; (b) Intermediate
complex of pure Ti and Mg alloy; (c) Porous Mg alloy
scaffolds after elution with HF solution

template prepared by 3D printing, the intermediate
complex of pure Ti and Mg alloy, and the porous
Mg alloy scaffold after elution with HF solution.
The 3D-printed pure Ti template has a metallic
luster and is well formed. The interface of the pure
Ti and Mg alloy intermediate complex is tight, and
there are no casting defects. The Mg alloy scaffold
exhibits a complete pore structure. To further verify
the degree of interfacial bonding between the pure
Ti and the Mg alloy intermediate complex, the
interface was observed by SEM, and the results are
shown in Fig. 4. The SEM images and mapping
EDS diagram show that there are no gaps at the
interface of the pure Ti and the Mg alloy, indicating
excellent bonding in the pure Ti/Mg intermediate
complex created through infiltration casting. The
pure Ti template is removed from the pure Ti/Mg
alloy intermediate complex based on the different
reactions of Ti and Mg in the HF solution. A series
of chemical reactions occur when the pure Ti/Mg

alloy intermediate complex sample is eluted using
a pure Ti template at a 40 wt.% HF solution, in
which Ti can be gradually corroded by chemical
reaction (6):

Ti+6HF —H,TiFs+2H, 1 (6)

When Ti is dissolved in HF solution, it can be
converted to TiF,  in the soluble ionized state.
This process continues until all Ti is completely
consumed. The release of H, is only a sign of Ti
dissolution. Simultaneously, Mg reacts with the HF
solution via reaction (7) to form a relatively dense
MgF, coating on the scaffold surface. This MgF»
coating is sufficiently dense to hinder further
reactions between HF and Mg:

Mg+2HF—~MgF,+H, 1 (7)

Figure 5 shows the actual measured porosities
and pore sizes of the Mg alloy scaffolds with
different pore sizes (LP, MP, and SP). The actual
porosities of the P models with LP, MP, and SP
are 58.6%, 60.3%, and 63.6%, respectively, and
the actual pore sizes are 1043.65, 844.14, and
609.02 pm, respectively. As the design pore sizes
of the Mg alloy scaffolds decrease, the actual
porosities increase gradually, and the increment of
actual pore sizes also increases. This is caused by
the corresponding increase in the surface area as
the pore sizes decrease. The largest increment is
observed in the SP model, with a difference of
109.02 pum. During 3D printing, the powder in the
heat-affected zone adheres to the molten pool
owing to heat transfer. The larger the surface area,
the greater the adhesion of the powder. Therefore,
during the solidification of the molten pool, the
pure Ti template with SP has the most adhered
powder, which increases the error in the 3D-printed

Fig. 4 Interface bonding of Ti and Mg alloy intermediate complex prepared by infiltration casting: (a) Pure Ti and

Mg alloy intermediate complex interface; (b) Enlarged view of box in (a); (c) Mixed distribution of Mg and Ti elements;

(d) Distribution of Mg elements; (¢) Distribution of Ti elements
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Fig. 5 Measured actual porosities and actual pore sizes of
P model Mg alloy scaffolds with different pore sizes (LP,
MP and SP) (The dotted lines are the design porosity and
pore size)

pure Ti template. In other words, the actual volume
of the pure Ti template increases, leading to an
increase in both the pore sizes and porosities of
the Mg alloy scaffolds, which are higher than the
designed values.

3.2 Phase composition

The phase analysis results for the ZT11 and
ZTX110 alloys are shown in Figs. 6 and 7. Among
them, Fig. 6 shows the XRD patterns of the bulk
ZT11 and ZTX110 alloys. As shown in Fig. 6,
the ZT11 alloy contains Mg, Mg7Zn3;, and Mg>Sn
phases, whereas the ZTX110 alloy contains Mg,
Mg7Zn3, and CaMgSn phases. The second phase of
the alloy changes from Mg,Sn to CaMgSn after
adding Ca. Figures 7(a—d) show the OM and SEM
microstructures of the bulk ZT11 and ZTXI110
alloys. After adding Ca to ZT11 alloy, the number

(b) ZTX110 [

0 0
90 150 210 270 330 40 80
Size/um

120 160 2008
Size/um

* Mg

o o V Mg,Zn,
+ Mg,Sn
» CaMgSn

Fig. 6 XRD patterns of ZT11 and ZTX110 alloys

of second phases is significantly increased, and the
second phase is smaller and more dispersed in the
structure. At the same time, the grain of the
ZTX110 alloy is refined from 203.93 to 108.40 pm
(Figs. 7(e—1)). To further determine the category
of the second phase, a point scan was performed
at the positions in Figs. 7(c, d). Table 1 lists the
proportions of each element at Points A—F. Points A
and D are the matrix components of the ZT11 and
ZTX110 alloys, respectively. It is shown that
0.53 at.% Zn and 0.48 at.% Sn are in the ZT11 alloy
matrix, and 0.68 at.% Zn and 0.14 at.% Sn are in
the ZTX110 alloy. Combined with the XRD results
(Fig. 6), it is determined that Point B is the Mg7Zn;
phase and Mg>Sn phase, and Point C is the Mg;Zn;
phase. The Sn/Ca molar ratios of Points E and F are
approximately 1; therefore, they are both CaMgSn
phases. As the bulk Mg alloys and porous Mg alloy
scaffolds were prepared by infiltration casting from

Fig. 7 Microstructures of ZT11 and ZTX110 alloys: (a, b) OM microstructures of bulk ZT11 and ZTX110 alloys;
(c, d) SEM microstructures of bulk ZT11 and ZTX110 alloys; (e, f) Average grain sizes of ZT11 and ZTX110 alloys;
(g, h) SEM microstructures of ZT11 and ZTX110 alloy scaffolds
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Table 1 EDS analysis results of Points A—F for ZT11 and ZTX110 alloys in Figs. 7(c, d)

Element Point A Point B Point C Point D Point E Point F
wt% at.% wt.%  at% wt% at.% wt.% at.% wt.% at.% wt%  at.%
Mg 96.31 98.99 6396 8544 6548 83.75 97.53 99.18 51.82 77.80 43.18 71.13
Zn 1.39  0.53 21.04 1046 33.73 16.04 1.80  0.68 0.49  0.27 0.57 0.35
Sn 230 048 15.00 4.10 0.79 0.21 0.67 0.14 3562 1095 4183 14.11
Ca - - - - - 0.00  0.00 1206 1098 14.42 1441
the same batch, they are considered to have the S p—y (LP) —— ZTX110 (LP)
same type and distribution as the second phase. w0l :%H%%};) 7%%“8%%};)

Figures 7(g, h) confirm that the scaffold prisms
exhibit a microstructure similar to that of the bulk
alloy. Furthermore, it is evident that the addition of
Ca refines the structure and second phase of the
ZTX110 alloy.

3.3 Mechanical properties of Mg alloy scaffolds

Figure 8 shows the compressive mechanical
properties of ZT11 and ZTX110 alloys with different
pore sizes (LP, MP, and SP). The compression
process can be divided into four stages: elastic,
yield, stress plateau, and dense. Table 2 lists
the compressive yield strength and compressive
modulus of the ZT11 and ZTX110 alloys with
different pore sizes (LP, MP, and SP). As can be
seen from Fig. 8 and Table 2, the compressive yield
strength and compressive modulus of the ZT11 and
ZTX110 alloys both increase with increasing pore
sizes. This is because, with an increase in the pore
sizes, the diameter of the pillar around the pore
increases, and the resistance to external forces
increases. In addition, the compressive yield
strength and compressive modulus of the ZTX110
alloy are higher than those of the ZT11 alloy for
two alloys with the same pore sizes. This is because
the second phase type of the alloy changes after the
addition of Ca, thus playing the role in second
phase strengthening. Finally, the compressive yield
strength and compressive modulus of the LP-ZTX110
scaffold are the highest, which are 32.61 MPa and
0.23 GPa, respectively. In addition, the fluctuation
of the stress—strain curve in Fig. 8 implies that the
scaffold is gradually broken, indicating that the
scaffold can withstand large deformations. Even if
50% compression strain is applied, an overall brittle
fracture does not occur [24].

Figure 9 shows the macroscopic states of the
ZT11 and ZTX110 alloy scaffolds at different time
points during compression with different pores (LP,

W
(=]

[
S

Stress/MPa

._.
S

0 10 20 30 40 50
Strain/%

Fig. 8 Compressive stress—strain curves of ZT11 and
ZTX110 alloys with different pore sizes (LP, MP, and
SP)

Table 2 Compressive yield strength (YCS) and
compressive modulus of ZT11 and ZTX110 alloys with
different pore sizes (LP, MP, and SP)

Sample YCS/MPa riggiﬁijé;‘;
ZT11 (LP) 20.95+1.94 0.1840.02
ZT11 (MP) 15.76+1.22 0.130.01
ZT11 (SP) 6.45+1.93 0.11+0.03

ZTX110 (LP)  32.61+1.32 0.23+0.01
ZTX110 (MP)  23.98+0.61 0.160.01
ZTX110 (SP) 13.7943.54 0.1340.03

MP, and SP). As shown in Fig. 9, different pore
sizes exhibit similar phenomena at the same time
point. When the sample is compressed for 120 s, the
pore shape changes and the sample width increases.
When compressed for 240 s, the vertical pillars of
the sample begin to bend and deform, the pores
collapse, the pores begin to close, and the width of
the sample continues to increase. Simultaneously,
the pillars of the sample begin to undergo shear
fracture along the horizontal direction. As the
deformation continues to increase, the pores in
the sample close until compaction. During the
entire compression process, a large range of stress
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0s 120s

ZT11

ZTX110

240 s 360 s 480 s

Fig. 9 Macroscopic states of ZT1l and ZTX110 alloy scaffolds with different pores (LP, MP, and SP) during

compression at different time points

fluctuations appear in the stress platform stage
of the compressive stress—strain curves of some
samples, which may have been caused by the
deviation of the pores in the horizontal direction

(yellow dashed line in Fig.9). It is practically
impossible to ensure that the two surfaces of the
scaffold and the loading head are also perfectly
parallel to the surface [25].
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3.4 Corrosion resistance

Because porous scaffolds are prone to
short-circuiting the working electrodes during
electrochemical testing, bulk alloys were used
for electrochemical testing. Figure 10 shows the
OCP, IE curves, EIS spectrum, and fitting circuit
diagrams of the bulk ZT11 and ZTX110 alloys.
OCP is the potential of the sample system when the
current is zero. At OCP, the sample is in a state of
self-corrosion. There is an incubation period before
the OCP reaches a steady state. Generally, the
longer the incubation period, the better the
corrosion resistance. As shown in Fig. 10(a), the
OCP of the ZTX110 alloy in Hank’s solution first
stabilizes, indicating that its corrosion is uniform
and slow. Table 3 lists the electrochemical data of
the ZT11 and ZTX110 alloys in Hank’s solution, as
shown in Fig. 10(b). From Table 3 and Fig. 10(b), it
can be observed that the ZTX110 alloy has a lower
Jeorr. The cathode IE curve shows the hydrogen
evolution reaction on the alloy surface [26,27]. The
IE curve shows that the ZTX110 alloy has a low
current density at the same potential; therefore, the
hydrogen evolution reaction on the surface of the
ZTXI110 alloy is relatively mild. The anode IE
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curve shows the dissolution rate of the material
[26,28]. The anode IE curves of the ZTX110 and
ZT11 alloys nearly overlap, indicating that the
anode dissolution rates of the ZTX110 and ZT11
alloys do not differ significantly. The Jeor is
obtained using the Tafel extrapolation method. Jeorr
represents the electron transfer rate during the
electrochemical process and reflects the corrosion
rate. ZTX110 alloy has a lower Jeorr (14.64 pA/cm?),
which indicates that ZTX110 alloy has better
corrosion resistance. The P; calculated using Eq. (2)
shows that the P; value of the ZTX110 alloy is
small (0.335 mm/a), indicating that its corrosion
resistance is good. As shown in Fig. 10(b), both
alloys contain two capacitive rings in the high-
and low-frequency regions. The large diameter of
the capacitive ring of ZTX110 alloy indicates that
the charge transfer is strongly inhibited, alloy
degradation is slow, and the corrosion product
film formed is stable. This is consistent with the
behavior of Jeor. Figure 10(d) shows the electro-
chemical impedance equivalent circuit fitted using
ZSimpWin. The solution resistance (R;), electric
double-layer capacitance (CPEgq), charge-transfer
resistance (R.), Mg(OH), film resistance (Ry), and

-1
(b)

_2_

|
w
T

el (A-cn )]
s A

—ZzT11
6L —— ZTX110

-20 -18 -16 -14 -12 -1.0 -08 -0.6
Potential/V

(d)

CPE, CPE,,

Fig. 10 OCP (a), IE curve (b), EIS spectrum (c), and fitted circuit diagram (d) of bulk ZT11 and ZTX110 alloys
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Table 3 Electrochemical data of ZT11 and ZTX110
alloys in Hank’s solution

Sample Ocon/V Jeor/(WA-cm™?)  P/(mm-a’')
ZTl11 -1.229 58.74 1.342
ZTX110 —1.295 14.64 0.335

Mg(OH), film capacitance (CPEy) constitute the
equivalent circuit that reflects the entire electrode.
Table 4 lists the electrochemical parameters of both
alloys obtained by fitting the EIS data. It can be
seen that the polarization resistance R, (Rp=R.tRy)
[29] of the ZTX110 alloy is larger, indicating that it
has lower activity and better corrosion resistance in
Hank’s solution. The calculated EIS results agreed
well with those of the IE curve.

Figure 11 shows the C: of hydrogen evolution
in the ZT11 and ZTX110 alloy scaffolds with
different pore sizes (LP, MP, and SP). From Fig. 11,
it can be seen that the corrosion resistance of the
ZTI11 alloy scaffolds increases as the pore sizes
increase, and the SP-ZT11 alloy scaffold fails after
16 h following hydrogen evolution, the MP-ZT11
alloy scaffold fails after 28 h following hydrogen
evolution, and the LP-ZTI1 alloy scaffold fails
after 36 h following hydrogen evolution. The C:
values at failure are 37.43, 21.17, and 11.38 mm/a,
respectively. The corrosion resistance of the
ZTX110 alloy scaffolds also increases with
increasing pore sizes, and the SP-ZTX110 alloy,
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MP-ZTX110 alloy, and LP-ZTX110 scaffolds fail
after 48, 103, and 199 h, respectively. The C:
values at failure are 7.76, 2.00, and 0.88 mm/a,
respectively. The results show that the corrosion
resistance of the ZTX110 alloy scaffold is
significantly higher than that of the ZT11 alloy
scaffold.

3.5 Cell biocompatibility

Figure 12 shows the cell survival rates of
the ZT11 and ZTX110 alloy scaffolds at different
extraction concentrations for 1, 2, and 3 d. As
shown in Fig. 12, the cell survival rates of the ZT11
alloy scaffolds at 1, 2, and 3 d are generally higher
than those of the ZTX110 alloy scaffolds. This is
because the C; content of the ZT11 alloy scaffolds
is higher than that of the ZTX110 alloy scaffolds,
and more Mg?" is released in the extract, thus
promoting the growth of cells. Notably, the cell
survival rates of the ZT11 and ZTX110 alloy
scaffolds are higher than 75% at 1, 2, and 3 d under
different extraction concentrations. Therefore, it can
be concluded that the ZT11 and ZTXI110 alloy
scaffolds have excellent biocompatibility and no
cytotoxicity. Figure 13 shows the morphologies of
cell adhesion on the sample surface during the
direct cell co-culture of the ZT11 and ZTX110 alloy
scaffolds. As shown in Fig. 13, the ZT11 alloy
scaffold has more corrosion products than the
ZTX110 alloy scaffold. From the enlarged image, it

Table 4 Values of electrochemical parameters obtained by fitting EIS

Sample  RJ/(Q-cm?)  Ro/(Q-cm?)  CPEa/(Q!s"cm™2) na  Rf(Q-cm?) CPE¢/(Q'-s"-cm™?) ne
ZT11 32.36 190 4.80x107 1 781.2 3.87x1074 0.58
ZTX110 28.06 428.6 1.17x1073 0.99 1070 4.37x107* 0.5
120 30
(a) (b)
_ 100} 25k
P —=— 7T11 (LP) o —v— ZTX110 (LP)
£ g0l —e— ZT11 (MP) g 20l ZTX110 (MP)
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< <3 <
£ 60f % Eisfy
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Time/h
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Fig. 11 C; of hydrogen evolution for scaffolds with different pore sizes: (a) ZT11 alloy scaffold; (b) ZTX110 alloy

scaffold
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can be observed that on the surface of the ZT11
alloy scaffold, MC-3T3 cells adhere to the gaps
between the corrosion product particles and
filamentous pseudopods entangled on the corrosion
product particles. On the surface of the ZTX110
alloy scaffold, only a small amount of corrosion
products are observed; hence, the MC-3T3 cells
have enough space to spread on the surface of the
scaffold. Therefore, compared to the ZT11 alloy
scaffold, the MC-3T3 cells have a larger adhesion
area on the surface of the ZTX110 alloy scaffold.

350

. 7T11

3 ZTX110

300

250 -

200 -

150+,

Cell survival rate/%

100

50

0

Extraction concentration/%
Fig. 12 Cell survival rates of ZT11 and ZTX110 alloy
scaffolds at different extraction concentrations for 1, 2,
and 3 d

Fig. 13 Adhesion morphologies of MC-3T3 cells on
different alloy scaffolds: (a) ZT11 alloy scaffolds;
(b) ZTX110 alloy scaffolds

3.6 Antibacterial property

Because of the presence of the MgF, coating
on the surface of the scaffolds, bulk alloys were
used to test their antibacterial properties. Figure 14
shows the results of the antibacterial sensitivity
testing of the bulk ZT11 and ZTX110 alloys to
E. coli in the AGAR plate medium evaluated by the
planking method. An AGAR plate culture medium
without material was used as a blank group. Results
show that the ZT11 and ZTX110 alloys have a good
antibacterial effect on E. coli, with an antibacterial
rate higher than 97.81%. Furthermore, the
antibacterial activity of ZT11 against E. coli is
higher than that of ZTX110. This is primarily
caused by the lower corrosion resistance of the
ZT11 alloy, resulting in a higher release of
Sn**/Sn*" during the degradation process, thereby
improving the antibacterial properties of the Mg
alloy. An increase in pH value can lead to the
alkalization of the microenvironment, which can
also effectively resist bacterial growth [30].
However, it has been shown that the antibacterial
effect caused by alkalization is weaker than that of
antibacterial metal ions [31].

Blank

Antibacterial rate/%

ZT11 ZTX110
Alloy

Fig. 14 Antibacterial sensitivity test results: (a) Anti-
bacterial results of blank, ZT11, and ZTX110 groups;
(b) Antibacterial rates of ZT11 and ZTX110 alloys
against E. coli

4 Discussion

Because the bulk Mg alloys and porous Mg
alloy scaffolds were prepared using the same batch
of infiltration casting, they can be regarded as
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having the same type and distribution as the second
phase. The grain size, type, and distribution of the
second phase directly influence the mechanical
properties and corrosion resistance of alloys [32].

4.1 Influence of Ca element on mechanical

properties

The addition of Ca improves the mechanical
properties of Mg alloys. Ca itself can refine the
microstructure of Mg alloy. According to the
Hall-Petch formula, the mechanical properties of
the alloy are improved with a decrease in the grain
size [33]. The studies have shown that the grain
refinement of Mg alloys has a more significant
strengthening effect than that of other alloy systems
(such as Al alloys) [34,35]. This is because the
Mg alloy has fewer slip systems than other cubic
structure alloys, so the k£ value is often larger
(280-320 MPa-um ). In contrast, the addition of
Ca causes a new second phase, CaMgSn, to appear
in the ZTX110 alloy. Because the CaMgSn phase is
uniform and fine, it can play a role in strengthening
the precipitated phase. Therefore, the same
phenomenon is observed in porous materials, and
the ZTX110 alloy with the same structure has better
mechanical properties and compressive modulus

134.0

Fig. 15 KPFM images of ZT11 and ZTX110 alloys (a, c¢) and their corresponding Volta potential distributions along
white lines in images (b, d): (a, b) ZT11 alloy; (c, d) ZTX110 alloy
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than the ZT11 alloy. Scaffolds with different pore
sizes (LP, MP, and SP) have different mechanical
properties, indicating that the mechanical properties
of the scaffolds can be significantly adjusted by
adjusting the pore sizes of the porous scaffolds [24].

4.2 Influence of Ca element on corrosion resistance

The electrochemical potential difference
between the Mg matrix and the second phase is a
key factor that affects the corrosion mode of Mg
alloys [36—38]. Figure 15 shows KPFM images of
the tested ZT11 and ZTX110 alloys and the
corresponding Volta potential distributions along
the white lines in the images. The potential of
Mg,Sn phase in the ZT11 alloy is approximately
298 mV higher compared to that of the Mg matrix,
which indicates that Mg,Sn is the cathodic phase
in the corrosive medium and the Mg matrix is the
anodic phase; thus, the Mg matrix is preferentially
corroded. After the addition of Ca, the potential
of newly generated CaMgSn phase in the ZTX110
alloy is approximately 229 mV lower compared
with that of Mg matrix, indicating that in the
corrosive medium, the CaMgSn phase is the anodic
phase and the Mg matrix is the cathodic phase; thus,
the CaMgSn phase is preferentially corroded.
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The ZT11 and ZTX110 alloys have different
forms of corrosion in the corrosion medium.
Figure 16 shows the in-situ corrosion morphologies
of the bulk ZT11 and ZTX110 alloys immersed in
Hank’s solution at different time points. As can be

Original

(Criiven

ZT11

ZTX110

Fig. 16 In-situ corrosion morphologies of bulk ZT11 (a;—
different time points

seen from Figs. 7(c, g), the second phase in
Fig. 16(a;) is Mg:Sn parceling Mg;Zns; therefore,
the galvanic corrosion of the ZT11 alloy mainly
stems from the Mg,Sn phase and the Mg matrix.
The Mg matrix, as the anode phase, is preferentially
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corroded, and the Mg matrix is corroded rapidly
owing to the significant potential difference
(298 mV) between Mg>Sn and the Mg matrix. As
shown in Fig. 16(b1), galvanic corrosion preferentially
occurs in the Mg matrix around the second phase of
the ZT11 alloy when immersed for 30s. As time
goes by, at 10 min, the corroded Mg matrix causes
the new second phase to be exposed to the solution;
thus, the newly exposed second phase forms new
galvanic corrosion pairs with the surrounding Mg
matrix, which promotes further corrosion of the Mg
matrix near the newly exposed second phase
(Fig. 16(c))). After 30 min, the initial second
phase falls off because of the degradation of the
surrounding Mg matrix, forming many galvanic
corrosion pits (Fig. 16(di)). After 1h, the new
second phase is still exposed from the matrix
(Fig. 16(e1)). In comparison, the corrosion of the
Mg matrix extends from the surface to the depth.
Simultaneously, the surface area of the Mg matrix
in the visual field gradually decreases and is almost
completely degraded by Day 7. The exposed area of
the lower layer increases, and corrosion continues.
In contrast, the galvanic corrosion of the
ZTX110 alloy mainly originates from the CaMgSn
phase and Mg matrix. The CaMgSn phase is
preferentially corroded as the anode phase, and the

Mg matrix is protected as the cathode. When the
ZTX110 alloy is immersed in Hank’s solution for
30 s, the uniform and fine second phases (as shown
in Figs. 7(d, h)) begin to corrode. Owing to the
large potential difference (229 mV) between the
second phase and the matrix, corrosion is rapid,
and uniform and fine second phase corrosion pits
(Fig. 16(b2)) appear on the sample surface. During
the second phase of corrosion, the Mg matrix is in
a protected state, and almost no corrosion occurs.
After 10 min, because most of the second phase
on the surface has degraded, the Mg matrix itself
begins to corrode, and the corrosion rate of
the Mg matrix is slow because there is almost no
potential difference distribution on the surface
(Figs. 16(c2—ey)). After 6 h, the new second phase
is exposed to the solution and rapidly corroded,
resulting in the formation of the second phase
corrosion pit. Once again, the Mg matrix is
protected and slowly degraded. In addition, the
degradation of the Mg matrix leads to the
appearance of uniform and fine corrosion products
on the surface of the sample (Figs. 16(e>—12)), which
hinders the corrosion of Mg matrix.

Figure 17 shows the corrosion mechanism of
the porous Mg alloy scaffolds. Theoretically, for the
same alloys, the depth of surface corrosion in the

1 Hank’s solution

[ Mg scaffold

I Corrosion depth

Fig. 17 Corrosion mechanism diagram of porous Mg alloy scaffolds: (a) Diagram of Mg (SP) alloy scaffold before

corrosion; (b) Diagram of Mg (SP) alloy scaffold after corrosion for period of time; (c) Diagram of Mg (LP) alloy

scaffold before corrosion; (d) Diagram of Mg (LP) alloy scaffold after corrosion for period of time
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interior of the Mg alloy scaffold is the same;
however, different pore sizes of the scaffolds show
different corrosion resistances. As shown in Fig. 17,
with an increase in the pore sizes, the edges of the
scaffolds (as shown by the red arrows) also increase,
and the specific surface areas of the scaffolds
decrease. When the scaffolds are immersed in
Hank’s solution, the scaffold is gradually corroded
from the surface to the inside with an increase of
immersion time. The inward corrosion depth of the
scaffolds with larger specific surface areas is almost
the same as that of the scaffolds with smaller
specific surface areas. Therefore, the edges of
scaffolds with small pores are preferentially
corroded and failed first, resulting in a higher
corrosion rate. The corrosion resistance decreases
in the order: LP > MP > SP.

5 Conclusions

(I) The pure Ti pore structure template
prepared by 3D printing is well formed, and the
intermediate complex of pure Ti and Mg alloy
prepared by infiltration casting exhibits excellent
interface bonding without casting defects. The Mg
alloy scaffold eluted with the HF solution exhibits
a complete pass structure. During 3D printing
process, the heat transfer effect causes the actual
porosities and pore sizes to exceed the designed
ones.

(2) The addition of Ca changes the second
phase of ZTX110 alloy from Mg,Sn to CaMgSn
and refines its microstructure. The LP-ZTX110
alloy scaffold exhibits the best mechanical properties,
with a compressive yield strength of 32.61 MPa and
a compressive modulus of 0.23 GPa.

(3) The addition of Ca changes the
microstructure of the ZTX110 alloy and improves
its corrosion resistance. The corrosion current
density decreases from 58.74 to 14.64 pA/cm?, and
the corrosion rate of the LP-ZTX110 alloy scaffold
at 199 h hydrogen evolution is 0.88 mm/a.

(4) The ZT11 and ZTX110 alloys exhibit
excellent biocompatibility and no cytotoxicity.
Compared with the ZTI11 alloy scaffold, the
MC-3T3 cells have a larger adhesion area on the
surface of the ZTX110 alloy scaffold. In addition,
the ZT11 and ZTX110 alloys exhibit a good
antibacterial effect on E. coli, with an antibacterial
rate higher than 97.81%.
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AN Ho =3 4k B/
Mg-1Zn-1Sn & & X R EMA L S M aERIF2
FEET, oz R, ERB BAL2, & &2 & 45123 HRE 123
L KRBT RS MERSES TR, KE 300384;
2. KRBT RS DIREAMBHE KRB mutL, KEE 300384;
30 REEFUTORY: SCHMEHS S EE B E R sk s, RiFE 300384
& . RA 3D ITED Ti SCHONBINL, BRI T Mg—1Zn—1Sn Al Mg—1Zn—1Sn-0.2Ca &4 348, LLSEILSE

ZP e A BRI FL PR SE A RE U ). AR R T AL P B SERR LI SR AN FLAA Y KA. Ca It
FRINAE & G (K58 A th MgaSn AHEE4E Ky CaMgSn 4, I FLAEAIL RIS, Mg—1Zn—-1Sn—0.2Ca & & 411
07 o AR R R 4 A B 23 ) B 32.61 MPa 1 0.23 GPa, AL 2E il B ifi 5 FE AT ik 14.64 pA/em?, RIS
AN 0335 mm/a. BFHAE AT I, NGRS A DAR R, i ELE R A B 1 R
F1 T 97.81%. Mg &4 AR E ORI RIS % 77
KRR BULEE: 3D FTED Ti BN J1%EtEREs WDRMERE; AEMIAHAME

(Edited by Bing YANG)



