<]
TUDelft

Delft University of Technology

Mimicking the mechanical properties of cortical bone with an additively manufactured
biodegradable Zn-3Mg alloy

Zheng, Yuzhe; Huang, Chengcong; Li, Yageng; Gao, Jiaqi; Yang, Yabin; Li, Weishi; Zhou, Jie; Zadpoor,
Amir A.; Wang, Luning; More Authors

DOI
10.1016/j.actbio.2024.05.023

Publication date
2024

Document Version
Final published version

Published in
Acta Biomaterialia

Citation (APA)

Zheng, Y., Huang, C., Li, Y., Gao, J., Yang, Y., Li, W., Zhou, J., Zadpoor, A. A., Wang, L., & More Authors
(2024). Mimicking the mechanical properties of cortical bone with an additively manufactured biodegradable
Zn-3Mg alloy. Acta Biomaterialia, 182, 139-155. https://doi.org/10.1016/j.actbio.2024.05.023

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.actbio.2024.05.023
https://doi.org/10.1016/j.actbio.2024.05.023

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Acta Biomaterialia 182 (2024) 139-155

Contents lists available at ScienceDirect

‘::Cta BioMater|

Acta Biomaterialia

journal homepage: www.elsevier.com/locate/actbio

Full length article

Mimicking the mechanical properties of cortical bone with an )
additively manufactured biodegradable Zn-3Mg alloy

Yuzhe Zheng®!, Chengcong Huang®', Yageng Li*"* Jiagi Gao? Youwen Yang¢,
Shangyan Zhao? Haodong Che?, Yabin Yang¢, Shenglian Yao?, Weishi Li®"¢, Jie Zhou",
Amir A. Zadpoor", Luning Wang "+

A Beijing Advanced Innovation Center for Materials Genome Engineering, School of Materials Science and Engineering, University of Science and Technology
Beijing, 30 Xueyuan Road, Haidian District, Beijing, 100083, China

b Institute of Materials Intelligent Technology, Liaoning Academy of Materials, Shenyang, 110004, China

CInstitute of Additive Manufacturing, Jiangxi University of Science and Technology, Nanchang 330013, China

dSchool of Materials Science and Engineering, Sun Yat-Sen University, Guangzhou 510275, China

¢ Department of Orthopaedics, Peking University Third Hospital, No. 49 NorthGarden Road, Haidian District, Beijing, 100191, China

fBeijing Key Laboratory of Spinal Disease Research, Beijing, 100191, China

& Engineering Research Center of Bone and Joint Precision Medicine, Ministry of Education, Beijing, 100191, China

h Department of Biomechanical Engineering, Delft University of Technology, Delft 2628 CD, the Netherlands

ARTICLE INFO ABSTRACT

Artic{e history: Additively manufactured (AM) biodegradable zinc (Zn) alloys have recently emerged as promising porous
Rec?‘VEd 1 December 2023 bone-substituting materials, due to their moderate degradation rates, good biocompatibility, geometrically
ie‘”setd;gM]Cly 2%‘;4 ordered microarchitectures, and bone-mimicking mechanical properties. While AM Zn alloy porous scaf-
ceepte ay folds mimicking the mechanical properties of trabecular bone have been previously reported, mimicking

Available online 13 May 2024 . . . . . .
the mechanical properties of cortical bone remains a formidable challenge. To overcome this challenge,

Keywords: we developed the AM Zn-3Mg alloy. We used laser powder bed fusion to process Zn-3Mg and compared
Laser powder bed fusion it with pure Zn. The AM Zn-3Mg alloy exhibited significantly refined grains and a unique microstructure
Zinc alloy with interlaced «-Zn/Mg,Zn;; phases. The compressive properties of the solid Zn-3Mg specimens greatly
Mechanical properties exceeded their tensile properties, with a compressive yield strength of up to 601 MPa and an ultimate

Degradation behavior

) 1S strain of >60 %. We then designed and fabricated functionally graded porous structures with a solid core
Biocompatibility

and achieved cortical bone-mimicking mechanical properties, including a compressive yield strength of
>120 MPa and an elastic modulus of ~20 GPa. The biodegradation rates of the Zn-3Mg specimens were
lower than those of pure Zn and could be adjusted by tuning the AM process parameters. The Zn-3Mg
specimens also exhibited improved biocompatibility as compared to pure Zn, including higher metabolic
activity and enhanced osteogenic behavior of MC3T3 cells cultured with the extracts from the Zn-3Mg
alloy specimens. Altogether, these results marked major progress in developing AM porous biodegradable
metallic bone substitutes, which paved the way toward clinical adoption of Zn-based scaffolds for the
treatment of load-bearing bony defects.

Statement of significance

Our study presents a significant advancement in the realm of biodegradable metallic bone substitutes
through the development of an additively manufactured Zn-3Mg alloy. This novel alloy showcases refined
grains and a distinctive microstructure, enabling the fabrication of functionally graded porous structures
with mechanical properties resembling cortical bone. The achieved compressive yield strength and
elastic modulus signify a critical leap toward mimicking the mechanical behavior of load-bearing bone.
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Moreover, our findings reveal tunable biodegradation rates and enhanced biocompatibility compared to
pure Zn, emphasizing the potential clinical utility of Zn-based scaffolds for treating load-bearing bony
defects. This breakthrough opens doors for the wider adoption of zinc-based materials in regenerative

orthopedics.

© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text

and data mining, Al training, and similar technologies.

1. Introduction

Treatment of large bony defects, arising from trauma, infec-
tions, bone tumors, or congenital anomalies, presents significant
challenges in orthopedics. These defects cannot heal naturally, ne-
cessitating bone grafting [1]. While autologous grafts are consid-
ered the gold standard because of their optimal osteogenesis, o0s-
teoinduction, osteoconduction, and low risk of immunological re-
jection, they have several drawbacks, including the needs for mul-
tiple surgeries, surgical complications, and donor-site morbidity. In
recent years, there has been growing interest in developing safe
and effective artificial bone substitutes [2].

Among bone-substituting materials, metals offer superior me-
chanical properties as compared to polymers and ceramics. Bio-
inert metals, such as titanium (Ti) and its alloys [3] as well
as cobalt-chromium (CoCr) alloys [4], are widely used in ortho-
pedics due to their high strengths and biocompatibility. How-
ever, the mismatch in elastic modulus with human bone can
lead to stress shielding [5], negatively affecting the quality of
the surrounding bone, implant stability, and durability [6]. More-
over, bio-inert implants unnecessarily retained in the human body
may lead to inflammatory responses or implant-associated in-
fections [1], and may require a second surgery. Biodegradable
metals offer the possibility to provide initial mechanical sup-
port while gradually degrading in the human body during the
healing process, thereby overcoming the drawbacks of bio-inert
metals [7].

Zinc (Zn) with a moderate degradation rate and good biocom-
patibility is considered to be one of the promising biodegrad-
able metals [8]. More importantly, Zn plays a pivotal role in the
metabolic activity of various cells, promoting bone regeneration by
positively affecting chondrocyte and osteoblast functions while in-
hibiting osteoclast activity [9]. However, Zn has a relatively low
mechanical strength, with conventionally produced solid zinc ex-
hibiting a tensile strength 28-120 MPa, which is comparable to the
strengths of trabecular bone but far below those of cortical bone
[10]. Alloying Zn is an effective strategy to achieve cortical bone-
like strengths.

Recent progress in additive manufacturing (AM) has presented
unprecedented opportunities for the development of ideal bone
substitutes. That is because AM effectively tackles the dilemma
between freeform design and manufacturability, enabling accurate
control over implant properties through rational geometrical de-
sign. Laser power bed fusion (LPBF) has been demonstrated to be
an AM approach well-suited for fabricating complex scaffolds made
of biodegradable metals [11-14].

Montani et al. [15] were the first using LPBF to fabricate pure
Zn potentially for biodegradable implant applications. However,
partly due to the vaporization of Zn (with a normal boiling
point of 907 °C) during LPBF, the fabricated Zn flat samples
(5 x 5 x 1 mm?3) reached a relative density of 88 % only. Demir
et al. [16] and Lietaert et al. [17] optimized the LPBF process
for pure Zn and achieved relative densities exceeding 99 %.
Nonetheless, the mechanical properties of LPBF pure Zn cannot
match those of the human cortical bone. An effective approach to
improve the mechanical properties of Zn-based biomaterials is to
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alloy zinc with essential trace elements in the human body, such
as magnesium (Mg) [18]. Mg is not only a biodegradable metal
but also a bioactive element that plays a role in bone metabolism
and vascular formation [19]. Yang et al. [20] investigated the effect
of Mg content (0-4 weight percent (wt%)) on the comprehensive
properties of the LPBF Zn-Mg alloys with residual porosities of
1.8-2.6 % and found that the mechanical properties increased with
increasing Mg content till 3 wt% Mg. The bulk Zn-3Mg alloy ex-
hibited the highest ultimate tensile strength and elongation, along
with improved biodegradation resistance and biocompatibility.
The greatly enhanced mechanical properties were attributed to
a combination of grain refinement, solid solution strengthening,
and precipitation strengthening by the eutectics formed at grain
boundaries. Qin et al. [21] and Voshage et al. [22] also studied
the effects of the Mg content on the mechanical properties of
Zn-xMg (x = 1, 2, 5 wt%) alloys. However, they found that the
solid Zn-1Mg specimens exhibited the highest tensile strength
and tensile elongation as compared to the Zn-2Mg and Zn-5Mg
specimens. Porous Zn-1Mg alloy scaffolds based on the diamond
unit cells and body-centered cubic unit cells possessed the high-
est compressive strengths. They attributed the improved tensile
strengths of Zn-1Mg, relative to those of pure Zn, to the same
strengthening mechanisms as mentioned above. These inconsistent
results suggest that, besides chemical composition, powder char-
acteristics, and structural design, the LPBF processing play a major
role in influencing the mechanical properties of Zn-Mg alloys. The
influence of LPBF process parameters on the microstructures and
properties of Zn-Mg alloys is not yet well understood. In addition,
none of the above-mentioned researchers have not evaluated the
compressive properties of LPBF bulk Zn-Mg alloys that could be
directly compared with those of LPBF porous Zn-Mg alloys and
are more relevant to bone implant applications. The compressive
properties of the LPBF porous Zn-Mg structures demonstrated so
far (ie., compressive strengths being < 42 MPa [22]) fall short of
the properties exhibited by the human cortical bone (i.e., com-
pressive yield strength of 170-193 MPa and an elastic modulus
as high as 20 GPa) [23]. Ning et al. [24] carried out the com-
pression tests of the LPBF Zn-3Mg bulk materials and found that
the horizontal specimens had a yield strength of 372 MPa and a
compressive strain of more than 20 %. Moreover, the Zn-3Mg alloy
is a near-eutectic one and thus a large amount of the intermetal-
lic phase is expected [25], which can significantly increase the
hardness and compressive strength of the alloy [26]. This will be
specifically beneficial for bone substitutes, considering the com-
pressive stress being the main mode of loading on the bones in
the body.

Here, we studied the effects of the LPBF process parameters on
the microstructures and comprehensive properties of Zn-3Mg, in-
cluding tensile and compressive mechanical properties, biodegra-
dation behavior, and biological activity in comparison with pure
Zn. The study was intended to pave the way for the devel-
opment of functionally graded Zn-3Mg scaffolds with mechani-
cal properties that could match those of cortical bone, thereby
demonstrating the potential of the Zn-3Mg alloy as a bone-
substituting material, particularly for load-bearing bone implant
applications.
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Fig. 1. The powder characteristics and schematic illustrations of the LPBF specimens: (a) Zn powder particle morphology, (b) Zn-3Mg powder particle morphology, (c) Zn
powder particle size distribution, (d) Zn-3Mg powder particle size distribution, (e) the LPBF specimens and their dimensions for characterization (cubic specimens) and
mechanical evaluation (flat and cylindrical specimens), (f) functionally graded specimens, (g) XRD patterns of the powders, and (h) XRD patterns of the as-built specimens.

2. Material and methods
2.1. Zn and Zn-3Mg powders

Argon-atomized Zn powder and Zn-3Mg powder with nearly
spherical morphologies (Fig. 1a, b) were used for preparing the
LPBF specimens. The pre-alloyed Zn-3Mg powder showed a den-
dritic internal structure after being polished and etched. The par-
ticle size distributions of the powders coincided with a Gaussian
distribution, with Dsq values of 26.6 pm for the Zn powder and
31.2 ym for the Zn-3Mg powder (Fig. 1c, d). The actual Mg con-
tent of the Zn-3Mg powder was 3.21 % (Table 1), determined using
inductively coupled plasma (ICP) spectroscopy.

2.2. LPBF process for specimen preparation

A commercial LPBF machine (SLM 125, SLM Solution Group AG,
Germany) was used for specimen preparation. The residual oxygen
content in an argon gas atmosphere was controlled below 30 ppm
during 3D printing. All the groups of the specimens were printed

Table 1
Chemical compositions of the Zn and Zn-3Mg alloy powders (wt%) for
LPBE.
wt% Zn Mg (0]
Zn 99.91 0 <0.1
Zn-3Mg 96.69 3.21 <0.1
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at the same layer thickness of 30 um, hatch distance of 70 um,
beam size of 75 pm, and zig-zag scanning pattern rotated 90° at
each layer. Pure Zn specimens were prepared with a laser power
(P) of 60 W and a scanning speed (V) of 600 mm/s (denoted as Zn
hereafter). Zn-3Mg specimens were prepared with a laser power of
70 W and different scanning speeds (V = 400 mm/s, 600 mm/s,
and 800 mm/s, denoted as V400, V600, and V800, respectively,
hereafter) (Table 2). Under these conditions, bulk cubic speci-
mens, flat reduced-gage-section tensile specimens, and cylindrical
compressive specimens were fabricated (Fig. 1e). Two functionally
graded specimens were designed by combing the diamond or gy-
roid porous structure with a solid pillar (Fig. 1f). The LPBF process
parameters used for the bulk and porous regions were the same,
i.e., at a laser power of 70 W and scanning speed of 600 mm/s.

2.3. Microstructural characterization

An X-ray diffractometer (XRD, TTR 3, Rigaku, Japan) was used to
identify the phases in the powders and in the LPBF Zn and Zn-3Mg

Table 2

LPBF parameters for different Zn and Zn-3Mg specimen groups.
Specimen Laser Scanning

power (W) rate (mm/s)

Zn 60 600
V400 70 400
V600 70 600
V800 70 800
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specimens. Cu Ko radiation was used at a scan rate of 8°/min and
over a 26 angle range between 10° and 90°. After being ground
and polished, the specimens were etched with a 5 % nitrate al-
cohol solution (i.e., 95 ml alcohol mixed with 5 ml nitric acid).
The polished surfaces and metallographic structures of the speci-
mens were observed by using optical microscopy (OM, Olympus,
Japan) and scanning electron microscopy (SEM) equipped with an
energy-dispersive X-ray spectroscope (EDS) (Regulus 8100, Hitachi
High-Tech, Japan). The tensile fractographs of the bulk specimens
were observed by using SEM to analyze the fracture mechanism.
Electron back-scattered diffraction (EBSD) was performed with an
Oxford Instruments AZtec analytical system attached to SEM (JSM-
7001 FEG, JEOL Ltd., Japan). The EBSD specimens were prepared by
applying electrolytic polishing. The specimens were first polished
using a silica suspension with a particle size of 0.05 um for 30 min.
The polished specimens were ultrasonically cleaned in absolute
ethanol for 1 min, followed by drying with cold air. Then, the EBSD
specimens were electrolytically polished in a solution composed of
37 vol% phosphoric acid and 63 vol% ethanol at a voltage of 3 V
and at room temperature for 10 s. The specimens were obtained
by washing with absolute ethanol and drying with cold air once
again. The inverse pole figure (IPF) and average grain size were ob-
tained by using the Tango application in the HKL Channel 5 soft-
ware. The parameters used for grain size measurement by means
of EBSD were: minimum grain boundary misorientation: 2°; num-
ber of pixels per grain: >100. The generated EBSD data were used
to plot the area-weighted fraction against equivalent circle diame-
ter to determine the mean value in 2D. The pole figure (PF) anal-
ysis was mainly carried out by the Mambo software. An FEI Ti-
tan Cube 80-300 transmission electron microscope (TEM, FEI, USA)
was used at an accelerating voltage of 200 kV to observe the sec-
ond phase. The selected area electron diffraction (SAED) patterns
were used to characterize the crystal structure of the second phase.
Prior to the TEM analysis, the specimens were ground to 50 um,
then punched into ¢3 mm discs and thinned with a Gatan 695
ion thinner (Gatan, USA). Micro-computed tomography (Micro-CT,
SkyScan2211, Bruker, Germany) was used to scan the two function-
ally graded specimens with the following parameters: 130 pA tube
current, 120 kV tube voltage, and 5 pm? resolution.

2.4. Mechanical tests

Tensile and compressive specimens (Fig. 1e) were prepared ac-
cording to the GB/T 228-2002 and GB/T 7314-2017 standards,
respectively. A universal testing machine (Instron 5569, Instron,
USA) was used for the tensile tests and compressive tests at the
crosshead speeds of 0.1 mm/min and 1 mm/min, respectively. The
tensile tests ended with the fracture of the specimens, while the
compressive tests were terminated when a strain of 60 % was
reached. The fracture surfaces of the tensile specimens were ob-
served by using SEM. Three specimens in each group were tested
under tensile or compressive loading.

2.5. Electrochemical tests

The electrochemical performances of the Zn and Zn-3Mg speci-
mens in the simulated body fluid (SBF) [13] at 37 °C were studied
using an electrochemical workstation (ModuLab XM, AMETEK, UK).
A three-electrode electrochemical cell was set up with a Zn (or Zn-
3Mg) specimen as the working electrode, a platinum plate as the
counter electrode, and a saturated calomel electrode as the refer-
ence electrode. The specimen was first soaked in SBF for stabiliza-
tion. The open circuit potential (OCP) was monitored for 1800s, fol-
lowed by an electrochemical impedance spectroscopy (EIS) test at
an amplitude of 5 mV and over a frequency range from 10° Hz to
10~2 Hz. Finally, the potentiodynamic polarization (PDP) test was
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conducted over a range of —100 mV to +500 mV versus OCP at
a scan rate of 1 mV/s. Three specimens were prepared for each
group. ZSimpWin 3.300 was used for electrochemical data analysis.
The impedance data were fitted to the equivalent electrical circuits.
In this context, Ry represents the solution resistance. CPEf and Ry
are the capacitance and resistance of the degradation products, re-
spectively. CPEy and R+ indicate the double layer capacitance and
charge transfer resistance, respectively, which are used to describe
the electrochemical interface of the electrolyte solution and the Zn
substrate. Z,y represents the Warburg diffusion behavior in the low
frequency region and x? indicates the fitting quality.

2.6. In vitro immersion tests

In vitro immersion tests were carried out in the SBF [13] at
37 °C for up to 28 days with a volume to surface area ratio of
20 mL/cm?2. The corrosion products were characterized with SEM,
EDS, XRD, and X-ray photoelectron spectroscopy (XPS, Kratos AXIS-
Ultra DLD, Shimadzu, Japan). After removing the corrosion prod-
ucts with a 100 g/L ammonium chloride solution, the weight loss
of the specimens was calculated. The corrosion rate was deter-
mined according to ASTM G31-72[27]:

KxW

T AxTxD (1)
where CR,, is the corrosion rate (mm/year), K is a dimensionless
constant (8.76x10%), W is the weight loss (g), A is the area of the
specimen exposed to SBF (cm?2), T is the immersion time (h), and
D is the density of the material (g/cm3). All the tests were per-
formed in triplicate. The concentrations of Zn%*in SBF were mea-
sured using an inductively coupled plasma optical emission spec-
troscope (ICP-OES, OPTIMA 7000 DV, PerkinElmer, USA) at different
time points.

CRw

2.7. Cytocompatibility tests

A murine calvaria-derived osteoblast cell line (MC3T3-E1,
ATCC-CRL-2594) was utilized for cytocompatibility tests. The Zn
and Zn-3Mg specimens were incubated in a cell culture medium
(ie., alpha minimal essential medium («¢-MEM) containing 10 %
fetal bovine serum and 1 % double antibody) at 37 °C and in a
5 % CO, atmosphere for 3 days to obtain the corresponding ex-
tracts. The ratio of the medium volume to the surface area of the
specimen was 1.25 mL/cm?2. The extracts were diluted into 20 %
and 10 % concentrations for subsequent cell culturing. The neg-
ative control was «-MEM while the positive control consisted of
o-MEM supplemented with 10 % dimethyl sulfoxide (DMSO, Invit-
rogen, USA). After 1 and 3 days of culture, the extracts (or the con-
trol media) were replaced with fresh medium and cellular activi-
ties were determined by using the CCK-8 cell counting kit (Dojindo
Molecular Technology, Japan). Cell staining was performed with the
Calcein-AM/PI Live/Dead Cell Double Staining Kit (Solarbio, China)
under protection from light.

To assess the bone regeneration ability, the MC3T3-E1 cells
were co-cultured with the 10 % and 20 % diluted extracts in sub-
sequent tests. Alkaline phosphatase (ALP) staining and quantita-
tive assessments of the cells cultured up to 14 and 21 days, with
the medium changed every 2 days, were conducted. At 14 and 21
days, the medium was removed and the cells were gently rinsed
with the phosphate buffered saline (PBS) buffer solution 3 times.
After fixing with formaldehyde, the cells were gently rinsed with
the PBS buffer 3 times once again. ALP staining was conducted
with the 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue
tetrazolium (NBT) alkaline phosphatase color development kit (Be-
yotime Biotechnology, China). Protein extraction from the cells was
carried out using the RIPA Lysis Buffer (Hangzhou Fude Biolog-
ical Technology, China). The ALP activity of the MC3T3-E1 cells
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was quantitatively determined using an ALP/AKP assay kit (Nan-
jing Jiancheng Institute of Biology, China). «-MEM was used as the
control.

For Alizarin Red (AR) staining and quantitative analysis, the
cells were cultured until 21 days, which was the same as for
the ALP assay. Then, the medium was removed and the cells
were gently rinsed with the PBS buffer 3 times. After fixating the
cells with formaldehyde, the cells were gently rinsed with the
PBS buffer 3 times once again. AR staining was performed us-
ing the osteoblast mineralization nodules staining kit (Beyotime
Biotechnology, China). After staining, 1 mL of pure water was
added to each well and the wells were placed in a refrigera-
tor at 4 °C for 7 days to remove any remaining AR dye solu-
tion. Subsequently, the pure water in each well was removed and
10 % cetylpyridine was added for quantitative analysis. «-MEM was
used as the control. More than three samples were tested from
each group.
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2.8. Statistical analysis

Statistical analysis of the biocompatibility results was per-
formed using a two-way ANOVA test with a post-hoc Tukey’s mul-
tiple comparison test. A significance level of «=0.05 was used for
all the analyses (* represents p < 0.05; ** represents p < 0.01).

3. Results
3.1. Microstructures

Under OM, the longitudinal sections (i.e., sections along the
building direction (BD)) of the polished LPBF Zn and Zn-3Mg
specimens showed no evident defects or cracks formed under
different LPBF process conditions (Fig. 2a-d), save for a few
micro-scale pores. The relative densities of the AM specimens
were 99.534+0.22 %, 99.44+0.13 %, 99.82+0.17 %, and 99.71+£0.1 %
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Fig. 2. Microstructure analysis of the LPBF specimens: (a-d) polished and (e-h) etched surfaces of the as-built Zn, V400, V600, and V800 specimens in the printing direction
(PD) (the white lines indicate the melt pool width), (i) SEM images of the LPBF Zn specimens, (j-k) SEM images of the LPBF Zn-3Mg alloy specimens printed at scanning
speeds of 400 and 600 mmy/s, respectively, (1) the results of EDS point analysis at various spots (i-k), (m-p) etched surfaces of the as-built Zn, V400, V600, and V800
specimens in the building direction (BD) (the red lines indicate the melt pool width), (q) TEM bright-field image of the as-built V600 specimen, (r-s) the Zn matrix and
second phase SAED patterns in (q), and (t) the size distribution of Mg,Zn;; in the V600 specimen shown in (q).
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Fig. 3. EBSD analysis of the LPBF specimens: (a-d) inverse pole figure maps visualizing the morphologies and grain sizes in the printing direction (PD), (e-h) {0001} pole

figures showing texture intensities: (a, e) Zn

for the Zn, V600, V700, and V800 specimens, respectively. Af-
ter etching, an interlaced white and grey morphology appeared
on the Zn-3Mg specimens (Fig. 2f-h), which was different from
the microstructure of the as-built pure Zn (Fig. 2e) and indi-
cated that a dual-phase microstructure was present in the Zn-3Mg
specimens.

The width of the melt pool decreased with the scanning speed
(Fig. 2f-h). Further examination using SEM at a higher magnifica-
tion and EDS analysis indicated that the microstructure was com-
posed of the white region, consisting of the «-Zn and Mg,Zn;; eu-
tectic phases along with a small amount of the primary o-Zn den-
drite phase (Fig. 2j, 1) while the grey region was the «-Zn dendrite
phase (Fig. 2k, 1). For pure Zn, however, SEM images showed cellu-
lar grains and irregular white particles containing a larger amount
of oxygen (e.g., point 2 in Fig. 2i and 1), as compared to the ma-
trix (point 1 in Fig. 2i and 1). The XRD analysis revealed the pres-
ence of the ZnO phase (Fig. 1g) both in the pure Zn powder and
in the LPBF pure Zn specimens. While the «-Zn, ZnO, Mg,Zny;,
and MgZn, phases could be detected in the Zn-3Mg powder, in
the LPBF Zn-3Mg alloy (Fig. 1h) the peaks of the ZnO and MgZn,
phases were not obvious.

EBSD inverse pole figure (IPF) map analysis revealed that the
LPBF Zn had larger, irregular grains (Fig. 3a), whereas the LPBF
Zn-3Mg alloy largely consisted of smaller equiaxed ones (Fig. 3b-
d). The grain sizes of the pure Zn were mostly within a range
smaller than 10 pm, with a mean value of 40.42 pm (Fig. 3a).
In contrast, the grain sizes of the Zn-3Mg alloy were much
smaller with mean values around 1 pm (Fig. 3a-d). When the
laser scanning speed increased from 400 mm/s to 600 mmy/s
and 800 mm/s, the mean grain size of the Zn-3Mg specimens
slightly decreased from 192 pm to 1.76 pm and 1.68 pm. Ac-
cording to the pole figure (PF) analysis (Fig. 3e-h), the grains
of the pure Zn and Zn-3Mg alloy had no obvious preferred ori-
entation in the printing direction, similar to the building direc-
tion (Figure S1). Zn-3Mg generally displayed reduced texture in-
tensities as compared to pure Zn, with V600 having a greater
texture intensity value than V400 and V800 (Fig. 3f-h). Bright-
field images (Fig. 2q) and SAED analysis (Fig. 2r, s) confirmed
the presence of the Mg,Zn;; phase in the LPBF Zn-3Mg speci-
mens. The mean size of Mg,Zny; phase particles was about 75 nm
(Fig. 2t).

, (b, f) V400, (c, g) V600, and (d, h) V800.
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3.2. Mechanical properties

The tensile tests showed that the addition of 3 wt% Mg to Zn
greatly increased the ultimate tensile strength (UTS) but decreased
the elongation of the LPBF Zn specimens (Fig. 4a, b). Among the
specimens produced at different scanning speeds, V600 exhibited
the highest UTS and ductility. Based on the patterns observed on
the fractographic images (Fig. 4e-h), the pure Zn specimens had
a mixture of ductile and brittle fracture features, characterized by
both large-area cleavage planes and numerous dimples (Fig. 4e). In
contrast, the Zn-3Mg alloy exhibited a clear brittle fracture surface
composed of many cleavage planes (Fig. 4f-h).

The compressive mechanical properties of both Zn and Zn-
3Mg were superior to (Fig. 4c, d) their tensile properties (Fig. 4a,
b). The highest compressive yield strength (YS) of Zn-3Mg
reached 601.12+16.45 MPa, which was 6 times as high as that
of pure Zn. There were no significant differences in compres-
sive YS and ultimate compressive strength (UCS) between the
V400, V600, and V800 specimens. Moreover, all the specimens
could be compressed to a pre-determined strain of 60 % without
breakage.

3.3. Electrochemical behavior

Based on the Bode plots of the Zn and Zn-3Mg specimens
(Fig. 5a), at low frequencies, the impedance modulus |Z| followed
the descending order: V400, V800, V600, and Zn. For both mate-
rials, the phase angles at high frequencies were larger than those
at low frequencies (Fig. 5b). The Nyquist curves of all the spec-
imens were composed of a semicircle in the high-frequency re-
gion and a straight line in the low-frequency region (Fig. 5c).
The diameters of the semicircles, D, followed the trend: Dy49¢ >
Dygoo> Dveoo > Dzn. The fitted equivalent circuit revealed that
Ry of Zn was larger than the Ry values of V600 and V800, but
lower than that of V400 while the R values of all the Zn-3Mg
specimens were larger than R value of the pure Zn specimens
(Table 3).

From the PDP analysis, both the Zn and Zn-3Mg alloy speci-
mens exhibited similar patterns of polarization where passivation
occurred in the anode region when the anode potential was high
enough to stabilize the oxide film (Fig. 5d). All the Tafel curves
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were characterized by a sudden drop after the breakdown poten-
tial. The breakdown potential values of the V600 and V800 speci-
mens were higher than those of the V400 and Zn specimens. It was
observed that, with 3 wt% Mg added to Zn, the corrosion potential
did not change significantly (Table 4). However, the corrosion cur-
rent density (icorr) was notably decreased from 16.12+1.28 pA/cm?.
Among the Zn-3Mg specimens, V600 had the highest i, value
(13.99+0.65 pA/cm?) as compared to V400 (7.64+0.35 pA/cm?)
and V800 (11.07+0.48 pA/cm?).
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3.4. In vitro degradation behavior

During in vitro immersion, white degradation products gradu-
ally formed on the surfaces of the LPBF Zn and Zn-3Mg speci-
mens from day 1 to day 28 (Fig. 6a). EDS analysis showed that
the biodegradation products on the pure Zn specimens mainly con-
tained Zn, Ca, P, C, and O, while the biodegradation products on the
Zn-3Mg specimens were mainly composed of Zn, Mg, Ca, P, C, and
O (Fig. 6b). After 28 days of immersion, the Ca, P, and O contents of
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the biodegradation products of the Zn-3Mg specimens were higher
than those of Zn (Fig. 6¢). The V600 specimens had lower Ca and
P contents as compared to V400 and V800. Furthermore, the Ca, P,
and O contents of the biodegradation products of V600 increased
with the immersion time (Fig. 6d).

XRD analysis showed that the biodegradation products on Zn
were mainly ZnO, while the biodegradation products on Zn-3Mg
were composed of Zn(OH),, Zns(OH)g(CO3),, and a small amount
of Na,CO5 (Fig. 7a, b). Similarly, the full spectra of XPS showed
that the biodegradation products on all the specimens were mainly
composed of Zn, Ca, P, C, and O (Fig. 7c). High-resolution spectra
of the Zn-2p;;, peaks were collected and fitted for different spec-
imens after 28 days of in intro immersion (Fig. 7g). The 1021 eV,
1020 eV, and 1019 eV signals may be attributed to Zns(OH)g(CO3),,
Zn(OH),, and ZnO, respectively.

From the ICP analysis, it was clear that the ion release rate
from Zn was lower than that from Zn-3Mg during the first
14 days. However, from day 14 to day 28, the biodegradation
rate of Zn rapidly increased and then exceeded that of Zn-3Mg
(Fig. 7d). Based on the results from weight loss tests, Zn was
found to degrade at higher rates than Zn-3Mg at all immersion
time points (Fig. 7e, F). The biodegradation rate of Zn reached
0.20 £+ 0.01 mm/year at day 28. Among the three Zn-3Mg speci-
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mens, V600 had the highest degradation rate at day 28, which was
0.15 + 0.01 mm/year.

3.5. In vitro cytocompatibility

From the CCK-8 tests, cell viability was found to decrease
with the extract concentration (Fig. 8a-b). In general, cell via-
bility improved with the culture time. The V600 specimens ex-
hibited the best cell viability at different extract concentrations,
reaching 116+8 % with 0-grade cytotoxicity when the extracts
were diluted to 10 % (Fig. 8a). The ionic concentrations of the
100 % extracts from the Zn and Zn-3Mg specimens were mea-
sured (Fig. 8c). Zn?* release from Zn was less than that from Zn-
3Mg, which was consistent with the results obtained from the in
vitro immersion tests at day 3 (Fig. 7d). The V600 specimens re-
leased more Zn%*and Mg2t as compared to the V400 and V800
specimens.

Live/dead staining showed that for both materials, most of the
cells were alive (green) with the 10 %-diluted extracts having
higher densities of viable cells than the 20 %-diluted extracts. The
number of viable cells was comparable to the negative control (-
MEM) and significantly higher than the positive control (DMSO).
The MC3T3 cells cultured with the Zn and Zn-3Mg extracts showed
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Table 3

EIS fitting parameters of the Zn and Zn-3Mg specimens.

X2

Rct w

CPEf nl Rf CPEdI n2

Rs
(Q-cm?)

Specimen

(10-3 Q%5.s ~l.em-2)  (104)

(kQ2-cm?)

(1074 Q~'.s".cm~2)

(kS2-cm?)

(10-¢ Q-'.s".cm~2)

3.19+0.27
9.18+0.85
5.93+1.21
5.224+0.42

1.89+0.18
0.18+0.03
0.52+0.05
0.26+0.09

1.18+0.23
8.97+1.12
2.58+0.23
8.48+0.26

0.60+0.12
0.25+0.03
0.2440.05
0.124+0.03

0.38+0.08
2.18+0.11

1.424+0.11
2.59+0.12
0.184+0.03
0.04+0.01

0.734+0.09
0.65+0.04
0.85+0.02
0.714+0.09

3.744+0.35

63.39+5.21

Zn

12.41+0.74
1.86+0.75
6.00+2.65

65.20+2.24
76.03+12.78
72.90+8.35

V400

1.21+0.20
1.06+0.23

V600

V800
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Table 4
Results obtained from potentiodynamic polarization tests and corrosion rates ob-
tained by applying the weight loss method.

Specimen  Ecorr (V/SCE)  icorr (MA/cm2)  CR; (mmyjyear) CRy, (mm/year)

Zn —1.194+0.02 16.12+1.28 0.52+0.01 0.20+0.01
V400 —1.18+0.02 7.64+0.35 0.26+0.01 0.12+0.02
V600 —1.16+0.01 13.99+0.65 0.48+0.01 0.15+0.01
V800 —1.194+0.03 11.07+0.48 0.38+0.02 0.13+0.01

far-stretching filopodia-like protrusions, which was similar to the
negative control (¢-MEM) (Fig. 9a).

The ALP activity of the cells cultured with the Zn-3Mg extracts
were higher than those with the pure Zn extracts (Fig. 8d, e). The
V600 extracts had higher ALP activity values than the V400 and
V800 extracts. Generally, the ALP activity of the cells in the 10 %-
diluted solution was higher than that of the 20 %-diluted solu-
tion. The ALP staining showed a darker color for the 10 %-diluted
extracts as compared to the 20 %-diluted ones. The staining was
more pronounced from day 14 to day 21 for both materials, al-
though no notable differences could be observed between the dif-
ferent groups (Fig. 9b).

The trends of AR absorbance for the different specimens were
similar to those of the ALP activity. The Zn-3Mg specimens had
higher AR absorbance values than the pure Zn specimens, with
V600 showing the highest absorbance value. All the specimens
showed better results than the «-MEM control group (Fig. 8f). Ac-
cording to the AR staining results, the Zn-3Mg specimens displayed
more obvious mineralized noduli than the Zn specimens, and the
staining of the 20 %-diluted extracts was darker than the 10 %-
diluted extracts (Fig. 9c).

3.6. Characteristics of the functionally graded structures

According to the micro-CT analysis, the macro porosity values
of the gyroid and diamond functionally graded specimens were
58.6 % and 56.9 %, respectively (Fig. 10a, b). The micro porosity val-
ues of the struts and pillars of the diamond and gyroid specimens
were 0.04 % and 0.06 %, respectively (Fig. 10a, b).

The compressive yield strength of the gyroid-based specimens
(170.75 4 6.43 MPa) was greater than that of the diamond-based
specimens (129.34 + 8.21 MPa) (Fig. 10g). The gyroid-based spec-
imens showed a compressive strain of about 22 %, while the
diamond-based specimens displayed smooth stress-strain curves
even when the compressive strain was as high as 60 %.

The EBSD analysis of the specimens with diamond unit cells
revealed more columnar grains in the building direction (BD), as
compared to the grains in the printing direction (PD) (Fig. 10d).
According to the pole figure (PF) analysis, both in the printing di-
rection (PD) (Fig. 10e) and in the building direction (BD) (Fig. 10e),
the grains did not have obvious preferred orientation.

During the in vitro immersion tests, the ion release rates
from the gyroid-based specimens were lower than those from the
diamond-based specimens from day 6 to day 14 (Fig. 10h). Weight
loss tests showed that the gyroid-based specimens had a lower
degradation rate than the diamond-based specimens at day 14
(Fig. 10i). The biodegradation rates of the diamond-based speci-
mens and gyroid-based specimens reached 0.13 + 0.02 mm/year
and 0.1 £+ 0.02 mm)/year, respectively (Fig. 10i).

According to the CCK-8 tests of diamond-based specimens, the
cell viability of the 10 %-diluted extracts was higher than that
of the 20 %-diluted extract at day 1, while the specimens of the
20 %-diluted extracts exhibited better cell viability at day 3, reach-
ing 108+4 % with 0-grade cytotoxicity (Fig. 10j). Live/dead staining
showed that most of the cells were alive (green) with the 10 %-
diluted extracts having higher densities of viable cells than the
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Fig. 9. In vitro qualitative cytocompatibility assessments: (a) live/dead staining results in the 10 %- and 20 %-diluted extracts from the different specimens for 1 day, (b)
ALP staining of the MC3T3 cells cultured with the 10 %- and 20 %-diluted extracts from the different specimens for 14 and 21 days, and (c) AR staining of the MC3T3 cells
cultured with the 10 %- and 20 %-diluted extracts from the different specimens for 21 days.

20 %-diluted extracts at day 1. The number of viable cells was com-
parable to the negative control (¢-MEM) and significantly larger
than the positive control (DMSO) (Fig. 10k-n).

4. Discussion
4.1. Microstructure and phase constituents

The relative densities of the LBPF pure Zn and Zn-3Mg speci-
mens were all higher than 99 %, thereby limiting or even eliminat-
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ing the effects of typical defects introduced during LPBF, such as
porosity and lack-of-fusion, on how the alloying and LPBF process
would affect the resultant properties. The microstructures of the
LPBF Zn and Zn-3Mg specimens were clearly different from those
of the cast ones. The as-cast pure Zn typically has coarse «-Zn
grains, while the as-cast Zn-3Mg alloy is composed of large «-Zn
dendrites dispersed in the eutectic phase («-Zn + Mg,Zny;) struc-
ture [25]. That is due to the fact that, in this alloy, the Mg content
exceeds the solubility limit (0.15 wt%) [28], leading to the forma-
tion of eutectic phases at 364 °C. The LPBF Zn and Zn-3Mg spec-
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imens had significantly refined grain sizes, owing to high cooling
rates (up to 10-108 K/s) involved in the LPBF process [29]. More-
over, the grain sizes of the LPBF Zn-3Mg alloy were clearly smaller
than those of the LPBF Zn specimens. The rapid formation of the
eutectic phases could effectively prevent the growth of the primary
dendritic «-Zn phase, thus resulting in refined grains [30]. Accord-
ing to the binary phase diagram, the present Zn-3Mg alloy com-
position is situated close to the eutectic point (ie., 3.05 wt% Mg)
where the eutectic temperature (364 °C) is lower than the melt-
ing point of pure Zn (420 °C) [22]. Since LPBF is a non-equilibrium
rapid solidification process, the eutectic point may shift from the
equilibrium value and Mg segregation may occur from the cen-
ter of the melt pool to the boundaries. In the as-built microstruc-
tures of the LPBF Zn-3Mg specimens, we found o-Zn dendrites, but
not the Mg,Zny; phase from the hypereutectic reaction, suggesting
that the hypoeutectic reaction dominated during the solidification
stage. Most likely, during the LPBF process, the fine «-Zn phase
first forms in the melt pool where the Mg concentration is lower
than the eutectic composition, allowing the primary dendrites to
form. At the edge of the melt pool, the heat-affected zone exists
since the melting of the upper layer has a thermal effect on the
lower layer. Meanwhile, Mg may segregate at the boundaries of the
melt pool, resulting in the formation of the eutectic phase mix-
tures around the o-Zn phase (Fig. 2j). With the same laser power
but increasing scanning speed, the solidification speed in the melt
pool increases. Therefore, the grain sizes of the specimens were
found to decrease slightly when the scanning speed increased from
400 mm/s to 800 mm/s.

The grain morphology of a LPBF metal is mainly determined by
the temperature gradient and solidification rate [31]. Grains pre-
fer to grow along the LPBF building direction that has the largest
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temperature gradient, resulting in the formation of a columnar
morphology [32]. The columnar grains grow continually by shift-
ing their direction of epitaxial growth to align with the tempera-
ture gradient [33] along the building direction during the multiple
melting-solidification processes of LPBF. Therefore, the equiaxed
grain on the printing plane can be viewed on the cross-section of
the columnar grains growing along the building direction (BD). In
line with previous findings [22], the orientation of the grains in
the LPBF Zn and Zn-3Mg specimens on the {0001} plane was rela-
tively random with no preferred orientation. The LPBF Zn-3Mg al-
loy had weaker texture intensities than the LPBF Zn, which may be
attributed to the transition from columnar grains toward equiaxed
grains because of alloying [34] and the resultant constitutional un-
dercooling ahead of the solid-liquid interface. The texture of LPBF
metals depends on the evolution of the grain structure and is af-
fected by the shape and sizes of melt pool and, in turn, by the
LPBF process parameters, including the scanning speed [33]. This
explains the small differences in the {0001} surface texture inten-
sity between the Zn-3Mg specimens printed at various scanning
speeds.

4.2. Mechanical properties

Alloying Zn with Mg greatly increased the UTS and decreased
the tensile ductility of the LPBF Zn specimens, which is consis-
tent with the results obtained by other researchers [35,36]. The in-
creases in the tensile strengths of Zn-3Mg can be chiefly attributed
to grain refinement and the presence of the second phase Mg,Zn;;.
Mg,Zny; is a hard but brittle phase that can decrease the tensile
ductility of the Zn-3Mg alloy. In addition, according to the EBSD
results, the crystal structure of Zn-3Mg is mainly hexagonal close-
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packed (HCP). As compared with the body-centered cubic (BCC)
and face-centered cubic (FCC) structures, the number of slip sys-
tems operating in HCP crystals at room temperature is significantly
smaller, which further reduces the tensile ductility of Zn and its al-
loys [37]. We found that tuning the LPBF process parameters could
alter the mechanical properties of the Zn-3Mg alloy, especially the
tensile properties (Fig. 4). V600 possessed a higher tensile strength
than V400 and V800, which could be attributed to increased tex-
ture intensity (Fig. 3). However, the tensile strengths of these spec-
imens were all low, mainly because of the low ductility of the alloy
that resulted in premature failure (Fig. 4a) under tensile loading
due to the presence of the brittle Mg,Zn;; phase.

Since bone scaffolds are mostly subjected to compressive load-
ing in the human body, we further investigated the compressive
mechanical properties of the LPBF Zn-3Mg specimens. The com-
pressive properties of the LPBF Zn-3Mg alloy were found to be out-
standing, with yield strengths as high as 601 MPa and a strain of
>60 % without failure. In previous studies, extruded Zn was found
to have a peculiar tension-compression yield asymmetry (being
distinctly different from other HCP-structured metals, such as ex-
truded Mg and its alloys) due to a higher {1012}<1011> twin-
ning activity under tension, which lowers the tensile yield strength
[38]. The unusual high deformability of the LPBF Zn-3Mg alloy
under compression could be attributed to the formation of com-
pressive twin crystals during compressive deformation, as found in
the Zn-1Mg alloy [39]. Furthermore, LPBF led to the formation of
the Mg,Zny; phase with significantly reduced sizes and increased
number density, accompanied by reduced aspect ratios. The disper-
sion of these fine precipitates can impede the movement of dislo-
cations without causing large stress concentrations during defor-
mation, leading to enhanced precipitation strengthening and abil-
ity to accommodate plastic deformation [40]. Moreover, unlike the
cracks subjected to tensile stresses, the cracks under compression
are difficult to grow and tend to become closed so that the mate-
rial could continue to deform plastically [41].

The improvement in the yield strength can be explained accord-
ing to the equation below [42]:

Oy =05+ 0g+ 05+ 0y (2)

in which oy is the yield strength, while o, og, 05, and o4 are
the contributions of solid solution strengthening, grain refine-
ment strengthening, second phase strengthening, and dislocation
strengthening, respectively. Due to the low solid solubility of Mg
in Zn (ie, 1 wt% at the eutectic temperature and almost zero
at ambient temperature [43]), the contribution of solid solution
strengthening may be negligible, as found from the EDS analy-
sis (Fig. 21), which deviates from the observations made by other
researchers [20-22]. The grains of the Zn-3Mg alloy (mean size:
1.68 pm) were significantly refined, as compared to those of the
pure Zn (mean size: 40.42 pm). An increased number of grain
boundaries hinder the movement of dislocations. The grain refine-
ment strengthening can be expressed by the Hall-Petch equation
[1-3]:

0 = kgd 3)
where kgyis the strengthening coefficient (110 MPa-um'/2) [44], d is
the average grain size of the Zn-3Mg alloy (~1.68 pum). The contri-
bution from the grain refinement strengthening is 87 MPa.

The precipitation strengthening is mainly controlled by the
Orowan dislocation bypassing or shearing mechanism. Moving dis-
locations under stress will either bypass or shear second phase
particles, which can be described as:

Mub
o = Mt (4)
where p is the shear modulus (39.5 GPa) [45], b is the Burgers
vector (0.266 nm) [46], and L is the average size of precipitated
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phase particles (~75 nm), which was obtained from TEM images
(Fig. 2(q, t)), M (3.17) is the Taylor factor for the basal texture of
the Zn-3Mg alloy (Figure S2). The calculated strengthening value
of oy is 444 MPa.

Internal stresses, depending on dislocation density and arrange-
ment, can be generated due to rapid solidification involved in LPBF.
Dislocation strengthening can be expressed by the Bailey-Hirsch
relation [47]:

o4 = aMbG/p (5)

where « is the dislocation interaction constant (0.2) [48], pis
the dislocation density according to the EBSD analysis (the ge-
ometrically necessary dislocation (GND) density [49], pgnp ~
10' m~2 (Figure S3)). The calculated strengthening value from the
04 is 66 MPa. The total contribution from og, o5 and o, is 597 MPa,
which is close to the compressive yield strength values experimen-
tally determined in this work.

The high compressive mechanical properties of the LPBF bulk
Zn-3Mg alloy provided us with ample room to introduce poros-
ity to form bone scaffolds. We, therefore, designed and printed
two types of functionally gradient structures with 60 % porosity
based on the diamond and gyroid unit cells, which enveloped the
solid core (Fig. 1f). As suggested by Kang et al. [50], the porous
outer layer is expected facilitate the interlocking of the orthope-
dic scaffold with the surrounding bone tissue and the dense re-
gion in the center to provide mechanical strength during the heal-
ing process. It is important to note that the designs created in the
present research did not take the shape and dimensions of bone
defects into consideration. Clinically relevant scaffold designs are
deemed to be anatomic location-dependent and far more complex
in geometry. Both diamond and gyroid functionally graded spec-
imens showed significantly increased compressive yield strengths
(129.34 £ 8.21 MPa and 170.75 + 6.43 MPa, respectively) and elas-
tic moduli (21.63 + 1.51 GPa and 20.34 + 0.83 GPa, respectively),
which are much higher than the values reported for biodegrad-
able porous metals and their alloys in the literature (Fig. 113,
b) [11,18,21,22,51-62]. The achieved compressive properties of the
functionally graded LPBF Zn-3Mg scaffolds were comparable to
those of the human cortical bone [63], endowing them with un-
precedented potential for the treatment of load-bearing large bone
defects. On this basis, topological designs could be applied to this
alloy to fine-tune its mechanical properties further in the future
[64,65].

4.3. Biodegradation performance

The biodegradation rate of ideal bone scaffolds should match
the bone healing process. Since bone healing rate may vary at dif-
ferent locations in different patients, it is important to be able
to control the biodegradation rate of LPBF Zn alloys. According to
the fitted data of the equivalent circuits, the biocorrosion resis-
tance of the materials can be ranked by the sum of Ry and R
as: V400>V800>V600>Zn (Table 3). In the low frequency region
of the Nyquist plots, the lines of all the specimens were close to
45°, indicating that the diffusion process hindered the corrosion
of the LPBF Zn and Zn-3Mg alloy. As indicated by the PDP curves
(Fig. 5d), the Zn and Zn-3Mg specimens exhibited similar passi-
vation behaviors in the anode region, suggesting the formation of
a biodegradation film [66]. The breakdown potential values of the
V600 and V800 specimens were higher than those of the V400 and
Zn specimens, suggesting that V400 and Zn were more prone to
localized degradation due to the disruption of the protective lay-
ers [67]. Since there is no obvious Tafel region in the anode re-
gion, the electrochemical parameters were obtained from the cath-
ode region. The trend of icr is consistent with the EIS results that
the Zn-3Mg alloy exhibits enhanced corrosion resistance as com-
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Fig. 11. Mechanical properties of the LPBF functionally graded Zn-3Mg scaffolds: (a) yield strengths versus porosity and (b) elastic moduli versus porosity - data collected
from the current work and from the literature [11,18,21,22,47-58] (* represents ultimate compressive strength).

pared to pure Zn. The V600 specimens (with a corrosion rate of
0.48 mm/year) had an ic value that was almost twice as much
as the icrr value of the V400 specimens (0.26 mm/year) (Table 4).
Since electrochemical tests only reveal the transient corrosion be-
havior of a metal, long-term immersion tests are needed to com-
plement the results obtained from electrochemical tests. From the
weight loss measurements, the LPBF Zn specimens showed higher
in vitro biodegradation rates than the LPBF Zn-3Mg specimens at
all the selected immersion time points.

The biodegradation behavior of a LPBF metal can be affected by
many factors, such as chemical composition, microstructure, and
the environment [G8]. It has been reported that the addition of
Mg to Zn may have dual effects on the biodegradation behavior
of Zn alloys [69]. Since the standard electrochemical potential of
Mg (—2.372 V) is much lower than that of Zn (-0.763 V) [70], the
addition of Mg to Zn is expected to decrease its electrochemical
potential. However, the solid solubility of Mg in Zn is only 0.006
wt% at 200 °C [28] and most of Mg is present in the eutectic o-
Zn+Mg,Zny; phases. This explains the observation that the differ-
ences in OCP were not marked between the Zn and Zn-3Mg speci-
mens.

In general, a reduction in grain size leads to an increase in the
number of grain boundaries, thereby increasing the corrosion, as
reported by Gollapudi et al. [71]:

1
. N 9
icorr = A +B(d> ’ exp (—8>S§

where iqr is the corrosion current while A and B are two con-
stants dependent on the material composition or impurity level,
dis the average grain size, and S2 is the grain size distribution.
The LPBF specimens were found to have smaller grain sizes due to
high-rate cooling occurring during LPBF. They could, therefore, be
expected to be more susceptible to corrosion. For biodegradable
metals, however, large amounts of biodegradation products form
on the surface, which can act as barriers to further corrosion and,
thus, reduce the biodegradation rate. For instance, Gollapudi et al.
[71] have reported that a reduction in the grain size of Mg through
equal channel annular pressing (ECAP) results in the formation of a
compact protective layer composed of Mg(OH), and MgO corrosion
products, thereby reducing the corrosion rate in the 0.1 M NaCl so-
lution. Zinc-based alloys are expected to exhibit similar corrosion
behaviors in relation to the grain size.

Second phase dispersed in the matrix of an alloy plays an im-
portant role in determining its biodegradation rate. Depending on
its OCP, sizes, and distribution, the second phase may act as a cath-

(6)
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ode to accelerate the biodegradation of the matrix or as a barrier
to slow down degradation. For example, Yu et al. [72] have found
in their study on a Mg-Zn-Ca alloy that the biodegradation rate in-
creases with the second phase content while Zhou et al. [73] report
that a homogeneous distribution of the B-Mg;Al;; second phase
in the AZ91 magnesium alloy actually reduces the biodegradation
rate.

Additional factors, such as grain orientation [74,75], residual
stress [71], and specific surface area, can affect the biodegrada-
tion rates of biodegradable metals as well [76-79]. Changing the
LPBF process parameters may further influence the grain orienta-
tion, anisotropy [10], morphology, number density and distribution
of the second phase, and residual stresses developed in the re-
sulting material. However, the mechanisms through which the pa-
rameters of the LPBF process affect the biodegradation process are
highly complex and require separate investigations.

In this study, the corrosion resistance of the LPBF Zn-3Mg alloy
was greater than that of the LPBF Zn. The dispersed fine Mg,Zny;
phase acted as the cathode, forming a number of micro-galvanic
couplings with the «-Zn matrix [80], which is expected to en-
hance the corrosion of the ®-Zn matrix. On the other hand, the for-
mation and deposition of the biodegradation products is expected
to accelerate on the Zn-3Mg specimens, which translates to lower
biodegradation rates for longer immersion times. The influence of
the dispersed Mg,;Zn;; phase may be greater than the effect of
grain refinement.

The biodegradation rate gradually decreased from day 1 to day
28 (Fig. 7f), most likely due to the continued deposition of the
biodegradation products. As is clear from the XRD and XPS anal-
yses, the biodegradation products were composed of hydroxides,
carbonates, and phosphates, which could work as a passive film,
protecting the «-Zn matrix from further degradation [49]. It can be
seen from the EDS results (Fig. 6d) that the Ca, P, and O contents
of the biodegradation products present on the specimen surfaces
gradually increase with the immersion time, which suggest the
continued deposition of hydroxyapatite-like inorganic compounds
on those surfaces [62]. It is, however, important to realize that the
passivation film can breakdown or peel off due to localized chemi-
cal attack or mechanical damage. When the breakdown and forma-
tion of the film reaches a dynamic equilibrium, the biodegradation
rate tends to be stable.

The diamond functionally graded specimens had a higher
degradation rate than the gyroid ones, which could be contributed
to the higher permeability of the diamond structure. Besides the
material itself, the topological design could indeed be used as an
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effective tool to adjust the degradation rate of biodegradable Zn-
based alloy scaffolds [81].

4.4. Biocompatibility

Much previous research has already demonstrated the suitabil-
ity of Zn alloys for potential use as biodegradable metallic materi-
als. Preliminary in vitro and in vivo results all show that Zn alloys
have moderate biodegradation rates and play an important role in
promoting new bone formation and remodeling [82]. The alloy-
ing element Mg is an essential element for human bone health.
Mg?* can induce local neurons to produce calcitonin gene-related
polypeptide-a (CGRP) to improve fracture healing [83,84].

We evaluated the biocompatibility of the LPBF Zn-3Mg alloy by
performing indirect cytocompatibility tests according to ISO 10,993
[85]. The cells cultured with the 10 %- and 20 %-diluted extracts
showed increased cell viability from day 1 to day 3, suggesting
that Zn®+* and Mg2* could, indeed, promote the proliferation of
the MC3T3 cells. The 10 %-diluted extracts had a higher cell via-
bility than the 20 %-diluted extracts, which could be attributed to
a higher Zn?* concentration in the latter. According to the findings
of Yamamoto et al. [86], the inhibitive concentration (ICsq) of ZnCl,
for MC3T3-E1 cells was 90 pmol/L. Townend et al. [87] have found
that when Zn?+ concentration is greater than 80 - 120 umol/L, the
adhesion, proliferation, and migration of endothelial cells are in-
hibited. From the ICP analysis of the 100 % extracts, it appeared
that the Zn2?*concentrations in the extracts of both the Zn and
Zn-3Mg specimens were beyond 200 pmol/L. However, since the
biodegradation products could be metabolized or be transported
away in vivo, 9-time to 14-time dilution has been recommended
for evaluating the biocompatibility of biodegradable metals [88].
The 10 %-diluted extracts were in line with this recommendation,
while the 20 %-diluted extracts provided an even harsher envi-
ronment for the cells. Moreover, the biocompatibility of the LPBF
Zn-3Mg alloy can be affected by the parameters of the LPBF pro-
cess. That is because the processing parameters can influence the
biodegradation rate of the Zn-3Mg alloy and change the osmotic
pressure of the medium. Zhang et al. [89] have found that an in-
crease in osmotic pressure creates a slight inhibitory effect on the
proliferation of osteoblasts, while a proper alkaline environment
promotes the growth of osteoblasts. The V600 specimens showed
better cell viability than the V400 and V800 specimens, which may
be caused by higher Zn?+ and Mg%* concentrations, as well as os-
motic pressure. The functionally graded designs showed no adverse
effect on the biocompatibility of the LPBF Zn-3Mg alloy scaffolds
compared to the bulk ones.

To further investigate the effects of adding Mg to Zn on the os-
teogenesis of the MC3T3-E1 cells, both quantitative and qualitative
ALP and AR tests were carried out. ALP is the early marker of os-
teoblast differentiation, while the mineralized noduli from AR are
the indicator of osteoblast differentiation and maturation. For both
of the LPBF materials, ALP activity increased from day 14 to day 21,
while the Zn-3Mg specimens had higher ALP activity values than
the pure Zn specimens, meaning that the Zn-3Mg specimens could
better promote osteoblast differentiation. Similarly, the Zn-3Mg al-
loy showed higher AR absorbance than the pure Zn and both of the
materials had higher AR absorbance values than the control group,
indicating that both Zn and Zn-3Mg could stimulate the mineral-
ization of MC3T3-E1 cell matrix, thereby increasing the anabolic
activity in bone metabolism.

5. Conclusions
The LPBF Zn-3Mg alloy showed a great potential to be de-

veloped further as a biodegradable metal for the treatment of
load-bearing bone defects. The parameters of the LPBF process
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could be used as an effective means to fine-tune the properties
of biodegradable Zn alloys.

(1) Alloying Zn with Mg led to grain refinement. LPBF cre-
ated a unique microstructure with the interlaced «-Zn and
Zn/Mg,Zny; eutectic phases in the Zn-3Mg alloy.

(2) The LPBF Zn-3Mg alloy exhibited a peculiar tension-
compression yield asymmetry. Its compressive yield strength
could reach 601 MPa and its failure strain could go far beyond
60 %. Its tensile properties could be adjusted by changing the
LPBF process parameters while the effect on its compressive
strength was limited. Functionally graded Zn-3Mg scaffolds
with a designed porosity of 60 % were developed and exhibited
compressive yield strengths higher than 120 MPa, satisfying the
mechanical strength requirement for the repair of load-bearing
bone defects.

(3) The addition of Mg to Zn decreased the biodegradation rate
of Zn while the biodegradation rate of the LPBF Zn-3Mg alloy
could be regulated by tuning the parameters of the LPBF pro-
cess.

(4) The LPBF Zn-3Mg alloy showed improved biocompatibility as
compared to the LPBF pure Zn. Different LPBF parameters could
cause differences in cytocompatibility and osteogenic properties
as well.
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