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ARTICLE INFO ABSTRACT
Keywords: Additively manufactured (AM) biodegradable zinc alloys hold huge potential as promising candidates for bone
Additive manufacturing defect and fracture repair, thanks to their suitable biodegradation rates and acceptable biocompatibility. How-
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Zinc alloy

Mechanical properties
Biodegradation behavior
Biocompatibility

ever, the mechanical properties of AM zinc alloys developed so far, ductility in particular, fall short of the re-
quirements for bone substitution. Here, we present Zn-1Mn and Zn-1Mn-0.4Mg alloy implants with unique
microstructures, fabricated using laser powder bed fusion (LPBF). Notably, the LPBF Zn-Mn-Mg alloy exhibited
an extraordinary balance of strength and ductility, with an ultimate tensile strength of 289 MPa, yield strength of
213.5 MPa, and elongation over 20 %, outperforming all previously reported AM zinc alloys. The simultaneously
enhanced strength and ductility of the ternary alloy were attributed to the strong grain-refining effect of the
Mg>Zn;; second phase and the synthetic strengthening caused by the dispersion of the MnZn;3 and MgsZnj;
second phases inside the grains and at the grain boundaries. In addition, both alloys had similar rates of in vitro
biodegradation (~0.15 mm/year), properly aligned with the bone remodeling process, while also demonstrating
favorable biocompatibility and upregulating multiple osteogenic markers. The Zn-Mn-Mg alloy showed even
better osteogenic potential than the Zn-Mn alloy, owing to the addition of Mg. The combined attributes of the
LPBF Zn-Mn-Mg ternary alloy indicated huge potential for its use as a bone repair material, especially for load-
bearing bone fixation.

Statement of significance: The mechanical properties of previously developed additively manufactured biode-
gradable zinc alloys, especially ductility, have not met the requirements for bone repair. Using laser powder bed
fusion (LPBF), we fabricated Zn-1Mn and Zn-1Mn-0.4Mg alloy implants with unique microstructures. The LPBF
Zn-Mn-Mg alloy demonstrated an exceptional balance of strength and ductility, achieving a tensile strength of
289 MPa, yield strength of 213.5 MPa, and elongation over 20 %, surpassing all reported AM zinc alloys. This
study is the first to produce a directly printed biodegradable alloy meeting the mechanical requirements for bone
fixation devices without post-processing. Additionally, the alloy exhibited moderate a biodegradation rate and
excellent biocompatibility, underscoring its potential for load-bearing bone repair applications.
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1. Introduction

Zinc (Zn) alloys have garnered significant attention in recent years as
promising biodegradable metallic biomaterials due to their appropriate
biodegradation rates and acceptable biocompatibility [1-3]. Several
biodegradable zinc alloys have been developed and processed using
conventional manufacturing techniques such as rolling, extrusion, and
drawing, followed by heat treatment and machining [4-6]. However,
these manufacturing techniques cannot produce implants with complex,
customized geometries.

Additive manufacturing (AM) has been intensively developed to
tackle the dilemma between freeform design and cost-effective manu-
facturability, enabling the precise creation of personalized and func-
tionalized implants [2,7]. AM was applied first to biodegradable pure Zn
with fully densified and porous structures [8,9]. AM porous Zn showed
compressive mechanical properties compatible with cancellous bone,
thereby possessing the capability for bone repair [10,11]. For bone
fixation, however, the tensile properties of even solid AM Zn fall short of
the design requirements [12-14], let alone those of porous AM Zn. Bone
plates made of biodegradable metals, for example, typically require a
yield strength exceeding 230 MPa, ultimate tensile strength above 300
MPa, and an elongation greater than 15-18 % [15]. However, AM pure
Zn exhibits a tensile strength between 93 and 138 MPa and elongation
from 7.6 to 14.2 % [16-18]. These clear deviations from the design
requirements need to be remedied through the development of more
biodegradable Zn alloys.

Alloying is a commonly applied strategy to improve the mechanical
properties of biodegradable Zn, particularly its strength. Yang et al. [5]
investigated the effects of eight alloying elements (i.e., Mg, Ca, Sr, Li,
Mn, Fe, Cu, and Ag) on the mechanical properties of extruded zinc alloys
and concluded that Li and Mg were the most effective elements for
strengthening. However, simultaneously increasing strength and
ductility remains challenging. For example, Wen et al. [12] prepared a
Zn-0.7Li alloy by LPBF and achieved an ultimate tensile strength
exceeding 400 MPa, while the elongation was only ~3 %. Our previous
research [19] on the LPBF Zn-3Mg alloy fabricated at three different
scanning speeds confirmed that the addition Mg to Zn could greatly
increase the ultimate tensile strength (UTS) but at the cost of elongation.
Breaking the strength-ductility tradeoff appears to be particularly
difficult for AM Zn alloys because traditional methods used to achieve a
desired strength-ductility balance by modifying microstructure via
forming, such as rolling or drawing, are not at one’s disposal. Therefore,
optimizing the alloy composition becomes a particularly important op-
tion to strike a balance between strength and ductility for AM Zn-based
biomaterials.

The findings of previous studies [20-22] suggest that Mn is an
effective alloying element for enhancing the ductility of Zn alloys, with
microalloyed Zn-Mn alloys exhibiting elongation values greater than 80
% after being subjected to conventional plastic deformation and heat
treatment [21,23]. The ductility enhancement was attributed to
particle-stimulated nucleation (PSN [24]) to form dynamically recrys-
tallized grains in the Zn-Mn alloys during rolling and during room
temperature tensile testing [21]. During plastic deformation, MnZn;3
particles stimulate the surrounding grains to initiate recrystallization,
resulting in ultrafine Zn grains. These ultrafine grains play a coordi-
nating role in uniform plastic deformation. Grain refinement, a
well-established method to enhance both strength and ductility [25],
can also be achieved via rapid solidification inherent in many of AM
processes, especially laser-based ones, as demonstrated in a variety of
metallic materials [26,27].

Although Mn significantly enhances the ductility of Zn, its contri-
bution to strengthening is limited. To increase the strengths of Zn-Mn
alloys, Mg may be chosen as a promising alloying element due to the
grain-refining effect by the Mg>Zn11 phase. In the case of AM Zn-3Mg
alloy, MgzZn:1 has been shown to increase the alloy’s strength by
pinning grain boundaries and dislocations [19]. Additionally, Mg is
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biologically beneficial for bone health, as Mg?" ion can effectively
promote new bone formation by releasing calcitonin gene-related pep-
tide (CGRP) from the sensory nerve fiber endings, accelerating the
adhesion of bone marrow mesenchymal stem cells (BMSCs),
up-regulating the expression of bone morphogenetic protein 2 (BMP-2)
and vascular endothelial growth factor (VEGF), and inhibiting the ac-
tivity of the nuclear factor-kappa B (NF-kB) pathway [28-30].

In this study, we successfully utilized LPBF to fabricate a Zn-Mn-Mg
ternary alloy with a unique, refined microstructure, achieving an
extraordinary combination of strength and ductility. This work repre-
sents the first instance of directly printed biodegradable zinc alloys
meeting the stringent mechanical property requirements for temporary
bone fixation devices without the need for post-processing. By system-
atically evaluating their mechanical properties, biodegradation
behavior, and biocompatibility, we demonstrate that these alloys not
only exhibit superior mechanical performance but also align with the
physiological demands of bone healing.

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

Pre-alloyed Zn-Mn (1 wt% Mn) and Zn-Mn-Mg (1 wt% Mn and 0.4 wt
% Mg) powders were prepared by using the plasma rotating electrode
process (PREP) that resulted in nearly spherical morphologies (Fig. 1a,
b). Zn-Mn alloy powder particles had coarse grains, while the Zn-Mn-Mg
alloy powder particles displayed a dendritic microstructure (insets in
Fig. 1a, b). The median particle sizes D5y were 38.2 pm for the Zn-Mn
alloy powder and 42.5 pm for the Zn-Mn-Mg alloy powder (Fig. 1c, d).
Inductively coupled plasma optical emission spectroscopy (ICP-OES,
Agilent 5110, USA) determined the actual Mn content of the Zn-Mn alloy
powder to be 1.01 wt%. In contrast, the Zn-Mn-Mg alloy powder con-
tained 0.97 wt% Mn and 0.38 wt% Mg (Table 1).

2.2. Specimen preparation

Cylindrical (®10 x 10 mm) and flat (60 mm x 10 mm x 10 mm) Zn-
Mn and Zn-Mn-Mg alloy specimens were fabricated using an LPBF ma-
chine (SLM 125 HL, SLM Solution Group AG, Germany) in a closed build
chamber with an argon shielding gas atmosphere and a residual oxygen
level below 30 ppm. The key parameters of the LPBF process included
laser power P, scanning speed V, hatch spacing H, and layer thickness D.
After preliminary testing, these parameters were set as follows: P = 60
W, V =900 mm/s, H = 60 pm, and D = 30 pm for the Zn-Mn alloy
specimens, and P =70 W, V = 600 mm/s, H =70 pm, and D = 30 pm for
the Zn-Mn-Mg alloy specimens. A zigzag scanning pattern with a rota-
tion angle of 67° in subsequent layers was applied.

2.3. Microstructural characterization

The microstructures of polished specimens were examined through
optical microscopy (OM, Olympus, Japan) and scanning electron mi-
croscopy (SEM, Zeiss Gemini 500, Germany) equipped with energy
dispersive spectroscopy (EDS, Oxford instruments, UK). The relative
densities of the specimens were estimated by measuring the area frac-
tion of pores in different regions of three OM images using ImageJ
(National Institutes of Health, USA). Metallographic structures were
revealed by etching the specimens with a 5 % nitric acid-alcohol solu-
tion. SEM was also utilized to observe the fracture surfaces of the tensile
specimens. The distribution of the elements on the specimens’ cross-
section was analyzed using an electronic probe micro-analyzer (EPMA,
JXA-IHP 200F, JEOL, Japan). The phases present in the powders and in
the LPBF specimens were analyzed using an X-ray diffractometer (XRD,
SmartLab, Rigaku, Japan) with Cu Ka radiation at a scan rate of 4°/min
over a 26 angle range between 20 and 80°.

Electron back-scattered diffraction (EBSD) was carried out to
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Fig. 1. Powder characterization and microstructure analysis of the LPBF specimens: (a, b) Zn-Mn alloy and Zn-Mn-Mg alloy powder morphology and internal
structure, respectively, (c, d) Zn-Mn alloy powder and Zn-Mn-Mg alloy particle size distribution, respectively, (e, f) polished and etched surfaces of the LPBF Zn-Mn
alloy specimen, respectively, (g, h) polished and etched surfaces of the LPBF Zn-Mn-Mg alloy specimen, respectively, (i, j) XRD spectra of the Zn-Mn alloy powder and
LPBF specimen, and (k, 1) XRD spectra of the Zn-Mn-Mg alloy powder and LPBF specimen.

Table 1

Chemical compositions of the Zn-Mn and Zn-Mn-Mg alloy powders.
wt % Zn Mn Mg o
Zn-Mn 98.9 1.01 0 <0.1
Zn-Mn-Mg 98.56 0.97 0.38 <0.1

investigate the grain structure by utilizing an Oxford Instruments AZtec
analytical system attached to a SEM (SEM, Zeiss Gemini 500, Germany).
Electrolytic polishing was used to prepare EBSD specimens. The pol-
ishing was performed in a solution containing 50 vol% H3PO4 and 50 vol
% ethanol under a voltage of 5 V at room temperature for 15 s. The
scanning area and step size were 912 ym x 692 um and 1.2 um for the
Zn-Mn alloy specimens, while those were 72 ym x 56 ym and 0.12 pm
for the Zn-Mn-Mg alloy specimens. Grain sizes were determined from
the equivalent grain diameters, including the small grains at large grain
boundaries and merged microcrystals, while grains with fewer than 100
pixels were excluded from the analysis. All the data were analyzed with
the AZtecCrystal EBSD processing software (Oxford instruments, UK).

A transmission electron microscope (TEM, FEI Titan Cube 80-300,
FEI Company, USA) working at 200 kV was used to investigate the mi-
crostructures further. Selected area electron diffraction (SAED) patterns
and high-resolution TEM (HRTEM) were utilized to characterize the
matrix and second phases. All the image data including those from Fast
Fourier transform (FFT) in image processing were analyzed with the
Gatan Microscopy Suite 3 (GMS 3) processing software (Gatan, USA).
The specimens were sliced to a thickness of 1 mm, polished down to a
thickness of 50-60 pm, punched into ®3 mm discs, and finally thinned
using a Gatan 695 ion thinner (Gatan, USA) at an initial angle of + 4°
and voltage of 5 kV.
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2.4. Mechanical tests

Mechanical tests, including hardness, tension, compression, and
three-point bending, were performed on Zn-Mn and Zn-Mn-Mg alloy
specimens. The specimens were cleaned ultrasonically in ethanol prior
to testing. The tension, compression, and three-point bending tests were
conducted according to the GB/T 228-2021, GB/T 7314-2017, and GB/T
232-2010 standards, respectively. The tensile specimens were dog-bone-
shaped with a thickness of 2 mm, the compressive specimens had a
cylindrical shape (@10 x 15 mm), and the bending specimens had a
rectangular shape (50 x 5 x 5 mm). The dimensions of these specimen
were shown in Fig. S1. A universal testing machine (SHT4205, MTS,
USA) was used for these tests at crosshead speeds of 0.001 s710.001s7,
and 0.01 mm/min, respectively. For tension, an extensometer (632.18F-
2x, MTS, USA) was used to measure deformation to obtain elastic
moduli, and the non-sample displacement was not compensated for
compression and three-point bending. The mechanical properties eval-
uated include tensile yield strength (TYS), compressive yield strength
(CYS), ultimate tensile strength (UTS), ultimate compressive strength
(UCS), and ultimate bending strength (UBS). The TYS and CYS were
determined by offsetting the initial linear portion of the stress-strain
curve by 0.2 % to find the yield strength intersection. The UTS repre-
sents the maximum strength on the stress-strain curve, while UCS in-
dicates the stress at compressive fracture or at 60 % strain. Finally, UBS
refers to the maximum stress applied to the specimen during bending,
derived from the load versus cross-head displacement plots measured by
the machine with high precision sensors and control systems. Vickers
hardness (HV( 2) (VID512, China) was measured with a load of 200 gf,
and ten measurements were made at the center of each specimen on the
longitudinal section and parallel to the building direction (BD).



C. Huang et al.

2.5. Electrochemical tests

The electrochemical performance of both LPBF alloys was evaluated
using a typical three-electrode cell setup, with the Zn alloy as the
working electrode, a platinum plate as the counter electrode, and a
saturated calomel electrode as the reference electrode. The tests were
conducted using an electrochemical workstation (ModuLab XM, AME-
TEK, USA) in a simulated body fluid (SBF [11]) at 37 °C. The electro-
chemical testing specimens had dimensions of ®10 x 2 mm. Each
specimen was positioned and secured within a mold having a circular
opening with a diameter of ®6 mm, ensuring that the surface area
exposed to the simulated body fluid (SBF) was consistently maintained
at 0.2826 cm®. The open circuit potential (OCP) was monitored for 1800
s. Electrochemical impedance spectroscopy (EIS) test was performed at
an amplitude of 5 mV and over a frequency range of 10° Hz to 1072 Hz.
Potential dynamic polarization (PDP) was determined at a scan rate of 1
mV/s. Nova 2.0 (Metrohm Autolab, Switzerland) and ZSimpWin 3.60
(Michigan, USA) were used for electrochemical data analysis. Corrosion
potential (Eo), corrosion current density (I.), and corrosion rate
(CRy) were calculated by line fitting and Tafel extrapolation (Table 2).
The impedance data were analyzed via fitting to equivalent electrical
circuits (Table 3). Ry, CPErand Ryare the solution resistance, capacitance
and resistance of the biodegradation products, respectively. CPEg and
R, are the double layer capacitance and charge transfer resistance,
respectively, which are utilized to characterize the electrochemical
interface of the electrolyte solution and the Zn substrate. 52 indicates the
fitting quality.

2.6. In vitro immersion tests

In vitro immersion tests of the specimen were performed in the SBF
[11] at 37 °C (pH 7.4) for up to 28 days. The dimensions of the
Zn-Mn-based alloy specimens were ®10 x 2 mm. The volume to surface
area ratio was 20 ml/cm?. After immersion, the biodegradation products
were characterized with SEM, EDS, Fourier transform infrared spec-
trometry (FTIR, Vertex 70, Bruker, Germany), and X-ray photoelectron
spectroscopy (XPS, Kratos AXIS-Ultra DLD, Shimadzu, Japan). Weight
loss of the Zn alloy specimen was determined using an electronic balance
( £+ 0.1 mg) after removing the biodegradation products with a 100 g/L
ammonium chloride solution. Biodegradation rate (CR,,, mm/year) was
calculated by using Eq. (1), according to ASTM G31-72 [31], where W
represents the weight loss (g), A (cmz) is the area of the specimen
exposed to SBF, T (h) is the immersion time, and D (g/cmg) is the density
of the specimen. Three replicate specimens were measured for each
condition. Zn*" ion concentrations in the SBF were measured with
ICP-OES (Agilent 5110, USA) at different time points.

KxW

CRv =25 T>D

(€Y

2.7. Cell viability tests

Mouse osteoblast precursor cells (MC3T3-E1, ATCC-CRL-2594) were
cultured in the a-MEM (alpha minimal essential medium, a-MEM, Gibco,
USA) complete medium with 10 % fetal bovine serum (FBS, Gibco, USA)
and 1 % penicillin streptomycin solution (Solarbio, China) at 37 °C, 5 %
CO», and 95 % humidity. Extracts were prepared by incubating the Zn
alloy specimens in a-MEM at an immersion ratio of 1.25 cm?/mL for 3

Table 2
Biodegradation rates obtained from the PDP tests and immersion tests at day 28.
Specimen Ecorr icorr CR; CRy
(V/SCE) (pA/cmz) (mm/year) (mm/year)
Pure Zn -1.19 +£ 0.01 14.55 + 0.1 0.22 £+ 0.02 —
Zn-Mn -1.21 £ 0.02 2412+ 0.2 0.36 = 0.01 0.15 4+ 0.01
Zn-Mn-Mg -1.20 £ 0.02 29.60 + 0.1 0.44 £ 0.01 0.14 +£0.01
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days. 10 %, 20 % and 50 % extract concentrations were used for sub-
sequent cell culturing, and a-MEM complete medium was utilized as a
negative control, and a-MEM supplemented with 10 % dimethyl sulf-
oxide (DMSO, Invitrogen, USA) was used as a positive control. Cellular
activity was measured after 1 day and 3 days using a CCK-8 assay (CCK8,
Dojindo Molecular Technology, Japan). Optical density (OD) values
were recorded at 450 nm (Bio-Tek, USA). As for the Live Dead assay,
MC3T3-E1 cells were co-cultured with the extracts, stained with a live/
dead cell staining kit (Solarbio, China) under protection from light, and
observed under a fluorescence microscope (Zeiss, Germany).

In the cytoskeleton analysis, cells were seeded into 96-well plates
and cultured with the extracts from the Zn alloy specimens for 24 h.
After incubation, the cells were gently washed with a phosphate-
buffered saline (PBS, Gibco, USA) solution to remove any excess me-
dium, then fixated using 4 % paraformaldehyde at room temperature for
10 min to preserve cell structure. Following fixation, the cells were
washed again with PBS and permeabilized using a 0.1 % Triton X-100
surfactant, which allowed the stains to penetrate the cell membranes.
For visualization, two specific stains were applied: phalloidin-
fluorescein isothiocyanate (FITC) (Sigma, USA), which bonds to and
highlights the cellular actin filaments, and 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI), which specifically stains the
nuclei. The labeled cells were then examined under a fluorescence mi-
croscope (Zeiss, Germany).

The MC3T3-E1l cells were co-cultured with the 10 % and 20 %
diluted extracts for assessment the bone regeneration ability, with
a-MEM complete medium as the control group. Alkaline phosphatase
(ALP) staining was carried out after 14 days of culture, with the extracts
being refreshed every 2 days. The medium was removed and the cells
were gently washed three times with PBS (Gibco, USA) at day 14. Then,
the cells were fixed with formaldehyde and again rinsed gently three
times with PBS buffer. ALP staining was performed with a 5-bromo-4-
chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) alka-
line phosphatase color development kit (Beyotime Biotechnology,
China). The stained cells were visualized and analyzed by a fluorescence
microscope (Zeiss, Germany). Expression levels of osteogenesis-related
genes associated with collagen type I ol chain (COL1), osteocalcin
(OCN), and runt-related transcription factor 2 (RUNX2) were measured
at day 14 with the real-time polymerase chain reaction (RT-PCR) tech-
nique. Gene expression analysis was performed using an ABI 7300 RT-
PCR system (Applied Biosystems, USA).

2..8. Statistical analysis

The mechanical tests, electrochemical experiments, and cell experi-
ments, were performed in triplicates, and all the experimental results
were shown as mean =+ standard deviation. All the results were analyzed
using a two-way ANOVA test with a post-hoc Tukey’s multiple compar-
ison test, and Shapiro-Wilk analysis through SPSS Statistics 27 (IBM,
USA) showed that all data were distributed normally. A significance
level of a = 0.05 was used for the analysis (No marking when p > 0.05; *
represents p < 0.05; ** represents p < 0.01).

3. Results
3.1. Microstructures

The relative densities of the LPBF bulk Zn-Mn and Zn-Mn-Mg alloy
specimens exceeded 99.5 %, as evidenced by microscopic images
showing the presence of only a few microscale pores (Fig. 1e and g). Melt
pool boundaries and columnar grains on the longitudinal section along
the BD direction were observed in the Zn-Mn alloy specimens (Fig. 1f).
In contrast, the Zn-Mn-Mg alloy specimens exhibited a randomly
distributed fine acicular grain structure (Fig. 1h). XRD analysis of the
LPBF Zn-Mn alloy specimens revealed the presence of the Zn matrix only
without any detectable second phases (Fig. 1i and j), being the same as
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Table 3
EIS fitting parameters of the pure Zn, Zn-Mn and Zn-Mn-Mg specimens.
Specimen R CPE; m R¢ CPEg ny Ret 7
(Q-cm?) 107°Q lshem™?) (kQ-cm?) (1074 @ ts"em?) (kQ-cm?) (107
Pure Zn 70.47 + 1.34 6.32 + 0.44 0.73 £ 0.07 4.78 + 0.40 3.23 £ 0.80 0.44 £+ 0.09 31.18 £+ 4.2 9.44 + 0.52
Zn-Mn 48.02 + 2.25 12.32 + 0.43 0.59 £ 0.07 3.24 £ 0.14 4.59 £+ 0.52 0.45 £ 0.01 15.44 + 1.1 5.41 £ 0.36
Zn-Mn-Mg 62.3 £1.13 4.37 £ 0.45 0.73 £ 0.06 3.27 £ 0.06 2.05 £ 0.31 0.29 £ 0.1 264.4 + 2.82 5.49 £ 0.15

the corresponding powder. However, peaks corresponding to the
Mg2Zn+1 and MnZnis phases were detected in the XRD results of the LPBF
Zn-Mn-Mg alloy specimens over a 26 range of 35-45° (Fig. 11). These
peaks were hardly visible in the diffraction pattern of the corresponding
powder.

Melt pool boundaries were clearly visible in the SEM images of the
Zn-Mn specimens (Fig. 2a and b). EPMA images showed homogeneous
distributions of Zn and Mn, with no apparent differences between the
melt pool and its boundaries (Fig. 2e and f). However, the melt pool
boundaries were not discernible on the longitudinal section of the Zn-
Mn-Mg alloy specimen, which mainly consisted of acicular grains
(Fig. 2c and d), being consistent with optical observations (Fig. 1h). A
number of black second-phase particles were intermittently distributed
at and within the acicular grain boundaries (Fig. 2d). EPMA revealed

e MY
s e

that the particles at the grain boundaries corresponded to Mn- and Mg-
rich phases (Fig. 2i and j). It also confirmed the presence of oxides
(Fig. 2j and k).

Orientation map revealed the columnar grains of the Zn-Mn alloy
specimens, with an average grain size of 35 pm (Fig. 21), while the Zn-
Mn-Mg alloy specimens exhibited mainly acicular grains together with
a few equiaxed grains and a much smaller average grain size of 2.8 pm
(Fig. 2m). Notably, the kernel average misorientation (KAM) map
(Fig. 20) showed that the Zn-Mn alloy specimen had relatively high
dislocation densities and local strains near the columnar grain edges,
whereas the dislocation density and local strains were fairly low in the
Zn-Mn-Mg alloy specimen (Fig. 2p).

TEM results (Fig. 3) show that two forms of the second phase were
present in the Zn-Mn alloy specimens: a granular second phase and an
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Fig. 2. Microstructure characterization of the LPBF specimens: (a-b and c-d) SEM images of the Zn-Mn and Zn-Mn-Mg alloy specimens, respectively, (e-g) corre-
sponding EPMA images of the cross-section (b), (h-k) corresponding EPMA images of the cross-section (d), (1, m) orientation maps of the LPBF Zn-Mn alloy and Zn-
Mn-Mg alloy specimens, respectively, (n) color coding corresponding to the grain orientations on the cross sections of (1) and (m), and (o, p) corresponding KAM maps

of the localized areas of (1) and (m), respectively.
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Fig. 3. TEM characterization of the LPBF specimens: (a—c, and €) TEM images of the Zn-Mn alloy specimen, (d and f-g) SAED of the Zn matrix and second phases in
the images (a) and (c), (h, i) EDS mapping of the cross-section (d), (j-m) TEM images of the Zn-Mn-Mg alloy specimen, (n—p) EDS mapping of the cross-section (j), (q)
HRTEM image of the second phase shown in (1), (r) FFT image corresponding to (q), (s, u) SAED patterns of the second phases in (1) and (m), respectively, and (t)
HRTEM image of the second phase shown in (m).
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acicular second phase (Fig. 3a and b). The former was mainly distributed
discontinuously at the grain boundaries with sizes below 50 nm, which
was identified as the MnZn;3 phase by SAED diffraction patterns
(Fig. 3g). The acicular second phase was mainly distributed inside the
grains with a width of about 25 nm. This second phase was identified as
the MnZn; 3 phase by SAED (Fig. 3d), and was staggered in a geometrical
relationship at 76° (Fig. 3e). Notably, there was an orientation rela-
tionship between the Zn matrix and the acicular MnZn; 3 phase with the
zone axis of Zn [0001] // MnZn;3 [522] (Fig. 3d). Elemental mapping
confirmed Mn enrichment inside the acicular second phase (Fig. 3i).
For the Zn-Mn-Mg alloy specimens, second phases were found both
inside the grains and at the grain boundaries (Fig. 3j and k). Two types of
second phases were distributed intermittently at the grain boundaries
(Fig. 31): one was identified by SAED as MnZn;3 (Fig. 3s), which had an
orientation relationship between the Zn matrix and the zone axes of Zn
[0001] // MnZn;3 [110]; the other one was identified as the MgsZny;
phase by HRTEM and FFT (Fig. 3q and r). The acicular MnZnis phase
inside the grains was similar to that in the Zn-Mn alloy specimens

Acta Biomaterialia 196 (2025) 506-522

(Fig. 3b-d), staggered in a geometrical relationship at ~76° (Fig. 3k),
but with an orientation relationship of Zn [ZﬁO] // MnZny3 [156]
(Fig. 3u) and a lattice mismatch of ~3.8° (Fig. 3t and u). Analysis of
elemental distribution verified that the particulate second phases at the
grain boundaries contained Mn and Mg in addition to Zn, while the
acicular second phase inside the grains contained Zn and Mn without Mg
(Fig. 3n-p).

3.2. Mechanical properties

The tensile tests of the Zn-Mn-Mg alloy specimens showed signifi-
cantly improved mechanical properties over the Zn-Mn alloy specimens
(Fig. 4a). Both of the materials demonstrated a rapid increase in stress
with increasing strain at the initial stage. The Zn-Mn alloy specimen
exhibited a brittle behavior, as fracture occurred suddenly at a strain of
around 0.44 %, and the 0.2 % offset line did not cross the stress-strain
curve before the start of the softening phase (Fig. 4a), and, as a result,
the yield point did not appear. In contrast, the Zn-Mn-Mg alloy
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Fig. 4. Mechanical properties and fractography: (a) tensile stress-strain curves, (b) compressive stress-strain curves, (c) bending force-displacement curves, (d)
tensile properties, (e) compressive properties, (f) bending and hardness properties, and (g-i and j-1) tensile fractography images of the LPBF Zn-Mn and Zn-Mn-Mg

alloy specimens, respectively.
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specimens had a much larger elongation value of 24 + 2 % (Fig. 4a). The
average UTS of the Zn-Mn alloy specimens was 189 + 1 MPa, while the
average UTS and TYS of the Zn-Mn-Mg alloy specimens were 289 + 3
and 213.5 + 5 MPa, respectively (Fig. 4d). According to the slope of the
initial portion of the tensile stress-strain curves, the elastic moduli of the
Zn-Mn and Zn-Mn-Mg alloy specimens were 61 + 1 and 68 + 4 GPa,
respectively.

During the compression tests, both of the materials exhibited similar
initial stress-strain behaviors, with stress continuously increasing with
strain (Fig. 4b). The average CYS of the Zn-Mn-Mg alloy specimens
(240.5 + 6 MPa) was close to that of the Zn-Mn alloy specimens (234.5
+ 15 MPa) (Fig. 4e). However, the Zn-Mn specimens failed when the
compressive strain reached approximately 30 %, with an average UCS of
459 + 5 MPa. In contrast, the Zn-Mn-Mg alloy specimens did not frac-
ture even when the strain reached 60 % (Fig. 4e).

During the three-point bending tests, the Zn-Mn alloy specimens
fractured at a crosshead displacement of about 0.5 mm, while the Zn-
Mn-Mg alloy specimens withstood the strain up to a machine displace-
ment of 2 mm before failure (Fig. 4c). The average UBS values of the Zn-
Mn and Zn-Mn-Mg alloy specimens were 298.6 + 32 and 507 + 6 MPa,
respectively (Fig. 4f).

Although the Zn-Mn-Mg alloy specimens had much higher average

Acta Biomaterialia 196 (2025) 506-522

UTS, UCS, and UBS values, as compared to those of the Zn-Mn alloy
specimen, there was no statistically significant difference (p = 0.14)
between the average HV values of Zn-Mn-Mg alloy specimen (100.3 + 2)
and Zn-Mn alloy specimen (97.4 + 5.2) (Fig. 4f).

Tensile fractography revealed some pores on the fracture surface of
the Zn-Mn alloy specimens (Fig. 4g) and numerous facets, typical of
quasi-cleavage or cleavage fracture (Fig. 4h). In contrast, the Zn-Mn-Mg
alloy specimens exhibited both cleavage fracture characteristics (Fig. 4j
and k) and numerous minor dimples (Fig. 41).

3.3. Electrochemical behavior

The potentiodynamic polarization (PDP) curves of the pure Zn, Zn-
Mn and Zn-Mn-Mg alloy specimens showed similar trends, with the
passivation behavior observed in the anodic area (Fig. 5a). According to
the fitting results of the PDP curves, the Zn-Mn-Mg alloy specimen had
higher values of I, and CR; than the pure Zn and Zn-Mn alloy speci-
mens (Table 2). The phase angles of the Zn-Mn-Mg alloy specimen were
larger than those of the Zn-Mn alloy specimen at low and medium fre-
quencies (Fig. 5b). The impedance modulus |Z| of the Zn-Mn alloy
specimen was smaller than that of the Zn-Mn-Mg alloy specimen at low
frequencies, but their difference was minor at high frequencies (Fig. 5c).
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Fig. 5. Electrochemical behavior and in vitro biodegradation test results: (a) PDP curves, (b) Bode plots of phase angle against frequency, (c) Bode plots of impedance

modulus |Z| against frequency, (d) Nyquist plots, (e) the equivalent circuit, (f) the variation of Zn’

2* release from the LPBF specimens with changing immersion time,

(g) the variation of Mn?" release from the LPBF specimens with changing immersion time, (h) the weight losses of the LPBF specimens at various immersion time
points, and (i) the biodegradation rates of the LPBF specimens at various immersion time points.
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The Nyquist curves of both materials were composed of a semicircle and
a straight line (Fig. 5d). The semicircle diameter of the pure Zn specimen
was closed to that of the Zn-Mn-Mg alloy specimen, and both were
significantly larger than that of the Zn-Mn alloy specimen. According to
the fitted equivalent circuit (Fig. 5e and Table 3), the Zn-Mn-Mg alloy
specimen showed larger R, value but smaller CPEfand CPEq values than
those of the pure Zn and Zn-Mn alloy specimens. 32 values of both ma-
terials were lower than 1073, indicating a close fit between the measured
and expected values.

d1 d7

(€)
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3.4. In vitro biodegradation behavior

For both materials, the rate of Zn ion release into the SBF decreased
gradually with immersion time, with the maximum concentration
(about 0.45 mg/L) reached at day 1 (Fig. 5f). The Mn ion release profile
appeared to be similar to the Zn ion release profile, with the Zn-Mn alloy
specimens exhibiting greater release rates than the Zn-Mn-Mg alloy
specimens at all the time points (Fig. 5g). The weight loss of both types
of specimens increased gradually with immersion time (Fig. S5h). After
28 days of immersion, the Zn-Mn and Zn-Mn-Mg alloy specimens had
weight losses of 1.7 % and 1.6 %, respectively. The biodegradation rates
of the Zn-Mn and Zn-Mn-Mg alloy specimens were calculated at various
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Fig. 6. In vitro biodegradation products analysis: (a—h) morphologies of the biodegradation products on the LPBF specimens at different immersion days, (i, j)
compositions of the biodegradation products on the LPBF Zn-Mn and Zn-Mn-Mg alloy specimens at various immersion days, respectively, (k) FTIR spectra of the
biodegradation products after immersion in the SBF for 28 days, (1) XPS full spectra of the biodegradation products on the LPBF Zn-Mn and Zn-Mn-Mg alloy
specimens after immersion in the SBF for 28 days, and (m-t) high-resolution spectra of the Zn-2p, P-2p, Ca-2p and O-1s peaks collected from the biodegradation

products after immersion in the SBF for 28 days.
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immersion time points (Fig. 5i) according to Eq. (1). As the immersion
time increased, the biodegradation rates of the Zn-Mn and Zn-Mn-Mg
alloy specimens decreased from 0.55 mm/y and 0.46 mm/y on day 1
to 0.15 mm/y and 0.14 mm/y on day 28, respectively.

On day 1, the surfaces of the Zn-Mn and Zn-Mn-Mg alloy specimens
exhibited almost no visible biodegradation products (Fig. 6a and e).
From day 7 to day 28, however, white biodegradation products gradu-
ally appeared, especially on the Zn-Mn alloy specimens (Fig. 6b—d and
f-h). The biodegradation products on the Zn-Mn alloy specimens were
smaller in size and more uniformly distributed (Fig. 6¢ and d). In
contrast, they appeared in the form of clusters on the Zn-Mn-Mg alloy
specimens at the same time intervals (Fig. 6g and h). After removing the
corrosion products (28 days) from the surface of the Zn-Mn-Mg alloy
specimen (Fig. S2), localized corrosion pits (marked by the white ar-
rows) were clearly visible, whereas the Zn-Mn alloy specimen showed an
almost pit-free surface.

EDS analysis revealed that the biodegradation products mainly
comprised Zn, Mn, Mg, O, Ca, P, Cl, and C elements (Fig. 6i and j). As the

Zn-Mn
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immersion time increased, the Zn content of the biodegradation prod-
ucts gradually decreased while the O and Ca contents increased. FTIR
identified ZnO, PO?{, CO%’, HPO%’, and OH" signals on the surfaces of
both types of specimens after 28 days of immersion (Fig. 6k). XPS wide
scan spectra confirmed the compositions of the biodegradation products
(Fig. 61), with high-resolution spectra of Zn-2p, P-2p, Ca-2p, and O-1s
peaks revealing the presence of ZnO, Zn(OH),, Zns(OH)e(CO3)2, CaCOs,
PO3~, and HPOZ (Fig. 6m-t).

3.5. Invitro cytocompatibility

Live/dead staining showed that most MC3T3-E1 cells were alive
(green fluorescence) after 1 day of culture in the 10 %, 20 %, and 50 %
diluted extracts from both materials (Fig. 7). The cell density and
morphology closely resembled those of the negative control group
cultured with a-MEM (Fig. 7a5 and b5). The numbers of viable cells in
these extracts were significantly larger compared to the positive control
(DMSO) (Fig. 7a6 and b6), where few viable cells were observed. In
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Fig. 7. Assessment of cytocompatibility in vitro: (a, b) live/dead staining images of the MC3T3-E1 cells cultured with the 10 %-, 20 %-, 50 %-, and 100 %-diluted
extracts from the LPBF Zn-Mn and Zn-Mn-Mg alloy specimens for 1 day, (c-e) fluorescence microscope images of the MC3T3-E1 cells cultured with the Zn-Mn alloy
specimen extracts with and without dilution, (f-h) fluorescence microscope images of the MC3T3-E1 cells cultured with the Zn-Mn-Mg alloy specimen extracts with
and without dilution (the actin cytoskeleton was stained green and the nuclei were stained blue), (i-k) viability of the MC3T3-E1 cells cultured with the 10 %-, 20 %-
and 50 %-diluted extracts for 1 day and 3 days, respectively, (I) Zn>*, Mn**, and Mg?* ion concentrations in the 100 % extracts.
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contrast, a few cells survived in the 100 % extracts from both materials
(Fig. 7a4 and b4). Cells cultured with the 10 % and 20 % extracts were
well spread and exhibited cytoplasmic filament formation after 1 day
(Fig. 7c-h).

The CCKS8 assay (Fig. 7i-k) quantitatively assessed cell viability at
different extract concentrations. The cell viability was about 100 % after
1 day of culture with the 10 %- 20 %- and 50 %-diluted extracts from
both materials. By day 3, cell proliferation continued, with cell viability
exceeding 120 %. No significant differences were observed in cell
viability between the Zn-Mn and Zn-Mn-Mg extracts after either 1 day or
3 days of culture. The concentrations of the released Zn and Mn ions
were similar in the 100 % extracts from both materials, while the con-
centration of Mg ions in the Zn-Mn-Mg extract was nearly twice as much
as that of Zn ions (the Mg ion concentration in the medium was about 16
mg/L) (Fig. 71).

ALP staining showed that the cells with the 10 %-diluted extract
were slightly darker than those with the 20 %-diluted extract or the
control groups after 14 days. However, there was no significant differ-
ence in the ALP activity between the same concentration extracts from
the Zn-Mn and Zn-Mn-Mg alloy specimens (Fig. 8a-f). Compared to the
control group, both Zn-Mn and Zn-Mn-Mg groups showed significantly
higher mRNA expression levels of the osteogenic markers. Notably, the
Zn-Mn-Mg group exhibited higher RUNX2, COL1, and OCN expression

-Mn 10% extract:
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levels than the Zn-Mn group (Fig. 8g-i).
4. Discussion

In this study, we designed the Zn-Mn binary alloy and Zn-Mn-Mg
ternary alloy and used LPBF to create fine microstructures to enhance
Zn’s strength and ductility. The additions of Mn and Mg to Zn led to the
formation of significantly refined grains during LPBF without post-
processing, for example, by applying hot isostatic pressing (HIP), or
involving any plastic deformation as in the conventional material pro-
cessing routes [4-6]. In the ternary alloy, the MnZn;3 and MgyZni;
second phases formed inside the grains and along the grain boundaries,
stimulating recrystallization and effectively restraining grain growth. As
a result, we, for the first time, achieved a superior balance of strength
and ductility in AM biodegradable Zn alloys, meeting the requirements
of mechanical properties for bone fixation and substitution devices.
These two alloys exhibited moderate biodegradation rates and favorable
biocompatibility. The results obtained suggested that the AM biode-
gradable Zn-Mn-Mg alloy holds huge potential as a bone repair material,
particularly for load-bearing orthopedic applications.
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Fig. 8. Assessment of osteogenic ability in vitro: (a-f) ALP activities of the MC3T3-E1 cells cultured with the 10 %- and 20 %-diluted extracts for 14 days, (g-i)
relative expression levels of osteogenesis-related genes (COL1, OCN, and RUNX2) with the 10 %-diluted extracts after 14 days, determined by performing the RT-
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4.1. Unique microstructure and superior balance of strength and ductility

The LPBF Zn-Mn-Mg alloy demonstrated an exceptional balance
between strength and ductility, when compared to the mechanical
properties of Zn-based materials reported in the literature [12-14,16,17,
22,32-36] (Fig. 9b). The enhanced mechanical properties and their
balance are closely related to the unique microstructure of the ternary
alloy. Based on the detailed microstructural analysis, we constructed a
schematic diagram illustrating the dual-phase strengthening mecha-
nisms operating both inside the grains and at the grain boundaries
(Fig. 9a).

During LPBF, the cooling rate can reach 10°-107 K/s [37,38]. Given
that the maximum solid solubility of Mn in Zn is about 0.8 % at the
eutectic temperature (405 °C) [39], the majority of Mn would be
entrapped in a supersaturated solid solution within the Zn matrix
instead of precipitating immediately, as a result of the extension of the
solubility limit. Upon solidification, some Mn could participate in the
formation of the particulate MnZns phase that was mostly distributed
along the grain boundaries with the zone axis of Zn [0001] // MnZn;3
[110] (Fig. 3a, 1 and s). In a previous study, a similar MnZn;3 phase
distributed along the grain boundaries and within grains was observed
in the multi-pass cold-drawn Zn-0.5Mn alloy [40], but no acicular phase
was found in their study. In the present study, due to the layer-by-layer
nature of the manufacturing method used, the already dissolved Mn
could precipitate from the Zn matrix when the laser beam reheated or
even remelted the preceding layer. This phenomenon is known as heat
history-induced precipitation or LPBF-fabricated in-situ precipitation
[41,42], akin to the aging process commonly applied to
precipitation-hardening alloys. The acicular and particulate second
phases were dispersed inside the grains and at the grain boundaries,
providing effective strengthening effects. As evidenced by the results of
the tensile tests, the UTS of the Zn-Mn binary alloy was about 190 MPa,
which is much higher than that of pure Zn [11,16,17]. However, the
strengthening effect provided by the MnZn;3 phase could have been

Fine grain strengthening + Dual-phase strengthening

Addition of the element Mg

Grain boundaries

ann13 -— MnZn13
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even stronger if the alloy had not fractured before the yielding point [21,
22]. The highly limited plasticity of the Zn-Mn binary alloy could be
related to its grain sizes, with an average grain size of about 35 pm and
columnar morphology (Fig. 21). Moreover, the strains near the columnar
grain edges were markedly higher than those inside the grains (Fig. 20),
leading to an uneven stress distribution, which would hinder uniform
plastic deformation during tensile testing. The hardness of the Zn-Mn
alloy and Zn-Mn-Mg specimens exhibited no clear differences (p =
0.14) (Fig. 4f), similar to the results of CYS (p = 0.75) (Fig. 4e).

When a small amount of Mg was added to the Zn-1.0Mn alloy, both
strength and plasticity significantly improved, surpassing all other AM
biodegradable zinc alloys and Zn-matrix composites reported in the
literature (Fig. 9b). The addition of Mg to the Zn-Mn alloy led to further
refinement of grains by > 10 folds, manifested as a significant reduction
in the average grain size down to 2.8 pm. The ultrafine Zn grains could
play a coordinating role in uniform plastic deformation [21]. As defor-
mation progressed during the tensile tests, dislocation multiplication
occurred in the Zn matrix region adjacent to the hard particulate second
phases (i.e., MnZn;3 and Mg»sZn;; in the present ternary alloy). These
dislocations could propagate into the barren area of the Zn matrix
without the particulate second phases where deformation energy could
be accommodated, thereby effectively delaying stress concentration and
preventing premature fracture, leading to uniform plastic deformation
in the macroscale [43]. Moreover, during LPBF, excessive Mg in the Zn
matrix precipitated out to form another second phase (Mg,Zn1;), which
was mainly distributed along the grain boundaries and arranged alter-
nately with MnZn;3, further enhancing the grain boundary strength-
ening effect (Fig. 3j-1). As a combined result, the UTS of the Zn-Mn-Mg
ternary alloy reached 290 MPa.

The impressive balance of the LPBF Zn-Mn-Mg alloy between
strength and plasticity stems from the synergistic interactions between
Zn, Mn, and Mg. While both the LPBF Zn-1Mn (this paper) and Zn-3Mg
[19] binary alloys had similarly poor elongation values despite prom-
ising compressive strengths, their microstructures and strengthening
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Fig. 9. (a) schematic diagram of the dual-phase synthetic strengthening mechanism, (b) ultimate tensile strength versus elongation — data collected from the current
work and other literature [12-14,16,17,22,32-35,89], and (c) LPBF Zn-Mn-Mg bone screws and bone plates.
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mechanisms differed significantly. Unlike the columnar grains and stress
concentrations found in the LPBF Zn-1Mn binary alloy, the LPBF Zn-3Mg
binary alloy had fine, uniform equiaxial grains. In the LPBF Zn-3Mg
alloy, the mismatch in stiffness between the hard, brittle eutectic pha-
ses and the soft Zn matrix led to the occurrence of cracks at the interface
of the eutectic structure, leading to premature fracture during defor-
mation similar to its cast counterpart [44]. In contrast, the present
Zn-Mn-Mg ternary alloy not only had refined grains but also benefited
from the combined strengthening effects of two types of second phases,
which strengthened both the interior of the grains and the grain
boundaries and enabled continuous and uniform plastic deformation
(Fig. 9a). Typically, the following equation [45] can be used to calculate
the yield strength (o) of an alloy:

(2)

0y = 05 + 0g, + 0p + 04

where o represents solid solution strengthening, oy represents grain
boundary strengthening, o, and o4 are the strengthening effects
contributed by second phase and dislocations, respectively. According to
the Zn-Mn phase diagram and Zn-Mg phase diagram [39], the solid
solubilities of Mn and Mg in the Zn matrix are almost zero at room
temperature, thus o5 can be neglected. 6, can be calculated by using the
Hall-Petch Equation [46]:
Ogh = kdd7% (3)
where kg represents the strengthening coefficient (110 MPa- pml/ 2 [471,
d is the is the average grain size (2.8 ym, Fig. 2m ). o, is mainly
controlled by the Orowan mechanism [48]. Since there are mainly two
types of precipitated phases in this ternary alloy, it can be calculated as
follows:

(€3]

The strength contributions by the granular second phase and acicular
second phase can be calculated by using the Eq. (5) [19] and (6) [48],
respectively:

Op = Ogranular ~+ Oacicular

Myb
Ogranular = T’u (5)
0.13ub [,.1 i ™3], [ 0.079r
atr =~ {fvz +0.75(3)’,+0.14(7) fﬂ}ln( - ) )

where M (1.23, Fig. S3) represents Taylor factor, y is the shear modulus
(39.5 GPa) [49], b is the Burgers vector (0.266 nm) [50], and L is the
average size of the granular precipitated phase particles (~250 nm,
which is statistically obtained via Fig. 3j and k). ro represents the inner
radius, it is generally considered to be equal to the Burgers vector [48],
the r, h, f, are the diameter, thickness and volume fraction of the acic-
ular second phase, respectively. These data can be measured from Fig. 3j
and k, wherer, h, f, are 40 nm, 4.5 nm, 0.04, respectively. Local internal
stresses in the specimens can develop during the LPBF process due to
rapid solidification. These stresses create the regions that impede
dislocation movement during deformation, a phenomenon that can be
described by the Bailey-Hirsch relation [51]:

o0q = aMbG/p @
where « represents the dislocation interaction constant (0.2) [52], and p
(~10'" m™2, Fig. 2p) is the localized dislocation density obtained from
the EBSD data. According to the above equations, 6g, Ggranuiars Cacicular
and o4 are calculated to be 65.74 MPa, 51.7 MPa, 75 MPa and 25.8 MPa,
respectively, and the sum of these values (218.2 MPa) closely matches
the experimental value of 213.5 MPa.

Notably, although adding Mg significantly enhanced the strength
and ductility of the Zn-Mn alloy, the LPBF process parameters used for
fabricating the Zn-Mn and Zn-Mn-Mg alloy specimens differed. LPBF
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process parameters, such as scanning speed, indeed influence the
microstructure and mechanical properties, as demonstrated in our pre-
vious study [19] and in other studies [13,53,54]. However, considering
the fact that the Mg element plays a dominant role in refining Zn grains
and forming a second phase, it is plausible that the alloy composition has
a more significant impact than the process parameters [13]. For
instance, when comparing the microstructures of the Zn-Mn-Mg alloy
specimens fabricated at different scanning speeds, it appeared that while
scanning speed affected grain morphology, it hardly influenced grain
size (Fig. S4). Therefore, in this study, we focused on the effect of the
alloying element Mg on the microstructure and mechanical properties.

The high strength and the superior balance between strength and
ductility, achieved in the present research, enable the LPBF Zn-Mn-Mg
ternary alloy to meet the design criteria for bone fixation devices
(Fig. 9¢) and stents [55]. Moreover, the dual-phase synthetic strength-
ening strategy formulated in this study opens up an additional chapter in
the design of AM Zn alloys with optimized mechanical properties.

4.2. Biodegradation behavior

Modulating the biodegradation behavior of implants to be compat-
ible with the bone remodeling process is important for its clinical
application. Compared to the widely reported Mg alloys [56-58], Zn
alloys display more suitable biodegradation rates. Complete bone
regeneration usually requires 3-12 weeks for the upper limbs and 12-24
weeks for lower limbs [3]. During the initial 3-6 months of bone
regeneration, implants need to maintain steady mechanical strength to
support bone regeneration. Thereafter, they gradually degrade over a
total period of 1-2 years. Generally, this requires a biodegradation rate
of about 0.2-0.5 mm/year [59,60]. In this study, the 28-day biodegra-
dation rates of the Zn-Mn and Zn-Mn-Mg alloys were around 0.15
mm/year. This is higher than the values of the Zn-Mn and Zn-Mn-Mg
alloys prepared by conventional manufacturing techniques [4,23,61]
and close to the ideal biodegradation rate for bone implants. For the
Zn-Mn binary alloy, the corrosion occurs homogeneously, which can be
attributed to the distribution and quantity of the second-phase particles.
Additionally, the high residual stresses at the edges of the columnar
grains (Fig. 2p) significantly influence the degradation behavior. These
stresses alter the "free energy state" of the material, which accelerates its
biodegradation [62]. In contrast, the Zn-Mn-Mg ternary alloy exhibits
localized corrosion, which arises from the combined effects of grain size
and micro-galvanic corrosion at the interfaces between the second
phases (Mg2Zn;; and MnZn;3) and the Zn matrix. Previous studies
[63-65] have shown that a smaller grain size tends to decrease the
biodegradation rate, while the presence of secondary phases, such as
Mg»Zn1; and MnZn,3 in the Zn-Mn-Mg alloy, can form micro-galvanic
cells that accelerate biodegradation [62]. After removing the corrosion
products from the surface of the Zn-Mn-Mg alloy specimen (Fig. S2),
localized corrosion pits (marked by the white arrows) were clearly
visible, confirming this effect. Furthermore, the Zn-Mn and Zn-Mn-Mg
alloys with nearly full densities demonstrated slower biodegradation
rates than the porous Zn alloy scaffolds that we previously reported [46,
66], which could be attributed to the fact that porous scaffolds have a
larger surface area and allow the penetration of the corrosive medium
into the structure to accelerate biodegradation.

The biodegradation rates calculated from the electrochemical tests
were higher than those from the immersion tests, as PDP accelerated
biodegradation, mainly reflecting short-term biodegradation behavior.
The fitting results (Table 3) of EIS revealed that the Ry and R, values of
the Zn-Mn-Mg alloy were larger than those of the Zn-Mn alloy. However,
the PDP analysis (Table 2) indicated that the biodegradation rate of the
Zn-Mn-Mg ternary alloy was slightly higher than that of the Zn-Mn bi-
nary alloy. While EIS shows the behavior of the electrodes at equilib-
rium, PDP reflects the conditions in which the electrodes are subjected
to strong polarization [67]. Therefore, a high impedance value may not
directly indicate a low biodegradation rate [23,68].
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The differences in the biodegradation behavior of both alloys led to
the distinct characteristics of the biodegradation products in terms of
morphology and distribution. The biodegradation products on the Zn-
Mn alloy specimens were finer and more uniformly distributed, while
those on the Zn-Mn-Mg alloy specimens appeared to cluster at different
locations. This difference must be closely linked to the distinct micro-
structures of these two alloys. The Zn-Mn binary alloy consists mainly of
large columnar grains, with a small proportion of Mn precipitated from
the Zn matrix to form the fine acicular phase having only a 32 mV po-
tential difference from the Zn matrix [4]. The alloy is, thus, less sus-
ceptible to micro-galvanic corrosion, resulting in uniform
biodegradation. In contrast, the Zn-Mn-Mg alloy contained a large
number of particulate precipitates along the grain boundaries, which
exhibited significant differences in potential from the Zn matrix [4].
Moreover, the MnZn1s and MgzZn11 phases have a substantial potential
difference (251 mV) [4], making the material more prone to
micro-galvanic corrosion and localized biodegradation. Although
Mg2Zn11 was preferentially subjected to localized corrosion through
micro-galvanic interactions with the matrix, it was uniformly distrib-
uted macroscopically in the specimen, as shown in Fig. S2. In the future,
numerical models [69,70] as a cost-effective and efficient tool may be
employed to simulate the long-term corrosion behavior of AM Zn alloy
implants to aid in alloy and architectural design optimization.

The biodegradation products were mainly composed of ZnO, Zn
(OH),, Zns(OH)6(CO3)2, CaCOs, PO3~, and HPO3 ™, which are similar to
those of most zinc alloys, such as Zn-Mn alloys [40], Zn-Mg alloys [68]
and Zn-Mg-Cu alloys [68]. Typically, zinc alloys degrade by the anodic
oxidation of Zn to Zn?>" and the cathodic reduction of oxygen in the
physiological environment, resulting in the formation of ZnO and Zn
(OH),, passivation layers (Fig. 5). These passivation layers provide the
Zn matrix with effective protection during biodegradation [71]. How-
ever, a large number of chloride ions in physiological media can destroy
the passivation layers, converting them into soluble salts, such as zinc
hydroxide chloride and zinc hydroxide phosphate [55,72]. Although
these corrosion products may slightly increase the pH value in a phys-
iological environment [11], it has been shown that appropriate con-
centrations of corrosion products do not adversely affect the
surrounding tissues by disturbing the local physiological equilibrium at
the implantation site [73,74]. Meanwhile, these soluble salts may also
be absorbed by osteoclasts and induce osteogenesis by osteoblasts [75],
but the mechanism is currently unclear and requires further study. While
in vitro biodegradation experiments provide the first cues regarding how
biodegradation might happen in vivo, separate sets of animal experi-
ments or clinical trials are needed to evaluate the actual biodegradation
behavior of the developed biomaterials in vivo.

4.3. Biocompatibility and osteogenic activity

The MC3T3-E1 cells were highly viable when cultured in the 10 %-,
20 %-, and 50 %-diluted extracts from the LPBF Zn-Mn and Zn-Mn-Mg
alloy specimens at day 1 (Fig. 7). The cells proliferated from day 1 to
day 3, indicating cytocompatibility. However, only a few viable cells
were observed in the 100 % extracts (Fig. 7a4, b4), likely due to the ion
concentrations exceeding the tolerance limits for the cells. Although the
Mg2+ ion concentration was greater than the Zn?" ion concentration in
the 100 % extracts from the Zn-Mn-Mg alloy specimen, the toxicity
threshold of the Mgt ion is much higher than that of the Zn>" ion.
Previous studies have shown that a Mg?* ion concentration below 100
pg/mL does no harm cell viability, while concentrations exceeding 300
pg/mL can induce significant cell death [76]. In this study, the Mg?" ion
concentration in the 100 % extract from the Zn-Mn-Mg alloy specimen
was approximately 4 pg/mL, well below the toxicity threshold. Mn, an
essential trace element in the human body, serves as a coenzyme in
various fundamental life processes, including energy metabolism, bone
formation, and free radical scavenging. A previous study [77] has shown
that a critical Mn?* ion concentration is around 12.7 pg/mL above which
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Mn?* ion tends to harm cell proliferation. In this work, the Mn?* ion
concentration in the 100 % extracts from both of the specimens was only
about 0.2 pg/mL, well below the threshold value. Hence, the primary
factor causing cell death is likely the Zn?* ion concentration. Indeed, the
Zn2" jon concentration in the 100 % extracts from the specimens of both
materials was about 7 pg/mL, which exceeded the optimum range for
cell proliferation (0-3.9 pg/mL) [78]. However, in vivo, the biodegra-
dation products can be metabolized or transported away, and therefore,
a dilution of 9 to 14 times is recommended for evaluating the biocom-
patibility of biodegradable metals [79]. The 10 % dilution extract align
with this recommendation, while the 20 % dilution extract and 50 %
dilution extract provide harsher cell conditions. In the 50 %-diluted
extracts, the Zn?* ion concentration was around 3.5 pg/mL, being lower
than the critical threshold (3.9 pg/mL). Therefore, the cells in the 50
%-diluted extracts showed high cell viability, according to the CCK8
quantitative analysis and live/dead staining results (Fig. 7).

ALP activity and gene expression tests were also performed to further
explore the effects of manganese and magnesium on the osteogenic
behavior of MC3T3-E1 cells. ALP, as an important early marker of
osteogenesis, is typically used to detect the early osteogenic differenti-
ation behavior of cells [68]. The ALP staining results indicated that the
cells in the Zn-Mn and Zn-Mn-Mg groups stained darker than the control
group, demonstrating that the cells in the experimental groups were
well-differentiated in early osteogenesis (Fig. 8). Zinc has been reported
to enhance ATPase activity and regulate the transcription of osteoblast
differentiation-related genes such as ALP, osteopontin, osteocalcin, and
type I collagen [74,80,81]. Furthermore, Zn is essential for promoting
bone formation by activating protein synthesis in osteoblasts [74,82].
Extracellular Zn?" ion promotes osteogenesis via endocytosis into bone
marrow stromal cells (BMSC) and activation of the extracellular
signal-regulated kinase (ERK) pathway [83]. This osteogenic effect was
confirmed by the quantitative results of the late markers for osteo-
genesis, such as COL 1, OCN, and RUNX 2 (Fig. 8g-i). The mRNA
expression levels in the Zn-Mn-Mg group were higher than those in the
Zn-Mn group, which could be attributed to the beneficial effect of the
Mg?" ion. It is well known that Mg?* ion is widely distributed in bone
and can promote local Ca?* ion deposition and bone tissue growth by
antagonizing Ca?* ions [84]. Mg deficiency may cause osteoporosis.
Therefore, calcium and magnesium supplementation are often required.
A moderate amount of Mg?" ion not only enhances osteoblast activity
via promoting adhesion and proliferation of cells as well as increasing
the bone tissue collagen content and stimulating vascular endothelial
growth factor release, which further enhance bone tissue regeneration
[85,86].

4.4. Limitations and future work

Although we successfully prepared two Zn alloys via LPBF and ach-
ieved a superior balance of strength and ductility in the case of the Zn-
Mn-Mg ternary alloy, moderate biodegradation rates, and acceptable
biocompatibility, several key areas require further exploration. First,
only MC3T3-E1 murine cell line was used for the static biodegradation
tests. Expanding the study to include responses of other cell lines in a
dynamic bioreactor would indeed offer valuable insights into the
biocompatibility and potential interactions of the LPBF Zn-Mn-Mg alloy
under more physiologically relevant conditions. This approach could
better simulate the in vivo environment and provide a broader under-
standing of cell-material interactions and degradation effects over time.
Considering the differences between in vitro and in vivo environments,
animal tests are essential to validate the biocompatibility, osteogenic
effects, and biodegradation behavior of the materials under physiolog-
ical conditions. Second, this study focused on the properties of bulk
materials. Future research should investigate porous Zn-Mn-Mg alloy
scaffolds for the critical-size bone defect regeneration. Third, consid-
ering the cyclic loading that most bone fixation devices are subjected to,
corrosion fatigue tests are needed to understand the behavior of the
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material under dynamic conditions. Finally, considering the significant
differences in processing conditions between AM and conventional
formative or subtractive manufacturing, biodegradable alloy composi-
tions should be specifically tailored for AM, considering the rapid so-
lidification involved in laser-based AM. Apart from the processing
conditions, loading conditions may also influence the mechanical
properties. For instance, Jin [87] and Chen [88] et al. observed that zinc
alloys exhibited significantly different mechanical properties at different
loading rates. A Higher strain rate led to an increased dislocation density
and tensile strength but reduced elongation [87]. This was attributed to
an increased difficulty of plastic deformation, limited uniform disloca-
tion propagation, and a mismatch between dislocation movement and
loading rate, resulting in earlier fracture. The loading rate used in this
study was 0.001 s™!, meeting the requirements of ISO 6892-1:2019.
While the strain rate sensitivity of LPBF Zn alloys under dynamic loading
conditions remains unexplored, it is a highly interesting area for future
research.

5. Conclusions

A Zn-Mn-Mg ternary alloy with an extraordinary balance of strength
and ductility has been successfully prepared using LPBF. This is the first
instance of a directly printed biodegradable alloy meeting the me-
chanical property requirements for bone fixation devices, such as bone
screws or plates, without the need for post-processing. Moreover, both
the binary and ternary alloys showed moderate biodegradation rates and
favorable biocompatibility in vitro, paving the way for their further in-
vestigations toward clinical adoption, especially for load-bearing or-
thopedic applications.

The LPBF Zn-Mn-Mg ternary alloy showed an ultimate tensile
strength of 289 MPa, a yield strength of 213.5 MPa, and elongation
exceeding 20 %. The superior balance of strength and ductility could be
attributed to the unique microstructure resulting from the addition of
Zn, Mn, and Mg. The distributions of MnZn;3 and MgsZn;; second
phases inside the grains and at the grain boundaries contributed to dual-
phase synthetic strengthening, resulting in high strength values. The
significant refinement of the Zn grains by adding Mg to the Zn-Mn alloy
facilitated uniform plastic deformation, resulting in high elongation.

LPBF Zn-Mn and Zn-Mn-Mg alloys exhibited biodegradation rates
around 0.15 mm/year, close to the desired range (0.2-0.5 mm/year) for
bone fixation devices. The corrosion mechanisms, however, differed due
to the differences in microstructure. The Zn-Mn binary alloy primarily
underwent uniform biodegradation due to its larger average grain size
and less precipitated second phase. In contrast, the Zn-Mn-Mg alloy
exhibited localized biodegradation caused by galvanic corrosion be-
tween the precipitates and the Zn matrix.

The developed alloys also showed > 85 % viability of the MC3T3-E1
cells in the 10 %-, 20 %-, and 50 %-diluted extracts, as confirmed by the
CCK8 assay, live/dead staining, and cytoskeleton imaging. Moreover,
the Zn alloys upregulated multiple osteogenic markers, attributed to the
beneficial effect of the Mn and Mg alloying elements.
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