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ABSTRACT

Biodegradable Zn-Li alloys exhibit superior mechanical performance and favorable osteogenic capability
for load-bearing bone devices. Additive manufacturing (AM) endows freedom for the fabrication of bone
implants of personalized structure to satisfy patient-specific needs. In this paper, AM of Zn-Li alloys was
attempted for the first-time using laser powder bed fusion (LPBF), and the fabricated samples exhibited
good fusion quality and high dimensional accuracy. The processing optimization, mechanical properties, in
vitro corrosion behavior and cytocompatibility were investigated by using Zn-0.7Li bulk and porous sam-
ples. The ultimate tensile strength and elastic modulus of bulk samples respectively reached 416.5 MPa
and 83.3 GPa, and both were the highest among various additively manufactured Zn alloys reported so
far. Porous samples achieved compressive strength (18.2 MPa) and elastic modulus (298.0 MPa), which
were comparable to those of cancellous bone. Porous samples exhibited a higher corrosion rate and al-
leviated the problem of slow degradation of Zn-Li alloys. Nevertheless, osteoblastic cells showed a more
spreading and healthier morphology when adhering to the porous samples compared to the bulk sam-
ples, thus a better cytocompatibility was confirmed. This work shows tremendous potential to precisely
design and modulate biodegradable Zn alloys to fulfill clinical needs by using AM technology.

Statement of significance

This paper firstly studied processing optimization during laser powder bed fusion of Zn-Li alloy. Bulk and
porous Zn-0.7Li samples in customized design were obtained with high formation quality. The tensile
strength of bulk samples reached 416.5 MPa, while the compressive strength and modulus of porous sam-
ples reduced to 18.2 MPa and 298.0 MPa, comparable to those of bone. The weight loss of porous sam-
ples was roughly 5 times that of bulk samples; osteoblastic cells showed a more spreading and healthier
morphology at porous samples, indicating improved biodegradation rate and cytocompatibility. This work
shows tremendous potential to precisely design and modulate biodegradable Zn alloy porous scaffolds to
fulfill clinical needs by using additive manufacturing technology.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

As a revolutionary bioactive material, biodegradable metals
(BMs) have attracted increasing attention in the research and de-
velopment of bone implants [1-3]. BMs are expected to dissolve
completely during implantation upon fulfilling the mission to as-
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sist with tissue healing [4]. Compared with traditional bio-inert
medical metals, BMs can achieve a full recovery of damaged bones
and avoid the risk of secondary surgery [5]. Magnesium-based BMs
have been widely investigated and have achieved some clinical ap-
plications, yet there are some critical technical limitations such as
the fast degradation rate, the formation of hydrogen gas and the
lack of mechanical strength [6]. Zinc is an essential element for
bone metabolism and has a moderate corrosion rate as well as
good biocompatibility in human bodies, thus has become attrac-
tive for biodegradable applications. However, pure Zn has a ten-
sile strength of only about 45-120 MPa, which is far from suffi-
cient. With the addition of biocompatible alloying elements, vari-
ous biodegradable Zn alloys have been developed with better me-
chanical and biological properties [7-19].

Among various biodegradable Zn alloys, Zn-Li alloys have been
recently reported with superior performances [11-19]. Zhao et al.
[11] studied hot rolled Zn-xLi (x = 0.2, 0.4 and 0.7 wt.%) alloys
and found Zn-0.7Li had the highest tensile strength of 569 MPa,
an elastic modulus of 100 GPa, and an elongation to failure of 2.5%.
Yang et al. [19] compared mechanical properties, degradation rate,
cytotoxicity, and osteogenesis of binary and ternary Zn alloys with
the addition of 8 different alloying elements, including Mg, Ca, Sr,
Li, Mn, Fe, Cu, Ag. The addition of Li was found to be the most
effective to enhance mechanical strength as well as to improve cy-
tocompatibility and cell proliferation. Lacroix et al. [20] pointed
out that Li improved bone mass in mice and enhanced bone for-
mation via the activation of the canonical Wnt pathway. Despite
the promising results, Zn-Li alloys still have several major concerns
for biodegradable applications. Firstly, Zn-Li alloys possess a higher
elastic modulus than bone, which leads to a stress shielding effect
at the early stage of implantation [19]. Secondly, the biodegrada-
tion rate of Zn-Li alloys is too slow compared with the required
term of bone reconstruction. Li et al. [12] found that the in-vitro
corrosion rate of pure Zn was 45.76 pm/year, while that of Zn-1.4Li
alloy decreased to 14.26 nm/year. The in vivo corrosion rate of Zn-
0.4Li was 0.16 pm/year according to the 8 weeks’ implantation re-
sults. The volume losses of Zn-0.4Li alloys were less than 10%. And
it took at least 20 months for the complete degradation based on a
linear degradation trend [16,19]. The last but not least, the concen-
tration of corrosion products should be controlled within a bene-
ficial range considering the cytotoxicity of dissolved Zn ions [7-9].
For now, though, all the reported data of Zn-Li alloys have been
based on bulk materials produced by conventional manufacturing
processes such as casting, rolling and extrusion.

Compared with alloying design, structural design exhibits more
flexibility and efficiency to tailoring material properties. Benefit-
ing from the development of additive manufacturing (AM), porous
scaffolds of customized structure become feasible to be fabricated
reliably, accurately, and efficiently [21-24]. For example, it was
found that metal porous scaffolds based on triply periodic mini-
mal surface (TPMS) provided a unique combination of properties
suitable for bone implants [25-27]. Recently, laser powder bed fu-
sion (LPBF) has been applied to Zn-based metal for the fabrica-
tion of porous scaffolds [28-39]. Wen et al. [29,30] investigated
the effect of LPBF processing conditions on the formation quality
and mechanical properties of Zn-based metals and achieved a re-
liable process. The tensile strength and elastic modulus of pure Zn
reached 134 MPa and 80 GPa, equivalent to its wrought counter-
parts. While the compressive strength and elastic modulus of pure
Zn porous samples were reduced to 23 MPa and 0.95 GPa [31,32].
Li et al. [33,34] investigated mechanical properties, in vitro cor-
rosion behavior and cytotoxicity of pure Zn porous scaffolds pro-
duced by LPBE. The porous scaffolds showed an elastic modulus of
785.7 MPa and a volume loss of 7.8% after 28-day immersion tests,
indicating a reduced stiffness and an accelerated corrosion rate
compared with those of bulk samples. Lietaert et al. [35] studied
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the effect of different unit cells on the formation quality and me-
chanical properties. The compression strength of pure Zn porous
scaffolds depended on the structure of unit cells and varied be-
tween 8 and 33 MPa with the same porosity of 70% in design.

To date, several works have been reported on the LPBF of Zn
alloys [32,36-39]. Yang et al. prepared Zn-xMg alloy powders by
ball mixing of pure Zn and pure Mg and produced bulk samples
by LPBFE. The highest relative density was 98.1%, and considerable
internal defects were observed in the LPBF samples. With the ad-
dition of 3 wt% Mg, Zn-3Mg LPBF samples showed the highest
strength of 222.3 MPa. The in vitro corrosion rate increased with
increasing the addition of Mg [36]. Qin et al. fabricated Zn-Mg
bulk and porous samples by LPBF by using mixed powder of pure
Zn and WE43 alloy. The relative density was over 99.5%, indicat-
ing good fusion quality. The highest strength was 335.4 MPa when
5 wt.% WE43 powder was mixed with pure Zn powder. However,
the heterogeneous distribution of chemical compositions and mi-
crostructure was observed in LPBF samples due to the different
densities of the two constituent powders. The fabricated structural
porosity of porous scaffolds was 45%, much lower than the design
value of 67% [32]. A big geometrical error existed between the de-
signed and the fabricated porosity due to the attachment of pow-
der particles. The deteriorated fusion quality and dimensional ac-
curacy have been major problems for the application of Zn alloys
porous scaffolds produced by LPBF, considering that Zn is highly
susceptible to vaporization [40].

The powder preparation and additive manufacturing of Zn-Li al-
loys are regarded difficult considering the high reactivity and the
low density of Li. This paper is the first attempt to introduce Zn-
Li alloy structures fabricated by additive manufacturing. The Zn-
0.7Li powder is prepared by pre-alloy casting followed by argon
atomization. Bulk cuboids and porous scaffolds of TPMS-gyroid
units are built by LPBF. Processing conditions are investigated for
the optimization of fusion quality and dimensional accuracy. Mi-
crostructure, mechanical properties, corrosion behavior and cyto-
compatibility are characterized. The effect of porous structure on
biodegradable applications of Zn-0.7Li alloy as bone implants was
analyzed.

2. Materials and methods
2.1. Additive manufacturing

Zn-0.8Li (wt.%) cylinder bars in size of ¢30 x 350 mm3 were
cast in vacuum (Hunan Institute of Rare Earth Metal Materials,
China). The pre-alloyed cylinder bars were atomized into powder
particles by argon gas (Nanoval, Germany). Powder particles and
the as-built LPBF samples were dissolved in 5% vol.% hydrochloric
acid to measure their chemical compositions by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES, iCAP6300).
The content of the Li element in the powder was 0.69 + 0.01 wt.%,
so the powder was denoted as Zn-0.7Li. The powder was spher-
ical, and the mean powder size dsy was 29.7 pm at the range
+15/—63 pm as shown in Fig. 1(a). Compared with the Zn alloy
powders prepared by ball milling [36-39] or vibration mixing [32],
the atomized Zn-0.7Li powder had good flowability and uniform
size distribution, critical to maintaining a stable formation quality
and homogeneous microstructure during the LPBF process.

A compact LPBF machine (BLT S210, China) was used to ad-
ditively manufacture bulk and porous Zn-0.7Li samples as shown
in Fig. 1(b-c). The optical system consisted of a single-mode yt-
terbium fiber laser (IPG YLR-500, Germany) with a laser spot di-
ameter of 70 pum at the wavelength of 1070 nm. The processing
chamber was filled with argon at atmospheric pressure. The oxy-
gen content was monitored by an oxygen meter and was kept be-
low 100 ppm during the LPBF. The key parameters, including laser
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Fig. 1. (a) SEM image of pre-alloyed Zn-0.7Li powder; (b) illustration of LPBF process; (c) pictures of as-built Zn-0.7Li samples; (d) gyroid unit in design.

power P; and scanning speed Vs, were variables to study the pro-
cessing conditions. The hatch spacing Hs and layer thickness Dg
were fixed as 70 and 20 pm respectively. A zig-zag exposure pat-
tern with a 67° rotation per layer was used for bulk samples. The
internal zig-zag hatching plus outline contouring exposure pattern
was used for porous scaffolds [29,30]. Pure Zn metal plates with
25 mm thickness were used as the substrates. Triply periodic min-
imal surface (TPMS) was used to design the used porous scaffolds
with uniformly distributed gyroid units according to Eq. (1) [27].
The side length of each gyroid unit was fixed as 2 mm, and the
structural porosity in design was approximately 80% with the pore
size of 827 pm.

Fayroid = sin(mwx)cos(rwy) + sin(wy)cos(z) + sin(wz)cos(rx) — 0.9 (1)

After the LPBF process, the fusion quality and dimension ac-
curacy were characterized by using the relative density of bulk
samples and the fabricated structural porosity of porous sam-
ples. The bulk samples in size of 6 x 6 x 6 mm> were cut,
grinded and polished. The cross-sections were parallel to the build-
ing direction. Five different regions were picked up randomly from
the cross-sections of bulk samples. The total area of void defects
(Ayoig) was measured for each region (A ) by imaging binariza-
tion and was used to calculate the relative density (ps) according
to Eq. (2) [29,30]. The designed and fabricated structural porosity
(DP and FP) of porous samples in size of 5 x 6 mm? were cal-
culated by Eq. (3) and Eq. (4) respectively. The surface area (A;)
and volume (V) of porous samples in design were obtained by us-
ing the numerical model. The fabricated volume of porous samples
(V) was calculated by Eq. (5) according to the Archimedes method.
M, and M, are the mass of samples measured in air and ethanol
respectively; while p. is the density of ethanol. Vs indicates the
volume of a solid cylinder with the same outline size as that of
the used porous sample [27]. The structural porosity refers to the
structural geometry of porous scaffolds, related to porous design
and dimensional accuracy, while the processed porosity (1-ps) in-
dicates void defects at the cross-sections of LPBF samples, related
to fusion quality.

0s = (1 = Ayoia/Arora) - 100% (2)
DP = V/Vy, - 100% (3)
FP =V} /Vys - 100% (4)
Vi = (Ma — Me)/pe (5)

2.2. Microstructure and mechanical test

The microstructure of the as-built Zn-0.7Li samples was char-
acterized using a scanning electron microscope (SEM, Zeiss, Ger-
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many) after polishing and etching with 2 vol% hydrogen nitrate
for 10 s. Phase identification was conducted by X-ray diffraction
(XRD, Rigku D/max-2550, Japan) with CuKe radiation at 40 kV and
150 mA, using a continuous scan mode. A quick scan at 4°/min was
conducted over a range of 260 = 10-90° to give a general overview
of the diffraction peaks. Specimens for transmission electron mi-
croscopy (TEM, FEI Tecnai F20, Netherland) observation were me-
chanically thinned to 80 ym and then reduced by electrolytic jet
polishing. All tests were conducted on cross-sections parallel to the
building direction.

Mechanical tests were carried out for the as-built samples in-
cluding hardness, tension and compression. Before the test, all the
specimens were ultrasonically cleaned in ethanol. Vickers hard-
ness was measured with a load of 300 g. Ten measurements
were made at the center cross-section of bulk samples that were
parallel to the building direction. Tensile tests with bulk sam-
ples (10 x 10 x 2 mm3) and compression tests with porous
samples (¢5 x 6 mm3) were conducted using a universal test-
ing machine (Shimadzu AG-X100KN, Japan) at room temperature
(~20 °C) according to ASTM 8E and ASTM E9-2009 standards. The
strain rate was set as 0.05 /min, and the deformation velocity was
0.15 mm/min and 0.3 mm/min for tensile and compression tests
considering the test length of samples, respectively. After the ten-
sile test, the fresh fracture surfaces were observed using SEM. The
area of the outer circular profile in a diameter of 5 mm was used
as the cross-section to calculate the stress of the porous samples.
Three replicate pieces were tested to obtain the average value and
the standard deviation for the mechanical tests.

2.3. In-vitro corrosion test

Bulk cylinders and porous scaffolds, both in size of @10 x
2 mm3, were manufactured by LPBF. They were immersed in
HanKk’s solution with an electrochemical workstation (Metrohm AG,
Switzerland). For bulk cylinders, both as-built and polished sur-
faces were measured to investigate the effect of surface rough-
ness on corrosion behavior. Surface roughness was measured
by using a white-light interference microscope (ZYGO Nexview,
USA). The scaffolds were fully exposed to the solution by a cus-
tomized graphite fixture. A three-electrode system was used with
a working electrode (Zn-0.7Li samples), a reference electrode (sat-
urated calomel), and a counter electrode (platinum). The poten-
tial dynamic polarization (PDP) was determined at a scan rate of
1 mV/s. Corrosion potential (Ecr) and corrosion current density
(Icorr) were calculated by a linear fit and Tafel extrapolation. At
least five measurements were conducted for each group. Electro-
chemical impedance spectroscopy (EIS) was performed over a fre-
quency range of 10~2-10° Hz with a perturbation of 10 mV. The
corroded surfaces were observed by SEM and Energy dispersive
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x-ray spectroscopy (EDS) before and after the removal of corrosion
products.

Immersion tests were performed on bulk and porous samples
using Hank’s solution (at 37 °C, pH 7.4) for 28 days according to
ASTM-G31-72. The outline dimensional size was 8 x 8 x 2 mm?
for bulk samples and @5 x 6 mm? for porous samples respectively.
The exposure ratio of Hank’s volume to the test surface area was
fixed as 20 mL/cm?2. The pH value of Hank’s solution was recorded
using a pH meter (Mettler FiveEasy pH FE20 K, Switzerland). After
immersion, the samples were cleaned using distilled water, and the
corroded surfaces were observed using SEM and EDS. The weight
loss was evaluated by using an electronic balance (+0.1 mg) after
the corrosion products were removed by using a CrOs solution. The
corrosion rate (CR) of immersed samples was calculated by Eq. (6).
W is the weight loss; A4 is the surface area in design; t is the im-
mersion time; p is the standard density. After 28-day immersion,
compression tests were carried out on the porous samples after
removing the corrosion products by CrOs; solution to investigate
the effect of corrosion on the mechanical strength. Three replicate
samples were measured for each condition.

CR=W/Aq-t-p) (6)

2.4. Biocompatibility test

MC3T3-E1 pre-osteoblasts were used to investigate the cell ad-
hesion on the LPBF samples. Cell suspension of 50 L, containing
18 x 10° cells, was carefully spread all over the surface in 24-well
culture plates. Cell attachment was allowed for 2 h. All samples
were transferred into a new 24-well plate, and 2 mL of fresh cul-
ture medium was added into each well subsequently. After being
cultured 24 h, cells were fixed in 2.5% glutaraldehyde solutions for
1 h. The samples were dehydrated in gradient diluted alcohol (50%,
60%, 70%, 80%, 90%, 95%, 100%). and then dehydrated overnight in
the 24-well plate. The cell morphology was observed by SEM. Cy-
toskeletal staining using DAPI and FITC phalloidine was applied to
evaluate the cell morphology. After culturing for 24 h, the sam-
ples were washed three times with PBS solution and fixed with 4%
paraformaldehyde solution for 20 min at room temperature. The
cells were permeabilized with 0.5% Triton X-100 for 10 min. F-actin
and nuclei were stained with FITC-phalloidin and DAPI. Finally, cy-
toskeletal(green) and nuclei (blue) of the cells on the samples were
observed by laser scanning confocal microscopy (LSCM).

2.5. Statistical information

All the experiments and measurements were carried out with
three replicates at least. All data were presented as means + de-
viations. Tukey’s method was applied for the comparison between
different groups. Values of p less than 0.05 were considered statis-
tically significant.

3. Results
3.1. Formation quality

Fig. 2(a) illustrates the distribution of the relative density (ps)
with various laser power (P;) and scanning speed (Vs) for bulk
samples. Generally, the relative density decreased with increasing
P;; while it increased at first, then decreased with increasing V.
The highest relative density reached over 99.5% at the process-
ing condition PC1 with P, =40 W and V5=800 mm/s. Only some
spherical micropores in the size of dozens of microns were ob-
served. Fig. 2(b-d) shows typical cross-sections under conditions
around PC1. With a lower Vs at PC2, the excessive energy input
(P /Vs) caused more vaporization, and more pore defects were ob-
served. With a higher Vs at PC3, the insufficient energy input
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couldn’t fully melt all the powder particles, and a lack of fusion
was found. The pore defects are distributed randomly, while the
lack of fusion defects is located continuously between the layers.
With P, =120 W and V=600 mm/s at PC4 in Fig. 2(e), the en-
ergy input was so large that vaporization and thermal distortion
together led to collapsed samples. Further increasing the energy
input failed to obtain complete samples, therefore no data was pre-
sented at the range of P, >100 W and V5 <400 mmy/s in Fig. 2(a).
Overall, the fusion quality was considerably sensitive to the laser
energy input determined by P; and Vs regarding the LPBF of Zn-
0.7Li.

Fig. 3(a) demonstrates the distribution of the fabricated struc-
tural porosity (FP) of porous samples with various P; and Vs. All
the FP decreased less than the designed structural porosity (DP)
of 80%, owing to powder attachment resulting by extra melting
and wetting of powder particles. A higher FP approaching 80% in-
dicated higher dimensional accuracy. Generally, the FP decreased
with increasing P; or decreasing Vs. A relatively low energy input
alleviated the extra melting and wetting. The highest FP reached
78.9% at PC3. Fig. 3(b) shows the pictures of typical porous sam-
ples. Compared with PC3, the attached powder particles at PC8
severely clogged the pores, leading to a low FP, namely a high di-
mensional error between the designed and fabricated structures.
Fig. 3(c-e) shows the cross-sections of the struts of porous sam-
ples. With P, = 40 W and V5 = 1000 mm/s at PC3, the balanced
fusion quality and dimensional accuracy were achieved. Eventually,
PC1 and PC3 were used for the fabrication of bulk and porous sam-
ples respectively.

3.2. Microstructure

The content of Li element in the LPBF samples was 0.68 +
0.01 wt.% measured by ICP-OES, a bit lower than 0.69 + 0.01 wt.%
in the powder. The content of harmful elements, including Cu, Ni,
Cr and Fe, were detected less than 0.01% for both the powder and
the LPBF samples. The small error of Li content among different
samples implies a homogeneous distribution of chemical composi-
tions. The decreased content of the Li element in the LPBF samples
implies that the relative vaporization loss of Li was bigger than
that of Zn during the LPBF process. XRD patterns in Fig. 4(a) show
that both Zn-0.7Li powder and LPBF samples contained «-Zn and
B-LiZn, phases, which were also found in hot-rolled Zn-0.7Li alloy
[11]. There are also some unidentified small peaks in the XRD pat-
terns, which were reported in the previous literature as well and
require further investigation by some advanced measurement ap-
proaches. Based on the binary Zn-Li phase diagram, fB-LiZn, will
further decompose into «-Zn and «-LiZn4 at 65 °C [12]. However,
the cooling rate during the LPBF process is too fast to drive 8-LiZny
into decomposition. Accordingly, no «-LiZng was found in the pre-
pared LPBF samples. The uniformly distributed microstructure was
achieved in the LPBF samples. Small round dot-like particles were
found according to SEM observation as shown in Fig. 4(b). Accord-
ing to the dark-field TEM observation in Fig. 4(c), those particles
were confirmed as second phases. Fine grains and smaller sub-
grains were also found. During the LPBF process, the moving laser
spot resulted to a rapid cooling rate, uneven temperature distri-
bution and thermal stress. Since Zn has a high thermal expansion
coefficient and a low recrystallization temperature, the recrystal-
lization of Zn-Li alloys was expected [13]. It should be noticed that
the Li atom is difficult to be detected by the EDS analysis due to
its small atomic mass. Both of @-Zn and B-LiZn, have hexagonal
close-packed (HCP) lattice structures. The «-Zn has lattice param-
eters as a = 0.2665 nm, ¢ = 0.4949 nm, and the c/a ratio as 1.86,
while a = 0.278 nm, ¢ = 0.439 nm, and the c/a ratio as 1.58 for
B-LiZny [15]. As indicated by the selected area electron diffraction
(SAED) in Fig. 4(d), the o-Zn phases orient along [2110] zone axis
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Fig. 3. Formation quality of porous samples: (a) fabricated structural porosity under different processing conditions (PC); typical pictures of the scaffolds (b) and the cross-

sections of the struts (c)-(e).

with c/a as 1.9, while they along [1213] zone axis with c/a as 1.6
for the B-LiZn, phase.

3.3. Mechanical properties

The hardness was 113.4 + 8.6 HV at the center of Zn-0.7Li
LPBF samples, much higher than that of pure Zn counterparts ap-
proximately 40 HV [31]. Fig. 5(a) shows the schematics and di-
mensional sizes of specimens for tensile and compressive tests.
The yield strength, ultimate tensile strength and Young’'s modu-
lus of bulk samples were 359.1 + 1.7 MPa, 416.5 + 13.2 MPa
and 83.3 £+ 4.9 GPa respectively as shown in Fig. 5(b). The com-
pressive strength and elastic modulus of porous samples were
18.2 &+ 0.7 MPa and 298.0 + 54.2 MPa respectively as shown in
Fig. 5(c). The compressive elastic modulus of porous samples was
roughly 0.4% of the tensile one of bulk samples. Fig. 5(d) illustrates
the average stress-strain tensile curve of bulk samples, and the
elongation at fracture was approximately 2.3%, indicating limited
ductility. After the elastic region, the stress decreased a bit with in-
creasing the strain. Fig. 5(e) exhibits the average stress-strain com-
pressive curve of porous samples. The stress increased sharply at
first to its peak value around 18.2 MPa, then declined and fluctu-
ated. The elastic stage had a compression rate of about 6.0%. Unlike
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the brittle fracture along 45° frequently observed in brittle struc-
tures, the Zn-0.7Li porous samples were crushed layer-upon-layer
indicated by the oscillation in the stress-strain curve, implying that
the deformation capacity can be improved by a suitable porous de-
sign.

As shown in Fig. 6(a), the tensile fracture surfaces were rough
with undulating ridges and valleys. No macroscopic defect was
observed at the surface, while multiple cracking originated in a
different direction. Few dimples were found, complying with the
low elongation and brittle fracture. As shown in regions 1 and
2 in Fig. 6 (b-c), micropores and cracks were detected. The pore
size was less than 20 pm. The internal surface of the pores was
smooth, indicating gas pores. A typical river-like cleavage fracture
was found on both sides of the crack. The microstructure at the
fracture surface was very fine and homogenous. No grain bound-
aries or inclusions were observed, implying transgranular rupture.

3.4. Corrosion by electrochemical test

Electrochemical properties were measured to investigate the
corrosion behavior of Zn-0.7Li samples. The bulk samples were
further divided into two groups with as-built and polished sur-
faces; while as-built surfaces were tested for all the porous sam-
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sive properties and stress-strain curve of porous samples.
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Fig. 6. Macroscopic tensile fracture surface with enlarged pictures of region 1 and region 2.

Fig. 7. Surface morphology and roughness: (a) as-built and (b) polished bulk samples and (c) strut of the porous sample.
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Fig. 8. Electrochemical behavior: (a) PDP curves, (b) Bode plots.

ples. As shown in Fig. 7, the surface roughness Sa was 0.07 + 0.01,
173 £ 0.4 and 36.7 + 1.3 um respectively for as-built, polished
bulk samples, and struts of porous samples. The increased rough-
ness at the as-built surface was attributed to the attached powder
particles, and the surface roughness of porous samples was higher
than that of bulk samples. As shown in Fig. 8(a), PDP curves in-
dicate a tremendous difference in corrosion behavior among the
three types of LPBF samples. A significant stable passivation zone
was observed ranging from —1.1 V to —0.9 V in anodic branches
at polished bulk samples, which was indicated by the slow incre-
ment of current density and presumably caused by the formation
of Li-rich passive layers [11,12,17,18]. However, compared with pol-
ished samples, no distinct passivation was found in the PDP curves
of as-built bulk and porous samples.

Table 1
Electrochemical parameters of Zn-0.7Li samples.

The corresponding measurement data from Fig. 8(a) are listed
in Table 1. The design data was used for the surface area without
regarding the fabrication roughness. The specific area was calcu-
lated by the test area divided by the test volume of samples. It
can be seen that the specific area of porous samples was roughly 9
times that of bulk samples. The corrosion potential (Ecorr) of porous
samples was slightly higher than those of bulk samples. After di-
viding the surface area, the current density (Icorr) of porous and as-
built bulk samples were similar and were approximately 5 times
that of polished bulk samples. Fig. 8(b) shows the Bode plots from
the EIS spectra. The peak impedance of porous samples in the low-
frequency (0.01-1 Hz) phase implies that there might be an in-
herent passivation effect at the surface of porous samples before
the electrochemical tests. The larger specific surface area of porous

Sample types

Test area in
design (cm?)

A specific area in
design (cm™!)

Ecorr (VSCE )

Leorr (nAJcm?)

Bulk sample Polished 1.7
As-built 1.7
Porous sample 23

11.0
11.0
96.3

—1.26+0.03
—1.224+0.01
—1.20+0.02

285+ 1.6
101.0 £+ 4.1
111.2 £ 12.2
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Fig. 9. Morphology of electrochemical test after the removal of corrosion products (a) as-built and (b) polished surface of bulk samples, (c) porous samples.

samples made them susceptible to oxidation at room temperature.
Such corrosion layer was not obvious on the surface of bulk sam-
ples, therefore no phase peak in the low-frequency region was
found. In the mid-frequency region (1-10 Hz), both porous and
bulk samples show similar peaks, meaning the generation of cor-
rosion products. The released ions diffuse more slowly inside the
porous samples, and a frequency gap is found between porous and
bulk samples. In the high-frequency region, polished bulk samples
show a phase peak, indicating the passivation effect; on the con-
trary, no high-frequency peaks can be found for the as-built bulk
and porous samples, implying the lack of passivation.

The corroded surfaces were further observed by SEM and EDS
as shown in Fig. 9. After the removal of corrosion products, rough
surfaces with attached powder particles was observed for as-built
bulk samples. Bumpy locations with attached powders (point 1)
corrode preferentially, and no obvious pits are observed; while
shallow laminar structures uniformly distribute at other flat areas
(point 2). For the polished bulk samples as shown in Fig. 9(b), typ-
ical corrosion pits with internal laminar structures distribute uni-
formly at the surface. The corroded surface of porous samples in
Fig. 9(c) is covered with more powder particles and shows a simi-
lar morphology compared with the as-built bulk samples. The mor-
phology of corrosion products is shown in Fig. 10. A continuous
layer of corrosion products enriched in oxygen is observed at the
surface of polished bulk samples. The distribution of the Li element
can’t be detected by EDS mapping owing to the small atomic mass.
In contrast, such a continuous layer can’'t be found, and more cor-
rosion products are observed at the as-built surface of bulk and
porous samples. The attached powder particles corrode at first, in-
dicated by the enrichment of O, while the surrounding substrate
shows less corrosion. In summary, the electrochemical behavior of
a polished surface is quite different from that of an as-built sur-
face. The as-built surface of LPBF samples can’t form dense cor-
rosion products and doesn’t show the passivation effect, which is
observed at the polished surface of LPBF samples. A similar pas-
sivation effect has been reported in conventionally manufactured
Zn-Li samples [11,12,17,18].

3.5. Corrosion by immersion test

The effect of porous structure on corrosion behavior was further
investigated by the immersion test using as-built bulk and porous
samples. Fig. 11(a) shows the changes in pH values during the 28-
day immersion in Hank’s solution. The pH values increased sharply
on the first day, after which they showed small fluctuations and fi-
nally became stable. Corresponding to the pH values, the weight
loss underwent a rapid increase in the early stage, followed by a

395

nearly linear slow rise with increasing immersion time as shown
in Fig. 11(b). Both figures imply that the Zn-0.7Li samples had a
rapid corrosion rate at the initial stage, and the corrosion tended
to slow down as the corrosion products accumulated over time. Af-
ter 28-day immersion, the weight loss of bulk samples was 0.56%,
much less than 2.60% of porous samples. The corrosion rates of
bulk and porous samples calculated from the volume loss and sur-
face area were 46.2 + 8.1 um/year and 35.3 & 7.2 pm/year. Despite
that a bigger structural damage was observed for the porous sam-
ples, the commonly used corrosion rate as shown in Eq. (6) failed
to reflect the fact. Fig. 11(c) shows the effect of 28-day immersion
on the compressive properties of porous samples. The compressive
strength decreased from 18.2 to 12.9 MPa, while the elastic modu-
lus decreased from 298.0 to 100.1 MPa.

Fig. 12(a) shows the morphology of top surfaces of porous sam-
ples before and after 28-day immersion. Flocculent corrosion prod-
ucts were observed at the surface of struts. The diameter of the
strut decreased from 404 pm to 372 um. The reduced diameter
led to a sharp decrease in strength. Fig. 12(b) shows the mor-
phology of as-built bulk samples. A large number of powder parti-
cles was observed at the surface before the immersion. After 7-day
immersion, the number of attached powder particles was consid-
erably reduced. After 14-day immersion, the flocculent corrosion
products substantially increased, and the attached powder parti-
cles were barely visible. As the immersion time further increased,
more corrosion products accumulated, and there was a large num-
ber of petal-like corrosion products after 28-day immersion. The
cross-sections after 28-day immersion were examined to analyze
the formation of corrosion products. As Fig. 12(c) shows, enriched
elements containing C, O and Ca were found in the corrosion prod-
uct.

3.6. Cytocompatibility

The MC3T3-E1 cells were used to evaluate the cell adhesion at
the surface of Zn-0.7Li samples. Fig. 13 illustrated distinct cell be-
haviors between bulk and porous samples. The cells were shrunk
in a spherical shape, and separated at the surface of as-built bulk
samples, implying a relatively poor cytocompatibility by compar-
ing with the negative Ti control group. While the cells spread out
and connected by the stretched pseudopods, indicating a healthier
cell morphology at the surface of porous samples. Fig. 14 presents
fluorescent morphologies of cell attachment on the samples. Sup-
plementary videos demonstrate fluorescent 3D images. The undu-
lation of attached cells reflected the roughness of the side surface
of the bulk samples. Uniform distribution of cells in the z-axis di-
rection of the porous samples demonstrated the inward growth of
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Fig. 10. Morphology and chemical composition of electrochemical test before the removal of corrosion products (a) as-built and (b) polished surface of bulk samples, (c)
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Fig. 11. Corrosion behavior by immersion test: (a) pH values, (b) weight loss, (c¢) Compressive strength and modulus before and after 28-day immersion.

Fig. 12. Morphology before and after immersion test: (a) porous samples; (b) as-built bulk samples; (c) SEM image and elemental mapping at the cross-section of corrosion
products after 28-day immersion test.
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Fig. 13. Cell morphology at the surface of as-built bulk and porous samples, Ti plates were used as the negative control group.

Fig. 14. Fluorescent images of cell attachment on (a) as-built bulk samples and (b) porous samples after 12 h culturing, Cell nucleus: DAPI, F-actin: FITC.

cells. Corresponding to the SEM results, the cells on bulk samples
were spherical, while the cells on porous samples owned spread-
ing actin, which further confirmed the better biocompatibility of
porous samples.

4. Discussion
4.1. Processing optimization

LPBF process uses a focused laser beam of high energy inten-
sity to selectively melt thin layers of metal powder. The process

takes numerous hours until the required 3D part is additively built
[22]. The performance of LPBF parts is sensitive to the processing
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condition and is influenced by the characteristics of powder parti-
cles, such as powder morphology, size, densification and composi-
tion. Gas atomization (GA) and plasma rotating electrode process
(PREP) are common approaches to prepare the LPBF powder [41].
Supplementary Table S1 collects thermophysical properties of pure
Zn, Li, Mg and Fe for reference [31,42,43]. It is challenging for the
preparation of Zn-Li alloy powder owing to the high vaporization
and reactivity of relevant components. Mechanical alloying meth-
ods such as ball milling and vibration mixing were used to pre-
pare biodegradable Zn alloy powder such as Zn-Mg, Zn-Al, Zn-Ag,
Zn-Graphene, etc. [36-39]. However, the alloyed powder by ball
milling showed irregular morphology and size, which deteriorated
powder flowability and caused unstable fusion quality. The alloyed
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powder by vibration mixing resulted in an uneven distribution of
components due to their different density, which in turn led to a
heterogeneous distribution of composition and microstructure in
the LPBF parts [32]. By using pre-alloy casting and argon atom-
ization, high-quality Zn-0.7Li alloy powder particles were obtained
in this work as shown in Fig. 1.

Regarding laser welding of Al-Li alloys, the addition of Li nar-
rowed down the processing window and increased formation de-
fects such as undercut and porosity [44]. Liu et al. investigated the
effect of Li on powder preparation and the LPBF of Al-Li alloys.
They cast Al-Li ingots at first, atomized them into Al-14Li (at.%)
powder, and finally obtained Al-12.7Li (at.%) bulk samples by LPBF.
The highest relative density was only 80%, indicating poor fusion
quality [45]. This work was the first report on the LPBF of Zn-
Li alloys and the relative density reached 99.5%. Compared with
pure Zn [29], the processing window was much narrower, and the
optimal energy input was much lower for the LPBF of Zn-0.7Li as
shown in Fig. 2(a). The Li content reduced from 0.690 in powder to
0.675 (wt.%) in LPBF samples. According to Zhao et al. [46], the va-
porization flux of a specific element in alloys is positively related
to its equilibrium vapor pressure and negatively to its molecular
weight. Although the equilibrium vapor pressure of Li is slightly
lower than that of Zn, the molecular weight of Li is much lower
than that of Zn, which explains the compositional change between
the starting powder and the fabricated Zn-0.7Li sample.

Compared with bulk samples, the processing window of porous
scaffolds to achieve high relative density was bigger as shown in
Fig. 2 and Fig. 3. The P;/Vs combined the influence of laser power
and scanning speed together, and the increased energy input re-
sulted in a larger molten pool, a higher temperature, and a slower
cooling rate. With the energy input at PC5, it was unable to obtain
a complete bulk sample, but feasible for building a porous scaf-
fold. Porous scaffolds consisted of circular solid struts in diameter
of 400 pm, thus less heat accumulation and thermal stress were
caused on the small sectional area during the LPBF process. How-
ever, the increased laser energy input led to a thicker strut and a
lower fabricated porosity than the designed values. With the op-
timized energy input at PC3, the dimensional error was as low as
1.12% regarding the discrepancy between the designed and fabri-
cated porosity of porous scaffolds, much lower than 7% reported
for pure Zn [33] and 22% reported for Zn-WE43 porous scaffolds
[32]. The fusion defects inside the struts deteriorate mechanical
properties, and the strength of porous scaffolds is exponentially re-
lated to the fabricated porosity, therefore the processing optimiza-
tion is critical to achieving porous scaffolds of stable mechanical
performance.

4.2. Mechanical properties

Biomechanics, biodegradability, and biocompatibility are neces-
sary criteria to evaluate the performance of materials and struc-
tures of biodegradable implants. Tensile properties of bulk sam-
ples can characterize the influence of processing conditions, for-
mation quality, and microstructure during additive manufacturing
processes, and are used to make a comparison with those in con-
ventional manufacturing such as casting, rolling and extrusion. The
ultimate tensile strength of Zn-0.7Li samples reached 416.5 MPa
and was the highest value reported for biodegradable Zn alloys
fabricated by LPBF, approximately 3 times that of pure Zn [30], 2
times that of Zn-3Mg [36] and 1.25 times that of Zn-5WE43 [32].

The tensile strength of Zn-0.7Li LPBF samples has achieved
highest among LPBF of Zn alloys. However, compared with the
ultimate tensile strength and elongation of hot-rolled Zn-0.7Li
(560 MPa, 2.5%) [11] and extruded Zn-0.4Li (520 MPa, 5.0%) [19],
LPBF Zn-0.7Li samples exhibited a lower strength and elongation
(416.5 MPa, 2.3%). The comparably lower mechanical performance
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Fig. 15. Elastic modulus of various biomaterials: polymers [48], HAp [49], Ti and
Ti6Al4V [50,51], Mg [52], Fe [53] and Zn-based metals [19].

is attributed to the formation quality and microstructure. Even un-
der the optimized condition, tiny pores and cracks were found at
the cross-section in Fig. 2 and the fracture surfaces as shown in
Fig. 6. According to the literature, the ductility decreased with in-
creasing the Li content in Zn-Li alloys. The casted Zn-0.8Li samples
were also reported brittle with elongation as roughly 0.25% [17].
The ductility of Zn-Li alloys can be improved by refining and ho-
mogenizing the grain by plastic deformation. After the hot-warm
rolling, the elongation of casted Zn-0.48Li increased from 0.5% to
46.5%, explained by the transformed hierarchical microstructure of
the eutectic of Zn and B-LiZn, as well as primary B-LiZng [14]. The
elongation of Zn-0.8Li reached 75% after controlled hot rolling [18].

Compressive properties of porous samples were provided to
show the capability of additive manufacture to customize the
mechanical performance comparable to those of cancellous bone.
Porous scaffolds are not only biologically conducive to cell prolifer-
ation, nutrient diffusion and bone integration, but also beneficial to
mimic the mechanical performance of bone [24-27]. TPMS is de-
fined as a 3D surface with a mean curvature of zero and periodic
structures in three coordinate directions and is implicitly expressed
using mathematical equations. TPMS-gyroid porous scaffolds pos-
sessed various excellent properties, such as interconnected open-
pores, continuous and smooth transition and parameterized con-
trolling of porosity [27]. Relatively high porosity of 80% was used
to investigate the effect of pores on the mechanical and biological
performance of Zn-0.7Li porous samples.

The compressive strength and elastic modulus of porous sam-
ples reduce to 18.2 MPa and 298.0 MPa. As shown in Fig. 15, the
elastic modulus of cortical bone and cancellous bone are roughly
3-30 and 0.1- 3 GPa, respectively [23]. The high elastic modulus
of bulk metals causes stress shielding, defined by the effect that
the stress and strain on bone are suppressed. Stimulated by the
applied stress, bone cells can properly adjust the formation of os-
teoblast and osteoclast, and reconstruct bone tissues to adapt to
stress loading and to complete bone reconstruction [47]. The abil-
ity to modulate the elastic modulus of Zn alloys through alloying
design is limited. Nevertheless, it is time-consuming and costly to
develop new alloys, especially for medical applications. The elas-
tic modulus of polymers is close to that of bone, but the strength
of polymers is too low for load-bearing bone implants. Zn-0.7Li
porous samples in this work exhibited equivalent elastic modulus
to that of cancellous bone. The mechanical properties of porous
scaffolds can be further adjusted by using customized pores units
to meet patient-specific needs.
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Table 2

Comparison of geometry and corrosion behavior of different samples.
Index Unit Porous cylinder Bulk cylinder Bulk cuboid
Outline size mm? ©5x6 ©5x6 8 x 8*2
Surface area in design mm? 175 1335 192
Volume in design mm?3 23.6 117.8 128
Specific area in design mm-~! 7.4 1.13 1.5
Weight loss % 2.60 / 0.56
Corrosion rate pm/year 35 / 46

4.3. Biodegradation and biocompatibility

The full degradation term of bulk Zn alloys in animals is esti-
mated to be roughly 20 months, and the corrosion rate of Zn-Li
alloys has been considered too slow for bone implants [19]. In this
work, the corrosion rate and the weight loss of Zn-0.7Li as-built
bulk samples after 28-day immersion was 46.2 + 8.1 um/year and
0.56% respectively. The PDP curve of polished bulk samples indi-
cated a passivation effect and a much slower corrosion rate, which
have been reported for casted and rolled Zn-Li alloy bulk sam-
ples [11,12,17,18]. The addition of Li suppresses the corrosion by
forming a passive layer of corrosion products at the surface of Zn-
Li alloys. Li exhibits greater mobility and activity compared with
Zn and preferentially corrodes in an aqueous environment. The ef-
fect of Li addition on corrosion rate was explained by the interac-
tion between the preferential dissolution of Li ions and the passive
layer of Li-rich corrosion products. The Li-rich corrosion layer ma-
jorly contains LiOH and Li,CO3 for Zn-Li alloys [12], in agreement
with the enrichment of elements O and C observed in Fig. 12(c).

According to the Zn-Li binary phase diagram, the eutectic re-
action occurs when the Li content is greater than 0.1 wt.%, and
the eutectic point is approximately 0.44 wt.%. The increased corro-
sion rate of Zn-(0.1-0.4)Li alloy is contributed to the galvanic reac-
tion between precipitation phases and the substrate, which causes
the preferential dissolution of Li ions. With a small addition of Li,
the passivation resulting from the corrosion products is not enough
to counteract the preferential dissolution. The decreased corrosion
rate of Zn-(0.5-1.4)Li alloys owes to the continuous corrosion prod-
ucts of Li, which forms a passive layer and blocks the corrosion
between the substrate and the aqueous solution [17].

For casted bulk samples, the I, decreased significantly from
3.08 pA/cm? for pure Zn to 1.38 pA/cm? for Zn-0.8Li alloy [17].
For the bulk samples in this work, the I was 28.5 + 1.6 pA/cm?
for the polished surface and increased to 101.0 + 4.1 pA/cm? for
the as-built surface. The attached powder particles at the as-built
surface diminished the passivation effect, thus increasing the cor-
rosion rate. It is difficult to accurately measure the real surface
area of the as-built samples. Thus, the surface area of all the sam-
ples was calculated according to the design data. As shown in
Table 2, the surface area and volume of a cylinder bulk in size
of 9 5 x 6 mm? is 133.45 mm? and 117.75 mm?3; while they are
for 175 mm? and 23.56 mm?3 respectively for the porous scaffold
in the same outline size. Although the volume of porous samples
decreased by 80%, the surface still increased by 31% for the com-
parison. The specific area (the surface area divided by the volume)
of the porous samples was as high as 6.55 times that of the bulk
cylinder. The interconnected pores with a big specific area have
been regarded as beneficial to osteoconduction and osteointegra-
tion of bone implants [47].

According to the 28-day immersion test in Hank’s solution, the
weight loss of porous samples was 4.64 times of bulk samples,
close to the ratio of a specific area as shown in Table 2. A bigger
specific area increased the contact with corrosion medium, thus
resulting in a higher weight loss. Generally speaking, it takes 3-6
months for the bone to heal itself and recover the loading capac-
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ity, and the specific recovery term varies in different people and
fractures sites [7]. The full degradation periods of pure Zn or Zn-
Li alloys bulks are estimated much longer than the required term
of bone recovery [19]. The faster degradation of porous scaffolds is
regarded beneficial to match the term of bone recovery. However,
if the corrosion rate of porous scaffolds is evaluated according to
Eq. (6), the calculated value appears smaller than that of bulk sam-
ples as shown in Table 2. The commonly used Eq. (6) doesn’t con-
sider the effect of pores on the specific area. The weight loss is
more accurate to indicate the influence of corrosion on the struc-
tural integrity of porous scaffolds. Meanwhile, it should be men-
tioned that the corrosion rate was overestimated for the as-built
LPBF samples by using the surface area in design instead of the
real surface area. The surface roughness, as shown in Fig. 7, con-
siderably increased the surface area of the as-built samples.

The increased accumulation of Zn+t ions damages the cytocom-
patibility of biodegradable Zn alloys since bone cells have a limited
tolerance value to Zn2* ions [4,9]. Superior cell viability and bone
integration of Zn-Li alloys had been reported by in vitro and in vivo
tests compared with pure Zn and other Zn alloys [19]. Li* ion is
released preferentially in the Zn-Li alloy and has a positive influ-
ence on bone formation via the activation of the canonical Wnt
pathway [20,54]. The larger specific surface area and the curva-
tures of porous scaffolds are regarded as the major reasons for the
improved cell viability [47].

Compared with bulk samples, the porous scaffolds exhibited
lower elastic modulus, faster corrosion rate and improved cy-
tocompatibility, all of which better meet the clinical needs as
biodegradable bone implants. Moreover, additive manufacturing
can accomplish the various porous design, thus providing tremen-
dous opportunities to tailor the properties [23-26]. Regarding
porous scaffolds, the strength and elastic modulus decrease with
increasing the structural porosity; the degradation period de-
creases with increasing the specific area; the cell viability changes
with pore size and morphology. Nevertheless, the presented results
lead to several points for further investigation. Firstly, the present
in vitro test doesn’t consider the effect of dynamic fluid flow or
stress. Secondly, the effect of porous design with different pore
units on mechanical and biodegradable performance needs to be
clarified. Various porous scaffolds can achieve the same structural
porosity but may exhibit different mechanical and biodegradable
performances. Thirdly, uniform corrosion is critical to porous scaf-
folds especially at the early stage when the loading capacity is re-
quired. Both the temporal and spatial degradation behavior needs
to be studied. At last, the degradation of porous scaffolds and the
growth of bone tissue interact with each other. The effect of degra-
dation on the structural integrity of porous scaffolds and bone for-
mation needs to be further evaluated by using appropriate in-vivo
models.

5. Conclusion
This paper presented for the first time a comprehensive study

on additively manufactured Zn-0.7Li alloy. The effects of Li addi-
tion, porous structure and processing conditions on the formation
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quality, microstructure, mechanical properties, biodegradation, and
biocompatibility were investigated.

With the atomized Zn-0.7Li powder and the optimized process-
ing conditions, the relative density of bulk samples reached 99.5%,
and the fabricated porosity of porous scaffolds was 78.9%, much
close to the designed value of 80%. The good formation quality en-
sured stable biodegradable performance and credible evaluation.
The Li content reduced from 0.69% in powder to 0.67% in LPBF
samples. Refined @-Zn and B-LiZny were observed with uniform
distribution. The tensile strength and elastic modulus of bulk sam-
ples were 416.5 MPa and 83.3 GPa, while the compressive strength
and elastic modulus of porous samples were 18.2 and 298.0 MPa
respectively.

Passivation effect resulting from corrosion products was ob-
served at the polished surface, but not at the as-built surface. The
corrosion current by the electrochemical test was 28.5, 101.0 and
111.2 pA/cm?2 for the polished, as-built bulk and porous samples
respectively. The as-built bulk and porous samples exhibited the
weight loss of 2.60% and 0.56%, and the corrosion rate as 35 and
46 um/year respectively by 28-day immersion test. Better cell ad-
hesion and viability were found on porous samples in contrast
with bulk samples.
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