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Abstract

Laser powder bed fusion (LPBF) makes it possible for biodegradable zinc (Zn) to be used to produce customized orthopedic
implants. In this research, we investigate the impact of laser power and scanning speed on the development of surface quality,
relative densification, and texture during LPBF of Zn implants. Increasing laser power was able to decrease melt viscosity and
surface tension, which improved the metallurgical bonding between adjacent tracks. Uneven and twisted tracks also became
continuous and straight. Scanning speed could control molten-pool temperature to restrain grain natural orientation, achieving
various crystal orientations and a weakened texture. Importantly, it further avoided the thermal expansion and contraction
caused by excessive energy storage and accumulation in the matrix, thus reducing the generation of high-dislocation density.
As a result, by selecting a reasonable laser power and scanning speed, the LPBF parts exhibited a flat surface morphology
and a high density over 99.5%. Their average hardness, mechanical strength, and elongation reached 50.2 HV, 127.8 MPa,
and 7.6%, respectively. Additionally, the parts displayed a moderate degradation rate and excellent osteogenic properties. All
these results provide a basis for selecting process parameters to optimize the comprehensive properties of LPBF-processed
Zn parts for biodegradable applications.
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Introduction

Additive manufacturing (AM) has shown strong potential
for the fabrication of orthopedic implants because it can
precisely customize complex structures in terms of macro-
and microgeometry [1-3]. It can also fully realize possi-
bilities for near—net—shape fabrication from various metal
powders, which eliminates the high tooling and processing
costs associated with traditional subtractive manufacturing
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methods [4—6]. Among various AM processes, laser pow-
der bed fusion (LPBF) is the most widely used process for
manufacturing delicate metallic scaffolds for bone grafting
and has been successfully utilized in non-degradable met-
als like stainless steel, titanium, and cobalt-chromium alloys
[7-9]. However, non-degradable metal scaffolds will main-
tain in vivo, which hinders the complete reconstruction of
bone tissue and even causes local inflammation [10]. There-
fore, the AM of degradable metals has attracted extensive
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attention in the field of bone repair owing to the hybrid advan-
tages of degradability and personalization [11-13].

In recent years, degradable metals, including zinc (Zn),
magnesium, and iron, have mainly been investigated as ortho-
pedic implants [14—16]. The well-known challenge posed by
magnesium is its excessively high degradation rate, accom-
panied by the release of significant amounts of hydrogen [17].
As for iron, its degradation rate is too slow, meaning that an
iron scaffold in the human body possibly hinders the bone-
tissue regeneration process [18]. In contrast, the use of Zn is
anemerging trend in recent years due to its moderate degrada-
tion rate—between that of magnesium and iron [19]. During
degradation, the released Zn ions can be absorbed, showing
excellent biocompatibility. It also promotes cell proliferation,
alkaline phosphatase activity, and extracellular matrix miner-
alization through enhancing osteoblast gene expression, thus
increasing the osteogenic function in osteoblasts [20]. Addi-
tionally, Zn s considerably less reactive as compared with the
highly inflammable magnesium and is safely handled in the
forms of powder and molten liquid during LPBF. Neverthe-
less, due to the low melting and boiling point of Zn, serious
evaporation products easily occur during LPBF, which leads
to an inconsistency between laser-beam radiation and laser
energy input into the powder layer, thereby reducing the for-
mation quality of Zn implants [21].

One effective approach to improve the formation quality
of LPBF-processed implants is the optimization of pri-
mary processing parameters, such as scanning speed and
laser power [22]. The optimized process parameters can
reduce the interference of evaporation products with the
laser beam, which achieves the complete melting of the
metal powder layer in laser radiation area. In this case, it
can reduce the viscosity and surface tension of the melt,
thereby improving formation quality. Further, the optimized
parameters can control microstructure development to obtain
excellent mechanical properties and an attractive degrada-
tion rate for LPBF-processed samples. Chen et al. [23]
reported that LPBF process parameters could control the
evaporation loss of the metal element, which was help-
ful in tailoring the phase-transformation temperatures and
microstructure of nickel-based alloys. Li et al. [24] obtained
LPBF-processed samples with high density through opti-
mized process parameters and found significant low-angle
grain boundaries and tangled high-angle grain boundaries in
a titanium-based alloy, which caused a high ultimate tensile
strength of 1227 MPa.

Although previous studies have investigated the effects of
process parameters on the formation quality and mechanical
properties of LPBF-processed Zn [25, 26], few studies have
shown the relationship between process parameters and for-
mation quality, as well as texture for LPBF-processed Zn.
Therefore, in this present work, various process parame-
ters were adopted to obtain LPBF-processed Zn parts with

a high relative density. The influence of process parameters
on formation quality was clarified. The relationship between
process parameters and texture was systematically analyzed.
In addition, the mechanism of the process parameters affect-
ing the mechanical properties and degradation behavior of
Zn was evaluated. Further, the osteogenic properties of Zn as
bone implants in vitro were investigated.

Materials and methods

Materials and laser powder bed fusion (LPBF)
process

Spherical Zn powder (pure, 99.99%) was used as the raw
material for the LPBF experiments. As shown in Fig. la,
the powder morphology was observed by scanning electron
microscopy (SEM, EVO 18, Germany). The particle-size dis-
tribution was analyzed by a laser particle-size analyzer (LS
13 320, China). As depicted in Fig. 1b, d10, d50, and d90 of
the particle-size distribution were 10.8, 31.7, and 49.3 pm,
respectively.

The Zn parts were manufactured by employing an LPBF
machine (Jiangsu Hanbang Technology Co. Ltd., China),
which primarily consisted of an ytterbium-fiber laser with
a beam diameter of ~60 pm, an inert argon-gas circulation
system, and a computer control system. Common process
parameters of LPBF are schematically shown in Fig. Ic.
The scanning strategy was designated as X-/Y- alternating
rotational, namely, the scanning direction rotated by 90° to
the previous layer. After preliminary experiments, the laser
power (P) ranged from 40 to 100 W with an increment of
20 W, and the scanning speed (V) varied between 400 and
1000 mm/s with an increment of 200 mm/s to obtain the pro-
cess window of Zn parts. Additionally, based on a laser spot
diameter of 60 m and the particle size of the Zn powder, the
other optimized parameters were set as follows: a scanning
interval (H,) of 55 pm and a layer thickness (Ds) of 45 pm.
The fabricated Zn parts are given in Fig. 1d.

Microstructural characterization

The surface topographies were characterized by SEM. The
cross-sections were manually ground to a2000 mesh by using
SiC grinding paper and then polished with diamond paste.
Subsequently, the microstructure of the cross-section was
observed by SEM. The texture and grain size were inves-
tigated utilizing an electron backscattering diffractometer
(EBSD, PHI 710 Auger Nanoprobe). During EBSD data
collection, EBSD scans were performed at 20 kV with a
scan step size of 0.3 wm. The sample tilt angle was set to
70°. The EBSD data were analyzed using the HKL-EBSD
Channel 5 software. Further, the average grain sizes were
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Fig. 1 a Powder morphology and b particle-size distribution for Zn; ¢ common process parameters of laser powder bed fusion (LPBF); d LPBF-

fabricated Zn parts

measured using the mean linear intercept method according
to ASTM E112. Boundaries lower than 5° and kernel for a
third neighbor were set to represent kernel average misorien-
tation (KAM) maps. Before testing, the parts were prepared
by using electropolishing in an ethanol solution to improve
surface quality.

In this study, an empirical method was adopted to obtain
optimized EBSD parameters. The selected EBSD parameters
ensured a determination of the individual grain characteris-
tics, such as grain shape, texture strength, grain size, and
crystal orientation. In addition, at least three different areas
for mapping by EBSD were chosen on each sample at ran-
dom.

Mechanical tests

Hardness was tested by utilizing a hardness tester with a load
of 0.98 N and a time of 15 s. Ten measurements were taken at
different positions along the build direction to calculate their
average value. Tensile parts with a width of 5 mm and a gauge
length of 25 mm were prepared by LPBF in accordance with
ASTM 8E. Tensile tests were conducted utilizing a univer-
sal testing machine (MTS C45.105) at a constant speed of
1.5 mm/min. After tensile testing, the fracture surfaces were
observed by SEM.

@ Springer

Immersion experiments

Immersion experiments were performed in simulated body
fluid (SBF) for 7, 14, 21, and 28 days at 37 °C, according to
ASTM G31-72. The test parts were fabricated by LPBF with
optimizing process parameters. The ratio of SBF-solution
volume to test-part mass was 10. After immersion, the test
parts were washed with distilled water. Their degradation
surface and products were analyzed by SEM equipped with
energy-dispersive spectroscopy (EDS, X-Max 20) and an X-
ray diffractometer (XRD, D8 Advance) with Cu Ka radiation
at45kV and 40 mA. Ion concentration was detected utilizing
an inductively coupled plasma optical emission spectrometer
(ICAP6300, USA). In addition, the degradation rates were
calculated via the weight loss after removing degradation
products in a CrOs3 solution of 200 g/L.

Cytotoxicity evaluation

Cytotoxicity was analyzed using rat bone-marrow stromal
stem cells (BMSCs). First, the stem cells were incubated in
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS) and 1% antibiotics. Then, the cell
suspension with a concentration of 1x10° cells/mL was
seeded to the part surface in a 24-well plate and cultured for
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1,4, and 7 days at 37 °C. Finally, the cells were stained with
a combination dye (Calcein-AM) for 20 min after removing
the parts. A fluorescence microscope was used to analyze
cell proliferation. Additionally, a cell counting Kit-8 (CCK-
8) solution was dropped into the 24-well plate. After 2 h, a
paradigm-detection platform was used to evaluate cell via-
bility.

Cell-differentiation tests

Alkaline phosphatase (ALP) expression was detected to eval-
uate early-stage osteogenic differentiation ability. The stem
cell was seeded into a 24-well plate in DMEM (10% of FBS,
1% of antibiotics) and then incubated with sterilized parts for
1, 7, and 14 days in a humidified atmosphere at 37 °C. The
cell-loaded parts were removed, and placed into a new 24-
well plate to clear three times with phosphate buffered saline
(PBS). Subsequently, 4% of paraformaldehyde was used to
fix the cells. After 30 min, the cells were stained using an
ALP kit (Wako, Osaka) and observed with an optical micro-
scope. In addition, absorbance at 540 nm was quantitatively
measured on a microplate reader.

Alizarin red staining was used to assess later-stage
osteogenic differentiation ability. The stem cells in DMEM
(10% of FBS, 1% of antibiotics) were incubated with steril-
ized parts for 7, 14, and 21 days. Afterward, they were gently
washed three times with PBS after removing the cell medium.
4.0% formaldehyde solution was used to fix the cells for
15 min and was then removed. Subsequently, the cells were
stained with 40 mM alizarin red and kept for 30 min. Images
were taken using an optical microscope. To quantitatively
analyze the mineral deposit, optical-density values were mea-
sured at 540 nm. In addition, 1 wL of siTRPM7 and 1 wL of
siGPR39 (Sigma-Aldrich, USA) were added to DMEM (10%
of FBS). Subsequently, the stem cells were cultured in the
medium and were transfected using 2 pL of Lipofectamine
2000 (Thermo Fisher Scientific, USA). The cAMP concen-
tration was determined by a cAMP Direct Immunoassay Kit
(Abcam, USA). Protein kinase A (PKA) activation was mea-
sured by a PKA kinase-activity assay kit (Abcam).

Statistical analysis

Three parts were tested to obtain the average value for each
condition. To ensure the accuracy and reproducibility of the
test results, three parts with the same processing parameters
were fabricated for the experiments.

Results and discussion
Surface quality and densification

The surface morphologies of LPBF-processed Zn parts are
shown in Fig. 2. As the laser power was 40 W, all part surfaces
exhibited significant unmelted powder particles and porosi-
ties regardless of the scanning speed used. Sintering neck
could also be observed on the surfaces, indicating insuffi-
cient laser energy to completely melt Zn powder. With an
increase in power, the melt trace gradually became stable
and continuous. When the power was increased to 80 W, the
surface exhibited stable melt tracks and became flat owing
to sufficient overlap with an efficient metallurgical bond
between adjoining tracks. Meanwhile, no obvious porosi-
ties were observed, which indicates a high surface quality.
When power was continuously elevated to 100 W, signifi-
cant spherical particles appeared on the surfaces, as marked
by a blue triangle. Note that micro-humping occurred when
a scanning speed of 400 mm/s was applied at a fixed high
power, as marked by a red circle. Further, when the scanning
speed was increased to 1000 mm/s, large pores reappeared
on the surfaces.

The difference in surface quality can be ascribed to
the complex thermodynamic characteristics of the non-
equilibrium molten pool caused by process parameters [27,
28]. In this research, mainly laser power and scanning speed
were considered. Of these, laser power was directly pro-
portional to laser energy [23]. Under the other process
parameters, high laser power, namely high energy density,
usually resulted in an enhanced temperature in the molten
pool [29]. Since the center temperature in the molten pool
was relatively high as compared with the edge temperature,
Marangoni flow was generated from the center to the edge
[2]. As a consequence, the melt diffused around itself and
increased the track width. As shown in Fig. 3a, typically
a single track was deposited on the surface layers. With
the increasing of the laser power, the track width gradu-
ally increased and tended to combine with adjacent tracks.
This was conducive to improving the metallurgical bond-
ing between adjacent tracks. However, the high temperature
induced by high laser power significantly reduced the sur-
face tension of melt [30]. Meanwhile, it could also have led
to intensive Zn evaporation, which increased the recoil pres-
sure in the molten pool. As a result, the melt could break up
into small droplets; thus a balling phenomenon occurred.

Scanning speed, another important parameter, determined
the interaction time between the laser beam and the pow-
der bed [31]. Under the action of high laser power, a low
scanning speed could significantly increase the working tem-
perature, which resulted in an increase in molten-pool width
and accelerated the heat transfer from the current track to
the adjacent track [32]. In this case, it was straightforward
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Fig. 2 Surface morphologies of Zn parts processed by employing different laser power (P) and scanning speed (V) during laser powder bed fusion
(LPBF) (blue arrows represented porosities, and the scale bar is at the top left corner, BD: building direction)

(a) 40 W 60 W 80 W

600 mm/s

Fig. 3 Typical single track on the deposited layers a at a fixed speed of 600 mm/s and a power of 40-80 W, and b at a fixed power of 100 W and a
speed of 400-800 mm/s; wherein the powder bed layer thickness and hatch spacing employed were 0.03 mm and 0.12 mm, respectively
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to cause an accumulation of violent mass transfer and melt
instability, leading to the occurrence of the micro-humping
phenomenon on the solidified surface. Due to the reduction
of solute in the molten pool, discontinuous scanning tracks
occurred, as showed in Fig. 3b. In contrast, an increase of
scanning speed tended to decrease the working temperature,
which increased the melt viscosity. It was difficult to migrate
a high-viscosity melt toward neighboring tracks, achieving
continuous scanning tracks. However, a high scanning speed
shortened the solidification time of the melt, which limited
the melt to spread and fully wet adjacent tracks [32]. As a
result, pores were formed after solidification, as shown in
Fig. 2.

Cross-sections of LPBF-processed Zn parts, after pol-
ishing, are shown in Fig. 4. At a power of 40 W, the
cross-sections exhibited significant irregular pores regard-
less of the used scanning speed, indicating insufficient laser
energy input. With an increase in power, irregular pores sig-
nificantly decreased at the same speed. As the power was
increased to 80 W, almost no irregular pores remained in
the cross-sections. However, when the power was further
increased to 100 W, randomly distributed circular pores
appeared in the cross-section. Especially at a speed of
400 mm/s, a large number of circular pores appeared in the
cross-section—caused by large Zn evaporation. When the
scanning speed was increased, although the circular pores
gradually decreased, they still appeared in the cross-section.
This is due to the effect of the laser power being higher than
that of the scanning speed regarding the melting and boiling
of Zn [33]. However, when the speed reached 1000 mm/s,
circular and irregular pores appeared in the cross-section at
the same time.

The relative density was analyzed by the software Image]J.
As shown in the red area, the relative density was less than
90%, indicating poor formation quality. When the power
increased to 80 or 100 W, the parts exhibited an extremely
high densification rate above 99.5%, as shown in the blue
area. However, when a scanning speed of 1000 mm/s was
applied at a fixed power (100 W), the relative density
decreased to 98.26%. This was due to the joint action of
high power and scanning speed. On the one hand, high
power caused a significant rise in molten-pool temperature,
which led to excessive Zn evaporation. The evaporation could
have caused pore instability and serious melt fluctuation.
In this case, a large amount of Zn vapor was captured in
the molten pool, thus forming randomly distributed circular
pores. On the other hand, a high-scanning speed shortened
melt solidification time. It was difficult for the melt to fully
metallurgically combine with adjacent solids, which led to
the formation of irregular holes and the reduction of the rel-
ative density.

Microstructure evolution

LPBF-processed Zn parts with a high relative density of
99.5% were selected to investigate the effects of the pro-
cess parameters on the microstructure. As shown in Fig. Sa,
the grains were mainly dominated by red at a power of
80 W and a speed of 400 mm/s. It was discovered that
grain orientation preferentially grew along the <0001> direc-
tion, which was the crystallographically favored orientation
for Zn with a hexagonal close packed structure [34]. When
a power of 100 W was applied at a speed of 400 mm/s,
red zones significantly increased, revealing coarse columnar
grains with a preferred growth orientation. This is attributed
to grain epitaxial growth caused by a relatively long period
of high molten-pool temperature and continuous heat flow
[35]. With an increase in the scanning speed, multiple colors
were observed in the Zn matrix at the same power, suggesting
various crystal orientations. We depict the texture strength in
Fig. 5b. It is clear that when a speed of 400 mm/s was applied
at a power of 100 W, the pole map in the (0001) plane exhib-
ited a strong fiber texture with an intensity of 30.2. With
an increase in speed, the texture intensity was significantly
weakened to 11.3, which indicates that rapid solidification
inhibited grain epitaxial growth.

Generally, the chemical composition of the deposited
metal was the same as that in the previous layer during LPBF,
and the new grains could epitaxially regrow from the existing
substrate since they were of the same crystal structure [36].
The crystal structure was determined by the temperature gra-
dient and solidification rate, which were closely related to
scanning speed [37]. It has been reported that a low scanning
speed led to high heat input, which could strengthen crystal
orientation [38]. In contrast, increasing scanning speed was
able to reduce the temperature gradient and increase solid-
ification speed, thus causing an increase in thermodynamic
undercooling. In such a case, massive equiaxed dendrites
easily nucleated in the supercooled zone in front of the
advancing solid-liquid interface, which resulted in preferred
oriented grains being transformed into randomly oriented
grains [39]. In addition, a high scanning speed was also able
to weaken the texture because the previously deposited layer
did not undergo epitaxial growth [40]. Therefore, the texture
intensity weakened originating from the destruction of the
solidification texture.

Typical misorientation angle characteristic distribution
was analyzed, as shown in Fig. 6. At a power of 80 W
and a speed of 400 mm/s, high-angle grain boundaries
(HAGBs) appeared mainly in the shape of coarse grains
and accounted for 62.7% of the total grain boundary. As
the power reached 100 W, HAGBs increased significant-
ly—caused by the remelting of fine grains and sufficient
time for grain growth. At the same power (100 W), with
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Fig. 4 Cross-sectional morphologies and relative densities of Zn parts
fabricated using different laser power and scanning speeds during laser
powder bed fusion (LPBF). The scale bar is shown at the top left

an increase in speed, HAGBs gradually increased. In partic-
ular when the speed increased to 800 mm/s, the proportion
of HAGBs reached 68.0%. In addition, the average grain size
was 10.5 pm at a power of 80 W and a speed of 400 mm/s.
When a power of 100 W was applied at the same speed
(400 mm/s), the average grain size increased to 13.8 pm,
indicating that more energy was obtained for grain growth.
However, with the increase in speed, the average grain size
gradually decreased to 7.4 wm at the same power. This was
ascribed to the high speed shortening the solidification time,
thus inhibiting grain growth.

LPBF was an extremely hot and cold unsteady-state pro-
cess, which led to various dislocation densities in the matrix
[41]. As depicted in Fig. 7, dislocation densities for Zn parts
are reflected by the KAM map. We saw that green and yellow
areas were mainly concentrated at the interior of grains and
the substructure boundaries at a power of 80 W and a speed of
400 mm/s. The average KAM value was 0.63. As the power
was increased to 100 W, these areas increased significantly,
and the average KAM value reached 0.71, which reflects a
high dislocation density. Additionally, increasing the speed
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corner; the red-colored and blue-colored areas represent parts with a
density below 90% and above 99.5%, respectively

resulted in a significant increase of blue areas. Especially at
a speed of 800 mm/s, blue areas occupied the majority. The
average KAM value also decreased to 0.57, indicating a low
dislocation density. During LPBEF, the high energy caused by
high power was easily stored and accumulated in the matrix,
which contributed to thermal expansion and contraction [42].
In this case, it caused extrusion between grains, thus produc-
ing high-density dislocations [43]. However, the increase in
the scanning speed was able to reduce energy input, thus
avoiding this situation.

Mechanical properties

Hardness and its distribution measured on sections of the
LPBF-processed parts are shown in Fig. 8a. We observed that
part S1 exhibited severe hardness fluctuations, and its aver-
age hardness was (42.64+3.5) HV. As the power increased
to 100 W, the hardness fluctuation for part K1 became more
severe, and its average hardness decreased to (41.4+4.9) HV.
This could be attributed to the coexistence of columnar and
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Fig.5 a Grain orientation maps and b texture-strength figures of laser
powder bed fusion (LPBF)-processed Zn parts at a combination of scan-
ning speed (400, 600, and 800 mm/s) and laser power (80 and 100 W).

Max=30.2
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fine grains. With the increase in speed, the hardness fluctu-
ation was significantly reduced. When a speed of 800 mm/s
was applied at a power of 80 W, the hardness for part S3 fluc-
tuated in a relatively narrow range, and its average hardness
reached a maximum of (50.24+4.1) HV. We believe this to
have been caused by grain refinement. Not only that, but
the retention of a reasonable level of dislocations in the
LPBF parts without the formation of cracks or pores was

V=600 mm/s
(0001)

= =

V=800 m/s

N

Max=13.8

=

Min=0.0

(0001)

Max=11.3

=

Min=0.0

Max=16.3

Min=0.0

The red, blue, and green colors, respectively, represent the <0001>,

<101 0>, and <2 110> grain orientations, as shown in Fig. 5a

also conducive to an improved hardness. The results show
that the fine grains were able to increase the total area of grain
boundaries. Under external load, the dislocation movement
resistance increased, thus significantly improving hardness
[44]. However, when fine grains and coarse grains coexisted,
the dislocation movement resistance decreased. In this case,
the grains were unevenly deformed, which easily led to the
occurrence of cracks, thereby caused hardness fluctuation.
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Fig.6 Typical grain morphologies and misorientation angle distribu-
tion for laser powder bed fusion (LPBF) parts at a combination of V
(400, 600, and 800 mm/s) and P (80 and 100 W), in which the blue and

Typical tensile curves for LPBF-fabricated Zn parts using
various process parameters are shown in Fig. 8b. It could
be observed that at the same power, the plastic deforma-
tion stage for the tensile curves significantly increased as the
scanning speed increased. This was attributed to fine grains
and a high dislocation accommodation capacity (Figs. 6 and
7), which was able to reduce the premature accumulation of
dislocations at the grain boundary under external load [45].
In particular for part S3, the deformation stage displayed
a relatively large strain range as compared with the other
parts. The corresponding tensile parameters are shown in
Fig. 8c. When a scanning speed of 400 mm/s was applied at
the power of 80 W, the yield strength (YS), ultimate tensile
strength (UTS), and elongation for part S1 were 80.1 MPa,
106.2 MPa, and 5.6%, respectively. When increasing the
speed, the YS and UTS reached a maximum of 100.7 and
127.8 MPa, respectively. Meanwhile, a strong elongation of
7.6% was also seen for the part S3. Note that when the power
increased to 100 W, both the strength and elongation slightly
decreased. This can mainly be ascribed to grain coarsening
and a decline in the ability to accommodate dislocations.
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ND: normal direction; TD: transverse direction

After tensile testing, the fracture morphologies are shown
in Fig. 8d. As we can see, no macro-defects such as cracks or
pores appeared on the fracture surfaces, demonstrating high
density. Distinctively, the surface of part S1 displayed large
cleavage planes and steps. With an increase in speed, cleav-
age planes were gradually refined and randomly arranged on
the fracture surfaces—mainly attributed to the refinement of
grains and the weakening of texture strength. Meanwhile,
they were surrounded by considerable tearing ridges, similar
to ariver-like surface. This was a typical transgranular cleav-
age fracture mode. Additionally, a few dimples appeared on
the fracture surface for part S3, indicating a trend of intergran-
ular fracture. However, when the laser power was increased,
the number of dimples was reduced, and the cleavage planes
became large. When compared with other crystal structures,
Zn with a close-packed hexagonal structure possessed a
strong texture and insufficient slip systems, which were dif-
ficult to slip for dislocations under tensile stress [46]. In this
case, this could lead to the generation of cleavage cracks on
the crystal surface. In addition, coarse and polygonal grains
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Fig.7 Kernel average misorientation (KAM) maps and distribution of Zn parts at different combinations of scanning speed and laser power

accelerated the generation of dislocation stacking, thus ulti-
mately causing cleavage fracture. Notably, it was difficult to
change the primary fracture model of LPBF-processed Zn
metal through grain refinement.

The LPBF-processed Zn parts with a high formation qual-
ity exhibited superior mechanical properties as compared
with most conventional manufacturing methods such as cast-
ing, rolling, and extrusion, as shown in Table 1. The different
mechanical properties were caused by their densification
and grain size. For casted Zn parts, porosity was unavoid-
able, and grain size exceeded 100 pm [47]. As for rolled
extruded Zn parts, a relatively high density and a fine grain of

20 wm were obtained by plastic deformation [47]. In contrast,
under the optimized process parameters, LPBF-processed Zn
parts exhibited a density above 99.5%, as shown in Fig. 4.
Importantly, the suitable combination of power and speed
was able to control the temperature gradient and shape of
the molten pool, thus achieving texture optimization and
grain refinement. The average grain size reached 6.2 wm, as
shown in Fig. 6. Meanwhile, this suitable combination also
avoided the decline of dislocation accommodation caused by
heat accumulation (Fig. 7), thus significantly improving the
mechanical properties of Zn. Notably, it has been reported
that LPBF-processed Zn parts with a density of 98.1% only
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Table 1 Mechanical properties of
Zn parts processed by laser Method Mechanical properties References

powder bed fusion (LPBF) as

compared with conventional Hardness Yield strength Ultimate strength Elongation

manufacturing methods (HV) (MPa) (MPa) (%)
Cast 38.24 10.14 18.25 0.32 [48]
Cast 36.57 22.85 29.75 3.34 [49]
Cast 37.9 29.3 33.6 1.2 [50]
Hot-rolled 40 30 50 6 [48]
Extruded 44 55 100 7.5 [47]
Extruded - 35 60 35 [51]
LPBF 50.2 100.7 127.8 7.6 In this work
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exhibited a tensile strength of 61.3 MPa, which was far below
the results of this study. Therefore, the influence of texture
on mechanical properties should be considered on the basis
of high formation quality.

In this study, different texture components were able to
significantly affect the tensile properties of LPBF-processed
Zn. On the one hand, the refined grains were able to signifi-
cantly improve tensile strength according to the Hall-Petch
criterion [52]. On the other hand, the random crystal orien-
tation and the weakened texture were favorable for relieving
stress at the grain boundary. In this case, it avoided the
premature fracture caused by dislocation stacking, thereby
improving the ductility of the parts. In contrast, Yang et al.
[53] reported that under tensile load, LPBF-processed Zn
with a relatively strong texture and coarse grains exhib-
ited a tensile strength of 103.6 MPa and an elongation of
5.1%. Lietaert et al. [54] reported that a strong fiber texture
could cause the premature fracture of Zn parts during tension,
which resulted in a low ultimate tensile strength of 100 MPa.

Degradation behavior

Biodegradation is considered a necessary feature for ideal
bone implants—it provides space for bone growth during
service [55-57]. In this research, the degradation behav-
iors of the S3 part were investigated by immersion tests, as
shown in Figs. 9a and 9b. By extending the immersion period,
slight white degradation products with a spherical morphol-
ogy gradually increased and grew in size. According to the
results of EDS, the degradation product was mainly com-
posed of Zn, O, P, and Ca. Further, the contents of O, P, and
Ca in the spherical particles were relatively high as compared
with the degradation product layer. A cross-section for the
LPBF part after immersion for 28 days is given in Fig. 9c.
It is obvious that the degradation products were unevenly
deposited on the Zn part, in which their maximum thickness
reached 3.91 wm. This could be ascribed to the influence of
texture strength. It has been reported that a strong texture in
a preferred growth direction possesses relatively high corro-
sion resistance as compared with other directions [58].

The components of the degradation products were ana-
lyzed by XRD, as shown in Fig. 9d. The spectra for the as-
degraded parts after 7 days appeared with diffraction peaks of
Zn0, Zns5(CO3)2(0OH)g, Caz(PO4),, and Zns(OH)gClgH,O.
Their intensities were enhanced as compared with those
after 28 days. Additionally, the Zn>* concentration in SBF
is shown in Fig. 9e. We could see that the Zn>* concen-
tration gradually increased with the immersion time. After
an immersion for 28 days, the 7Zn?* concentration reached
35.4 mg/L. The degradation rates for LPBF parts were also
calculated, as shown in Fig. 9f. Clearly, the parts exhibited
a relatively high degradation rate during the initial 7 days as

compared with 14, 21, or 28 days. After 14 days, the corro-
sion rate slowed down and tended to stabilize. After 28 days,
the degradation rate decreased from 0.063 to 0.049 mm/year.
Considering the degradation rate of conventionally man-
ufactured Zn (0.025-0.325 mm/year) [48, 59, 60], LPBF-
processed Zn exhibited a relatively high degradation rate,
especially in the initial 7 days. This could be ascribed to grain
refinement having significantly increased grain boundaries,
which caused the relatively high grain-boundary energy,
thereby leading to the accumulation of large defects. In this
case, the matrix of LPBF-processed Zn was first corroded
and oxidized to Zn ions. The corresponding cathode mainly
occurred as an oxygen reduction reaction, which produced
massive hydroxyl ions. Subsequently, Zn ions reacted with
hydroxyl ions to form new degradation products such as
oxides. Phosphate ions in SBF also reacted with Zn ions to
form insoluble phosphate with strong stability. After 14 days,
the insoluble degradation products covered the matrix sur-
face, which blocked contact between the matrix and the
solution, thereby decreasing the degradation rate. In addition
to grain size, degradation behavior was sensitive to residual
stress in the metal matrix. It has been reported that the inho-
mogeneous residual stress could lead to an increase in matrix
active sites, which accelerated the degradation of metal parts
[61]. This has been attributed to that the relatively high stress
locations became anodic to the low stress locations, which
easily lost electrons. In addition, it has been reported that
different sliding planes easily form galvanic corrosion [62].
A potential difference also existed in the grains with differ-
ent orientations, thus accelerating the degradation rate of the
matrix [63]. Consequently, the degradation rate of LPBF-
processed parts could be effectively controlled by adjusting
the matrix texture to meet the growth environment in vivo.

Cell behavior

Biocompatibility is a significant evaluation index for bone-
implant materials, since good biocompatibility can avoid
toxicity and side effects for the host [64-66]. Thus, the
cell behavior of the Zn part was investigated. As shown
in Fig. 10a, green represents living cells. It is obvious that
living cells significantly increased with culture time, accom-
panied by the formation of abundant filopodia. Cell growth
with extraction concentrations of 100% was quantitatively
analyzed, as depicted in Fig. 10b. We can see that the cell
viabilities for Zn reached 86.14%, which was far above 75%.
This indicates that the degradation products of the Zn implant
had no obvious toxicity to effect normal cell growth accord-
ing to the ISO 10993-5 standard.

The effect of a Zn sample as a bone implant on stem cell
differentiation into bone cells is worth exploring, because
osteogenic differentiation is vitally important in the bone-
regeneration process [67, 68]. As shown in Fig. 10c, cell
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differentiation in the early stages was evaluated by ALP anal-
ysis. We saw that significant ALP activity was induced for
the Zn group with the culture time. ALP activity was also
quantitatively analyzed, with the results shown in Fig. 10d.
Similarly, the Zn group after 14 days showed relatively high
ALP activity, indicating that a released Zn ion could stimu-
late the ALP activity of the cells. The osteogenesis potency
of the cells in the later stage was assessed by alizarin red
staining, as shown in Fig. 10e. Bright red represents calcium
ions. It is evident that extracellular matrix calcium deposi-
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tion obviously increased with the extension of culture time.
In particular, the Zn groups after 21 days induced significant
calcification deposition, which was further confirmed by the
result in Fig. 10f.

Generally, the differentiation of stem cells into osteoblasts
mainly depends on calcium (Ca) ion responses [69]. To inves-
tigate the effect of Zn on cell differentiation into osteoblasts,
Ca®* signaling pathways were explored, with results shown
in Fig. 10g. It could be seen that extracellular Zn addi-
tion induced a significant Ca®* response in the cells. In
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comparison, the silencing of GPR39 and/or TRPM7 recep-
tors resulted in the reduced or even complete interruption
of the Ca?* response. It has been reported that TRPM7
is a ubiquitous ion channel with a high affinity for Zn
ions on the cell membrane, and GPR39 is a specific Zn
receptor [20]. As a result, Zn ions enter into cell mem-
branes mainly through TRPM7 and GPR39 receptors. After
entering the cells, the cAMP level and PKA activity sig-
nificantly increase, as shown in Fig. 10h. Their increase
could trigger intracellular Ca®* responses to active down-
stream signaling pathways, thereby upregulating the related
gene expression of osteogenic differentiation. Additionally,
it has been reported that Zn ions were conducive to treating
defective bone diseases such as osteogenesis imperfecta and
osteoarthritis [70, 71].
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g the Ca2* response to Zn after culture in hMSC with TRPM7 and/or
GPR39 knockdown; h cAMP and PKA activity in hMSC with TRPM7
and/or GPR39 knockdown

Conclusions

In this study, the relationship among process parameters, for-
mation quality, and texture during LPBF, as well as their
impact on the mechanical properties, degradation, and cell
behavior of Zn parts were researched. The conclusions can
be summarized as follows:

(1) The formation quality of LPBF-processed Zn parts was
improved with an increase in laser power or scanning
speed. As apower of 80 W and a speed of 800 mm/s were
applied, the part surface exhibited stable melt tracks and
became flat because of sufficient overlap with an effi-
cient metallurgical bond between adjoining tracks. Its
relative density also reached over 99.5%.

@ Springer



118

Bio-Design and Manufacturing (2023) 6:103-120

(2) Atapower of 80 W and a speed of 400 mm/s, grain ori-
entation preferentially grew along the <0001> direction,
displaying a strong texture. With an increase in speed,
various crystal orientations and a weakened texture were
achieved, accompanied by significant fine grains. Addi-
tionally, high laser power induced the enhancement of
texture strength and the coarsening of grains.

(3) For LPBF parts with a densification rate of over 99.5%,
increasing the speed enhanced their strength and ductil-
ity. High power decreased both strength and ductility
due to a decline in the ability to accommodate dis-
locations. As a result, the mechanical strength and
elongation were enhanced from 106.2 MPa and 5.6%
to 127.8 MPa and 7.6%, respectively.

(4) The LPBF-processed Zn displayed a moderate degra-
dation rate of 0.049 mm/year. Its degradation rate also
slowed down and tended to stabilize when extend-
ing the immersion period. Moreover, released Zn ions
induced stem cells to proliferate and differentiate into
osteoblasts.
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