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Abstract

The processing of Zn alloys through Laser Powder Bed Fusion (LPBF) with conventional vector-based scan
strategies poses significant challenges regarding process stability. The evaporation tendency of such materials
limits the quality of the process outcome introducing excessive porosity and low geometrical accuracy.
Commonly, this issue requires a modification on the hardware of the LPBF machine employed concerning the gas
management. The process instability and excessive vapour generation can be avoided also a careful control of the
laser energy deposited over time. Hence, this study focuses on the novel scan strategies ad a possible solution.
Single Point Exposure (SPE) scan strategy was applied to process Zn-0.5Mg powders, allowing to suppress the
excessive smoke formation in the printing of body centred cubic (BCC) cell lattice structures. The new strategy
was developed via an open LPBF system, together with dedicated slicing software for laser path and parameter
assignment. The laser pulse profiles were characterized with a fast photodiode in the SPE control mode. Lattices
with strut diameters smaller than 200 pm could be obtained, proving the capability of the strategy in the processing
of fine features on challenging materials such as Zn alloys maintaining process stability. The lattice struts were
adequately densified without excessive porosity and the relative density of the lattices were controlled between 2-
35% by means of the process parameters and cell size. The obtained samples were also characterized regarding
their mechanical properties, showing controllable stiffness of the lattices as prospect materials load-bearing

biodegradable implants.
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1 Introduction

In the last years, the interest in Additive Manufacturing (AM) applied to biodegradable porous metal implants has
seen a significant growth, mostly due to its capability to produce highly customized structures in terms of macro
and microgeometry with reduced lead times [1,2]. Especially, Laser Powder Bed Fusion (LPBF) technology is
arguably the most advanced AM technology for producing customized metal implants. An appealing application
for these structures is bone scaffolds. Artificial bone grafting should provide a favourable structure for bone cell
adhesion and proliferation, leading to bone ingrowth [3]. Such implants, rely on specific requirements regarding
the microgeometry (interconnected pores with suitable geometry) [4], macro geometry (patient-specific) and
mechanical properties [5]. Especially, regarding pore size of the designed structure, the minimum value to allow
angiogenesis is 100 um while a pore size in the 300-900 um range is considered beneficial for bone ingrowth [5].
Additionally, an appealing property for the next-generation customized implants is biodegradability of the
material, to enable the reabsorption of the implants in the host body [6] [7]. Commonly investigated materials are
Fe and Mg alloys, but Zn alloys represent an emerging trend thanks to the favourable degradation rate [8],
biocompatibility and osteogenic potential [9][10]. Compressive strength of the bone lies in the 90-205 MPa and
0.1-14 MPa range, while Young’s Modulus lies in the 1-35 GPa and 0.1-1.4 GPa respectively for cortical and

cancellous bone [3].

Previous works investigating the processability of Zn alloys through LPBF have evidenced severe issues connected
to the evaporation tendency of the material caused by the low melting and boiling point, leading in turn to process
instability and high levels of porosity [11,12]. During the laser based processing of Zn employing conventional
Gaussian-like beam distributions, the boiling is expected to occur at the central part of the irradiation point. As the
boiling continues progress the Zn vapour is expected exert recoil pressure on the melt pool, pushing it downwards
progressing towards a keyhole regime and increasing the penetrated depth by the laser beam. Resultantly keyhole
pores, gas entrapment and powder bed denudation can occur [13]. To address the issue, hardware solutions have
been used to compensate for the excessive evaporation with a specially designed, enhanced recirculation system

while maintaining the conventional vector-based scan strategies (e.g. contour-hatch) [14,15]



Demir et al. managed to obtain a stable LPBF processing of pure Zn bulk samples in an open chamber with an
inert gas jet flow over the powder bed [14]. Lietaert et al. carried on a similar work, where a proper recirculation
system and the optimization of process parameters allowed to obtain dense pure Zn bulk samples [16]. Chen et al.
studied and designed a gar recirculation system specifically tailored for the LPBF of prone to evaporation materials
managing to print with an optimal density pure Zn cubes [17]. The same custom-made system has been used by
Wen et al. to fabricate pure Zn cardiovascular stents and porous scaffolds [15,18]. All these works involved vector-
based scan strategies and required a hardware modification. The difficulty of processing Zn and its alloys by LPBF
limited also the studies on different alloy types and geometries. Improving processing conditions by the control of
the laser emission profile is an appealing aspect also to open up further work on newer alloys for comparing their

mechanical and biological performance with respect to those produced by conventional manufacturing processes.

Conventional LPBF scan strategies rely on consecutive line scan by a fast moving laser beam to selectively melt
the powder bed where required in each single layer, leading to possible time-dependent thermal build up and to a
sub-optimal resolution when dealing with fine structures. Commonly, continuous wave (CW) emission is used
with such vector-based scan strategies. The choice of the correct scan strategy is fundamental for the geometrical
fidelity, surface roughness, internal defects and the mechanical properties of the lattice structures [19,20]. On the
other hands, studies have shown the potentiality of pulsed wave (PW) emission to obtain a finer resolution of the
tool [21], and to control the energy release and melt pool formation more flexibly [22]. The use of pulsed wave
emission has been shown to be effective for producing highly detailed cardiovascular stents [23-25] as well as
porous structures for biodegradable orthopaedic implants [26]. Nonetheless, the majority of the literature sources

refer to vector-based scan strategies, even regarding difficult to process materials such as Zn alloys.

An alternative is represented by Single Point Exposure (SPE) scan strategy. Such strategy consists in the
positioning of the laser beam at precise locations subsequently exposed by means of a single laser pulse
characterized by a certain duration and laser power. The strategy is capable of exploiting the components of
standard industrial LPBF machines to perform a novel processing on the material. The galvanometric mirrors are

used for the positioning of the laser beam at the predetermined locations, then stopped while the laser source is



modulated in order to obtain therein the exposure of the powder bed to a single laser pulse. SPE has been previously
applied to conventional LPBF materials such as Ti alloys and AISI316L [27-30]. While its use for improving the
process resolution has been discussed for these materials, to the authors’ knowledge its use for an enhanced control
on the consolidation of the materials with low processability has not been addressed. Concerning the biodegradable
Zn-alloys, the use PSE can provide two main advantages: i- suppressing the excessive vapour formation leading
to process instability, and ii- reducing the processed strut size in lattice structures for a greater control of the
mechanical and biodegradation behaviour. As a matter of fact, SPE can be applied to conventional LPBF systems
by adjusting the laser control software without the necessity to intervene with the hardware, rendering this

approach highly desirable for future applications.

In this work, Single Point Exposure strategy has been employed for a smoke-free production of Zn-0.5Mg body
centered Cubic (BCC) lattice structures with LPBF. An open industrial LPBF system equipped with a conventional
single mode fiber laser and scanner optics was used with a customized laser trajectory and parameter assignment
software. The effect of the SPE control parameters on the laser emission profile was first characterized. An
experimental study was conducted using these parameters to produce lattices with different cell sizes. The
produced samples were characterized to assess their density, geometry, as well as compressive strength. Finally, a
mock-up biodegradable facial implant with a conformal shape was produced demonstrating the capacity of the

newly developed LPBF strategy.

2 Single Point Exposure functioning principle for producing lattice structures

Single Point Exposure, being a non-conventional scan strategy based on points instead of linear vectors, needs the
definition of the process parameters involved in the melting and consolidation process. As previously briefly
described, during SPE the laser beam is positioned at specific locations where single laser pulses are emitted. Laser
pulses are characterized by a certain duration (#,,) and by a peak laser power (P) similar to what occurs in pulsed
wave emission [31]. The pulse duration is in the ps range, obtained through a fast modulation of a continuous
wave (CW) fiber laser source. Hence, considering the typical delays and rise times for commercial CW fiber laser
sources, the single pulse shape can be approximated with a square wave and P can be regarded as the laser emission
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power reached for a duration equal to 7,,. With conventional CW fiber laser sources, controlled via analogue and
digital signals, P would be set through the analogue channel, while the 7,, would be consequent to the modulation
operated through the digital signal. Regarding the pulse duration, a proper calibration is needed in order to
compensate for the typical delays between digital signal and actual laser emission. The combination of the pulse
parameters influences the melting dynamics during the process and the thickness of the obtained features. As a
consequence to each pulse, a circular melt pool with a certain diameter will be created. A visual representation of
the single pulse interaction is provided in Figure 1. The energetic input, as with conventional strategies, should be
optimized in order to be sufficient to melt the material while avoiding its vaporization, especially with evaporation-

prone alloys, such as Zn ones.
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Figure 1. Schematic representation of the single pulse interaction
In order to produce 3D parts, the laser trajectory and the exposure points should be calculated in a layer-by-layer
fashion. Single pulse locations should be defined for each layer in terms of x and y coordinates according to the
geometry to be obtained. A simple approach to the issue is the definition of such locations taking as an input a
conventional CAD file, performing the slicing, and subsequently defining the locations as centroids of the 2D
surfaces obtained with the slicing process. This approach, namely “centroid-defined SPE”, is valid for filigree
structures where the sections resulting from the slicing process involve near-circular shapes. An example of such
approach applied to a BCC lattice structure, which will be the geometry involved for the present work. Figure 2
describes the production of a bone porous implant mock-up based on an existing bone defect on a model jawbone.
The missing bone volume is reconstructed as a 3D CAD file. Then, BCC lattice structure with is generated inside

the volume with a chosen unitary cell dimension c. The dedicated CAM software performs the slicing on the lattice
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geometry. For each slice, the closed contours are found and their centroid locations are calculated. Ateach centroid
location a single pulse is to be released with a determined pulse duration and power. The manufacturing phases
follow the conventional LPBF process, where after each layer the powder bed is lowered by the layer thickness

(2)-
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Figure 2. Centroid-defined single point exposure applied to the manufacturing of a porous bone scaffold with BCC lattice unitary cell (¢
is the unitary cell dimension).

3 Materials and methods

3.1 Materials

A Zn-0.5Mg alloy powder was used in the study. The powder was gas-atomized with spherical form and a size
distribution between 15-53 pm (Linbraze, Sommatino, Italy). Figure 3.a shows the powder morphology acquired
by SEM. Figure 3.b shows the metallographic cross sections of the powder particles showing full density of the
as-provided material, while Figure 3.c shows the powder size distribution. Overall, the powder feedstock matches

the requirements of the LPBF application in terms of shape and size.
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Figure 3. (a) SEM image of the powder, (b) metallographic cross section of the particles and (c) PSD estimated using the Circular
Equivalent Diameter volume distribution

Table 1 shows the chemical composition of the powder as declared by the producer and as measured through
Energy Dispersive X-ray Spectrometry (EDS). The printing substrate was Zn-plated carbon steel plates with a
coating thickness of about 300 pm (Sessa snc, Settimo Milanese, Italy). The substrate was roughened by means of

800 grit abrasive paper prior to the LPBF process.

Table 1. Chemical composition analysis results by the powder supplier and by EDS measurements

Measurement Zn Mg Al (0)
Declared average wt% 99.47 0.52 0.005 nd
Declared tolerance wt% 99.30-99.70 0.30-0.70 <0.010% nd
EDS wt% 97.940.2 1.0+0.1 nd 1.1+0.1

3.2 Open industrial LPBF system

An open industrial grade LPBF system, namely 3DNT LLA150R (3DNT, Solbiate Olona, Italy) was employed.
The hardware components (laser source and optical chain) and the control architecture were open to the end-user.
Customized CAM software able to manage flexible scan strategies including Single Point Exposure was adapted
to the LPBF machine (Direct Machining Control, Vilnius, Lithuania). The controller card (SP-ICE3, Raylase,
WeBling, Germany) provided the interface between the software and the scanner head (Raylase MS-III). A single
mode fiber laser source with 250 W maximum power was employed (MFSC-300L, MAX Photonics, Shezen,
China) and 20 um core fiber diameter. The optical chain was composed by a collimator, a 1.25X beam expander
which also provides fine-focus adjustment, the scan head, and an f-theta lens which combined results in a

theoretical beam waist diameter (dp) of 27 pum. The main specifications of the system are reported in Table 2.



Table 2. Main specification of the LPBF system employed

Specification Value
Atmosphere Ar/N»
Maximum emission power, P (W) 250
Laser emission wavelength, 4 (mm) 1080
Delivery fiber diameter, dy (um) 20
Beam quality factor, M? 1.1
Minimum beam diameter, dy (um) 27

3.3 Experimental Design

Prior to the production of the specimens, laser emission profiles were acquired to reveal the differences between
the commanded and emitted pulse durations. The temporal modulation of the laser source has been characterized
through a FGA10 InGaAs photodiode (Thorlabs, Newton, NJ, USA) amplified with an operation amplifier
(TLO72C, Texas Instruments, Dallas, TX, USA). The pulse rise time was considered from the start of the
modulation signal to 90% of the maximum power. The pulse fall time was considered from 90% to 10% of the
maximum power. The pulse duration (#,,meas) Was determined as the temporal distance between the initial and final

passages from the 10% of the maximum power.

Later, BCC lattice structures with two different levels of unitary lattice cell dimension (c=1 and c=2 mm) were
manufactured under Ar atmosphere with and O, content of less than 3000 ppm. Two different macro-geometries
of the lattice structures were produced: cubical samples (10 mm x 10 mm x 10 mm, three replicates) and cylindrical
samples (@ 6.5 mm x10 mm, two replicates), designed to optimize micro-CT acquisitions. Both the geometries
were manufactured with 2 mm vertical supports, obtained with the same process parameters as the samples. Figure
4 shows the CAD files used for each sample. The layer thickness (z) was maintained fixed respectively at a value
of z=30 um. The variable parameters, in addition to the cell dimension, were represented by the laser emission
power, investigated on two different levels (P=40 and 65 W), and by the exposure time, varied on three levels
(t,»=200-400-800 ps). This parameter range was obtained as a result of a preliminary campaign on vertical single
struts. Table 3 provides and overview of the fixed and variable process parameters in the present experimental

plan.



Figure 4. CAD models of the BCC lattices with tilted and frontal views: (a) and (e) cubical with c=1 mm, (b) and (f) cubical with c=2
mm, (c) and (g) cylindrical with c=1 mm, and (d) and (h) cylindrical with ¢c=2 mm

The cubical samples were qualitatively characterized my means of SEM imaging and subsequently compression
testing was performed on all the replicates. Instead, on the cylindrical samples, micro-CT acquisition were
performed as well as metallographic cross sectional analyses. An overview of the fixed and variable factors of the

experimental campaign is provided in Table 3.

Table 3. Fixed and variable factors of experimental campaign

Fixed factors Value
Layer thickness, z (um) 30
Process gas Ar
Cell type BCC
Beam diameter, dp (um) 27
Variable factors Value
Cell dimension, ¢ (mm) 1-2

Laser emission power, P (W) 40-65
Exposure time, f,, (Lm) 200-400-800

A craniofacial implant mock-up was also produced as a demonstration of a possible workflow for the production

of patient specific bone scaffolds through LPBF exploiting the advantages of SPE scan strategy. The part was
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designed as described in 2. A free-form shape filled with BCC lattice structure with c=1 mm has been chosen and

manufactured, applying the SPE scan strategy with stable process parameters (P=65W and ¢,,=400 ps).

3.4 Characterization
Scanning Electron Microscope (Zeiss EVO 50, Zeiss, Oberkochen, Germany) imaging was carried out for a

qualitative analysis by capturing top and side views at different magnifications of the as-built specimens.

Two replicates of the cubical samples were weighted using a digital scale with a resolution of 0.001 g (Precisa
100A-300M). The weight measurement was used to estimate the relative density of the samples as defined as in
Equation (1), where my is the weight of the fully dense bulk material filling the whole lattice envelope and m; is

the weight of the lattice sample.

mg

Pret = mo (1)

Micro computed tomography (CT) images of the cylindrical samples were made (X25 Micro CT scanner, North
Star Imaging, Rogers, MN, USA) using a 5 um voxel size, 140 kV of voltage and 35 pA of intensity. The obtained
tomographies were analysed using VGSTUDIO MAX software (Volume Graphics GmbH, Heidelberg, Germany)
in order to measure the diameter of the single struts by employing an automated fitting function. Five measurement
of random selected single struts were performed for each combination of the process parameters. Tomography
images were also exploited to investigate possible formation defects such as porosity through the analysis of the
cross sections. Samples were mounted in resin, grinded, polished and the resulting metallographic cross sections
were acquired via optical microscopy (UM 3001 BD, EchoLab, Paderno Dugnano, Italy) in order to check for the
presence of processing porosity. Samples were chemically etched in a 5% HCI and 95% ethanol solution for 20 s

in order reveal the microstructure. Figure 5 represents an overview of the characterization methods.
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1 mm 4 200 pm

Figure 5. (a) Top view SEM image, (b) metallographic cross section of a sample, (c) micro-CT acquisition and (d) strut diameter
measurement.

Energy Dispersive X-ray Spectrometry (EDS) was performed on the metallographic cross sections to obtain the
chemical composition of the manufactured samples and compare it with the powder one. Four replicates for each
processing condition were made. Compression tests were performed on the three replicates of the cubical samples
with c=1 mm using an MTS Alliance RF/150 electromechanical testing machine (MTS Systems Corporation, Eden
Prairie, MN, USA) with a testing range of £150 kN and 1 N resolution. The tests were performed imposing a 20%
maximum strain and a crosshead speed of 2 mm/min. Some preliminary compression tests excluded the lattice
structures with c=2 mm due to the very low compressive strength (<1 MPa). The condition c=1 mm, P=40 W and
t»=200 pus was excluded from the testing due to uncomplete build on the support side. The load vs displacement
curves were acquired for all the remaining samples and elaborated using MATLAB (MathWorks, Natick, MA,
USA). Representative fracture surfaces of some selected samples have been observed by means of SEM in order

to provide a greater understanding of the failure mechanism.

4 Results and discussion
4.1 Laser emission
Figure 6.a-c shows the pulse profiles as a function of the laser power and pulse duration. It can be seen that the

laser source has an initial ramp stabilizing towards the nominal power and a final ramp after the end of the
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command signal. Such delays are attributed to the latency of the pump diodes to reach the desired power level
[32][33]. Figure 6.d shows in greater detail the rise and fall time and the measured pulse duration definitions.
Figure 6.e shows the measured rise and fall times, which are considerably long and were found to be independent
of the commanded pulse durations in the tested range. acquired conditions and the delays characterization.is
almost constant for all the power levels. Figure 6.f shows the measured pulse duration (fmmes) against the

commanded one (%,,). The pulses were found to be approximately 73.5 ps longer than the commanded duration a

mainly due to the long fall times, while remaining independent from the laser power.
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Figure 6. Photodiode acquisitions for (a) P=15 W, (b) P=40 W, and (c) P=65 W. (d) Measurements carried out on a signal. (¢) The
measured rise and (e) fall times against the power levels. (f) Measured pulse duration against the commanded #,n.

4.2 Characterization of lattice structures

During the build process, almost no vapour formation could be detected while spark formation was completely
absent, proving the beneficial effect of SPE strategy on the process stability (see the supplementary materials

section 6). Indeed, even with a conventional recirculation system, the printing process could be completed without
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an accumulation of smoke in the build chamber. As seen in Figure 7, the build process could be completed without
macro printing defects. After the removal from the baseplate, partial disintegration was observed on the samples
produced using c=2 mm, P=40 W and 7,,=200 ps. Indeed, this condition is the least energetic amongst the tested

with the struts being farther apart from each other. These results confirms the feasibility of SPE for inclined struts

(even with overhang angles of around 45°) and complex lattice structures.

Figure 7. Macro images of the cubical samples attached to the build plate

4.2.1 SEM imaging

SEM images of the specimens produced with different process parameters are shown in Figure 8. The images
show that material consolidation and geometrical accuracy were achieved, despite the presence of sintered powder
particles around the struts. The amount of attached particles was not found to be influenced by the process
parameters. Instead, the diameter of the single struts seems influenced by the process parameters, increasing both
when emission power and exposure time are incremented. From the top view, superficial pores can be seen with
the highest energetical input. The probable explanation to the phenomena is the highest thermal accumulation near
the strut junctions caused by close sequential single pulse exposures of the powder bed and possible keyhole

formation [13].

4.2.2 Dimensional characterisation by micro-CT

Figure 8 shows the result of the strut diameter (Dyn) measurements. The diameter shows an increasing trend with
increasing exposure time and power. The numerical results indicate that the SPE scan strategy is able to reduce
the smallest feature size and improve the process resolution with respect to conventional vector-based scan

strategies. Average strut diameter ranges between 130-350 um varying the process parameters. An increase in the
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power and pulse duration provide increased strut diameter as directly related to the quantity of the released laser
energy. The influence of the cell size Therefore with the fixed cell design the enlargement of the struts correspond
to the reduction of the pore size. Consequently, it can be deduced that the SPE can allow higher flexibility in

controlling strut and pore dimensions in LPBF

Considering spherical powder grains with an average diameter (Davg pariicie) Of 35 um, cylindrical struts and a layer
thickness of 30 um the average number powder grains melted in the process (Nay) could be estimated from the

following expression:

(Dsrut)z,z_n
2
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Figure 8. (a) SEM top images of a representative condition for each combination of the process parameters and (b) results of the
dimensional characterization of the strut diameter. Dashed line depict trend, while the error bars show standard deviation. (BD: build
direction)
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Accordingly, the process is expected to involve approximately 20 to 130 powder grains in average per strut at each
layer depending on the process parameters. It can be concluded that beyond the advantages provided to reduce the
vapour formation and improve the process stability, PSE appears to improve the process resolution to an extent of
a few grains with respect to conventional vector-based scan strategies. Indeed, comparing the result with the
previous works involving the LPBF production of Zn alloy lattice samples [15,18,34,35], the values obtained in
the present investigation are significantly lower. A finer resolution of the process is beneficial for biomedical
applications since it allows the creation of features with a specific microgeometry, customization of the size and
shape of the pores could be possible with a greater accuracy. Moreover, considering the requirement for bone
scaffolds regarding pore size (i.e. 300-900 um [5]), the strut dimensions with c=1 mm cell size could be flexibly

varied by adjusting the process parameters.

4.2.3 Internal defects and relative density

Figure 9 shows cross-sections of the samples as a function of the process parameters. The images showed full
melting and consolidation of the material in the central part of the strut, with sintered and loosely adhered powder
particles around the fused zones of the strut borders as no post processing was applied to improve the surface
quality. The amount of the sintered particles depended on the processing parameters, where with more energetic
conditions the fraction of melted region compared to the sintered particles appears to be higher. Generally, no
macro pores were identified from the image analysis and the density seems constant varying the process
parameters. The pore formation was observed to occur occasionally in the strut junctions, presumably due to the

thermal build up effect created by four subsequent and spatially close laser exposures.
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Figure 9. Metallographic cross-sections acquired through optical microscopy of a representative condition for each combination of the
process parameters (BD: build direction).

Figure 10 reports the relative density (p,.;) values obtained. The values show an increasing trend both with exposure
time and power increment. The relative density trend is analogous to the variations of strut diameter as could be
expected. Average relative densities varied in the 6.5-34.2 % range for c=1 mm and in the 1.7-10.4 % range for

c=2 mm.
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Figure 10. Results of the relative density measurements (dashed lines depict trend).
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4.2.4 Chemical composition

The results from the EDS analysis are shown in Figure 11. It should be noted that the analysed material depth is
approximately 3 um, and the measurements remain of qualitative nature. Overall, the EDS measurements slightly
vary compared to the declared values by the powder producer mainly due to the presence of oxygen. The relatively
higher oxygen content can be related to the low penetration depth of EDS and the difficulty of measuring lighter
elements via EDS. The relatively higher level of oxygen appears to decrease the Zn content with respect to the
declared value of the powder feedstock, while the Mg contents seem to slightly higher than the declared ones.
Hence, the measurements especially concerning the oxygen content via EDS is indicative should be compared
with the EDS measurements of the powder feedstock. From the qualitative perspective, the LPBF processed
lattices appear to be more oxidised compared to the powder feedstock, which results in a slight reduction of Zn.
Although qualitative, similar oxygen contents have been reported during the LPBF of pure Zn [14][18]. The
oxygen content in the process atmosphere (3000 ppm) may have induced the increase in the oxide content. The
Mg content appears to remain almost unvaried overall compared to the feedstock. It can be expected that Zn having
a lower vaporization point (Ty=1180 K) compare to Mg (T,=1363 K), and therefore it is depleted more easily [36].
Overall, it can be concluded that PSE provides a further advantage of not altering the chemical composition of the

processed Zn-Mg alloy thanks to the controlled energy release on the material.
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Figure 11. Results from the EDS measurements performed on the lattice samples, compared with reference EDS measurements on
powder and with the declared powder composition as provided by the supplier. Error bars show standard deviation. (UL=Upper Limit,
LL=Lower Limit)

19



4.2.5 Microstructure

Figure 12 shows the microstructure of the lattice produced with P=40W, =800 ps, c=2 mm. The microstructure
is uniform and shows no preferential orientation over the exposed region. The microstructure confirms full
consolidation at each single strut. By comparing the microstructure obtained in the present research with as-cast
samples of the same alloy [37] [38], a significantly refined grain size (4.8+£1.7 pum) can be noted in the LPBF
samples processed with SPE strategy. The grains are surrounded by a network-like structure expected to be
Mg»Zn; and produced by the rapid cooling during the process [37]. By comparing the microstructure obtained in
the present research with as-extruded samples of the same alloy at 200°C and 300°C [39], a refined grain size can
still be noted, while the preferential grain orientation visible in the extruded samples is absent in the LPBF ones.
The homogenous and fine can be beneficial for controlling the degradation behaviour as well as the mechanical
properties [10]. A more detailed analysis of the microstructural evolution, which was not along the main aims of

the present work, should provide further comprehension to the use of the alloy in the final application [40].

— —
25 um 10 pm

Figure 12. Typical microstructure of Zn-0.5Mg lattice taken at the scan plane at low magnification (a) and high magnification (b)

4.2.6 Mechanical behaviour

Figure 13 shows the stress (o) - strain (¢) curves acquired of struts with c=1 mm. The graph shows a marked

influence of the process parameters, both exposure time and power, on the resulting properties of the lattice.
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Generally, the curves show an initial elastic portion, then a plastic deformation section followed by a drop in the

stress value, corresponding to the breakage of the sample.

(a
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15} /\ ——P=40 W t_ =800 ps|

E P=65 W t0n=200 e
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40W 65 W e
800 us 200 pus

Figure 13. (a) Stress (o) - strain (¢) curves of the produced lattices with c=1 mm. (b) Macro images of the samples after compression
testing.

As shown in Figure 13, in most of the cases the fracture surface was angled at 45° with respect to the load direction.
Such behaviour has been observed in literature for stretch-dominated lattice structures [41], while theoretically the

BCC lattice employed in the present investigation is regarded as a bending-dominated structure.

Compressive Yield Strength (CYS), Compressive Strength (CS), Young’s Modulus (£) and Strain at failure (ey)
were extracted from the stress-strain curves. An overview of the mechanical properties obtained for c=1 mm are
reported in Figure 14. The compressive yield strength, compressive strength and Young’s modulus show a similar
trend, increasing both with exposure time and power increment. The value of the strain at failure instead seems

rather constant regardless of the process parameters used. The sample with the highest mechanical properties (c=1
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mm, P=65 W and #,,=800 ps) showed a CS of 14.7£0.7 MPa, a CYS of 10.8=1 MPa, a Young’s Modulus of

358+110 MPa and a strain at failure of 8.8+2.0 %.
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Figure 14. Overview of the mechanical properties obtained for lattices with c=1 mm, (a) compressive yield strength, (b) compressive
strength, (c) Young’s modulus, (d) strain at failure. Dashed line depict trend, while the error bars show standard deviation.

Fracture surfaces were observed by means of SEM microscopy in order to understand the failure mode of the
structures, a representative case of the acquired images can be seen in Figure 15. The fracture locations can be
identified as the brighter areas in (a), it can be noticed that the failure of the single struts mostly happened near the
junction. By increasing the magnification of the fracture surface (c), the typical aspect of transgranular fractures
can be recognized, indicating that on a microscale a fragile fracture occurred [42]. The absence of plasticization
areas support such observation. The location of the fracture surfaces can be explained considering that under
compression BCC lattice structures show a stress concentration in that area [43]. Furthermore, some build defects
(localized porosity) were occasionally present in such position and could have aided the local failure of the
structure. The fragility observed both through micro and macro analysis of fractured specimen may be caused by
the local stress concentration (due to the geometry or the presence of localised defects) or may also be correlated
to the intrinsic behaviour of the material (also considering the fabrication method which relies on a fast melting

and rapid solidification process). Previous works on Zn-xMg alloys processed by LPBF highlighted a sharp
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decrease in the ductility of the material with an increasing Mg content [44]. The observed fracture behaviour is
expected to be a result of the combination of these effects. Overall, the fracture surfaces show that the lattices
broke in the fully melted region, indicating that the sintered particles remained around the borders. In order to
increase the mechanical properties, further improvement of the process parameters to reduce the sintered material

amount as well as post processing strategies can be applied [45][46].

Figure 15. SEM images of the fracture surfaces: (a) showing fracture locations, (b) higher magnification on the detail highlighted in the
previous image and (c) high magnification image showing transgranular brittle fracture

Due to the nature of the proposed application of the lattice structures, i.e. bone scaffolds, the mechanical properties

represent a crucial point and their dependence upon the structure geometry should be considered. Relative strength

(:—*) and relative elastic modulus dependence upon the relative density has been modelled by Gibson [47] and
y.s

Ashby [48] for open cell solids as a positive exponent relationship. This approach has been confirmed for LPBF

lattice structures [49] and can be expressed as in Equation (3)

7 _c (P_> 3)

where ¢ is the static yield strength of the lattice structures, gy, ¢ is the static yield strength of the lattice structure’s
bulk material, C is the Gibson-Ashby constant, the value of which is dependent on the unit cell topology and 7 is
the exponent, where C and n are experimentally determined and depend on the material and the geometry of the

lattice structure unitary cell [48],[49].
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The experimental coefficients of the Gibson-Ashby model were calculated via non-linear regression fitting and
using the experimental compression yield strength (CYS) and relative density (prd:’;—) data. Literature data was

used for the bulk material properties (g, ;=230 MPa [44]). A single fitting was initially performed for lattices

produces with the two levels of the laser emission power, which resulted in lack-of-fit. This indicates that the
model does not fit the data well, indicating that the model may be missing further predictors [50]. As a next step,
the data points of the different power levels were separated to fit separate models. In this case no lack-of-fit was
observed. The fitted curves for the are shown in Figure 16 along with the calculated coefficients along and their
95% confidence intervals for the mean. Although the limited number of specimens, the fitted models appear to
follow the data points well. The results indicate that the C parameter is largely different between the two levels of
laser emission power, suggesting that the LPBF material properties are influenced by the power level. According
to the Gibson-Ashby model, the metallic lattices should have the C coefficient between 0.1 and 1 [49]. The struts
produced with 40 W laser power fall within this range, while the ones produced with 65 W appear to have the C
value much higher presumably showing increased strength independently from the lattice geometry. Considering
the sensitivity of the material to the temperature, such phenomenon is likely to occur as a function of the process
parameters changing the mechanical behaviour. On the other hand, the exponent n appears to remain in a similar
range for the two power levels, the confidence intervals including the value of 3 in both cases. Indeed, for BCC
lattice structures the common value for n parameter is about 1.5, while bend-dominated lattice walls and struts can
reach n=2-3 [51]. Moreover, the higher exponent values trend found in this work can be caused by a modification
of the mechanical properties of the material with increasing exposure time, leading to an effect superimposed to

the pure geometrical effect of the relative density.
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Table 4. Overview of the literature results compared with the ones of the present research and with the reference values for bone scaffolds
(* data are extrapolated from plots)

Type of Alloy Cell  Dsrut Prel CS CYS E (MPa) Strain at Ref.
lattice size (nm) (%) (MPa) (MPa) failure
(mm) %
BCC Zn-0.5Mg 1 287+9 34 14.7+0.7 10.8+1.0 358+110 8.8+2.0  Present
work
Diamond Pure Zn 1.4 441+1 38+2 15% 10.8+0.2* 786+80* - [34]
Diamond Pure Zn 1.4* 562 55+1.8 229+1.7 127x1.5 950+114 - [35]
Diamond Zn-2WE43 1.4* 562 55+1.8 60.5+1.1 509+1.0 1910+£257 - [35]
Diamond Zn-5WE43 1.4* 562 55£1.8 732426 66.2+2.4 2480270 - [35]
Diamond Zn-8WE43 1.4* 562 55+1.8 50.9+3.1 50.9+3.1 2540+203 - [35]
Reference CS E (MPa)
(MPa)
Cortical bone 90-205 1000-35000 [5]
Cancellous bone 0.1-14 100-1400 [5]

The results of this work can be compared to the other Zn based lattices produced via LPBF in literature. The

processing conditions providing the largest struts with c=1 mm cell dimension was considered for the comparison

(P=65 W, 1,,=800 us). An overview of the results is provided in Table 4 together with the reference values for

cortical and cancellous bone. It can be seen that the reference works are very limited, alloy types and lattice

geometries vary. Li et al studied diamond lattices with pure Zn [34]. Qin et al studied the LPBF of Zn-xWE alloys
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by mixing pure Zn and WE43 Mg alloy [35]. The limited literature reflects the difficulty in developing and
comparing new alloys due to the low processability of Zn-alloys, where results are often compared to within the
single work. As per the difficulty in comparison, a complete overview with the lattice type, the alloy employed,
the cell size and the strut diameter is provided together with the relative density and the mechanical properties.
The final mechanical properties rely on the defects, microstructure as well as the strut size and the lattice geometry.
From this perspective the normalized compressive yield strength is a parameter that can yield a clearer analysis.
The strut sizes of the SPE produced lattices of this work have 25% to 40% of the strut cross-sections of the reported
works in the literature along with a lower relative density [34], [35]. The PSE produced Zn-0.5Mg BCC lattices
have an intermediate mechanical behaviour between diamond pure Zn and Zn-xWE43 lattices [34] [35]. Overall,
the elastic modulus is much smaller resulting in a less rigid behaviour more compatible with cancellous bone. The
material strength of PSE produced lattices is much lower than those of Zn-xWE43 alloys due to the geometrical
differences as well as the alloying constituents [35]. Combined with the smaller cell size used in the PSE produced
Zn-0.5Mg the thinner struts allow reducing pore dimensions further. Such conditions are expected to be favourable
for bone growth mimicking the material properties towards the cancellous bone structure [52]. The smaller pores
are expected to enhance the wicking behaviour favouring the transport of body fluids and nutrients along the
porous material [53]. The geometrical effects are expected to also have an impact on the corrosion behaviour. The
smaller struts provide a larger surface area to volume ratio, which can induce a more rapid biodegradation
behaviour. If the biodegradation can be followed by further growth of the bone structure, the thinner Zn-alloy

struts can provide the means for healing larger fixation regions.

Further increase of the mechanical properties is viable through the modification of the lattice geometry but also
addition of the alloying elements. The results highlight that the PSE provides process stability for the given
material and the possibility to adjust the strut size by adjusting the process parameters. Further improvement of
the mechanical properties can be achieved by geometrical optimization, the use of other lattice types and alloys

combined with the use of the PSE strategy.
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4.3 Implant mock-up

The implant mock-up was produced without excessive smoke or spark generation during the processing. Figure
17 shows the additively manufactured Zn-alloy mock-up implant mounted on a polymeric cranial model. The
implant mock-up mimics the conformal bridging of a jaw defect by means of a customized design. For the purpose
of the demonstrator, no fixation principles was considered. It can be seen that the geometrical matching of the
model scaffold with the bone defect has been maintained. While clinical reality will require much more detailed
analysis of the design and implantation phases, the produced mock-up shows the flexibility of using SPE in
producing customized biodegradable implants. A video of the LPBF process during the production of the implant

mock-up is provided in the supplementary materials.

Figure 17. Implant mock-up positioned as a filling scaffold for the a jawbone defect.
Overall, the developed PSE strategy is proven to be capable of producing thin biodegradable Zn-0.5Mg struts and
lattices, which can be conformally formed around an implant geometry. The process parameters were found to be
effective in managing the strut size rather than the use of consecutive scan vectors or exposure points over the
scanned geometry. Prior to the final use of the developed components with the combination of the biodegradable
alloy and the novel scan strategy extensive analyses on the biodegradation behaviour, and cytocompatibility

aspects should be carried out.

The presented PSE approach relies on the modifications of software and laser beam control. The majority of the

conventional LPBF systems operate with fiber lasers and scanner optics similar to what has been used in this work.
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The type of power modulation is readily available to these lasers along with the controller capabilities of the

scanners. Hence, for future implementations retrofitting such scanning solutions to existing machines is a highly

feasible option.

5

Conclusions

This work demonstrated development and use of single point exposure strategy in LPBF for producing

biodegradable Zn-0.5Mg alloy lattice. The work showed the passages from software integration to process

development, material analysis to finally a geometrical demonstrator. The main results of the work can be

summarized as follows.

The use of SPE system on an open industrial LPBF system was enabled through software changes
rendering such option highly viable for existing machines. The strategy allowed the suppression of smoke
and spark formation during the process, avoiding the need of a modification of the recirculation system of
the machine.

The strategy allowed to fully consolidate Zn-0.5Mg BCC lattice structures with strut diameters in the 130-
350 um range, significantly lower than the technological limits currently recorded in literature sources.
The cross sectional analysis shows a general full consolidation with a limited amount of localized porosity
at the strut junctions. The microstructure was found to be consisted of fine grains homogenously
distributed along the strut.

The failure mode of the lattice structures under compression a 45° fracture plane and a fragile fracture of
the single struts. Moreover, the mechanical model employed for the discussion of the results allowed to
determine the parameters for the exponential relationship between compressive strength and relative
density and highlighted a bending mode with higher exponential trend with respect to literature sources,
suggesting an influence of the process parameters superimposed to the pure geometrical effect. These
mechanical behaviours do not belong to the stretch-dominated.

The PSE process parameters varied the mechanical properties of the lattices with the same design. The

highest compressive strength was achieved with the most energetic condition at 14.7+0.7 MPa with a strut
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size of 287+9 um and 34% relative density. Such properties are promising to match those of the cancellous
bone. The small struts and pores can be advantageous for promoting bone growth and biodegradation
control.

e The use of PSE for producing custom biodegradable implants with conformal shape to the bone defect
was demonstrated with a mock-up for a bone defect on a model, demonstrating the applicability of SPE

to complex freeform geometries..

The present work showed in a systematic way process development and characterization for the biodegradable Zn-
alloy. Further development of this work include a more comprehensive mechanical characterization concerning
fatigue behaviour as well as residual strength upon biodegradation. The biodegradation rates as well as
biocompatibility issues should be investigated. Concerning the use of PSE in LPBF, the processability studies can
be extended to conventional LPBF alloys for improved process resolution or to other difficult to process materials
such as Mg alloys. Another aspect regards the programming of process parameter allocation for more complex

lattices based on strut size variations or surfaces, which can benefit from the use of PSE.

6 Appendix
Figure A. 1 shows a frame of the acquired video during the printing of the cubical lattice samples. In the frame,

the sample with the highest energy input is being scanned and minimal vaporization with no spark formation.

Figure A. 1. Single frame from the processing video of the cubical lattice structures
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The considerations regarding process stability and suppression of vapour formation are confirmed in Figure A. 2

where a frame from the video acquired during the processing of the implant mock-up can be seen

Figure A. 2. Single frame from the processing video of the implant mock-up
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