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Abstract

Zinc and its alloys constitute the new generation of biodegradable metallic materials for biomedical implants.
Biodegradable implants of Zn, customized for the specific patient can be potentially realised through additive
manufacturing processes. However, Zn is characterized by low melting and boiling points, resulting in high
porosity in the build parts. In this work, the selective laser melting (SLM) of pure Zn powder is studied to
improve part density. A flexible prototype SLM system was used to determine process feasibility under
different atmospheric conditions. Working in a closed chamber under inert gas was found to be inadequate.
Process stability was obtained in an open chamber with an inert gas jet flow over the powder bed. The effect
of laser process parameters and powder size was studied in this condition. Part density over 99% was

achieved in optimal processing conditions.
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1. Introduction
Selective laser melting (SLM) has proven to be a powerful tool for biomedical implant manufacturing,
especially for the industrial production of customized orthopaedic and dental implants [1]. SLM also

provides the use of lattice structures, controlled and interconnected porosity and fine microstructure, which



are all potentially beneficial for tailoring the properties of the biomedical implant. Both research
communities and industry have been studying the process on established biomedical implant materials,
namely stainless steel [3-5], Cr-Co [6-9] and Ti-alloys [10-15]. More recently, biodegradable metals have
gained attention for applications concerning temporary grafting. By using a biodegradable implant, & second
surgery for implant removal can be avoided in the case of a growing infant patient [16]. Different Mg and Fe
based biodegradable alloys were studied, with degradation and biological behaviour being the main issues.
Mg is highly suitable as an element because abundantly present in the human body, but Mg implants degrade
too rapidly [17]. On the contrary, the degradation rate of Fe is too slow and its alloying elements can be toxic
[18]. A newer family of biodegradable metals based on Zn has emerged in recent years. In terms of
degradation rate, Zn stands between Mg and Fe. From this point of view, the use of Zn and its alloys is
highly promising for smaller implants such as cardiovascular stents and dental implants. Their use in larger
implants, however, should be better investigated due to the toxicity risk caused by an excessive level of Zn
intake [19-20]. The use of SLM on Zn parts can also benefit the regulation of part density, geometry and
microstructure, which are all important factors for regulating the degradation rate and the mechanical
properties. Hence, the use of SLM can be considered in order to enhance the properties of implants with
standardized geometries such as screws, rods and cardiovascular clips. The processability of Mg and Fe
alloys by SLM has been investigated in the recent years [21-27], but there is no detailed literature on Zn and
its alloys. This is mainly due to the low processability of this material by SLM and to the rigidity of
industrial SLM systems in processing new materials. Characterized by low melting and vaporization points
and a limited gap between the two, the SLM of Zn can be instable and give a low part density. In order to
benefit from the SLM enabled features on biodegradable Zn alloys, the process should be stabilized to

achieve high density.

In SLM, porosity is commonly attributed to the used energy density (fluence) level. Both insufficient and
excessive energy densities can cause porosity due to lack of fusion in the former case, and melt pool
instabilities in the latter [28-29]. Fluence is studied as a function of the main process parameters, namely
laser power, scan speed, hatch distance and layer thickness [1]. Depending on the material type, the process
feasibility windows for obtaining high density parts can be determined. In order to obtain functional parts

with good mechanical properties, the fluence should remain stable during the whole build to maintain the
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high density. However, the laser beam can be attenuated, diffracted and scattered within the process chamber
as the process fumes and particles build up. Zinc has low melting and vaporization temperatures [30], which
can be limiting factors for undergoing SLM. The small interval between melting and vaporization
temperatures implies a small fluence range for process stability, whereas a low vaporization temperature may

induce excessive smoke and particle build-up during the process.

This work investigates the SLM of pure Zn for biodegradable applications with the aim of identifying
processability conditions. In particular, a prototype SLM system was employed to explore different
processing atmospheres. Water atomized powder, both as received and sieved, was compared for
processability under different fluence levels. The effect of the particle size suspended in the process

atmosphere on laser beam scattering is discussed, in addition to the effect of fluence level on particle size.

2. Materials and methods

2.1.Material
Water-atomized pure Zn powder was used throughout the experiments (Metalpolveri, Brescia, Italy). The
powder was produced by water atomization, which consists in the impingement of a falling stream of molten
metal with a jet of water that rapidly solidifies the metal in small grains. The powder purity was 99.7% as
declared by the producer. An energy-dispersive X-ray spectroscopy (EDS) analysis revealed an oxygen
content of 2.7 0.9 wt%, expected to be inherent from the water atomization process. It should be noted that
the EDS measurements are indicative of the surface oxidation due to the sensing depth. The powder was
characterized by an irregular shape (see Figure 1.a). In order to test the effects of powder granulometry,
coarse and fine particle sizes were used. For the coarse condition, the powder was used in its as received
condition, whereas the powder was sieved with a 43 pm mesh (Figure 1.b) to obtain the fine granulometry.
The particle size was measured through image processing over SEM images. The image size was 870x590
um?. The particle size was evaluated as the average of diameters measured at 2 degree intervals and passing
through the particle centroid. Although the particle shape is not globular, this approximation was employed
primarily to constitute a comparative basis between the sieved and the as received powders. Size

distributions were found to fit a log-normal distribution as depicted in Figure 2. The mean particle size was



measured as 15 pm for the coarse powder, and 9 um for the fine one. Base plates (substrate) were 2 mm-

thick cold-rolled plates of pure Zn.

2.2.Selective laser melting (SLM) system
A prototype SLM system developed in-house, namely Powderful, was used throughout the study, allowing
flexible control over all the process parameters. A multimode fibre laser source with 1 kW maximum power
(IPG Photonics YLR-1000, Cambridge, MA, USA) was connected to a scanner (El.LEn. Scan Fiber, Florence,
Italy). The scan path trajectory was designed using LogoTag software (Taglio, Piobesi D'alba, Italy). The
optical chain was composed of a 60 mm collimating lens and a 255 mm f-theta lens. In this configuration, the
beam diameter at the focal plane (do) was calculated as 212 pm. The main specifications of the laser system

are summarized in

. The Powderful system employed a fully automated powder bed and could operate in the controlled
processing chamber under process gas or in an open atmosphere with a gas jet flow over the powder bed.

The powder deposition system was designed and realized in-house. The control of the system and monitoring
of the machine state was carried out in a LabVIEW environment (National Instruments, Austin, TX, USA).
In the case of processing in the closed chamber configuration, a vacuum was applied down to 50 mbar of
pressure first, and then process gas was introduced. This procedure was repeated 3 times. The system could
also be operated in an open chamber configuration with a gas jet parallel to the powder bed surface and

suction system on the opposite side of the gas jet.

In the present configuration, the process variables were the laser power (P), the scan speed (v), the hatch
distance between the adjacent scan track (/) and layer thickness (7). Throughout the study, the volumetric

energy density, fluence (F), was calculated using the following expression:

F=n ()

2.3.Characterization

Metallographic cross-sections of SLM parts were prepared by cutting the specimens perpendicular to the



scan direction, mounting them in resin and polishing them. Optical microscopy images of the entire
specimen cross section (5x5 mm?) were acquired with a 5X objective lens in order to avoid dependency on
the image position (Quick Vision ELF from Mitutoyo, Kawasaki, Japan). The apparent density (p4) was

calculated on the images employing image processing software using the following relationship:
A
0 — __ “poretot |
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where Aporeor 1S the sum of the pore areas and A, is the total area examined [31]. The Archimedes method
was not applied for the density measurement in order to avoid possible corrosion within the measurement.
The biodegradability of the material renders it susceptible to corrosion in water or similar solvents. Sample
coatings were avoided for similar reasons. The pore shape was also examined. Measurements over cross-
section images have also been proven as accurate in literature for high density conditions [31]. The diameter
of the largest pore (Dyax) Was measured for each condition. The average roundness of the found pores (Rav,)

was calculated from:

1on P;oore,i2 (3)
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where Ppore and Apore are the perimeter and area of the single pore measured and 7 is the total number of pores
present. The roundness of a perfectly circular shape is equal to 1, with the value increasing as the perfectness
deteriorates. All measurements related to pores consider isotropy around the specimens. In order to have a
better estimate of the porosity characteristics, all conditions were replicated and a single image of the whole
cross-section was acquired instead of sampling in different positions. Vickers microhardness was measured
on samples with high density, with a 300 gr applied load (Metkon MH-3, Bursa, Turkey). Fifteen
measurements were made along the axis of the build direction, which were used to calculate the average and
standard deviation values. An energy-dispersive X-ray spectroscopy (EDS, Inca Energy 200 from Oxford
Instruments, Abingdon, United Kingdom) was used within a scanning electron microscope (SEM, EVO-50
from Carl Zeiss, Oberkochen, Germany). EDS was applied to SLM produced specimens with density over
98%, initial powder and the substrate material for comparative purposes. For each condition, five

measurements were taken at distinct positions in an area of 870x590 um? at a sensing depth of up to 5 pm.



2.4.Experimental plan

The experimental phase was conducted in two distinct stages. In the initial stage, process stability was sought
through the study of the processing atmosphere. Due to its low melting (7,,=693 K) and vaporization
(T,=1180 K) points [30], Zn proves to be a difficult material for processing through SLM. The processability
of Zn can be compared to AISI 316L (7,=3273 K), an austenitic steel that is proven to be easily processed by
SLM [4,33], by means of a one-dimensional heat flow model to calculate the time required to reach
vaporization [32]:

- () 0
where o is the heat diffusivity, k is the thermal conductivity, P is the laser power, do is the laser beam
diameter, and A is the optical absorption. Zn has higher heat diffusivity (az:=43-10"° m?/s; otazss 316.=5-10"
m?/s), higher heat conductivity (kz=113 W/m-K; kas; 3:6:=20 W/m-K) and higher absorptivity at a I um
wavelength (Az=55%; Ar~=35%) [34,35]. Hence, Zn evaporation is expected to start in a time scale which is
approximately 5 times shorter than what is required for AISI 316L. Excessive vaporization and particle
ejection during SLM can generate deterioration in part quality, due to fast contamination of the processing
chamber. An atmosphere contaminated by metallic vapour and particles affects the transmissivity of the laser
beam and optical elements such as the protective window of the scan head. Such deterioration can manifest
in a slow manner as the process chamber is contaminated by the build-up of large components, which require
long processing times. Preliminary experiments, however, showed that processing Zn in a closed atmosphere

under processing gas results in extremely fast contamination of the processing chamber.

An experimental campaign to identify a processing environment suitable for Zn was conducted. The effect of
working in a closed and an open process chamber was tested. The effect of process gas was also included, as
the process was applied under Ar and N; in the closed chamber, and under Ar, N, gas jets with a 20 N1/min
flow rate and in ambient air in the open process chamber. The surface finish of the substrate was also
included in the study. The surface finish plays an important role for the first few layers of the process in
terms of optical reflectivity, but also the mechanical grip of the coated powder. If the initial layers do not
attach well to the build plate, they can be stripped off by the recoater, resulting in the complete failure of the

build part. Substrates with a cold rolling finish (as received) and increased roughness manually generated
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using a 60 mesh abrasive paper (roughened) were tested. All experiments using the coarse powder were
carried out with a 50 um layer thickness (¢), and 110 um hatch distance between adjacent scan lines (k).
Fluence was applied at only two levels, 127 J/mm® (P=281 W, v=400 mm/s) and 147 J/mm® (P=242 W,
v=300 mm/s), to assess its interaction with the processing environment. Forty layers were melted to reach a 2
mm deposit height. Each condition was replicated twice. A single substrate held 2 replications of the fluence
levels, possessed a determined surface finish and was processed at a given processing atmosphere. The

results were analysed qualitatively, assessing the adhesion state of the layers.

In the second phase SLM was applied in a stable processing environment. As determined during the initial
phase, all experiments were applied in an open chamber with an Ar jet. In order to improve part density, the
effect of fluence and powder type was tested. In order to test the effects of powder compactness and its
possible interaction with the powder particle size, the layer thickness () was varied at 30 and 50 pm. The
hatch distance (7) was varied between 110 and 220 um. The laser power (P) and scan speed (v) were varied
to maintain a similar range of fluence for the different levels of layer thickness. All conditions were
replicated twice. Specimens with a 5x5x5 mm® volume were produced, adapting the number of layers to the
layer thickness. The process parameters are summarized in Table 2. The resultant fluence values varied

between 20 and 122 J/mm?>.

3. Results

3.1.Effect of the processing atmosphere on process stability

Figure 3 presents images of the process chamber throughout the SLM process applied in a closed chamber.
The visibility through the clear chamber reduces rapidly as the process continues layer by layer. By the end
of the 5" layer, the chamber is full of vaporized Zn and ejected particles. In these conditions, process

stability was absent and Zn deposits did not adhere to the substrate material.

Figure 4 shows example images of specimens belonging to stable and unstable processing conditions. Under
unstable processing, the deposits did not adhere well to the surface, which could be removed manually, and
showed a remarkably low height compared to the processed layers (see Figure 4.a). Under stable processing,
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the deposits successfully adhered to the substrate, despite not being optimized in terms of surface roughness

or geometrical integrity (see Figure 4.b).

In Table 3, the results of the process stability study are reported. None of the combinations in the closed
process chamber were suitable for complete adhesion of the deposits to the substrate. As observed in the
preliminary experiments, the use of different fluence levels did not provide any improvement. In all
conditions, the process chamber filled rapidly with Zn vapour and powder. On the other hand, all conditions
operating in the open process chamber provided stable process conditions. No apparent effect of the gas type
or substrate surface finish was found on the adhesion of the deposits to the substrate. In the light of these
results, all consecutive experiments were carried out in an open process chamber under Ar gas jet with

roughened substrates.
3.2.Optimization of part density

Figure 5 gives example images of the produced specimens in a wider fluence range for depicting the related
issues outside the feasibility region. The influence of fluence is evident from the images, since both low and
excessive energy density conditions present themselves in a distinct manner. Adhesion to the substrate could
not be achieved at low fluence levels (F<21 J/mm?®), with partial deposits being left on the substrate surface
(see Figure 5.a). In excessive fluence conditions (F>115 J/mm®), specimen disintegration was observed at the
higher number of layers due to explosive behaviour. As a result of heat accumulation, particle ejection
occurred in an increasing manner at consecutive layers, resulting in a final burst of material at a higher

number of layers (see Figure 5.b).

Figure 6 shows the cross sections of the Zn specimens obtained with SLM in different fluence and powder
conditions. Evidently, the increase of fluence improves the porosity up to the excessive fluence limit, causing
the explosive behaviour in the high number of layers. Another important factor is related to the powder type
used. Porosity appears to be higher with similar fluence levels if fine powder is used. Moreover, pore shape
and dimensions vary as the part density increases. The pores with lower fluence levels appear to be larger

and non-circular. As the part density improved, the pores become more circular and smaller.



Figure 7 reports the apparent density measurements as a function of the processing conditions. It can be seen
that the powder granulometry conditions the density levels. High density is only available with the coarse
powder (see Figure 7.a). At above 40 J/mm? the process achieves a stable trend around the density values
above 99% for coarse powder. The process remains stable until 115 J/mm?, above which complete parts
could not be achieved due to the material burst caused by heat accumulation. On the other hand, fine powder
could not be processed successfully to obtain fully dense parts. With fine powder, the process became highly

instable when above 75 J/mm®, and no complete part could be obtained (see Figure 7.b)

Figure 8 shows the porosity characteristics of the produced Zn parts. Both maximum pore diameter and
average roundness decay as the density increases, confirming the previous observations. With higher density
levels, the smallest pores are observed as having a diameter of less than 70 pm for coarse powder, while the
roundness values converge towards 1.1 as the density increases. The pores appear to be slightly rounder with
fine powder around low density levels (p4<95%). In Figure 9, optical microscopy images of pores in low and
high density conditions are presented. In the case of the low density part (Figure 9.a), large pores as large as
the layer thickness and pores that propagate between the layers are visible. The insufficient fluence generates
non-molten zones that deviate the pore shape from the circular one. Higher energy density provides complete

melting and the pores are expected to be generated in the solidification phase (Figure 9.b).

Figure 10 depicts the chemical composition of the powder, built specimens and the cold-rolled build plate
(substrate). The chemical composition of the SLM produced Zn samples was 98+1 wt% Zn and 2+1 wt% O,
with an oxygen content similar to that of the powder. The measurement is qualitative due also to the
difficulty in revealing the O content through EDS analysis, and indicates surface oxide content at a
superficial layer. However, it can be deduced that the oxygen content did not increase due to the operating
conditions in an open atmosphere with a gas jet. Figure 11 demonstrates the microhardness measurements on
SLM produced parts with high density (04>98%) as a function of fluence. A slight increase in hardness is
observed as opposed to the cold-rolled counterpart, whereas no significant difference can be seen between
the different fluence conditions. On average, the SLM parts are characterized by a hardness of 4249 HV,

whereas that of the cold-rolled pure Zn is 342 HV.



4. Discussion
In order to assess the limitations in the processability of pure Zn, different aspects should be examined. The
first point to be considered is the physical properties of the processed material. Literature on SLM of low
melting point materials in general and of Zn in particular is scarce. However, the laser welding of Zn-plated
steels has been studied extensively in literature [36-40]. Porosity formation in laser welding has mainly been
linked to the entrapment of Zn vapour in the keyhole. Gas entrapment within the melt pool can occur also

during the SLM process due to the high amount of vapour generation.

Zn vapour generated in the process can be detrimental to the process in other manners. The vapour pressure
can eject material from the melt pool as well as the powder near the molten pool. While operating in a closed
chamber, a high amount of vapour and particulate obscure the propagating laser beam in the successive
layers because of Rayleigh and/or Mie scattering [32]. Accordingly, the laser fluence is reduced due to
absorbed laser power, and the beam shape changes as a result of scattering. The saturation of the processing
environment is linked to the time required to settle a particle in equilibrium conditions. In an SLM process, a
higher settle time means a higher amount of particle accumulation in the build atmosphere. Two main forces,
namely drag force and gravity, act on a particle determining its settle time. Drag force (Fp) acting on a

spherical particle can be expressed as

_ 3nmdpve

F,
D c

“4)

where 7 is the fluid viscosity, d, is the particle dimension, C. is Cunningham’s slip correction factor and v; is
the terminal velocity at which the drag force is balanced with gravitational force [41]. The gravitational force

acting on a single particle can be calculated from

Pp=pPr)Tdpg
Eg — ( p fg 14 (5)

where p, and py are the particle and fluid densities respectively, and the contribution of pr can be neglected. In
equilibrium conditions, the drag and gravitational forces will be equal, hence the terminal velocity can be

calculated as:

_ Corpgdp

v
t 18

(6)
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Using Eq.11, a comparative analysis can be carried out as a function of different materials and particle sizes.
In particular, Zn can be compared to Fe as the basic element of the ferrous alloys. The settling time can be
approximated as the fall time (#.;) of the particle after reaching equilibrium. On average, each particle would
travel a distance of 200 mm to deposit on the bottom of the process chamber. For particle dimensions
between a diameter of 0.2-20 um, C. can be roughly considered constant and estimated as 1, and terminal
velocity values can be calculated. Considering that the viscosity of the Ar processing gas is 2.23-:107 Pas,
the fall time of Fe and Zn as a function of particle dimension is shown in Figure 12.a. As the graph depicts,
the strongest factor that affects the settling time is the particle size, as the sub-micrometric particles remain
in the processing atmosphere for much longer. The influence of material density, however, is more limited.
This analysis concludes that the main difficulty in processing Zn compared to ferrous alloys is due to the

higher amount of smaller generated particulates that hang in the processing atmosphere.

Figure 12.b depicts an agglomerate of deposited particles during the processing of Zn powder. It can be seen
that the agglomerate consists of larger particles (>10 pm) and smaller ones (<1 pm). The morphology of the
larger particles is consistent with the powder morphology; hence, these particles are expected to be ejected
from the proximity of the process zone due to the pressure gradients caused by the material vapour and the
molten phase. The smaller spherical particles are expected to generate from the molten phase that is ejected
from the melt pool during the process. The smallest particles, which decrease to nanometric size, are
expected to generate from the condensed vapour. This is the portion of deposited agglomerate that remains in
the ambient atmosphere for the longest time. According to the calculations, a large Zn particle with a 20 um

diameter deposits in 0.3 seconds, whereas very fine particles with diameters of 200 nm deposit in 8 hours.

The increased amount of particulate generation requires adequate circulation and filtration systems for
industrial operations. Conventional SLM systems are equipped with such systems, which are usually
dimensioned for operating with alloys that are not prone to excessive vaporization under laser irradiance.
From the oxidation point view, Zn is more stable, allowing fer operation in an open atmosphere. Providing a
larger atmosphere avoids saturation of the processing zone with particulate, and prevents loss of laser
irradiance. In practical applications, this implies the use of larger chambers. In the event that more powerful

circulation systems are used, the process chamber should be designed to prevent turbulent flows disturbing
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over the powder bed as well as the process zone. The results showed that the gas jet was also sufficient for
protecting the working zone, as demonstrated by the chemical composition measurements. However, for
biomedical applications, greater control over the chemical composition, hence the oxide content, is required.
Increasing the melting and vaporization points of Zn by increasing the ambient pressure was not taken into
consideration because they are not an industrially viable option. In order to increase the melting temperature
of Zn by 1 K, a pressure increase of approximately 220 bar is required, whereas to increase the vaporization
temperature of Zn to the melting point of steel (approximately 1640 K), the pressure increase should be 26

bar [42,43].

The sensitivity of Zn to laser irradiation is also present under stable operating conditions without the
saturation of the processing environment with particulate. The study shows that fully dense parts are
acquired in a given fluence range (F=40-115 J/mm?®) by coarse powder that is characterized by large size
distribution of between 5-100 pm. Above the stability region, Zn tends to burst and the part disintegrates.
This type of instability is different compared to the decay in part density as observed in other metals with a
higher melting temperature. Fine powder, on the other hand, proves to be much more sensitive to fluence
levels. Spierings et al. demonstrated that with finer powder the energy density required to obtain fully dense
stainless steel parts decreased compared to the case when larger powder size was used [44,45]. Larger
particle sizes have been demonstrated to increase the optical penetration depth and reduce beam attenuation,
which can reduce the melting efficiency [46]. It can therefore be deduced that sensitivity to the vaporization

of Zn powder increases as the particle size decreases for the same amount of volumetric energy density.

Other important points for process stability are powder morphology and chemistry. Water atomized powder
can influence pore formation. Water atomized powders have been reported to produce porosity due to their
high gas content. Li et al. [47] reported that a high oxygen content can reduce the wettability and cause the
balling phenomenon, which increases the porosity. Such pores are large in size (>100 um). The irregular
shape of the powder can also inhibit good flowability and generate an irregular powder bed [48]. Neither the
balling phenomenon, nor powder bed irregularities were observed within the work. On the other hand, both
the oxygen content of the powder and the process gas can become entrapped in smaller fractions within the

melt pool, resulting in the formation of small round pores [49,50]. The porosity formation observed is

12



expected to be mainly due to lack of fusion at low fluence and small fractions of entrapped gas within the

melt pool at optimal fluence levels.

The pure Zn parts with high density obtained from SLM show a slight increase in microhardness. For single
phase materials, an increase in the hardness compared to cast and wrought counterparts is due to the fast
cooling cycles in SLM [51,52], which generate finer microstructures. Mostead ef al. showed that the use of
Mg and Al in Zn binary alloys increases microhardness and parallel mechanical properties because of grain
refinement and generation of a secondary phase in the alloy [53]. The results of this study depict the
microhardness of SLM produced parts to be at an intermediate zone between cold worked pure Zn and

extruded Zn-0.15Mg alloy.

5. Conclusions
This work demonstrates the SLM of pure Zn for future applications of biodegradable implant manufacturing.
In particular, the processing strategies to obtain fully dense parts were demonstrated for this material with a
low vaporization point. Operating in a closed processing chamber resulted in the immediate saturation of the
atmosphere, resulting in laser beam scattering and incomplete fusion. The low vaporization temperature of
pure Zn results in excessive vapour formation and material ejection from the process zone. The small
particulates hang in the process chamber for prolonged periods before settling. Operating under a gas jet with
an open process chamber avoided this defect. In stable processing conditions, it was observed that the
processability window consisted of incomplete fusion in low fluence values (<40 J/mm®) and high density in
moderate (40-115 J/mm?*) values for coarse powder. At higher fluences (>115 J/mm?), the process was stable
for a few layers, after which the parts disintegrated with a burst of previously deposited layers from the built
part. Finer powder was also demonstrated to be more sensitive to fluence variations, since fully dense parts
were more difficult to obtain. Pore shape also varied as the part density increased. Large non-circular pores
were observed with low density, confirming the lack of fusion in and between consecutive layers. As the
density increased, however, the pores became smaller and rounder. Parts with a density higher than 99%
could be obtained in stable operating conditions. The parts with high density (p4>98%) were further analysed

for chemical composition and microhardness. The oxidation level was similar to that of the powder at 2 wt%.
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On average, the microhardness was 42 HV, slightly higher than the pure Zn counterpart, due to the high

cooling rates within the SLM process.

The implications of the present work on biodegradable device manufacturing using pure Zn and its alloys are
multiple. The process chamber should maintain a clean atmosphere, otherwise working with an open
chamber can be considered, to avoid saturation of the atmosphere. As a consequence, modifications on
existing systems regarding process gas handling may be required. The use of different beam shapes, for
instance a flat-top profile, can be beneficial for providing 2 more homogenous heating over the material.
Different processing strategies for distributing the energy on this heat sensitive material can also improve the
process stability. Process monitoring for defect recognition or avoidance of catastrophic effects such as part
collapse is another important aspect. On the biological side, the behaviour of the SLM produced material in-
vivo and in-vitro should be assessed. As demonstrated by the initial assessment of the mechanical properties,
their degradation and mechanical behaviour in the biological environment can be expected to be different

due to the employed manufacturing path.
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Figure 1. SEM images of the pure Zn powder. a) Coarse and b) fine powder.
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Figure 2. Comparison of the pure Zn powder size distributions in coarse and fine conditions.
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Figure 3. Accumulation of Zn vapour and particles in the processing chamber as the processed layer number increases

Figure 4. Example images of deposits obtained in the process stability study. a) Specimens showing absence of correct
adhesion to the substrate, since only the first layer was found to adhere weakly. b) Specimens showing good adhesion to the

substrate with correct height.
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Figure 5. Appearance of SLM produced pure Zn parts showing the effect of fluence. a) Missing parts due to low fluence and

incomplete melting with coarse powder, b) missing parts due to excessive fluence and explosive behaviour with fine powder.

(x: Scan direction; y: hatch direction; z: build direction).
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Figure 6. Cross section of the obtained parts, showing the influence of powder type and fluence on material density.
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Figure 7. Apparent density values measured over the cross sections as a function of fluence for a) coarse and b) fine powder

(error bars represent standard deviation).
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Figure 8. Porosity characteristics of the SLM produced Zn parts. a) Maximum pore diameter measured and b) average

roundness of the pores as a function of part density and powder type (error bars represent standard deviation).
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Figure 9. Pore morphology in different part density conditions. a) Incomplete melting with low fluence at F= 21 J/mm?
showing large pores with a non-circular shape (coarse powder, P=104 W, v=750 mm/s, h=210 ym, =30 pm), b) complete

melting obtained at F=67 J/mm? showing a small round pore (coarse powder, P=166 W, v=750 mm/s, h=110 pm, =30 yzm)

100, 10
Zn wt% I
O wt% T /
08 8
7

Zn wt%
&
Y
N
o

©
=
IS

921 ) 2
/ T
90 2

Powder SLM'part Substrate

Figure 10. Chemical composition comparison between the initial powder, SLM produced specimens and the build substrate

measured by EDS.
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Figure 12. a) Fall time for Fe and Zn as a function of particle dimensions and b) SEM image of Zn particle deposit recovered

after process.

Table 1. Main characteristics of the flexible SLM prototype Powderful.

Laser emission wavelength, A

Max. laser power, Puax

Beam parameter product, BPP

Beam quality factor, M?

Delivery fiber diameter, d¢

Collimation lens, f;

Focal lens, fr

Nominal beam diameter on focal plane,do
Depth of field, Azpdc

Build platform area (DxWxH)

1070 nm

1000 W

1.7

5.14

50 um

60 mm

255 mm

212 pm

6.4 mm
60x60x20 mm?

Table 2. Fixed and varied parameters in the study of density of Zn parts produced by SLM

Fixed parameters

Processing atmosphere

Open chamber with Ar jet at 20 N1/min

Focal position Az (mm) O

Varied parameters

Powder type Coarse, Fine

Hatch distance h (um) 110-220

Layer thickness t (um) 30 50
Laser power P (W) 105-166 145-240
Scan speed v (mm/s) 440-750 350-600
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Table 3. Results of the experimental study for process stabilization.

Process chamber Gas type  Surface finish F (J/mm3) Status
As received 127 Not adhered
Ar 147 Not adhered
Roughened 127 Not adhered
Closed 147 Not adhered
As received 127 Not adhered
N, 147 Not adhered
Roughened 127 Not adhered
147 Not adhered
As received 127 Adhered
Ar 147 Adhered
Roughened 127 Adhered
147 Adhered
As received 127 Adhered
Open N, 147 Adhered
Roughened 127 Adhered
147 Adhered
As received 127 Adhered
Air 147 Adhered
Roughened 127 Adhered
147 Adhered
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