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This paper reports on the influence of production parameters on the properties of 3D printed magnesium alloy
Mg-4Y-3RE-Zr (WE43) produced by the selective laser melting method. We present microstructures and mecha-
nical properties of four selected samples prepared under various production parameters. Optical and scanning
electron microscopy together with energy-dispersive X-ray spectrometry were used for microstructure analysis.
Porosity was evaluated based on image analysis. To represent differences in mechanical properties, microhardness
measurement and compression tests were performed. Based on our observations of microstructure quality and
performed tests, the results of the parameter impact study are further applied to the production of products of the

required quality.
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1 Introduction

3D printing, also known as ‘additive manufacturing’,
is used predominantly for the production of lightweight
parts in the aerospace, automotive or cosmic industries.
3D printing can be also found in medicine, specifically
for the production of bone and joint replacements exactly
according to the CT data or magnetic resonance of the
damaged tissue, and also for the production of implant
prototypes that enable the operators with a consultation
prior to surgery and contribute to its subsequent trouble-
free operation. The input information for 3D printing is a
3D model of the desired product designed in a CAD com-
puter program, which is then virtually cut into individual
layers which will be printed layer by layer [1, 2].

The selective laser melting (SLM) method works on
the principle of complete melting of a powder material.
The construction of a product begins on a base plate onto
which the powder is deposited from a storage reservoir in
the form of a thin layer of precisely defined thickness.
Subsequently, each powder layer is melted by means of a
laser whose movement and other parameters (e.g. scan-
ning speed, laser power, hatch distance) are precisely de-
fined in the control program. Due to high thermal gradi-
ents, the melt solidifies rapidly when the beam is shifted
further. Once the layer is melted, the base plate is moved
by the thickness of one layer downward and another pow-
der is deposited from the reservoir. The process repeats
until all the powder constituting the final product is
melted and solidified in a compact material. Excess pow-
der is removed from the working chamber after 3D print-
ing is complete and the product is separated from the base
plate. To prevent the oxidation of the material, an inert
gas - argon or nitrogen - must be fed into the working
chamber. The whole production process is shown in Fig.
1[3,4].

Magnesium and their alloys are ones of the most used
metallic materials due to their low density and good
mechanical strength. A few years ago, the most
widespread magnesium alloys of the AZ type were
alloyed with aluminum and zinc. However, due to the
constant pressure to improve the properties of the
materials, magnesium alloys with rare earth elements
(Mg-RE) have been developed. These alloys have
increased mechanical stability and  withstand
temperatures up to 250 degrees due to the ability of RE
elements to form stable precipitates in the magnesium
matrix. WE43 is one of Mg-RE alloys which is
characterized not only by thermal stability, but also by
good strength, biocompatibility and enhanced corrosion
resistance [5, 6]. The biocompatibility of magnesium
allows also the application of magnesium alloys in
medicine. Because magnesium dissolves in the
aggressive environment of body fluids, it is intended for
biodegradable implants (mainly stents) which fulfill their
supporting role only temporary and are gradually
replaced by natural tissue. However, corrosion of pure
magnesium is very fast for such application. Rare earth
elements (RE) (such as Y, Nd, Gd, and Dy) by which
magnesium is alloyed in the WE43 alloy are responsible
for reducing the corrosion rate of magnesium to a suitable
level. [5,7, 8].

The 3D printing of WE43 alloy could offer a great
asset in the field of biodegradable implants and some
other interesting applications. However, its processing by
laser melting is challenging due to the high affinity of
magnesium to oxygen and low boiling temperature. So
far, only a limited number of papers have dealt with this
material [9, 10, 11, 12]. In this study, we present the
influence of SLM production parameters on the quality of
WEA43 samples, especially in terms of relative density and
its impact on mechanical properties.
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Fig. 1 Selective Laser Melting scheme [13]
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The material tested in our study was a magnesium
alloy WE43 (Mg-4Y-3RE-Zr) prepared by the SLM 3D
printing process on the SLM Solution 280 HL machine
(SLM Solutions AG, Liibeck, Germany) eguipped with
400W YLR- Laser (IPG Photonics, Oxford, MA, USA)
working in a continuous wave mode. For the experiment

Tab. 1 SLM parameters of produced samples

of production parameters optimization, a matrix of 56 di-
fferent parameter settings was designed. The changing
parameters were laser power (225-275 W), scanning
speed (450-750 mm/s) and hatch distance (80-100 pum)
(Fig. 2). The beam focus diameter was 82 um. Layer thic-
kness was 50 um. A total of 56 cube-shaped samples with
an 8 mm edge (Fig. 3) were produced. All samples were
manufactured in Argon 5.0 high purity inert athmospere.

To describe the effects of changing production para-
meters on porosity, microstructure and mechanical prope-
rties, 4 samples are selected in this paper; specifically,
samples nos. 8, 13, 36 and 41. The parameters that were
used to produce these samples are listed in Tab. 1.

Fig. 3 Build plate with the samples produced by SLM

Sample number Laser power (W) Scanning speed (mm/s) Hatch distance (um)
8 250 450 80
13 250 700 80
36 275 450 90
41 275 700 90
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The impact of process parameters was observed on
sample porosity first. Porosity was determined by means
of image analysis (Image] program) of metallographic
sections prepared by a standard metallographic way. The
samples were ground on SiC papers up to P2500 rou-
ghness. Subsequently, the samples were polished on a di-
amond paste with a grain size of 0.2 um and finally the
samples were polished on Etosil E. The microstructure of
the samples was monitored using an OLYMPUS PME-3
light microscope followed by a TESCAN VEGA 3 LMU
scanning electron microscope equipped with a dispersive
spectrometer (OXFORD Instruments INCA 350). Poro-
sity was established from low-magnification images,
microstructure was then observed at higher magnifica-
tion. The effect of production parameters on the mecha-
nical properties was observed too. The hardness of the
samples was measured by the Vickers hardness test (CSN
ENISO 6507-1) using a Future-Tech FM-700 microhard-
ness tester with a load of 100 g at a dwell of 10 s. Mecha-
nical testing in compression (CSN EN ISO 604) was per-
formed with a LabTest 5.250SP1-VM universal loading
machine. For the compression tests, cubic samples were
used. The deformation rate was set to 0.001 s™!.

3 Results and Discussion

3.1 Microstructure and porosity

Fig. 4 shows micrographs of the four studied samples
along with the composed images of the whole cross-secti-
ons that were used for the image analysis of porosity.
There are obvious differences in the porosity of indivi-
dual samples apparent on the cross-sections. In Tab. 2,
the values of porosity measured by the image analysis are
shown. The best result of sample production by SLM was
obtained with the setting of production parameters for the
sample no. 8 (Tab. 1). This sample showed porosity of
only 0.2%. Most porosity was located in the uppermost
part of the sample. Compared to the sample no. 8, samples
nos. 13, 36 and 41 showed porosity of 1% and higher.

Multiple mechanisms of pore formation are possible
during the SLM of WE43 magnesium alloy. We mostly
observe imperfect bonding between layers. It can be as-
sociated not only with insufficient energy density but also
with the affection by oxygen. Energy density is the
amount of energy given to a volumetric unit of the powder
material. In a simplified form, it can be calculated from
the values of laser power (P), scanning speed (v), hatch
distance () and layer thickness (f) according to the
following formula [14]:

E=—[Jmm> (1)

Each material needs an optimal amount of energy for pro-
per consolidation. If the energy is insufficient, successi-
vely processed layers or even tracks within one layer do
not fuse properly. Conversely, if the energy is too high,
melt becomes unstable, material evaporates, and pores are
formed. Based on the minimal porosity of the sample no.
8, it can be concluded that the optimal energy density lies

around 140 J/mm?>. As the energy density is inversely pro-
portional to scanning speed and hatch distance, the energy
density was lower for other samples for which those pa-
rameters were increased. High scanning speed of 700
mm/s for samples nos. 13 and 41 yielded insufficient E.
At this higher speed, a shorter contact of the laser with the
powder resulted in the lower amount of the melt and so
insufficient interconnection between individual layers. A
layered structure with imperfectly bonded layers is thus
apparent in both samples (Fig. 4). Even though the scan-
ning speed seems to play the key effect, the hatch distance
also influences the melting process when the scanning
speed is constant. For the production of sample no. 36,
laser power and hatch distance were increased compared
to the sample no. 8 while scanning speed remained con-
stant. Such a simultaneous change in P and 4 caused E to
become almost unchanged (136 J/mm?). Despite that, we
observe improper interconnection between some layers
(Fig. 4) and a porosity value of 1%. Here, the higher # is
probably the cause. Due to the higher spacing between
adjacent scan tracks, the melt did not fuse properly [14,
15].

In the sample no. 8, a different type of pores was ob-
served. Rather spherical voids appeared in the uppermost
part of the sample. These voids can be attributed to the
so-called keyhole effect. With more and more layers, the
heat accumulates, and, in some point, the melt may be no
longer stable, material starts to evaporate, and the vapour
is then trapped in a rather spherical void which remain in
the solidified structure.

Tab. 2 Values of measured porosity

Sample Porosity (volume %)
8 0.2
13 L5
36 1.0
41 3.5

The scanning microscope images obtained in the re-
gime of back scattered electrons in Fig. 5 show that the
material is relatively heavily contaminated with oxygen.
Light areas in the microstructure were determined by the
XRD phase analysis and EDS element distribution maps
to be oxides, mainly Y>Os. The content of oxides was in
the order of volume %. The origin of oxides can be found
in the oxide shells of powder particles, but the oxides con-
tent can be also enhanced by further oxidation during the
SLM process in the protective atmosphere which always
contains some oxygen residues. We can observe a clear
difference in the distribution of oxides in the
microstructure between the samples nos. 8,36 and 13,41.
In the samples nos. 8 and 36 which are associated with
higher energy density, the oxide shells are disintegrated
into smaller particles and are homogeneously distributed
in the matrix. Compared to that, oxide shells covering in-
dividual powder particles can be seen in the
microstructure of samples nos. 13 and 41, in which the
energy was not sufficient, and the powder particles were
not melted completely.
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4 Mechanical properties

Tab. 3 shows the microhardness values of the exami-
ned samples. There is not a significant difference between
individual samples, suggesting that the production para-
meters and related energy does not influence the
_ : microstructure evolution while they have a significant
100 pm I % effect on porosity. The microstructure evolution is mainly
dictated by the rapid cooling during SLM.

Tab. 3 Vickers hardness HVO.1 (average from 10 mea-
surements)

sample 8 13 36 41
HVO0.1 88+ 6 85+6 86+ 6 817

Significant differences in porosity of individual

T = e ¥ o
—— — samples resulted in a different response to mechanical lo-
Fig. 5 SEM micrographs of the WE43 alloy printed by ading (see stress-strain curves in Fig. 6). The measured
the SLM method — samples nos. 8, 13, 36 and 41 values of yield strength and compressive strength (Tab.
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4) correspond with porosity. More porous materials
(samples nos. 13, 41) are generally characterized by

400 o = sample 8
sample 13
= sample 36

sample 41

Stress (MPa)
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lower compressive strength compared to materials of
lower porosity (samples nos. 8, 36).
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Fig. 6 Compressive stress-strain curves of WE43 3D printed alloy samples

Tab. 4 Results of compression tests

Sample 13 36 41
Compressive yield strength (MPa) 208 175 220 165
Ultimate compressive strength (MPa) 395 296 386 261

Tab. 5 shows a summary of all measurements at given
manufacturing parameters. It is clear that the parameters
affect mainly porosity, which is then reflected in the me-
chanical properties. Based on the results of the compres-
sion tests, it is clear that more rigid structure of the mate-
rial can be achieved with the lower scanning speed (450
mm/s). It is because at the lower speed, the laser has

Tab. 5 Summary table of all measurements

enough time to fully melt each layer and interconnect it
with the previous one. If the scanning speed is higher
(such as for samples nos. 13 and 41), the laser stays in one
place for a shorter time, which reduces the melt volume
and so makes the material fusion less sufficient, yielding
in higher porosity.

Sample 8 13 36 41
Laser power (W) 250 250 275 275
Scanning speed (mm/s) 450 700 450 700
Hatch distance (um) 80 80 90 90
Porosity 0.2 1.5 1.0 3.5
HV0,1 8816 8516 8616 8117
Compressive yield strength (MPa) 208 175 220 165
Ultimate commpressive strength (MPa) 395 296 386 261

5 Conclusion

Our paper has shown that the WE43 alloy can be suc-
cessfully produced by the progressive technology of Se-
lective Laser Melting although it is a problematic material
due to the high reactivity of magnesium. Non-ideal pro-
cessing atmosphere in SLM with oxygen residues yields
the presence of oxides and imperfect consolidation. To

reach the highest relative density possible, a proper para-
meter setting is necessary. We have demonstrated how
the change of production parameters (especially scanning
speed) can change porosity and so the mechanical prope-
rties of the material. Building on this information, the
next step will be to produce samples of the required qua-
lity and mechanical properties based on suitably selected
parameters.
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