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Microstructure of the Mg-4Y-3RE-Zr (WE43) Magnesium Alloy Produced by 3D Printing

Patricia Kristofova', Jiti Kubasek!, Dalibor Vojtéch', David Palousek?, Jan Suchy?

"Faculty of chemical technology, Department of Metals and Corrosion Engineering, University of Chemistry and
Technology Prague, Technicka 5, 166 28 Praha 6 - Dejvice, Czech Republic. E-mail: Patricia.Kristofova@yvscht.cz,
Jiri.Kubasek@vscht.cz, Dalibor.Vojtech@vscht.cz

%Faculty of Mechanical Engineerinng, Department of Reverse Engineering and Additive Technologies, Brno University
of Technology, Antoninska 548/1, 601 90 Brno, Czech Republic. E-mail: palousek@fme.vutbr.cz, Jan.Suchyl@vut.cz

In this study, the three microstructure of the as-cast, hot-extruded, and 3D printed Mg-4Y-3RE-Zr (WE43)
magnesium alloy was studied. The selective laser melting (SLM) process was used for 3D printing. The study was
aimed at mapping the microstructure of a 3D printed magnesium alloy produced by the SLM process. Magnesium
alloys made in the form of 3D printing are relatively new production processes. The study therefore this process
compared with current processes, which are now well known and mapped. It was therefore studied the
microstructure produced by three different processes of production. The microstructure and chemical
composition of present phases were studied using scanning electron microscopy (SEM) and energy dispersive x-
ray spectrometry (EDS). Based on the microstructural examination, significant differences were found between
the materials produced by different production processes. The microstructure of the as-cast alloy consisted of
relatively coarse a-Mg dendrites surrounded by eutectics containing intermetallic phases rich-in alloying elements.
During hot extrusion, the eutectics fragmented into fine particles which arranged into rows parallel to the
extrusion direction. The 3D printed alloy was characterized by significantly refined microstructure due to a high
cooling rate during the SLM process. It consisted of very fine dendrites of a-Mg and interdendritic network
enriched-in the alloying elements. In addition, there were also oxides covering original powder particles and the

material showed also some porosity that is a common feature of 3D printed alloys.

Keywords: Magnesium, Mg-4Y-3RE-Zr alloy, WE43 alloy, 3D printing, selective laser melting

1 Introduction

Magnesium belongs among the widespread elements
of the Earth's crust. Magnesium alloys are characterized
by a low density of about 1700 kg/m? and a high strength-
to-weight ratio which make them interesting materials for
a variety of technical applications [1,2]. Because of the
hexagonal crystallographic  structure, the cold-
formability of Mg alloys is low at room temperature, but
it significantly increases at higher temperatures (200-
300°C) due to activation of other slip systems in the
crystal lattice. Strength of Mg alloys depends on chemical
composition and production route, and can be as high as
400 MPa. The mostly used Mg alloys contain Al and Zn
as essential alloying elements. The main drawback of the
Mg-Al-Zn alloys (AZ types) is a low mechanical stability
at elevated temperatures above 150°C. To overcome this
drawback, Mg-RE alloys have been developed which are
able to withstand temperatures up to 250°C and more [3].
In these alloys, stable Mg-RE precipitates are formed that
hinder dislocation motion at higher temperatures. The
well known representative of this group of alloys is the
WE43 (Mg-4Y-3RE-0.5Zr) alloy showing a good thermal
stability, high strength and good corrosion resistence. The
final high strength of this alloy is generally achieved by
heat treatment consisting of solution annealing at 525°C/8
hours, water quenching and artificial aging at 250°C/16
hours. Magnesium alloys are increasingly used in the
automotive or aviation industry due to their desired
combination of good mechanical strength and low
density. However, their low weight can be further

reduced significantly if porous structures are formed
[4,5].

The term additive manufacturing (AM) involves
various promising and advanced material technologies
which enable almost shape freedom of produced parts
with unlimited internal architecture and structure. Of
course, highly porous materials can also be produced by
AM processes. One of the most widespread AM methods
is selective laser melting (SLM), where the laser beam
selectively melts powder materials layer by layer to
progressively build up a desired component. The melting
of each layer proceeds selectively in locations defined by
the 3D computer model of a component. The SLM
process can efficiently produce very complex geometric
shapes that would, otherwise, require very expensive and
time-consuming manufacturing processes [5-7].

Nowadays, 3D printing of magnesium alloys by the
SLM process is a relatively difficult task and various
processing barriers and problems must be solved. One of
them is connected with a high reactivity, or even
flammability, of magnesium powder and, thus, a high
tendency to form harmful oxide particles inside a 3D
printed parts. For this reasons, publications providing
information on 3D printing of magnesium alloys are
scarce [7,8]. In the present work, rectangular samples of
WE43 magnesium alloy were successfully 3D printed at
Brno University of Technology by the SLM process. The
microstructure of the samples was studied in detail by
SEM and EDS, and compared to those of the identical
material prepared by simple gravity casting and hot
extrusion.
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2 Materials and methods
2.1 Specimens preparation

In this work we studied samples of WE43 magnesium
alloy prepared by three different manufacturing
processes. The first sample was an as-cast ingot of
60x80x500 mm in size purchased from an industrial
supplier. The second WE43 alloy sample was prepared by
hot extrusion of the ingot. Cylinders with a diameter of
30 mm and a length of 60 mm were directly cut from the
ingot and then extruded at 400°C, extrusion rate of 2
mm/s and extrusion ratio of 16. The resulting extruded
rods had a diameter of 7.5 mm.

The most important material studied in this work was
prepared by the SLM 3D printing process on the SLM
Solution 280 HL machine (SLM Solutions AG, Liibeck,

Tab. 1 SLM parameters.

Germany) equipped with 400W YLR-Laser (IPG Photon-
ics, Oxford, MA, USA) working with continuous wave
mode. The laser has Gaussian profile with spot size diam-
eter of 82 pm focused at the processing plane. The input
material was a WE43 alloy powder purchased from an
industrial supplier. The powder was produced by inert gas
atomization of melt and consisted of almost spherical
particles with size between 30-60 pm. During the SLM
process, the building chamber was filled with purified
argon to prevent excessive oxidation or burning of the
powder during its heating and melting by laser beam.
Overpressure in building chamber was (12-20) mbar and
oxygen level was (0.1-0.3)%. Rectangular samples with
dimensions of 15x5x60 mm were produced by this
technology. All parameters sample production by the
SLM process are shown in Tab. 1.

SLM parameters
Machine SLM 280HL (SLM solutions Atmosphere Argon

AG)
Max. laser power 400W Overpressure 12-20 mbar
Laser Ytterbium fibre laser beam Oxygen level 0.1-0.3%
Operational Beam Fo- 82 um Reduction built plate 80°C
cus temp.
Beam Gaussian beam Built plate temp. 120°C
Layer thickness 50 um

LYRAZ TESCAN

View field: 447 pm Det: SE 100 pm
SEM MAG: TT4x  Date(midly): 0OTHBNT

SEM HV: 20.0 kV WD: 821 mm

Parformance in nanospace

Fig. 1 SEM micrographs of the WE43 alloy powder

The analysis revealed that 10% of the WE43 alloy
powder particles had a size of 26.9 um, 50% to 39.8 pm

and 90% to 57.9 pum. Thus, the powder contains a
sufficient amount of both larger and smaller particles.
With respect to the particle size, the size of the building
layer was 50 um. The shape of the particles is also shown
in Fig.1

2.2 Microstructure characterization

For microscopic observations, the standard
metallographic procedure was applied including grinding
on SiC papers with progressively decreasing SiC grain
size. The final grinding was performed on the P2500 SiC
paper. Subsequently, the samples were polished on
diamond paste with a grain size of 0.2 um followed by
final polishing on Etosil E (Silicon dioxide, chemically
prepared) to obtain mirror polish of the sample. In order
to visualize the microstructure for SEM observation
chemical etching by 2 % Nital was applied. The
microstructure examination and chemical microanalysis
of the samples was carried out using TescanVega3 LMU
scanning electron microscope (SEM, acceleration voltage
of 20 kV) equipped with energy dispersive spectrometer
(EDS, Oxford Instruments Inca 350).

3 Results and Discussion

Overall views of the microstructures of as-cast, hot
extruded and 3D printed WE43 alloy samples are shown
in Fig. 2.
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Fig. 2 SEM micrographs of the WE43 alloy: a) as-cast, b) hot extruded, c) 3D printed by SLM, d) 3D printed by SLM —
detail.

It can be seen in Fig. 2 that the as-cast alloy (Fig. 2a)
is characterized by a relatively coarse microstructure
consisting of a-Mg dendrites (dark) and a discontinuous
interdendritic eutectic network (light). Due to relatively
large dimensions of the as-cast ingot and, thus, low
cooling rates, the average thiskness of dendritic branches
achieves almost 50 pm. In addition, microsegregation, i.e.
enrichment of dendrite boundaries in alloying elements,
can be observed. According to literature [6, 9-11],
interdendritic eutectics contains mainly o-Mg + B-

Mgi4Nd>Y phases.

Fig. 2b illustrates the hot extruded sample. It is
apparent that hot extrusion modifies the microstructure
considerably. The initial eutectic network was broken by
extrusion and intermetallic B-MgisNd2Y  phase
fragmented into very fine particles of a few micrometers
in size (light particles in Fig. 2b). Besides, f-MgisNd>Y
particles became arranged into rows parallel to the
extrusion direction [12,13].
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Fig. 3 Microstructure of the as-cast WE43 alloy (SEM) and elements distribution maps (EDS)

Tab. 2 Chemical composition (in wt. %) at points in Fig.
3 (EDS).

|E1ement || (0] || Mg || Y ” Nd |
[Point 1 | 092 |[ 70.05 || 1039 || 18.63 |
[Point 2 | 132 | 9251 || 432 | 185 |

Fig. 2¢ shows the microstructure of the 3D printed
sample at the same magnification as previous ones. The
microstructure totally differs from those of as-cast and
extruded material. It is composed of regions (grey) of
approx. 20-50 um in size, some of them having almost
spherical shape, surrounded by thin boundaries (light). In
addition, residual porosity is observed as dark areas
between grey regions. The shape and size of grey regions
indicates that these regions correspond to original powder
particles, either totally or partly melted by laser beam. A
more detailed image in

Fig. 2d shows very fine internal microstructure of
these particles. It contains o-Mg dendrites (dark)
surrounded by interdendritic regions (light) enriched in Y
and RE elements. The average thiskness of dendritic
branches is only approx. 3 pm, suggesting very high
cooling rates during the SLM process. In literature

focused on the SLM process, cooling rates of 10°-10° K/s
are often reported [13].

In order to obtain information on elements
distribution in the structure of materials, EDS point
analysis and distribution maps of elements were
measured, see Fig. 3-5. In Fig. 3, there is a detailed view
of the as-cast microstructure together with elements
distribution map. It confirms that the bright eutectics is
strongly enriched in Y and RE metals (Nd and Gd). Tab.
2 demonstrates that the concentration of Nd and Y in the
eutectics achieves 19 and 10 wt. %, respectively (point 1
in Fig. 3). On the other hand, in the centre of a-Mg
dendrites (point 2 in Fig. 3) the concentrations are
significantly lower. Another important finding is that the
oxygen concentration is very low in the as-cast material.
Similar situation is observed in the case of the hot-
extruded material (Fig. 4, Tab. 3). Both the element
distribution map and point analysis indicate enrichment
of light intermetallic phases in Y and Nd. In contrast to
the as-cast alloy, the difference between concentrations of
these elements in intermetallic phases and a-Mg phase is
small due to the spatial accuracy of EDS analysis [9, 12,
13]. As in the previous case, the amount of O is low in the
hot extruded alloy.
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Fig. 4 Microstructure of the hot extruded WE43 alloy (SEM) and elements distribution maps (EDS).
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Fig. 5 Microstructure of the SLM WE43 alloy (SEM) and elements distribution maps (EDS).

Tab. 3 Chemical composition (in wt. %) at points in Fig.
4 (EDS).

Tab. 4 Chemical composition (in wt. %) at points in Fig.
5 (EDS).

|Element || (¢ || Mg || Y || Nd |

|Element || o || Mg || Y || Nd |

[Point 1 | 053 | 8950 || 436 || 5.61 |

[Point 1 | 1162 || 6556 | 2.86 || 3.51 |

[Point 2 | 048 || 9342 || 393 | 216 |

[Point 2 | 025 | 9496 | 231 || 248 |
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Fig. 5 and Tab. 4 characterize the element
dostribution in the WE43 alloy prepared by the SLM 3D
printing technology. Here, the situation differs from the
as-cast and hot extruded alloy. First, element maps and
point analysis demonstrate an increased concentration of
oxygen in the material which is located mainly in pores
(point 1) and also at bondaries between melted powder
particles. In the particle interior the O-concentration is
very low (point 2). Second, element map in Fig. 5 also
indicates increased content of Y at powder particle
boundaries. It can be assumed, that partial oxidation of
the powder occurred during the SLM process inside the
building chamber. Most probably, the atmosphere
contained traces of residual oxygen which reacted
preferentially with yttrium due to a high chemical affinity
of these elements. For this reason, imperfect connection
between powder particles and porosity are observed. The
aim of our further study will be to eliminate the harmful
influence of residual oxygen and to produce pore-free
compact material [5, 9].

4 Conclusion

The main objective of this article was to describe the
differences between microstructures of the WE43
magnesium alloy prepared in three different ways:
casting, extrusion and 3D printing (SLM). Processes of
production casting and extrusion are well known and
nowadays already used. Many studies deal with the
description of their microstructure. However, 3D printing
of alloys and especially magnesium alloys represents a
relatively new process. The work was therefore more
focused on describing the microstructure produced by 3D
printing and comparison with other processes. The most
important results show that, the microstructure of the
SLM material is extremely fine due to a high cooling rates
in the process.The SLM material contains a high
concentration of oxygen due to a high affinity of the alloy
to this gas. Due to oxygen, imperfect connection between
powder particles and porosity create.
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