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Abstract

Magnesium's great lightweight potential and high biocompatibility render laser-beam melting of this metal increasingly
interesting. Despite recent research activities in this field, the properties thereby achieved are still inadequate for industrial or
medical use. Low surface quality caused by powder sintered to parts' boundaries is one of the main problems. This effect is
discussed theoretically and examined on single tracks of the magnesium alloy AZ91. Welding-penetration depth and width was
measured on a magnesium plate with and without a powder layer. For the derivation of suitable process parameters, structures
with incrementally increasing hatch distances were built and microscopically analyzed. The influence on defect percentage and
hardness of the parts was determined based on specimens manufactured with different layer thicknesses. The influence of the
oxygen content on solids was analyzed by varying the process atmosphere.
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1. Introduction

Magnesium is a silver-white metal with high oxygen affinity. Its low volumetric mass density of py, = 1.74 g/cm®
renders it interesting for lightweight applications. Due to its high biocompatibility and resorbability, possible use in
temporary medical implants is widely debated (Witte 2010). At the moment, magnesium is processed mainly by
casting (Ehrenberger 2013). Processing with Laser Beam Melting (LBM) is currently being researched.

Initial investigations into the subject were published in 2010 (Ng et al; Savalani et al.) and 2011 (Ng et al.) by a
research group at Hong Kong Polytechnic University. Single tracks of a preplaced, 800 um thick magnesium powder
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layer were melted using a laboratory setup with a Nd:YAG laser (spot size 300 um). Strong evaporations were
observed during the process. Assumptions regarding the required line energy density were made based on the tracks'
cohesion. Large areas of sintered powder were unavoidable with process parameters under which melting takes
place. The basic microstructure, grain size, and hardness of melted single tracks were described. In 2012, Zhang et
al. published investigations conducted with a commercial MCP Realizer 250 IT SLM setup. A maximum part density
of 82% proved obtainable using a magnesium-aluminum powder mixture containing 9% Al, a 50 pm layer thickness,
and an 80 pm hatch distance while varying laser power, P;, between 10 W and 110 W and laser scanning speed
between 10 mm/s and 1000 mm/s. In 2013, the company Magnesium Elektron Powders published investigations into
the laser metal deposition of magnesium and compared the resulting porosity using a coaxial powder feed to that
from a preplaced powder bed (Tandon and Madan 2013). The Laser Zentrum Hannover research facility took an
approach to minimizing evaporations using an overpressure atmosphere (Gieseke et al. 2013); however, the
evaporations could not be minimized and the process became unstable (Gieseke et al. 2014). The ability to process
pure Mg, MgCa0.8, and WE43 was compared (Gieseke et al. 2015). Wei et al. (2014) investigated the effects of
variation in hatch distance and scanning velocity at a laser power (P;) of 200 W on microstructure and mechanical
properties. Manufacturing samples of magnesium alloy AZ91 with a density of 99.5% proved possible.

Nomenclature

Ax Aspect ratio

b Track width

EL Line energy density

Ev Volume energy density
hy Hatch distance

1, Layer thickness

PL Laser power

R, Mean roughness depth
s Weld penetration depth
VL Laser scanning speed
wt.%  Weight percentage

p Volumetric mass density

2. Experimental procedures

The experiments were conducted using a ConceptLaser MLab R system with a built-in IPG ytterbium fiber laser
(YLM-100). The maximum laser power, P;, is 91 W (nominal 100 W); the spot size on the height of the building
plate is approximately 50 um. An argon process atmosphere with a residual O, content of about 0.3% was used
unless stated otherwise. The starting material for the experiments was spherical, gas-atomized AZ91 (MgAl9Znl)
powder with the particle diameter ranging between 15 pm and 45 pm. The samples were built on a 1.5 mm thick
AZ31 (MgAl3Znl) metal sheet. To prevent movement and deformation, the metal sheet was fastened with
countersunk screws to a thicker metal plate. The magnesium plate's absorption of the laser radiation was increased
by roughening (Bergstrom et al. 2008) with sandpaper prior to the process (R, =~ 400 um). The samples were
separated with a handsaw and embedded warm or cold depending on the type of sample. After grinding and
polishing, the specimens were examined using confocal laser microscopy (Keyence VK9710) and scanning electron
microscopy (Hitachi TM3030). Element concentrations were measured by energy dispersive spectroscopy (Bruker
Quantax 70). Segmentation of the optical microscopy images based on the gray-level threshold (Pun 1980) was
performed using the software Imagel. Since other constituents besides pores, such as oxide films (Vander Voort
2004), can appear as dark regions on polished cross sections, the measured value is designated as a defect percentage
rather than as a porosity. The laser scanning microscope was also used to optically measure the roughness of
samples. For determining hardness, a universal testing machine (Zwick Roell Z 2.5) with a conical indenter
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according to Vickers was used with a test load of 9.80 N and a holding time of 12 s. Ten indentations were made on
each sample. Hardness was calculated by averaging the measured values.

To study the influence of laser powder and laser scanning speed on track formation and to contrast the influence
of the powder on the process, single tracks without powder were initially exposed on the magnesium sheet.
Increasing the complexity, single tracks with powder were exposed and analyzed. The influence of hatch distance at
different laser scanning speeds was determined by generating structures with incremental hatch distances. After
choosing a process-parameter combination that led to dense parts, the effect of layer thickness and oxygen content
was measured.

Two common formulas are applied when comparing different parameter sets. Line energy density, £, is used to
compare the energy input of single tracks, where P; is the laser's output power and v; the scanning speed with which
the laser spot is moved.

Py
E, = —

(1

VL

Volume energy density, £y, is used to compare the energy input for the remelting of more dimensional parts, with
h; being the hatch distance and /, the layer height.

PL )

E., =
Y v hl,

3. Examinations on single tracks and single layers
3.1. Melting of single tracks on a sheet plate

During laser beam melting, parts are generated by melting powder through the laser beam's line-wise movement.
The metallurgical bonding within a single layer is created by an overlap of the width of melted tracks; the connection
between different layers results from the weld depth exceeding the layer height. This relationship makes the weld
track with its main parameters depth and width the basic element of laser-beam melted parts.

Since the powder affects multiple aspects of the process, welds produced under process conditions without
powder were analyzed as a first step. Although the magnesium plate's absorption was increased by the already
described roughening, it has to be kept in mind that the absorption of flat surfaces is lower compared to that of
surfaces with a preplaced powder layer (Boley et al. 2015). The resulting melt tracks were analyzed regarding their
homogeneity and their melt-pool depth and width through surface topology and cross-sections perpendicular to the
scanning direction. The Laser power was varied between 15 W and 90 W in six steps to cover a broad process range.
The Laser scanning speed was examined in 11 steps between 20 mm/s and 1000 mm/s resulting in line energy
densities between 0.015 J/mm and 4.5 J/mm.

At a laser power of 15 W, forming (continuous) tracks independently of laser scanning speed proved impossible.
For a laser power of 30 W, tracks exposed with velocities above 200 mm/s were partly interrupted. For high line
energy density values (P, =75 W and 90 W, v; = 20 mm/s), the melt track becomes irregularly shaped. For other
parameter sets, a relatively even melt track was achievable (Fig. 1). Fig 2 shows weld-track variations. As expected,
an examination of cross-sections shows that for all samples, welding-penetration depth and track width increase with
laser power and decrease with laser scanning speed (Fig. 2). The aspect ratio, Ay, of track depth, s, to track width, b,
shows the same alignment, since the welding-penetration depth is more dependent on the process parameters than
the track width is. Different thresholds are in use to determine welding mode. In this work, welds with aspect values
greater than 1 (Hiigel et al. 2007, p. 222) are considered as keyhole mode and aspect values between 0.5 (King et al.
2014) and 1 as transition range. For aspect values lower than 0.5 thermal conduction mode melting is assumed.

Evaluation of the data shows that all tracks at 30 W and 45 W as well as tracks at 60 W with higher scanning
speeds than 600 mm/s exhibit aspect values smaller than 0.5, which means that they were melted in thermal
conduction mode. Tracks formed at 75 W and 90 W were built either in keyhole mode or in the transition range.
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P;: 90 W
Fig. 1. Melt track morphologies.
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Fig. 2. Evolution of weld tracks at v =400 mm/s and different laser powers P.
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Fig. 3. Width and depth of single magnesium tracks on an AZ31 plate.
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3.2. Melting of single tracks on powder layer

Increasing the complexity of the setup and the comparability to the additive process, the experiment was repeated
melting ten layers of AZ91 powder to the AZ31 base plate. Despite some effort, a certain inhomogeneity in
thickness of the powder layer could not be avoided, which limited the comparability of the track's height.

As stated in prior publications by Ng et al. and others, an extended zone of sintered particles can be observed on
both sides of the melted track even at small line energies. Fig. 3 shows the top view of a single laser track taken with
a scanning electron microscope. As in the test setup without powder the welding penetration depth and the track
width increase with line energy density. With the same parameter set, the track width and depth are greater than in
the setup lacking powder due to the higher absorption. Since absorption in keyhole melting is higher than that in
conduction melting, the parameter combinations associated with conduction-mode melting are especially affected by
the increased absorption through the powder layer (Fig. 4).

Within the examined range, no parameter set could be distinguished under which a track melts without particles
being sintered. Extension of the sintered regions generally is greater for low scanning speeds. Compared to the
melted track, the proportion of the sintered tracks increases with lower laser powers and scanning speeds. Fig. 5
shows the variation of the melt track and the sintered particles at a laser power P, = 75 W and different laser
scanning speeds v; between 20 mm/s and 900 mm/s.

Particles sintering is also being oberserved at the generation of solids (Gieseke et al. 2015) where it affects
surface quality and dimensional accuracy. It is therefore of special interest to understand the inducing mechanisms.
The sintering of powder in several layers (as can be seen in Fig. 5 and Fig. 6) makes heat transfer by conduction
unlikely because of the low conductivity of the loose, sintered powder. Sintering because of melt splashes is also
improbable for the complex undercuts at the sintered material. One possible explanation for this is that the effect is
related to the evaporations escaping the process zone. As the evaporations pass the particles of the powder bed, heat
transfer takes place sintering the powder. Element distributions that can be found under some parameter
combinations support this theory. Figure 7 shows one clear example. The element distribution of the unaffected
AZ31 base plate [1] lies within the expected range. The observed aluminum content is notably greater in remelted
material [2] than it is in the base plate (3%) or in the powder material (9%). This is caused by disproportionate
magnesium evaporation. Even a greater aluminum content can be observed on the inner side of the sintered track [3].
Since it has the highest evaporation temperature of all alloying elements, it is the first to condense on the
surrounding powder. The evaporated magnesium condenses in the following zone [4-6], leading to a lower
aluminum content than that in the raw powder. At the track's outer limits [7, 8], the composition approaches the
initial value. The observations could not been made as unambiguously on all samples, but the reason for the sintered
tracks seems to apply generally, because the evaporations in the process can be observed under most parameter sets
and the sintered-track patterns are comparable.

Keyhole and Conduction

I Average
Transition mode mode &
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Fig. 4. SEM image of a single track (P,: 30 W, v;: 100 mm/s). Fig. 5. Increase of the track geometry referred to tracks without powder.
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P,;:75W v,: 100 mm/s P,:75W v,:200 mm/s
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Fig. 6. Cross-sections of AZ91 tracks, at P, = 75 W and different scanning speeds.
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Fig. 7. Element mapping of aluminum and element composition by energy dispersive spectroscopy at different spots.

3.3. Melting of multiple track structures

In order to determine the influence of the hatch distance, laser tracks with incrementally decreasing distance were
built at P, = 90 W and different scanning speeds. Starting with 150 um, the hatch distance was decreased to 10 pm
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at a rate of 10 pm/mm, which resulted in a 14 mm long part. Unlike with conventional parts, the tracks were not
exposed meander-like but were equally aligned to have approximately the same time interval along the whole track.

Single tracks can be clearly distinguished at the initial 150 um hatch separation. Parts of the tracks are detectable
within the structure independently of the scanning speed down to an 85 um hatch separation. Therefore it could be
concluded that this limit is not dependent on energy input but rather on the laser beam's (geometrical) energy
distribution. For lower hatch spaces follows a zone of irregular sintering and a relatively smooth region with low
deposition/high evaporation. Both areas can be quite small, and formulating a comprehensive rule to describe the
transitions proved impossible. Fig. 8 shows the structure's evolution as a function of hatch separation at laser
scanning speeds of 300 mm/s and 700 mm/s. The four zones describing the sample's surface structure as a function
of energy input classified by Wei et al. could not be observed. A desired direct derivation of suitable process
parameters for generating dense parts was not yet possible, but further investigations aiming at that will be
undertaken.

P2 90 W v,: 300 mm/s Hatch distance 4
150 130 110 90 70 50 30 pm 10

57 66 78 95 122 171 286  J/mm? 857
Volume energy density £, 1 mm

P,:90 W v,: 700 mm/s

Hatch distance 4
150 130 110 90 70 50 30 pm 10

24 " 52 122 Jmm 367
Volume energy density £, I mm

Fig. 8. Structures with varying hatch distance.

4. Examinations on solids

A parameter set with low defect percentage (P, =90 W, v, = 700 mm/s, &; = 35 um, [, = 30 pm) was selected as
starting point for further investigations into building cubes using varying scanning speeds and laser powers. The
resulting volume energy, E,, of 122 J/mm? is in accordance to Wei et al. (2014) where detailed investigations into the
influence of energy input on solids are published.
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4.1. Influences of the layer thickness

Layer thickness gains in importance when shifting from single-layer parts to multiple-layer parts. In contrast to
other volume-energy-density parameters (Eq. 2), no investigations into this parameter have yet been published to the
authors' knowledge. To determine the influence of the layer thickness, cubes were built with slices varying between
15 pm and 60 um. The parts were randomly placed on one build plate so that whereas recoating took place for all
samples, exposure was done selectively. This way the influence of energy input can be investigated minimizing
secondary influences.

All layer thicknesses lead to rugged parts, but a visual inspection (Fig. 9) reveals that a layer thickness between
25 and 45 pm leads to the smoothest surfaces (R, = 442 — 688 um). Optical measurement results (in part indicated in
the figure) show that the effect is quite pronounced for the XY surface, but cube surfaces facing toward the coating
direction are also influenced.

L:15pum  R:3135pum [:35um R:442 pm [:60 um R: 1769 um

(® Built direction Recoating direction —3» 5 mm

Fig. 9. Surface quality at different layer thicknesses.

For the parameter set used, a variation of the layer thickness between 15 pm and 45 pm does not seem to have
significant influence on the defect percentage value or hardness. A layer thickness of 50 um seems to be a clear limit
where the defect-percentage value increases sharply and hardness declines. The measured values are depicted in Fig.
10a. The resulting range complies with the range where other materials are processed. Comparing the value to the
weld depth of the single tracks (with powder layer: s = 140 um) it is probable that the limitation in layer height is
less related to the amount of energy input and more to the powder fraction and energy distribution. Since the energy
density, Ey, could be varied in a relatively broad range between 82 J/mm® and 245 J/mm?® without affecting part
quality, the process seems less sensitive to a variation of the energy input via layer height than to the variation of
other process parameters.

4.2. Influences of the oxygen-content

Because of the magnesium's high oxygen affinity, the influence of the process atmosphere on the sample is
subject to controversial discussion. To determine the influence, samples were built under the standard parameter set
in a process atmosphere having between 0.09% and 0.60% residual oxygen content. The defect percentage was
evaluated and the sample's hardness tested after grinding and polishing. The measured values (Fig. 10b) show small
variations that are within the experimental setup's limits of accuracy. It can therefore be concluded that there is no
influence on sample hardness and density within the examined range. The impact on microstructure, amount of
oxygen enclosed within the solid, and mechanical properties should be covered in future investigations. The
influence of a significantly lower oxygen content may also represent a promising field of study, but a different
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experimental setup will be needed since the 0.09% of residual oxygen content achieved is a restriction of the LBM
system used.

20% - 140 10% - 140
* - HVI + - HVI
A e 1 8% | =mmmao—o = R —————— = 1
2 15%|  + { = S - 100 1 g = I CS—— - 100 |
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Fig. 10. Defect percentage and hardness values with (a) influence of the layer thickness; (b) influence of the residual oxygen content in
process atmosphere.

5. Conclusion

The laser beam melting of AZ magnesium alloys was examined. Single tracks with and without powder were first
built to measure process influences with a minimum of disturbance. The influences of the hatch distance on single
layers were examined by generating structures with incrementally increasing distance between the laser tracks. The
effects of layer height and residual oxygen content were examined, complementing previous studies of process
influences on solids. The following conclusions can be drawn:

(1) Keyhole melting occurs when processing magnesium under common LBM parameters.

(2) Sintering is more pronounced for smaller scanning speeds and is probably linked to the
evaporations that occur.

(3) Varying energy input by adjusting the layer thickness has a lower effect than varying the hatch
distance, scanning speed, or laser power.

(4) No influence on the part-defect percentage or the hardness could be measured when varying the
residual oxygen content between 0.1% and 0.6%.

(5) The structure presented by varying the hatch distances can be used to determine influences on
surface morphology. A possible direct deviation of process parameters for generating solids

seems promising and will be further investigated.
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