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Abstract

Additive Manufacturing (AM) technologies offer great opportunities to meet
the challenges of the space industry thanks to the reduction of material usage,
mass to transport, as well as production time. Though the use of polymer
AM on the ISS is undoubtedly a success, metal-based AM is bound to become
a requirement for future space exploration missions. Laser-based Powder Bed
Fusion is an AM process able to achieve complex geometries unattainable to
traditional manufacturing techniques in one piece, and can use any feedstock
materials thanks to scalable process parameters. Since their birth in the
1960s, metallic glasses – amorphous metals with potentially very attractive
properties – have improved in glass-forming ability to become bulk metallic
glasses, extending their field of application. However, their size is still limited
by their traditional production by casting or thermoplastic forming (from
millimetre to centimetre range) due to decreasing cooling rates and ensuing
crystallisation, generally deteriorating the attractive properties sought after.
AM has recently proved to be a game-changer for these innovative materials,
as it has allowed them to sidestep the size limitations by building bit by bit,
producing an amorphous item larger than traditionally possible. Here we
explore this union specifically in this domain by manufacturing parts from
BMG in a powder-based process independent of gravity, in the lab and in a
sounding rocket.
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Zusammenfassung

Additive Fertigung (AM) ist eine Chance, die Herausforderungen der Raum-
fahrtindustrie zu meistern, da sie den Materialverbrauch, die zu transportier-
ende Masse und die Produktionszeit reduziert. Obwohl der Einsatz von
Polymer-AM auf der ISS ein Erfolg ist, wird metallbasierte AM für kün-
ftige Raumfahrtmissionen unweigerlich zur Voraussetzung. Das pulverbet-
tbasiertes Schmelzen von Metall mittels Laserstrahl ist ein AM-Prozess, mit
dem komplexe Geometrien erreicht werden können, die mit herkömmlichen
Herstellungsverfahren in einem Stück nicht möglich sind. Seit ihrer Erfindung
sind Metallische Gläser – amorphe Metalle mit potenziell sehr attraktiven
Eigenschaften – zu “bulk” metallischen Gläser geworden, was ihren Anwen-
dungsbereich erweitert. Ihre Größe ist jedoch nach wie vor durch ihre tradi-
tionelle Herstellung durch Gießen oder thermoplastische Verformung aufgrund
abnehmender Abkühlungsraten und der daraus resultierenden Kristallisation
begrenzt, was im Allgemeinen die angestrebte Eigenschaften beeinträchtigt.
AM erlaubt aber diese Materialien, die Größenbe-schränkungen umzugehen,
indem sie Stück für Stück ein amorphes Objekt herstellen, das größer ist
als traditionell möglich. Hier erforschen wir diese Verbindung speziell in
dem Raumfahrtbereich, indem wir Teile aus BMG in einem pulverbasierten
Prozess unabhängig von der Schwerkraft im Labor und in einer Höhen-
forschungsrakete herstellen.
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Chapter 1

Introduction

Imagine an astronaut on the Moon. Or Mars, for that matter. She is
preparing a device that will be launched on the surface to collect information.
This is a routine task, one that she and her colleagues have performed many
times. So many, in fact, that upon tightening the last screw – crack! The
head breaks off. In the harsh space environments, equipment fatigue, wear,
or simply loss, are and will be problematic for astronauts and future space
explorers. It is estimated that at any given time, about 2 % of spare parts
are lost onboard the ISS [4]. Resupplying the ISS – which is only 400 km
from Earth – has proved hazardous at times [5]. Astronauts will not be able
to rely so heavily on Earth from the Moon and beyond. They need their own
manufacturing systems. Additive Manufacturing (AM) technologies offer
great opportunities to meet the challenges of the space industry due to the
possibilities they present: reduction of material usage, mass to transport, as
well as production time. They are optimal for the fabrication of unique or
small series parts.

Additionally, they could allow the use of materials recycled or extracted
on-site, so-called In-Situ Ressource Utilisation (ISRU). NASA and Made In
Space, Inc., proved the feasibility of polymer-based AM in microgravity by
running a Fused Filament Fabrication (FFF) printer on the International
Space Station. Without downplaying this success, firstly polymer tools
and parts cannot replace metal in terms of mechanical construction and
structures, and secondly, of the spare parts mentioned above, about 17 %
are metallic objects [4]. This should certainly encourage the research and
development of metal-based AM applied to space applications.

One of the earliest AM processes, Laser-based Powder Bed Fusion (PBF-
LB) is also one of the most popular. It can achieve strikingly complex
geometries unattainable to traditional manufacturing techniques in one piece,
using virtually any feedstock materials thanks to highly scalable process
parameters [6–17]. Though this technology has matured over the recent
years and become – in some cases – a satisfactory alternative for building

1
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structural parts subjected to static high stresses, there are still many issues
to deal with: the complexity of the thermal history of each area of the 3D
build can affect the microstructure in intricate and so far hardly foreseeable
ways.

Meanwhile, metallic glasses were born in the early 1960s and so are
a relatively new class of materials. As compositions with higher glass-
forming ability were developed, these glasses increased in size and became
Bulk Metallic Glass (BMG) in the 1990s, thereby extending their field of
application. BMG of vastly different compositions have been produced, each
with their own attractive properties such as excellent corrosion resistance,
good mechanical properties, magnetic properties, or low friction coefficient
[18, 19]. For example NASA is working on BMG gearboxes which would
require neither lubrication nor heating – reducing the mass and energy
consumption of future landers1. However, BMG are usually produced by
casting or thermoplastic forming, which limits their maximum size (from
millimetre to centimetre range) due to decreasing cooling rates and ensuing
crystallisation, generally deteriorating the properties required for structural
applications and tools [20]. AM has recently proved to be a game-changer
for these innovative materials, as it has allowed them to sidestep the size
limitations by building bit by bit, producing an amorphous item larger than
possible through casting [11, 13, 21–23].

Consequently, the space industry can greatly benefit from both BMG and
PBF-LB thanks to the doors their combination can unlock. This work pro-
poses to explore this union specifically in this domain by manufacturing parts
from bulk metallic glass powder in a process meant to work independently
from gravitational environment, in the lab and onboard a sounding rocket.
Additionally, this work purports to delve into the difficulties of PBF-LB
such as the microstructural heterogeneities arising from the complex thermal
history of various regions of the part/solidified melt-pool.

The thesis is arranged as follows. The conventional state of the art will
be followed by an in-depth description of the experimental hardware, upon
which the methods adopted to produce the research will be introduced, their
results presented and discussed. Finally, the conclusions and outlook will be
disclosed, and the inquisitive reader will find a collection of documents in
the appendix.

1https://www.nasa.gov/stmd-game-changing-development/bulk-metallic-glass-gears/,
last consulted 18.09.2024



Chapter 2

State of the Art

2.1 Zr-based BMG

The term metallic glass refers to a glassy alloy, i.e. an alloy that possesses an
amorphous structure – with neither translational nor rotational symmetry
– obtained by continuous cooling from the liquid state1. The first metallic
glass (ca. 10 µm thick, over an area of 0.2 mm) was produced at a high
cooling rate around 106 K s−1) by rapid quenching from the liquid state
by spat cooling, and it rapidly started to decompose [25]. Later, metallic
glasses were produced as micron-thick ribbons by quenching on a spinning
casting wheel or by splat-cooling. Over time, the critical size limiting the
production of an amorphous structure increased and today’s metallic glasses
are usually produced by casting. The bulk adjective applies to a metallic
glass if its cast section thickness exceeds 1 mm. Though in theory all alloys
can be “frozen” into a glass, BMG do not require as high cooling rates for
this as typical crystalline alloys. Indeed, the cooling rate required to avoid
crystallisation for a BMG can reach below 1 K s−1 while for a reluctant glass
former it increases to 104 K s−1, and 1010−1012 K s−1 for pure metals [24,
26, 27]. This slow cooling rate is made possible by choosing a composition
which fulfils certain criteria (though exceptions to every rule exist): it is
generally a multi-component composition that possesses sluggish dynamics /
low diffusivity, a low melting point, and is near a eutectic composition [24,
28]. Beyond these criteria, a vast array of parameters based on transition
temperatures, structural and topological models was developed by as many
authors, but none so far seem to apply perfectly to all BMG [24]. Their
evaluation is beyond the scope of this section.

A liquid alloy “freezes” to a glassy solid through the glass-transition as
the temperature is decreased. This is not a thermodynamic transition but
rather an arresting of flow through a strong increase in viscosity. The ease

1The more general term amorphous can refer to parts produced by vapour deposition
or mechanical alloying for example [24].

3



4 CHAPTER 2. STATE OF THE ART

with which an alloy follows this development is called the Glass-Forming
Ability (GFA). It is often represented graphically by the Time-Temperature
Transformation (TTT) diagram shown in fig. 2.1, where the C-shaped curve
(or “nose”) represents the time necessary to form the crystalline phase and
is shaped – as temperature is decreased – by the competing effects of an
increasing driving force for nucleation and a decreasing atom diffusivity
[24, 26, 27, 29, 30]. The critical cooling rate Rc is then the slowest rate
at which the material will solidify without forming a crystalline structure.
The process is described by various temperatures – Tg the glass-transition
temperature, Tx the crystallisation temperature (at a given cooling/heating
rate), and Tl the liquidus temperature. These quantities are then combined

Figure 2.1: Schematic representation of a TTT diagram [29].

into complex temperatures – ∆Tx = Tx − Tg the super-cooled liquid region,
∆T (T ) = Tl − T the undercooling, Trg = Tg

Tl
the reduced glass transition

temperature2. Rc is related to the critical casting thickness one can attain
with a given composition. The greater the thickness, the slower the cooling
rate at the centre of the cast. The first experimentally determined TTT-
diagram for an alloy was achieved by Kim et al. using the containerless
electrostatic levitation technique [31].

As shown in fig. 2.2 on the next page, the GFA depends on the stability of
the liquid phases and their resistance to crystallisation. This can be framed
as a reduced desire as well as ability to crystallise. This explains why eutectic
compositions preferentially form glasses [32]: the alloy remains liquid at
lower temperatures compared to off-eutectic compositions, and the energy
difference between the crystalline and liquid phases is lower. Furthermore,
using a multi-component alloy means that several crystalline phases compete
for existence and can frustrate each other, rendering crystallisation more

2The ratio Tg

Tm
is often interchangeably used in the literature though it was found to

correlate less well with the GFA or critical cooling rate of glasses [28].
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Figure 2.2: Schematic representation of the different factors at play in the GFA (mod-
ified from [24] itself from [30]). TTT refers to the time-temperature-transformation
curve, as shown in fig. 2.1 on the preceding page.

difficult [24, 27, 33] (however, it seems that for some bulk metallic glasses, off-
eutectic compositions can be more successful than their eutectic relatives [24,
34]). Factors influencing GFA include what Louzguine–Luzgin et al. separate
into two categories: intrinsic factors concern homogeneous nucleation and
refer to aspects inherent to the alloy composition (the thermal quantities
described above, heat capacity, thermal diffusivity and expansion, etc.),
while extrinsic factors appertain to heterogeneous nucleation (impurities in
the melt, container defects and contamination, but also turbulence during
solidification) [35].

In terms of AM, Zr-based BMG are the most intensively studied, as
they are usually cheaper than those based on precious metals, thereby more
appealing to the industry, while having a better GFA than glasses based on Fe,
Al, Ni and Cu [36]. Additionally, they are attractive due to their mechanical
properties [37–39]. They show promise also for space applications as cutting
tools [40]. In this work, powders of two different chemical compositions
specially developed to form bulk metallic glass parts are used: AMLOY-Zr01
and AMLOY-Zr02, both produced by Heraeus AMLOY Technologies GmbH
(see manufacturer’s data in appendix A on page 98).

The composition for AMLOY-Zr01 (formerly AMZ4) was developed by
Heinrich et al. [41]. It evolved from the composition of Vit106a (Zr58.5Cu15.6-
Ni12.8Al10.3Nb2.8, at-%), a Be-free Zr-based alloy known for its excellent GFA
[42]. The purpose of AMLOY-Zr01 is a simplification of the production and
reduction of its cost by using an industrial grade Zr-Nb-prealloy and substitut-
ing Ni for Cu [41], so that its nominal composition is Zr59.3Cu28.8Al10.4Nb1.5,
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at-%. Because of the use of the pre-alloy, it also contains impurities: “oxygen
content up to 10300 ppm, H impurity of up to 4540 ppm, N of up to 1630 ppm,
C of up to 3810 ppm as well as Fe and Cr of up to 3280 ppm” [41]. However,
this does not stop it from possessing good GFA [21, 41].

The composition of AMLOY-Zr02 is based on the Vit105 alloy (Zr52,5-
Cu17,9Ni14,6Al10Ti5, at-%) developed at the California Institute of Technology
in 1997 [43]. It is one of the Zr-based glass-formers with highest GFA.

2.2 PBF-LB

The process used in this work is part of the family of AM. ISO/ASTM
52900:2021(en) gives the definition of AM as “a process of joining materials
to make parts from three dimensional (3D) model data, usually layer upon
layer, as opposed to subtractive manufacturing methodologies” [44]. AM
can be used with polymers [16, 17], ceramics [14, 15], metals [10–13], or
as composites [45–48]. AM of metals can be done in varying ways. For
example, wire feed systems rely on the use of wire as feedstock being directly
delivered and melted where the part should be built [49, 50], while powder
feed systems use powder as feedstock, with the powder being applied and
melted directly where the part is meant to be [51]. Powder bed systems also
rely on powder as feedstock, however the part is built by applying a layer of
powder on the whole surface of the build-platform and selectively melting
the powder in the required configuration, after which a new layer is applied
and selectively melted, and so on and so forth until a 3D part is obtained [22,
45, 52–54]. Other less commonly used methods rely on slurries [14, 55, 56].
Each of these techniques have advantages and disadvantages. In the case
of powder and wire feed, the amount of feedstock used during the process
is the same as – or close to – what is being applied, whereas the powder
bed system requires – as the name indicates – a complete powder bed: the
horizontal dimensions of the bed are independent of the size of the part to
build. Feedstock recycling is therefore of greater importance for powder
bed systems. On the other hand, powder bed systems allow the production
of several parts simultaneously, as many as can fit on the built-platform.
Additionally, they have the highest dimensional accuracy and are less likely
to require post-processing of the built part [57]. These methods require an
energy source to sinter or melt the feedstock. This can be an electron beam
[12, 52, 58], a laser [54, 59–61], or an electric arc [62, 63]. According to the
review by DebRoy et al. [57], electric arcs have very high energy so that
using electric arcs leads to the shortest production times but also the lowest
dimensional accuracy and therefore to more post-processing, while using
lasers requires the longest production times but the highest dimensional
accuracy, with less post-processing. Meanwhile, electron beams are generally
situated in-between in terms of characteristics.
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For the work performed here, a laser is used in combination with a powder
bed so that the process is named Laser-based Powder Bed Fusion (PBF-LB).
PBF-LB belongs to the most versatile metal AM processes thanks to its
possible geometries and variable process parameters. The product of this
process at any given time is schematically represented in fig. 2.3. A detailed
model view of the laser-melting process is shown in fig. 2.4. The melt-pool

Figure 2.3: Schematic illustration of a possible AM powder bed system [64].

Figure 2.4: Model of the PBF-LB process with melt pool, spattered media, and
powder denudation zone [65].

or melt-track describes the melted and not yet solidified portion of material
on and in the immediate vicinity of the laser beam path on the powder bed.
For simplification, it can roughly be divided into zones: a depression zone at
the laser spot dominated by the recoil force, a tail region near the end of the
melt track dominated by surface tension, and a transition region between
the two [66].

The beam melts a region larger than its own diameter and through
Marangoni convection pulls the melt to the warmer regions, creating a
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zone around the melt-pool which is devoid of powder and matter, i.e. the
denudation zone [65–68].

2.2.1 Process parameters

According to Rehme & Emmelmann [69], there are over 130 parameters
potentially influencing the PBF-LB process, of which 13 would be crucial to
the quality of the built part. These include laser beam characteristics (power,
size, focus position), scanning characteristics (speed and laser path strategy),
powder bed characteristics (flowability of the powder, temperature of the
bed, thickness of each layer), and gas characteristics (pressure, composition,
flow direction and intensity). Generally, and especially in the case of this
work, the following settings can most easily be varied: laser output power,
speed of the laser scanning, distance between neighbouring lines (called
hatch or hatching distance), laser path, speed of powder layer deposition,
thickness of the powder layer, and composition of the gas atmosphere. These
are the parameters that will be addressed in this work. Which of these is
most influential is open to active debate and research, but the literature
mostly agrees that the following are the most significant with respect to
the quality of the final part: laser power, laser scanning speed, and powder
layer thickness [70–73]. Some of the parameters mentioned above are often
combined to form overarching parameters.

Energy density is often introduced as a parameter that would provide
a correlation between process parameters and quality of the final part.
However, even the very definition of energy density (or energy input) is not
as straightforward as one might first assume. There are various definitions
provided in the literature:

A linear energy density in J mm−1 from [74] based on [75]:

El = P√
v

(2.1)

with P the laser power in W, so J s−1, and v the laser scanning speed in
mm s−1. A surface energy density in J mm−2 [76]:

Es = P

v × σ
(2.2)

with σ the laser beam diameter. A volumetric energy density in J mm−3 [22,
59]:

EV ∝ P

v × h × S
(2.3)

with h the powder layer thickness in mm and S the hatch spacing (or hatching
distance) in mm. And a differently defined volumetric energy density [77]:

EV 2 = P

v × σ × h
(2.4)
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Most authors try to compare final part properties (mostly density, which
is a defining feature in the evaluation of the final part quality, see section 2.3.1
on page 11) in relation with their definition of energy density. However, it has
been shown that the correlation is far from obvious [70, 78–80]. If the energy
density is too high, it can lead to keyhole mode (see below) and therefore
gas porosity, while if it is too low, it can result in insufficient melting of the
feedstock material, inducing lack of fusion porosity [66].

Conduction mode refers to when the energy is enough to melt the feedstock
and heat the underlying matter by conduction for both parts to wet sufficiently
to connect. The name for the keyhole mode refers to the depression appearing
in the melt-pool due to vaporisation of the material and plasma formation in
the laser beam and ensuing recoil pressure when the energy input is higher.
This depression focuses the beam deeper into the material, enhancing laser
absorption and making the melt-pool much deeper than in conduction mode
(where a large part of the beam energy is reflected). This mode is however
also more likely to cause spatter and trap bubbles in the final part when the
cavity collapses [67, 75, 81, 82]. The difference is shown in cross-sections in
fig. 2.5 and the advantages and disadvantages of each mode are described in
table 2.1 on the next page.

(a) (b)

Figure 2.5: Metallographic cross-sections of single-track experiments conducted in
(a) conduction mode and (b) keyhole mode using stainless steel 1.4404 in PBF-LB.
Pores are visible at the bottom of the solidified melt-pool in (b) and the track depth
varies along its length. Adapted from [75].

Still another complication in the use of energy density rests on the changes
in absorptivity of the laser energy depending on the phase within the process
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Mode Conduction Keyhole
Advantages Smoother melt-pool,

less variation in melt-
pool depth, less spatter,
no pores from melt-pool
collapse

Stronger bond to the
substrate and matter be-
low the new track

Disadvantages Portion of the beam en-
ergy is reflected off the
surface

More spatter, more
pores within the ma-
terial, less predictable
track depth

Table 2.1: Advantages and disadvantages of conduction and keyhole mode

[83], so that the effective energy absorbed does not increase linearly with
laser power: the (unmelted) powder bed has high absorptivity (and the
smaller the grain size, the higher the absorptivity [84]), while the flat surface
and surface coated by the melt reflect some amount of the energy and have
comparable absorptivity values to each other, then the absorptivity increases
again in keyhole mode.

It has also been shown that the higher the energy density, the lower the
chemical homogeneity in the melt due to the Marangoni convection, leading
to local microstructural heterogeneities [22]. Additionally, the higher the
energy density, the larger the cooling rate within the melt-pool, and the
higher the resulting residual strains [85]. The inadequacy of the energy
density to determine the optimal settings is assumed to be due to these
various quantities not taking into account the threshold from conduction
to keyhole mode as well as taking scanning strategy into account only in
a limited way (such as in eq. (2.3) on page 8 which uses hatch spacing) or
not at all. In the following, we will use energy density following eq. (2.3),
i.e. only to describe the proportionality between energy density, power, and
inverse speed, layer thickness and hatch distance.

Scanning strategy is another broad parameter which includes the order
and direction in which the lines required to fill a layer are built, and how
these change over subsequent layers (see fig. 2.6 on the next page). Scanning
strategy greatly influences residual stress distributions in the produced part
[70, 86, 87].

2.3 Potential/typical defects

In this section we will focus on the defects most discussed in the literature on
PBF-LB: porosity, cracking, surface roughness, and microstructural hetero-
geneity. Though the first three apply equally well to crystalline and glassy
materials, for the fourth we will focus on glassy alloys.
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Figure 2.6: Different scanning strategy possibilities, adapted from [87].

2.3.1 Porosity and lack of fusion defects

Pore formation has been of great concern for PBF-LB as pores can very
strongly affect the mechanical properties of the final part by acting as stress
concentrators [54, 88, 89]. The morphology of the pores helps distinguish
their origin [52, 90]. Spherical pores, usually a few µm in size, are usually
gas inclusions in the bulk. They either already exist in the powder (see
example in fig. 2.7 on the following page) due to the powder atomisation
process, or are from process atmosphere trapped in the bulk during the
melting, such as during keyhole mode melting [57, 67, 75, 91] as shown in
fig. 2.5 on page 9. On the other hand, non-spherical (usually acicular) pores
tend to appear between layers or between lines, and seem to stem from a
lack of fusion and lack of adherence between layers or between lines within a
layer because of a lack of powder/matter resulting from the denudation zone
[57, 92] represented in fig. 2.4 on page 7. There pores are generally larger
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than 10 µm (equivalent diameter), and act as stress concentrators because of
their shape [57, 93]. Lastly, surface porosity which describes the presence of
pores at the surface arising due to Marangoni convection, coalescence and
possible collapse of bubbles in the melt [91] as shown in fig. 2.8.

(a) (b)

Figure 2.7: (a) Computer Tomography (CT) image revealing gas-pore-containing
Ti–6Al–4V powder particles (pores in red) and (b) size distributions of all the particles
versus the particles containing porosity with the fraction of particles containing pores
for each size range [90]. The equivalent spherical diameter refers to the diameter of
a sphere of the same volume as a given particle, as it is not necessarily spherical.

Figure 2.8: Time-series radiographs made during PBF-LB near the front of a
melt-pool, scale bars represent 250 µm. Some pores are seen to nucleate, coalesce
and collapse, resulting in an open pore. Taken from [91], which also provides the
supplementary videos from which these images are extracted (and they’re great to
watch!).

2.3.2 Cracking

In their review, DebRoy et al. [57] describe three types of cracking: solid-
ification cracking which occurs at grain boundaries within the build when
the tensile stress generated in the solidifying layer exceeds the material’s
yield strength, liquation cracking which is observed in the mushy or partially
melted zone, and layer delamination (where the part cracks into or along
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layers or detaches from the build-platform) which is caused by residual stress.
Residual stress is defined as Withers & Bhadeshia as “that which remains in
a body that is stationary and at equilibrium with its surroundings” [94]. It
is a common issue for additively manufactured parts and a big impediment
to their widespread application [87]. During the PBF-LB process, large
temperature gradients are at play: firstly, because of the very rapid heating
of the surface around the laser spot and secondly, because of the cooling,
solidification, and shrinkage of the latest layer which leads to tensile stress
in that layer, but compressive stress in the layers or substrate below [86].
An interesting aspect is that the more porous, i.e. less dense, the material,
the lower the level of distortions due to residual stresses, as pores seem to
help relax these by compensating for material shrinkage [70, 95]. Nonethe-
less, producing fully dense parts is critical for the broader use of additively
manufactured parts due to the impact of pores as stress concentrators on
the mechanical properties.

2.3.3 Surface roughness

Surface quality is an important aspect of PBF-LB, as the roughness of a
given layer determines the local thickness of the next powder layer being
spread over it. Though surface roughness due to step effect in 3D parts is
an non-negligible issue for PBF-LB, here we will focus on the quality of flat
horizontal/top surfaces. Variations can lead to stark localised differences in
quantities of remelted material, but also to the portion of laser intensity being
reflected off the surface [96] and therefore to differences in local temperature
and local microstructural properties. Both the choice of feedstock material
and building parameters can lead to increased surface roughness.

Figure 2.9: Effect of Tungsten powder grain size on the aspect of a single track. (a)
D50 = 5.7 µm, (b) D50 = 22.47 µm, (c) D50 = 37.26 µm, and (d) D50 = 47.63 µm.
Adapted from [84].

As seen in fig. 2.9, increasing the grain size can lead to increased surface
roughness [57, 84]. This is understood to be due to an increase of the portion
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of unmelted powder for a given laser power, as well as a less stable melted
track [84].

Surface roughness caused by laser power and scanning speed can also be
described as arising from insufficiently melted powder, or from balling which
in the literature refers either to small balls of solidified material remaining
on the edges of a built track [97] or to the melted material solidifying into
spheres instead of a line [52, 57, 98, 99]. These effects are dependent on
those building parameters [52, 54, 100] as shown for example with stainless
steel 1.4404 powder in fig. 2.10.

Figure 2.10: Process map for a single track of the first layer of stainless steel 1.4404
powder with layer thickness equal to 50 µm, from [54].

In the case of balling – the melt pool/track separating into spheres, this
is described as being due to Plateau-Rayleigh instability: balling is predicted
when the melt-pool length to diameter ratio is greater than π [57, 98]. The
melt-pool is assumed to be cylindrical, but one can imagine the melt-pool to
be flatter than a cylinder and therefore to have a smaller equivalent “real”
diameter, lowering the required pool length to fit within the prediction.
Though the physical foundation for Plateau-Rayleigh instability can be seen
as surface tension, this is not an easy parameter to deal with when optimising
process variables. Empirically and in a more generalising fashion however,
when recalling the various definitions of energy density in section 2.2.1 and
putting these in parallel with increasing melt-pool temperature leading to
lower surface tension as well as comparing with the process map shown
in fig. 2.10, one can deduce that increasing the speed, increasing the layer
thickness, or lowering the laser power leads to lower energy densities and
average melt-pool temperature, increasing the surface tension and therefore
leading to increased balling.

Another phenomenon detrimental to surface quality is spatter, which
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describes either liquid or solid metal ejected from the laser spot and its direct
environment and which lands on the surrounding powder or already solidified
matter. Spatter was thought to be caused by laser-induced recoil pressure,
however evidence from high-speed imaging on PBF-LB of stainless steel
1.4404 by Ly et al. seems to show that it occurs mostly from “vapour-driven
entrainment of micro-particles by the ambient gas flow” [101]. The authors
concluded that while some spatter was indeed caused by recoil pressure, it
amounted to only 15% of the spatter compared to 60% being due to hot
ejections from entrainment. Meanwhile the work of Nakamura et al. [102]
with high-speed camera observation of keyhole-mode in the welding process
of pure titanium points to the dependence of the main spatter origin on
the scanning speed (at constant laser power): high speeds led to most of
the spatter originating from the molten pool just behind the keyhole, while
low speeds meant that it came from the front or sides of the keyhole [102].
Because of their reactive nature, these droplets or high-temperature particles
are prone to oxidation and can thereby contaminate the powder bed [103,
104], whilst leading to greater process-induced porosity [105]. As they are
often of larger sizes than the unprocessed powder particles, they locally
increase the powder layer height [104], thus changing the optimal energy
necessary for the process (according to the equations in section 2.2.1).

This vapour entrainment is parenthetically also responsible for extended
denudation zones around the laser beam spot and the melt-pool [92], con-
tributing to the lack-of-matter pores mentioned previously in section 2.3.1.

2.3.4 Microstructural heterogeneities

As mentioned, BMG are traditionally produced by casting, which sets a size
limitation of the final part depending on the GFA and therefore the critical
cooling rate required to vitrify the alloy. AM was found to circumvent this
rather limiting factor by demonstrating that, by building layer upon glassy
layer, one could produce a glassy alloy larger than by casting [21, 106–109].
However, it is not as straightforward as one might hope. Generally, AM
parts experience during their creation/production repeated melting and rapid
solidification, and typically go through several solid state transformations,
making the process more complex than conventional manufacturing processes
[52, 64, 93]. As mentioned in section 2.2.1 on page 8, high energy density
can lead to chemical heterogeneity / element segregation in the melt-pool
and therefore the final part. While this might mostly result in texture and
anisotropic mechanical properties for crystalline alloys [57, 93, 110], it is
particularly detrimental to BMG as these materials are metastable and rely
on very precise compositions in a way that local segregation may lower
their local GFA and cause them to crystallise [22]. Furthermore, when
adding a new layer, the previous one will (partly) experience an increase in
temperature. Returning to the TTT-curve in fig. 2.1 on page 4: it is usually
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used for examination of the behaviour upon cooling, but it is important to
note that the behaviour upon heating can differ from that at cooling [111]
and that this is especially relevant for BMG in AM. Indeed, the temperature
at which nucleation reaches its maximum is below that at which crystal
growth is highest [26]. This means that when a new line is added and the
previous layer (and neighbouring line) experiences heating (as shown in
fig. 2.11a), heat-affected zones may therefore form nuclei, and these will grow
if more heat is provided to them, as seen in fig. 2.11b. Therefore the cooling
rate is not the only deciding factor in the glass-forming ability of additively
manufactured BMG parts, but the (re)heating rate also [112]. If the heat
is enough to melt these affected zones, then the cooling rate is once again
relevant. In this case, the scanning speed (and heat dissipation) have to be
quick enough to reach a cooling rate greater than Rc.

(a) (b)

Figure 2.11: (a) Schematic representation of the PBF-LB process and the heat-
affected zone, adapted from [60]. (b) Optical microscopy of a Zr55Cu30Al10Ni5 BMG
built over five layers showing crystallisation in the heat-affected zones described in
the left image, adapted from [113].

Another common issue with PBF-LB of BMG is oxygen contamination.
Because the feedstock is in powder form (high surface to volume ratio), it
is more likely to take oxygen in as surface oxides [23]. Indeed, the oxygen
content was determined by Marattukalam et al. to be circa 1 at-% (0.2%
by weight) in AMLOY-Zr01 when produced by inert gas fusion [106]. In
BMG, this oxygen contamination is found to induce lower GFA and therefore
increased crystallisation [41, 106, 114–117]. Oxygen contamination is also
found to affect melt properties such as viscosity and surface tension [98].
These would then affect the behaviour of the melt during the process.
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2.4 Powder handling in microgravity
In PBF-LB a powder is spread over a build-platform and a laser melts the
powder layer in the configuration required to create the desired part. The
layer deposition usually relies on gravitational forces. However, in space or on
satellites, these reduced or absent gravitational forces must be compensated
for. The key feature of PBF-LB in space, therefore, is the powder handling
and stabilisation in weightlessness. To achieve this, the Gas Flow Assisted
Powder Deposition developed by the Bundesanstalt für Materialforschung
und -prüfung (BAM) [4] was used and expanded to fit the current platform
(the original system developed by the BAM was designed and built for
parabolic flight). This deposition system relies – as the name indicates – on
gas to stabilise the powder layer (see fig. 2.12a).

(a) (b)

Figure 2.12: (a) Physical basis for the gas-flow assisted deposition, adapted from [2].
(b) Gas-flow assisted powder deposition as developed by Zocca et al. and using the
phenomenon described in (a).

This is done by using a porous build-platform and establishing a gas flow
though the powder bed and this platform. This modified build-platform
acts as a filter for the powder particles under the force of a vacuum pump
below the platform. A schematic representation of the setup is presented in
fig. 2.12b. This design was successfully tested during DLR and ESA zero-g
parabolic flight campaigns [4].



Chapter 3

Experimental hardware

3.1 Microgravity experiments

The experiments described in this thesis were performed using MARS-M
(Multi-material Additive manufacturing for Research in Space), a payload
developed to fit onboard the MAterialPHysikalische Experimente Unter
Schwerelosigkeit (MAPHEUS) sounding rocket.

3.1.1 Microgravity experimentation platforms

When it comes to performing tests in microgravity, several options are
available and the afforded microgravity durations as well each methods’ ease
of access vary.

A drop tower provides a relatively cheap alternative to space laboratories
for conducting short (less than ten seconds long) experiments under micro-
gravity conditions. As the name indicates, it relies on a tower containing
a drop tube, the height of which determines the free-fall time. The tube
is evacuated to 1 Pa to reduce air drag in order to approach microgravity
conditions [118]. It is relatively easy to obtain experimental time and the
time between experiments is the shortest of all options.

Parabolic flights rely on planes to perform short-term (around twenty
seconds long) experiments under microgravity conditions. The aircraft follows
a parabolic trajectory, starting from horizontal flight with a hypergravity
phase (pull-up) followed by a microgravity phase (parabolic ballistic free-
fall) and another hypergravity phase (pull-out) back to horizontal flight.
Several such parabolae are performed per campaign day. These flights
are often used to qualify and validate experiments destined for prolonged
microgravity experiments, such as on a sounding rocket or a satellite [119,
120]. This was the case for MARS-M, which was tested during parabolic
flights for calibration of gas flow and powder recoating speed [1]. After
this first set of qualifications, the device was successfully qualified during

18
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environmental testing under vacuum conditions and ready to be used onboard
the MAPHEUS sounding rocket.

Sounding rockets are unmanned rockets (in some cases repurposed military
rockets) travelling on a suborbital trajectory to perform measurements or
experiments in microgravity in high atmosphere [121]. The experiment time
offered can reach up to 13 min. They are a flexible and cost-effective platform
to perform research in space. Since the MAPHEUS-1 rocket was launched
in May 2009, these sounding rockets’ capabilities have increased. Launched
from the Esrange Space Centre in Jukkasjärvi, Sweden, the rockets used
for experiments during this work are circa 12 m long and offer microgravity
durations around 6.5 min on a suborbital flight with an apogee around 260 km.
Residual acceleration levels are measured to be as low as 10−4 to 10−6 g. A
bi-directional data communication interface and a live video downlink are
supplied to the scientific payload by MAPHEUS payload support systems
by DLR’s Mobile Rocket Base [122–124], thus allowing the operators at the
ground station to oversee the automated manufacturing process live and use
telecommand to intervene in the process if required.

The platforms offering the longest microgravity times are satellites,
whether manned like the International Space Station (with its Materials
Science Laboratory [125]) or unmanned, but these are much harder to access
and qualify for. Therefore, sounding rockets were the selected platform.

3.1.2 Campaigns onboard MAPHEUS

The MARS-M payload was flown onboard the MAPHEUS-11 (M11), M10,
and M9 rockets which were launched in May 2021, November 2021, and
January 2022, respectively, from the Esrange Space Centre in Jukkasjärvi,
Sweden. The flight characteristics are given in table 3.1.

The brief time between launches – especially considering payload and
equipment transportation time to and from the Space Centre by road –
permitted neither big improvements in the MARS-M hardware nor much
testing at the institute. Additionally, work on site was made more complicated
by the COVID-19 pandemic and team-members not being permitted to work
in the same room at the same time for several days upon arrival for fear
of infection prior to travelling to Sweden. Pre-flight testing was performed
mostly on-site in the few – but intense – days before countdown. In the case of
M10, extreme temperatures (−28 ◦C) and the presence of biological samples

Campaign Apogee (km) Microgravity time (s)
M11 221 345
M10 259 370
M9 254 358

Table 3.1: Apogee and µg-time data for the different launches [1].
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onboard the payload made special care necessary: heating was installed in the
launch-building and the rocket was covered in thermal insulation material,
as shown in fig. 3.1, left.

Figure 3.1: Left: M10 rocket on launch ramp with insulation. Right: M11 rocket
launch [1].

3.2 MARS-M

The contents of this chapter were published by Neumann et al. [1]. MARS-
M and its modifications were designed and constructed by Dr. Christian
Neumann and Mr. Johannes Thore of the Institute for Materials Physics in
Space, DLR.

3.2.1 Design criteria

In order to function aboard the MAPHEUS sounding rocket, MARS-M had to
fulfil several strict criteria, most notably concerning autonomy, environment,
and accessibility.

The first environmental criteria are given by the dimensions and motion
of the rocket itself: the device should not exceed a certain mass and size,
while it must also be able to resist the rocket launch induced dynamic loads
and vibrations. Furthermore, the device must be able to function in vacuum
and microgravity during the flight. As most items making up the device are
off-the-shelf, they are not designed to function under these conditions, and
therefore require some adaptations. The powder stabilisation must also be
mastered under microgravity conditions.
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Accessibility criteria refer firstly to the possibility of accessing the device
and especially the powder container and build-platform once they are inte-
grated into the rocket on the launcher, and secondly to the requirement for
data communication and potential process interruption between the device
and the user at the ground station before and during the flight.

Lastly, in order to be fully autonomous, the device requires a hermetically
sealed process chamber and an own energy source powerful enough to build
a part without user intervention.

3.2.2 Payload description

MARS-M is presented in fig. 3.2. It measures 700 mm in height, 438 mm in
diameter, and weighs 44 kg not counting the rocket payload’s outer structure
of 12 kg. As per the aforementioned criteria, MARS-M possesses [1]:

• a PBF-LB unit including powder stabilisation

• data acquisition and handling

• control computing

• a electrical power supply

The manufacturing process is integrated to MAPHEUS payload support
systems and the ground station according to the schematic in fig. 3.3.

3.2.3 Experiment chamber and gas flow

Inside the payload, the PBF-LB process in MARS-M requires a hermetically
closed experiment chamber to not only guarantee a constant pressure during
the entire flight but also to ensure a low oxygen atmosphere during the
manufacturing. Because of the flushing of the chamber with the chosen gas
composition and of the experienced inside over-pressure when in space, the
processing chamber is built to resist differences of up to 2 bar of differing
pressure between the outside and the inside.

The manufacturing process itself takes place in a removable cartridge
which the user can access through a hatch. As shown in fig. 3.4, the cartridge
contains the build-platform, the powder container, and the E- and Z-axes.
Thanks to the ease of access, the user can conveniently/efficiently exchange
the build-platform, powder, or the whole cartridge before lift-off while MARS-
M is joined in the payload.

In weightlessness, the gas flow-assisted powder deposition described
in 2.4 is used in order to stabilise the powder in the powder bed on the
build-platform and at the same time to enable it to flow during recoating.
To achieve this, under-pressure is generated below the build-platform by
attaching a hose to its mounting adapter, inducing a gas flow perpendicularly
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Figure 3.2: MARS-M (left) integrated into the MAPHEUS-10 scientific payload
(right)[1].

to its surface. As the build-platform is porous, the powder particles are
pushed towards it by the gas flow. Beyond the cartridge, the gas flow moves
through several 10 µm pore sized particle filters and a mass flow sensor (Red-
Y series, Vögtlin Instruments GmbH) and into two type 3111.610 (Boxer
GmbH) diaphragm pumps which are installed inside the chamber to avoid
pressure differences, while the filters and flow sensor are located outside the
experiment chamber. The pump outlet is led back into the chamber and left
open.

3.2.4 Motion mechanics

In addition to providing laser scanning, powder layer application, and build-
platform displacement, the device must withstand the various static and
dynamic loads experienced during the flight. For this to be possible, the
following mechanical set-up was chosen [1]:

• a cartesian assembly of X- and Y-axes moves a focused laser spot
parallel to the build-platform, using Ø 8 mm carbon-reinforced polymer
and hard-anodized aluminium shafts, a stepper drive and a timing belt,
as well as self-lubricating dry-running polymer bearings so that powder
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Figure 3.3: Schematic overview of MARS-M integration within the MAPHEUS
rocket as well as the communications and Ground support [1].

particles will not stick nor block movements. The Y-axis moves the
X-axis which bears the fibre-coupled laser optics.

• a vertical Z-axis moves the build-platform up or down (see fig. 3.4)
thanks to three fine-thread shafts synchronised by a timing belt and
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Figure 3.4: Insert bearing the build-platform (without powder in this image) and the
powder container. The X-, Y-, Z-, and E-axes are shown. The X- and Y-axes are
parallel to the build-platform, so that the Z-axis is perpendicular to it. The platform
is carried below the powder container along the E-axis to apply each new powder
layer [1].

driven by stepper drives.

• an additional E-axis – oriented parallel to the X-axis – is responsible
for powder recoating (see fig. 3.4), and uses similar components to the
X and Y-axes, with two threaded shafts and a timing belt.

All axes possess optical end switches.

3.2.5 Laser system

Like the rest of MARS-M, the laser system must withstand the forces
experienced during the flight and must additionally possess a cooling system
independent of air convection. The laser system is built of [1]:

• a laser diode bar module (type Coherent IS58, with max. 283 W optical
power at centre wavelength of 976 nm into a 100 µm fibre core),

• a laser diode driver MESSTEC type MSM 100-25,

• laser optics from standard C-mount lens adapters, a SMA-type fibre
adapter, and plano-convex λ/10 grade uncoated Fused Silica lenses,

• a temperature sensor to detect overheating,
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• a cooling system in which the excess heat is alleviated via a cooling
liquid loop connected to a custom-built heat sink made of finned pipes
and Rubitherm RT28 HC, a phase change material.

Thanks to this heat sink, the laser can be used in vacuum at full power for
10 min, by far exceeding the available microgravity time. When experimenting
in the lab, an external cooling system is used to allow for longer laser
operation.

3.2.6 Process control

The stepper drives for the X-, Y-, Z-, and E-axes, their end stops and position
switches, as well as the laser power are controlled via a user interface by a
Smoothieboard 5XC V1.1 (open hardware project Smoothieware.org). This
controller board allows to automate several of the subprocesses required for
the manufacturing, thereby making the whole process smoother. Furthermore,
the set point for laser power, gas flow, and the piezo-actuator are output as
pulse width modulated signals to digital output pins. Additional digital in-
and output pins are used to communicate individual events to and from the
data recorder. The hardware required modification to resist launch loads and
environmental vacuum. The board runs the latest firmware version, adapted
to the device by editing the configuration file only. Individual commands are
listed in appendix B on page 101.

3.2.7 Build-platform and layer application

As mentioned above, MARS-M was tested in microgravity during parabolic
flights for calibration of gas flow and powder recoating speed before flying
onboard MAPHEUS [1]. This was done during 62 parabolas over two separate
days on a Novespace Zero-G aircraft (circa 20 s of microgravity per parabola).
Because of the short microgravity times, only the powder handling procedure
and control algorithm were calibrated during the parabola. After each flight
the powder bed was investigated. From these experiments, suitable gas
flow settings were chosen and applied to later lab experiments and sounding
rocket flights. With the current calibration, spreading a new powder layer
requires 15 s.

As previously mentioned, the MAPHEUS sounding rocket offers approxi-
mately 6.5 min of microgravity, which is long compared to other platforms
and enough to serve as proof of feasibility, but still short in terms of typical
PBF-LB process: the time permits to spread and laser-melt circa 8 layers
of powder on a platform of dimensions 45 mm × 45 mm machined from a
5 mm-thick porous sintered plate (pore size: 8 µm) of stainless steel 1.4404.

In order to apply a layer of powder to the platform, the following sequence
is applied [1] (the gas flow is active through the build-platform at all times
during the sequence, and increases in importance as the gravity decreases):
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1. in case of first layers, the Z-axis is “homed”– which refers to moving
the axis to its endstop making sure the reference position indicated by
the software is correct – then calibrated to the thickness of the plate,

2. the build-platform is lowered parallel to the Z-axis by the desired layer
thickness,

3. the platform (together with the adapter holding it) is moved along the
E-axis to fit beneath the powder container,

4. a pause (a couple of seconds) is initiated and the piezo-actuator below
the container is activated, making it vibrate, helping the powder to
flow onto the platform by unblocking potential powder clusters (at
this point, the gas flow also passes through the container, also forcing
powder transport to the platform),

5. the piezo-actuator is stopped and the platform moves back along the
E-axis to its original position below the laser optics, and the seal around
the opening of the powder container scrapes back the powder exceeding
the layer thickness, producing a (ideally) smooth surface and leaving
the rest of the powder in the container.

It is important to note that in microgravity, for the gas flow to maintain
the powder bed around and on previously built layers, any part built has to
be a framework of single lines (curved or straight) to allow passage of the
gas [4, 126].

3.2.8 Power management

The device necessarily contains a power source when integrated into the
rocket, but in the lab it is powered externally via an umbilical connector
(16 −20 Vdc). For safety reasons, MARS-M cannot be started from the
batteries but only the umbilical. When this happens, the only device to boot
automatically is an Ethernet communication interface, which then awaits
remote user interaction. The batteries used for flight are LiFePO4-type
batteries (type ANR26650M1A by A123Systems, Inc., two packs in 6S3P
configuration, previously qualified for MAPHEUS-payloads [127]) with a
nominal capacity of 13.8 A h (i.e. 273 W h). Each one is inserted into its own
hatch and can be independently switched on and off. They allow for 30 min
of processing time at full power.

3.2.9 Data Acquisition and Communication Interface

Maintaining a clear overview of the many parameters (temperatures, axes
positioning, gas flow velocity, etc.) and operations taking place at the same
time during the process is critical. Additionally, keeping a log of these values
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and events is important in order to be able to find sources of error during
post-processing. For these tasks a data recorder is used: a single board
computer (type Gigabyte GA-SBCAP3450) operating a LabVIEW virtual
instrument (National Instruments Corp.). Two cameras and two analogue
and digital interface cards are connected to it as peripheral hardware. Below
is a list of the sensors connected to the data recorder, directly taken from [1]:

• high definition camera for overall view of the build-platform,

• microscope for detailed view of the Z-movement,

• recording batteries and external power source voltages,

• pressure transducer to measure inside the experiment chamber, mea-
suring over a range of 0 −5 bar,

• mass flow sensor for measurement of the gas stream through build-
platform, range 0.3 −15 NL/min,

• Pt1000 temperature sensors i. e. attached to laser diode, laser optics,
and build-platform,

• tilt sensor reads within a range of ±1 g along the Z-axis, and can be
used for microgravity detection,

• O2-sensor Roßmann Electronic O2S-FR-T2 to measure inside the ex-
periment chamber, range 0.1 − 25 % O2,

• digital inputs read flight events for lift-off and begin or end of micro-
gravity, as reported by MAPHEUS service system.

A file on the device keeps a log of all sensor data, machine states,
telemetry and telecommand data,1 as well as potential errors at a user chosen
rate between 10 and 100 Hz, while video recordings are run at 30 fps [1].
These telemetry data and TV-signal is sent by the data recorder, which
receives, checks, interprets and executes telecommand packages. The TV-
signal allows the user to view the process chamber through two cameras, as
well as important sensor and system data.

3.2.10 Ground Station and Ground Support Equipment

In order to prepare the device for testing or launch, some larger equipment
is used externally so as to save weight in the payload. This equipment is
detached from MARS-M prior to or during lift-off. The Ground Support

1Telemetry refers to data collected from the device and sent to the ground-station for
monitoring, while telecommand data refers to commands sent from the ground-station to
the device.
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Equipment (GSE) provides external power supply, Ethernet interface, and
contains necessities for the process atmosphere: gas bottle, pressure trans-
ducer, valves and vacuum pump. Before the launch, the vacuum pump and
gas bottle are connected to a gas connector in a hatch, and used to flush the
experiment chamber with a defined gas atmosphere. Meanwhile, the ground
station consists of a desktop computer connected to the GSE by Ethernet
and running LabVIEW virtual environment which communicates to and
from the payload (telemetry data, TV downlink, telecommand packages).

3.2.11 Programming and machine limits

Within a given experiment, all the previously introduced software, set-up,
and configuration involved can be used universally for additive manufacturing
with MARS-M. In contrast, the machine instructions defining an individual
manufacturing process in terms of laser power, scanning speed, layer thickness,
and scanning strategy, are unique to each part to be manufactured. This
variability is handled in MARS-M using standard G-code, Smoothie flavour,
and an additional set of M-commands specific to this machine. Any code
can be run either from the internal memory card, by a telnet connection
from the ground station, or through individual commands typed into the
user-interface. During a MAPHEUS flight, a specifically named file will
be called from the memory card automatically on start-up (and reboot) to
operate independently from the ground station, meaning that the device can
still operate in case of communication breakdown.

Most of the G- and M-commands run in MARS-M are to be found in the
firmware documentation2.

These commands are used to generate software scripts (called G-codes)
to adapt and optimise the laser speed, scanning velocity, hatching distance,
and layer thickness when using a new powder composition. Computer-
aided design models can be translated to G-codes adapted for FFF-type
printers thanks to a “slicer”3 to build complex 3D geometries. These G-
codes must then be adjusted to the device settings by running it through a
LabVIEW software4 which will remove FFF-specific commands but maintain
the information concerning geometry, as well as add commands for laser
processing, gas flow, and powder application sequence. Another important
task for this software is to make sure the code does not exceed machine limits
(maximum axes ranges, for example).

2http://smoothieware.github.io/Webif-pack/\documentation/web/html/suppor
ted-g-codes.html, last consulted 21.08.2024

3See UltiMaker Cura, https://ultimaker.com/de/software/ultimaker-cura/, or
open source Slic3r, https://slic3r.org/, both last consulted on 21.08.2024.

4Written to purpose by Johannes Thore of the Institute of Material Physics in Space,
DLR.

http://smoothieware.github.io/Webif-pack/\documentation/web/html/supported-g-codes.html
http://smoothieware.github.io/Webif-pack/\documentation/web/html/supported-g-codes.html
https://ultimaker.com/de/software/ultimaker-cura/
https://slic3r.org/
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3.2.12 Process adaptations

Before being able to build quantifiable parts, i.e., parts that could be analysed
for their quality in relation to their building parameters, some peculiarities of
the newly built MARS-M device had to be discovered and addressed. These
features include the following.

Firstly it was realised that moving the build-platform down in the Z-axis
by 0.1 mm did not produce repeatable displacements. The solution to this
was to go down by 1 mm and then up by 0.9 mm. This was first written
manually in the G-code then was later implemented in the LabView GUI
code.

Figure 3.5: An example of rings that were meant to be perfectly circular and
concentric according to their G-code (left) but because of differences in inertia/speed
for the X- and Y-axes presented deviations (right). The red dashed squares show
where the laser starts tracing the shape on the outer ring. For an example of
improved circularity, see fig. 5.35.c [1].

Secondly, it was found by building circular items that the X- and Y-axes
behaved differently in terms of speed linearity because of inertia (one axis
carries the second as part of the construction of the device). This effect is
visible in fig. 3.5 which shows two rings. The rings should be circular and
the space between the rings should be constant, which is clearly not the case.
These deviations were reduced by building half-circles at a time, starting at
the lowest point and moving to the highest point (in Y). This way, the shape
– though still not perfectly circular – was at least repeatable and symmetric.
Later on, code was generally modified to have movements always going in
the same Y-direction (here, positive), a procedure common for high-precision
linear rails.5.

Thirdly, one can also see from fig. 3.5 where the laser starts building
the sample (red dashed squares), and that once again because of inertia the

5Any application that requires high precision will use linear guide systems for their
high accuracy and precision capabilities. With smooth and precise linear motion, allowing
movement in only one direction, items can be accurately and precisely placed. https:
//www.nskautomation.com/linear-guide-systems/, last viewed 29.08.2024

https://www.nskautomation.com/linear-guide-systems/
https://www.nskautomation.com/linear-guide-systems/
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build deviates from its intended shape. A related issue was that the laser
code by default does not switch the laser off immediately when the command
is given to perform a movement with laser off, but powers the laser down
linearly, causing a delay. This meant that the built shape deviated from plan.
This is visible in fig. 3.6. These issues were solved by adding extrapolations

Figure 3.6: Deviation from intended part shape due to laser delay [1].

to each end of any G1 command (called G0’ commands) as well as adding
an M400 command after each G1 command (see fig. 3.7). A G0’ command
is a linear extrapolation displacement from a given G1 command: it is a
movement command but uses the same speed as the G1-command. These
displacements are l = 2 mm long and the positions of A’ and B’ (see fig. 3.7)
in (x,y) coordinates are calculated within the code-generator.

Figure 3.7: Schematic representation the implemented solution using extrapolation,
M400 commands, as well as always going in the same Y direction (in this case,
positive Y) [1].

The M400 command forces the device to wait until the laser is fully
powered down before continuing to the next command in the G-code. The
effect of these solutions are demonstrated in fig. 3.8: in (a) the lines are
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straighter than in (b) (effect of extrapolation) and they do not exceed their
end positions such as in (c) (effect of M400 command).

Figure 3.8: Comparison of laser markings (no powder used) on the build-platform
with or without extrapolation and/or M400 commands [1].



Chapter 4

Methods

This chapter introduces the methods used for this thesis to characterise the
feedstock materials in their received form, optimise their AM process on
MARS-M, as well as characterise the parts built from them. It details the
evolution and results of the building optimisation process, as well as the
results of in-depth characterisation of built parts.

4.1 Powder characterisation
The powder characterisation methods were performed together with (and
under guidance of) Dr. Janka Wilbig at the BAM, Berlin, Germany.

4.1.1 Flowability

The measurements of powder flowability were performed (or attempted)
according to several standards. Throughput rate was measured according to
DIN EN ISO 4490:2018 (only applicable for the steel powder, as the others
were not flowable enough), while bulk density was measured according to
DIN EN ISO 3923-1:2018, and tap density according to DIN EN ISO 3953.
With these, the Hausner ratio was calculated according to Carr [128] which
outputs a number that is correlated to the flowability of a powder or granular
material and is calculated as the ratio between bulk density and tapped
density. Finally, a measure of the flowability and cohesion were obtained
using a Granudrum1, see fig. 4.1.

4.2 Built parts characterisation
Microstructural characterisation is probably the most important element in
order to judge and improve a new production process. Microstructure is
at the root of all other material properties, such as mechanical properties,

1(Granular Material Flow Analyser, https://www.granutools.com/en/granudrum)

32

https://www.granutools.com/en/granudrum
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Figure 4.1: Schematic representation of the mode of operation of the Granudrum
[129].

chemical, magnetic, etc. It is therefore of utmost importance to perform
extensive characterisation of the microstructure. This is done thanks to the
following methods.

4.2.1 Sample preparation

First of all, different characterisation techniques require different levels of
sample preparation, from simply taking the as-built part (still on the build-
platform) for Light Microscopy (LM) to cutting, embedding and polishing
for Scanning Electron Microscopy (SEM), to extracting with Focused Ion
Beam (FIB) a micron-sized sample for Transmission Electron Microscopy
(TEM). For the inner microstructure of a sample to be at all observable using
some of the techniques detailed below (microscopy and X-ray diffraction),
it is imperative for the surface to be well-prepared. To this end, samples
may be cut to access the inner microstructure either using a diamond wire
saw (Type DWS.100, Diamond WireTech GmbH & Co.KG) or a diamond
disc cutter (IsoMet High Speed Pro precision cutter, Buehler Ltd., ITW
Test & Measurement GmbH). The selected separated parts of the sample
are then embedded in an electron microscopy compatible resin (PolyFast,
Struers S.A.S.) using a hot mounting press (LaboPress-1, Struers S.A.S.).
Once embedded in epoxy, the surface must be ground and polished to a
mirror-finish, which is achieved on a grinder-polisher (MetaServ 250, Buehler
Ltd.) using SiC abrasive paper (CarbiMet, Buehler Ltd.) down to P4000
grain size, followed by polishing on a cloth disc using a polishing suspension
at 0.05 µm grain size (MasterPrep, Buehler Ltd.) and finally an oxide
polishing suspension with grain size 0.05 µm (OPS Endpoliermittel, Schmitz
Metallographie GmbH).

4.2.2 Light Microscopy

A first step towards microstructure observation is LM, which was performed
on a AXIO Imager.A2m (Carl Zeiss AG). It allows a simple and quick view
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of the sample as well as its preparation quality: for SEM, the sample surface
has to be adequately prepared (flat, smooth, even, without scratches). Using
dark-field view allows to observe surface defects, while polarised light makes
the different phases more visible.

4.2.3 Scanning Electron Microscopy

SEM was performed on a Merlin (Carl Zeiss AG). The SEM has a Schottky
emitter, which produces a highly monochromatic electron beam. At the
location of the sample the beam has a diameter down to 0.8−2 nm depending
on the respective conditions (accelerating voltage of the electrons, beam
current, working distance). When the electron beam hits the sample, multiple
interactions take place, which are detected by various detectors. The SEM
is equipped with detectors for backscattered electrons (AsB, angle selective
backscattered electrons), for secondary electrons (SE, Everhart-Thornley
with optically coupled photomultiplier), for secondary electrons with low
energy (in-lens detector, annular scintillator detector in the column with
optically coupled photomultiplier), for backscattered electrons with low
energy (ESB, column mounted detector with grid for energy filter), for X-rays
(Energy Dispersive Spectroscopy (EDS), energy dispersive X-ray analysis),
for diffracted electrons (Electron Backscatter Diffraction (EBSD), electron
backscatter diffraction) and for electrons diffracted in forward direction (FSD)
in the 70◦ tilted EBSD geometry. The EBSD measurements were performed
with Dr. Matthias Kolbe, Institute for Materials Physics in Space, DLR,
Cologne, Germany. The EDX-detector is the Silicon Drift detector (SDD)
X-MaxN50 operated under AZtec software by Oxford Instruments, and it
was used for compositional analysis. The EBSD-detector is a HKL Nordlys
2 type operated with Channel V software by Oxford Instruments, and was
used to study particular crystallographic structure. The secondary electron
and backscattered electron detectors were used with energies ranging from
7 kV to 20 kV and a probe intensity of 2 nA.

4.2.4 Transmission Electron Microscopy

The TEM samples were extracted from the side of the samples by means
of FIB using a Strata 400 (FEI, Inc.) with Ga Liquid Metal Ion Source.
These FIB lamellae are approx. 17 µm × 4 − 7 µm (height × depth) in size.
Scanning transmission electron microscopy (STEM) was performed in bright-
field mode using a JEM-F200 (JEOL GmbH) operated at an acceleration
voltage of 200 kV and equipped with a OneView camera (Gatan, Inc.) for
high-resolution imaging. The amorphicity was investigated by Selected Area
Electron Diffraction (SAED), while additional information on the chemical
composition of the phases was obtained in STEM mode by EDS (Oxford
Instruments). These measurements were performed by Chijioke Kenneth
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Akuata and Dr. Christoph Altenbach of the RWTH Aachen.

4.2.5 Synchrotron X-ray Micro-Diffraction

X-ray Micro-Diffraction (µXRD) measurements were performed with Dr. Olof
Gutowski at the P07 High Energy Materials Science Beamline at the Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany on AMLOY-Zr01 and
AMLOY-Zr02 additively manufactured with MARS-M. The samples were
built with the parameters shown in table 4.1.

Figure 4.2: An example of samples in a custom-built sample holder. The samples
are held between two layers of Kapton tape. The holder is then placed perpendicular
to the beam.

The samples were set in the “windows” of a custom-made sample holder
(see fig. 4.2) by having them held by two layers of Kapton tape on either side
of said windows. They were analysed/observed in transmission by scanning
from the top downwards (in Z, down the stack of layers), 2 scans per sample.
Most measurements were conducted so that the beam was parallel to the

Laser power (W) 80 170 115 135
Speed (mm min−1) 4000 5500 4000 5500 5500 4000

Table 4.1: Parameters for samples of AMLOY-Zr01 and AMLOY-Zr02 examined
under synchrotron µXRD.
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building-XY (i.e. the horizontal) plane, perpendicular to the X-axis (i.e. to the
longest dimension). Some of the samples were afterwards rotated along their
longest dimension to also observe changes along the YZ-plane. Measurements
were carried out in transmission geometry with an incoming X-ray energy of
103 keV using a 2 µm×30 µm beam and a Pilatus flat panel detector at about
350 mm downstream from the sample position, in order to ensure sufficient
transmission and an accessible q-range of 1 − 15 Å−1. To achieve a spatial
resolution of 2.5 µm, the measurements were done in continuous scanning
mode (at 2 µm s−1) along the direction shown in fig. 4.3a, and the sampling
rate was set to 0.25 s per frame (4 Hz).

The raw data produced are frames showing diffraction rings, which
are to be calibrated and integrated using PyFAI (Python Fast Azimuthal
Integration) software [130, 131]. The calibration is required because the
alignment of the beam, sample and detector can never be perfect. It allows
to adjust for the distance from the samples to the detector, the angles
to the detector, as well as to define a so-called mask taking into account
the gaps between the different panels constituting the detector and any
damaged pixel they might possess. The calibration is run on a measurement

(a)

(b) (c)

Figure 4.3: (a) SEM micrograph of a sample with an arrow indicating the diffraction
scan direction (the scalebar represents 20 µm and the contrast was increased for
clarity). (b) Example of result of the integration of micro-diffraction scans along a
sample build height, where the diffraction pattern extracted at the black line is shown
in (c).



4.2. BUILT PARTS CHARACTERISATION 37

of a reference material (CeO2) and produces a .poni file which is used for
the next step: integration of the data, that is to say, binning in a polar
coordinate system and integrating the detector intensity so as to obtain a
one-dimensional plot of intensity versus q or 2θ (such as in fig. 4.3c). The
data is then concatenated over the build height as shown in fig. 4.3b. The
data processed at the beamline was output as .h5 files which were analysed
using custom-made code in GNU Octave [132] and Matlab [133].

4.2.6 Synchrotron X-ray Diffraction Tomography

In CT, a 3D-object is usually cut into 2D-slices, obtained by analysing
absorption or phase contrasts within the object. The produced images
are then compiled to reconstruct a 3D-model of the object. Here, a 2D-
slice is instead reconstructed from 1D-cuts/beams by measuring the X-ray
Diffraction (XRD) of the synchrotron beam while rotating the object. The
third dimension is represented in the intensity of diffraction data.

Figure 4.4: Samples prepared for CT scans, with example locations of two scans on
sample 2 and sample 4.

XRD-CT measurements were performed by Dr. Olof Gutowski at the P07
High Energy Materials Science Beamline at DESY on AMLOY-Zr01 and
AMLOY-Zr02 additively manufactured with MARS-M with 4750 mm min−1

and 80 W or 170 W. Here the photon beam energy was reduced to 73.3 keV
in order to have higher flux and detection efficiency. Similarly to the micro-
diffraction experiments, the beam size is set to be as small as possible: also
2 µm × 30 µm. The samples were glued end to end in a line to a screw (see
fig. 4.4) and placed on a sample holder. Each sample is then “scanned” by
the beam over an angle of 360 deg. The diffracted beam is collected by a
DECTRIS Eiger4m CdTe detector placed at a distance of 400 mm covering
a usable q-range of 0.5 − 8 Å running at 500 Hz (2 ms exposure time). The
reconstructed datasets consist of 800 projections distributed over an angle of
360 deg (a projection per 0.45 deg). Furthermore, for each projection a range
of 3.6 mm (height of the sample plus margin) was scanned in the vertical
direction at a constant speed of 1 mm s−1. At a frame-rate of 500 Hz, this
yields 1800 frames. In total, for one CT scan, 800 × 1800 = 1.44 million
frames are produced, with a resulting voxel-size of 2 µm × 2 µm. The data
structure is described in fig. 4.5 on the following page. These frames are
then translated to calibrated diffraction patterns through the same process
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Figure 4.5: Schematic representation of the data structure of XRD-CT files, and the
diffraction pattern extracted from one pixel (same red dot position on all images)
over the whole q-range.

(a) (b)

Figure 4.6: (a) Arbitrary slice (arbitrary q-value) of XRD-CT data with two selected
points (in red and black) for which the diffraction patterns (over slices covering a
q-range of 1.5 − 7 Å−1) are given in (b).

described earlier. The data is then reconstructed into a series of 2D images
(one image per q-value) using Matlab. These steps were performed by Dr. Olof
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Gutowski (DESY).
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In total, at least two scans per sample were performed. The result of
each scan is saved as a .h5 file containing two sub-structures: the diffraction
intensity data for each pixel of the image given in a matrix, and the q-values in
a vector. For each 2 µm-sized pixel, a diffraction pattern is therefore available.
Figure 4.7 shows a cropped part of an image over several consecutive slices
(i.e. q-values). The variation in local pixel intensity is visible with varying
q-range and provides information as to the locality of present phases.

Some of the data was modified so that no data point would be negative.
Generally, negative data can arise when the dark image of the detector
(necessary for calibration) is performed before the detector has completely
“quieted down” from the last exposure. This simple correction involved
adding the absolute value of the minimum data point to all points of the
matrix.

4.2.7 Differential Scanning Calorimetry

Two samples each of AMLOY-Zr01 and AMLOY-Zr02 were evaluated using
a power-compensated DSC, PerkinElmer, DSC8500, by Lucas Ruschel of the
Saarland University. This type of DSC possesses two identical furnaces held
inside a thermostatic chamber, one containing the sample to be examined
and the other being the reference, as shown in fig. 4.8. Each furnace has a
temperature sensor and a heating wire, so that when the sample undergoes a
thermal reaction and a temperature difference appears, heating of the sample
will be adapted to return to the reference temperature [134]. Samples between

Figure 4.8: Schematic representation of power-compensating DSC. Taken from [134].

20 and 30 mg in mass were first heated at 20 K min−1 from approx. 300 K to
850 K (30 ◦C to 580 ◦C) reaching beyond the crystallisation temperature. A
second heating cycle was then performed in order to establish the crystalline
baseline. The measurements were corrected for instrumental drift between
the samples by following the recommendation of Slipenyuk & Eckert to match
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the supercooled liquid regions [135], defined as being between Tg and Tx.
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Figure 4.9: DSC scans at 20 K min−1 of cast and PBF-LB AMLOY-Zr02 samples.

A measurement of AMLOY-Zr02 is plotted in fig. 4.9. It shows a difference
in the onset of the glass-transition between cast and additively manufactured
AMLOY-Zr02. The shape of the DSC curves provides information on Tg, Tx,
and the crystallisation enthalpy (the area between the curve and the baseline
at the crystallisation peak). From these, an estimation of the amorphous
fractions of the various samples is determined.

The samples measured were built at 4750 mm min−1 with 80 W and
170 W, for both AMLOY-Zr01 and AMLOY-Zr02.

4.2.8 Nanoindentation

The mechanical properties were touched upon using nanoindentation ac-
cording to the method developed by Oliver & Pharr [136]. The tests were
performed by Katarzyna Mulewska and Edyta Wyszkowska at the Materials
Science laboratory, at the National Centre for Nuclear Research (NCBJ),
Swierk-Otwock, Poland, on a NanoTest (MicroMaterials Ltd.) using a
Berkovich indenter on samples embedded parallel to the laser direction,
built with the following parameters: (1) 80 W and 5500 mm min−1, (2)
80 W and 4000 mm min−1, (3) 170 W and 5500 mm min−1, (4) 170 W and
4000 mm min−1.

The geometry of the indenter is shown in fig. 4.10 on the facing page. The
measurements involved approaching the three-sided pyramid shaped diamond
to the surface and following the loading and unloading sequence presented
in fig. 4.11a on the next page. Before the measurements, calibration was
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(a) (b)

Figure 4.10: (a) SEM view of a Berkovich diamond indenter, (b) cross-section of
specimen surface at upon complete loading and unloading load for an elastic–plastic
indentation [137].
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Figure 4.11: (a) Loading sequence applied and (b) typical example of load-
displacement curve obtained from this sequence in nanoindentation.

performed on a flat polished fused silica surface. This allows to determine
the wear of the indenter and adapt the future measurements accordingly.
A distance of 30 µm was set between the indents. In total, after removal
of the measurements that had to be deleted due to bad surface contact
(pores, local height differences), approx. 50 indents (between 48 and 56
depending on the sample) were performed on each embedded polished sample.
Results are extracted from load-displacement curves such as the one shown
in fig. 4.11b. The curve consists of a loading section (with constant loading
rate of 3.33 mN s−1) where both elastic and plastic deformation take place,
then of a 3 s hold at a maximum load of 50 mN, then an unloading section
(constant unloading rate of 10 mN s−1) interrupted by a thermal hold of 50 s
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at 5 mN and finally the last part of the unloading. It is assumed that only
elastic deformation occurs during unloading. The hold at max. load reveals
whether creep is an issue with the material, which was not the case here. The
thermal hold is performed to reveal whether there is a temperature difference
between the indenter and the material surface. At the length-scales involved,
thermal expansion can have drastic effects on the mechanical results obtained.
Here however, the load-displacement curve in fig. 4.11b reveals very little
displacement over the 50 s hold, meaning that the sample and indenter were
close enough to the same temperature to obtain accurate results. After
sample retrieval, the indents were observed in SEM.



Chapter 5

Results and Discussion

This chapter presents the results obtained from the methods introduced
previously, starting with the characterisation of the powder feedstock, then
moving on to describe the evolution and results of the building optimisation
process with MARS-M, as well as the results of in-depth characterisation
of built parts. The influence of various parameters and phenomena on the
amorphicity of the samples is discussed. A large portion of this chapter is
reported in a paper currently under review [3].

In this part, two different types of samples are mentioned: lab-samples
produced on ground and microgravity (µg) samples produced during the
sounding rocket flights. The lab-samples were required to determine the
influence of various parameters on the quality and therefore to choose the
parameters to use during the few (and short) microgravity campaigns with
the MAPHEUS sounding rocket. Much more time was therefore spent on
evaluating the effect of different parameters on lab-samples.

5.1 Powder characterisation

The powders used as feedstock were compared in their properties with
stainless steel 1.4404 (also known as X2CrNiMo17-12-2 or 316L) which is a
commonly used composition for PBF-LB.

5.1.1 Morphology

The powder size distributions were analysed by laser diffraction, the results
of which are detailed in table 5.1 and fig. 5.1 on the following page. The
manufacturers’ information: 15 – 45 µm for AMLOY-Zr011 and AMLOY-
Zr02, 20 – 53 µm for stainless steel 1.4404. However, the experimental
results on the selected portions of powder are partly different. First of all,

1Originally, AMLOY-Zr01 powder of size 45 – 100 µm was used, but it was soon replaced
by the smaller grain size, for reasons detailed further on.

45
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Figure 5.1: Powder size distributions for AMLOY-Zr01, AMLOY-Zr02, and stainless
steel 1.4404.

Material Mean diameter D(0.1) D(0.5) D(0.9)
AMLOY-Zr01 32.85 15.13 30.48 54.21
AMLOY-Zr02 27.58 15.19 25.91 42.64
1.4404 Steel 36.23 22.08 35.04 52.11

Table 5.1: Powder size properties in µm for AMLOY-Zr01, AMLOY-Zr02, and
stainless steel 1.4404.

AMLOY-Zr01 and AMLOY-Zr02 have different size distributions. AMLOY-
Zr01 powder has a broader spread that expected, while AMLOY-Zr02 and
stainless steel 1.4404 are within the specified ranges. This could be explained
by the AMLOY-Zr01 powder having been acquired up to two years earlier
than the AMLOY-Zr02 powder. This could lead to more oxidation occurring
in AMLOY-Zr01. However, the powders were examined in synchrotron
diffraction and no clear oxidation peaks were observed. It is assumed that
if the differences in size were due to oxidation, the effect would be visible
in diffraction. Another consequence of the earlier purchase date is that
the powder will have travelled more than the others. Indeed, travelling
back and forth by road transport from Cologne to Kiruna in the north of
Sweden for MAPHEUS campaigns could have caused the larger particles to
migrate upwards in the container, changing the size distribution along the
container axis. In this case a potential remedy for the next campaigns would
be to turn the container upside down when travelling back to Germany. It
is also possible that the differences are due to statistical variations in the
manufacturing process and the size of our measured batch.

Nevertheless, differences in size distribution are expected to affect the
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Figure 5.2: Synchrotron diffraction results for AMLOY-Zr01 and AMLOY-Zr02
powders. The main Bragg peak for AMLOY-Zr01 can be described as sharp but this
could be due to data resolution, as no other peaks are visible.

flow properties [138] detailed next.

5.1.2 Flowability

None of the standardised methods mentioned in chapter 4 on page 32 allowed
for measurements of the flowability of AMLOY-Zr01 and AMLOY-Zr02, as
these powders were too cohesive. Because the low flowability of AMLOY-Zr01
was initially attributed to absorbed humidity, the powder was dried before a
second measurement. The flowability did not seem to vary, as the standard-
ised methods were still inapplicable. The tapped packing density (determined
as the ratio of tapped density to theoretical density) was measured before
and after drying at 105 ◦C for 4 h and the results showed that the density
was virtually unchanged (0.60 before and 0.59 after drying).

However, Granudrum measurements provided more insight into the pow-
der flow properties2 (detailed reports are provided in the appendix C on
page 103). Some visual results are presented in figs. 5.3 and 5.4. In the
first figure, flow angles for the different powders are shown silhouetted in
the Granudrum, overlayed with a band showing average heap position and
standard deviation. stainless steel 1.4404 powder has the smoothest heap
aspect no matter the rotation speed (given in rotations per minute). A
drastic increase in the chaotic aspect of the heap is seen for AMLOY-Zr01
at the highest speed, and to a lesser extent, AMLOY-Zr02. Except at the
highest speed, the flow angle of AMLOY-Zr01 is the steepest among all

2The powders were not dried prior to the measurements.
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powders. This is confirmed by the data in the second figure, which compares
the powders in terms of flow angle and cohesion. In this figure, it is shown
that the AMLOY-Zr02 and stainless steel 1.4404 powders have similar flow
angles, and both increase with angular speed, while AMLOY-Zr01 powder
is less flowable but does not seem affected by angular speed. Up to (and
including at) 20 RPM AMLOY-Zr01 has both higher cohesion and higher
flow angle than stainless steel 1.4404. The switch at high speeds may be
deduced as originating from the high noise.

Figure 5.3: Comparison of flow angles for BMG AMLOY-Zr01, AMLOY-Zr02, and
steel stainless steel 1.4404 at 2, 20, 40 and 60 RPM.

The literature suggests that smaller particle sizes lead to higher cohesive-
ness, however we see here that despite having smaller particles, AMLOY-Zr02
still shows lower cohesion and better flowability than AMLOY-Zr01. This
can possibly be explained once again by the earlier purchase date of the latter,
which may have absorbed more humidity over time (though initial tests with
dried powder did not show any difference). Humidity would indeed increase
cohesive forces between the particles and negatively impact flowability [139].
The cohesiveness of AMLOY-Zr01 is expected to affect its spreadability
during the recoating process of PBF-LB, as higher cohesiveness results in
a decreased powder layer quality [140, 141]. It was indeed observed that
AMLOY-Zr01 was more difficult to spread into an even layer than stainless
steel 1.4404 powder, as it tends to clump together. On the other hand,
smaller powder grain sizes lead to lower surface roughness, fewer pores frozen
into the melt-pool, and better microstructural homogeneity in general, as
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discussed in chapter 2 on page 3.
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Figure 5.4: Comparison of GranuDrum results of flowability and cohesion of
AMLOY-Zr01, AMLOY-Zr02, and stainless steel 1.4404 steel.

In practice, because of its higher flowability, stainless steel 1.4404 powder
was found to leak more within the device, causing more losses than when
using AMLOY-Zr01 or AMLOY-Zr02.

5.2 Parametrisation of the building process

As this work’s main focus is AMLOY-Zr01, the following optimisation process
pertains to this material. When a narrower set of parameters was found to
produce higher density samples, this set was also applied to AMLOY-Zr02
and was found to be satisfactory. Both materials are then investigated in
terms of characterisation of the effect of that selected set of parameters.

In order to find the parameters deemed optimal for the use of AMLOY-
Zr01 with MARS-M, a variety of tests were run in the lab to better grasp the
functioning of the device and how to obtain samples that could be analysed
at all. These tests started as simple lines (beginning on the left-hand side,
see fig. 5.5a, b, and c) of different laser powers using a single layer of powder.
The initial power and scanning speed ranges were chosen to be around those
of prior parts built to test the device hardware, however, these turned out to
be quite far from optimal settings.

Figure 5.5a shows the first lines built with MARS-M still in their powder
bed, with increasing laser power for each line. These lines are mostly made
up of separate droplets due to balling and were found to not be attached
to the build-platform owing to the too large thickness of the first powder
layer. It is not possible to distinguish any coherent dependence on laser
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Figure 5.5: Overview of the milestones in the improvement of parameters and
scanning strategy. The arrows indicate the chronological order.

power. Large balls of solidified material are visible at the beginning of the
lines. These effectively stopped any attempt to apply a second layer, as they
would detach and get caught in the mechanism, at best scraping lines into
the powder layer, at worse blocking the mechanism completely. The first
powder layer is the most inconsistent as its evenness depends on how the
user tightened the screws holding the build-platform in place, and the layer
thickness depends on what the initial Z-position was estimated – by sight
and touch – to be. This was only improved by accumulating experience with
MARS-M (i.e. a lot of trial and error).

Figure 5.5b shows a more limited amount of lines where it is – still – very
difficult to find any particular difference between the lines, but all lines are
welded to the platform thanks to a thinner first powder layer. Figure 5.5c
shows patterns made up of three lines with 300 µm hatch distance.3 The
reason for increasing the width (in Y) of these lines was that until then, any
characterisation other than optical of the samples had been difficult. More
material meant more to characterise and qualify.

Figure 5.5d shows a progression with a vertical line (along Y) in an
attempt to remelt the balling at the beginning of the lines, which proved
mostly successful. Between figs. 5.5d and 5.5e, there is significant change
and improvement: reduction in porosity size of the build-platform, reduction
in the powder grain size, and changes in the scanning strategy.

3The first test with lines made up of two lines were named “Twin lines” and this
denomination was kept for any such segments made up of two or more lines.
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Figure 5.6: Example of distorted samples. When viewed from above, the distortion
is not visible.

Distortion and delamination due to residual (thermal) stress was a big
problem during the optimisation process. As shown in fig. 5.6, a part could
seem “normal” but actually be distorted and detached from the build-platform
within the powder bed. At worse, some parts would distort so much as to
block and damage the powder recoating mechanism. In cases where the
parts did not detach, they would “take the build-platform with them” and
cause it to bend (this was especially true for the thinner build-platforms used
first, see below). In an attempt to alleviate residual stresses, the scanning

Figure 5.7: New scanning strategy employing two alternating layers A and B.

strategy was changed from using identical codes for each layer to using an
alternation of code A and code B, where the lines in each are displaced by
half a hatch-distance to each other and are produced in opposite directions:
left-to-right (A) vs right-to-left (B), as shown in fig. 5.7. This improved the
density but only seemed to affect the residual stress in that samples then
detached from both ends less than a single end would, as seen in fig. 5.8
on the following page. Though flowability decreases with decreasing grain
size [140] thus reducing the quality of the powder layer, the grain sizes were
reduced from 45 −100 µm down to 15 −45 µm which resulted in parts with (1)
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a better outer appearance, (2) fewer pores, and (3) less crystallisation than
45 −100 µm grain sizes. (1) is thought to be due to the effect presented in
section 2.3 on page 10: larger grains lead to increased surface roughness. For
(2), as also previously mentioned, smaller particles are expected to contain
fewer pores, and (3) is probably due to better heat conduction and so higher
cooling rates due to lower porosity and better connection between different
lines within a segment. Furthermore, larger AMLOY-Zr01 powder grains
were found to be partly crystalline [141], which in parallel with a decreased
absorptivity of the laser power could mean these particles are not all fully
melted, retaining their crystalline fraction (see fig. 5.9, which shows an
unmelted powder grain within a built sample). The smaller sized particles

Figure 5.9: Example of unmelted powder particle containing one large and one small
pore, as well as crystals (darker regions). This particle was found in a large hole
within a built sample.

were indeed measured in synchrotron beam diffraction to be amorphous, and
a bed made of smaller particles will more readily absorb energy from the
incoming the laser beam [84].

Further changes were to the build-platform. Firstly, its porosity: the
pore size was decreased from 25 to 8 µm. This is understood as having led to
much more even flow behaviour of the melt as the holes in the surface were
smaller and more even, and therefore to higher repeatability between parts
produced from identical code. Secondly, the build-platform thickness was
increased from 3 mm to 5 mm. It was found that the samples deformed less,
which corresponds to findings in the literature indicating that increasing the
build-platform height leads to less stress in the platform itself and a more
homogenous residual stress distribution in the sample [86]. Finally, the plate
was changed to be fixed by four screws instead of two. This lead to less
bending after the process, possibly from increased heat conductivity to the
rest of the device.
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All these changes together proved helpful in improving the building
process and better quantifying the effect of varying parameters on the density
and amorphous content through various characterisation methods.

LM was instrumental in the first stages to see which building parameters
were improving density of the parts, as seen in fig. 5.10. Images like these

Figure 5.10: LM of Twinlines of AMLOY-Zr01 built with 72 W and 5500 to
4000 mm min−1, polished down to a flat surface. The density is visibly affected
by the scanning speed.

were then analysed using ImageJ [142] to determine the density. Results are
shown in fig. 5.11. This in time led to the moderately improved builds seen
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Figure 5.11: Density measurements depending on scanning speeds obtained from
analysis of images like fig. 5.10, from samples built with different powers. The axes
are reversed to match orientations in figs. 5.12 and 5.10.

in fig. 5.12 on the next page. It was from early on clear that crystallisation
was occurring, as seen in fig. 5.8 on page 52, where the dark areas are
crystalline. What can be considered as the “final form” of the samples
produced for parameter optimisation is shown in fig. 5.13 on the next page:
segments of different parameters, delimited by vertical (along Y) lines. Once
these mostly dense samples were obtained, more effort could be put into
understanding how this crystallisation occurred and how different building
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Figure 5.12: SEM cross-sections of TwinlinesAB (from above, still attached to the
build-platform) with varying powers and scanning speeds.

Figure 5.13: Final form of TwinlinesAB (from above, still attached to the build-
platform) where each segment was built with varying powers and scanning speeds.
These samples are used for parameter effect characterisation and optimisation.
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parameters influenced the crystalline fraction of the built samples.

5.3 Presence of crystalline regions

The presence of crystalline phases mentioned above was confirmed in syn-
chrotron measurements, as shown by the sharp peaks in fig. 5.14 which gives
the average diffraction pattern over the entire height of the AMLOY-Zr01
sample with the highest energy density (i.e. 170 W and 4000 mm min−1), with
the beam scanning perpendicular to the laser scanning direction, and parallel
to the build-platform. However, this average does not provide information
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Figure 5.14: Diffraction pattern resulting from averaging the scan over the height of
the AMLOY-Zr01 sample built 170 W and 4000 mm min−1. Sharp peaks are visible,
indicating crystalline content.

on the exact location of the crystalline areas4 in the samples and only begins
to give us clues as to which crystals these are, and in which amounts. These
points will be discussed in the following.

5.3.1 Location of the crystalline regions

The average shown in 5.14 hides a periodic variation that was first partly
visible in SEM micrographs, as shown in fig. 5.15a. However, depending on
where one interrupts the polishing process (see fig. 5.15c), a different picture
could appear. This is evidenced in figs. 5.15a and 5.15b which show SEM
micrographs of samples built with 80 W and 4000 mm min−1 and 80 W and

4Though the crystalline phases in this work are of nano- or micrometre size, the areas
where they are found (within an amorphous matrix) are designated by the term “crystalline
areas/regions”, despite these areas being in effect only semi-crystalline.
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5500 mm min−1. As shown schematically in fig. 5.15c, if one were to stop
polishing at the white line, one would see dark lines in SEM at the white
arrows’ location – like in fig. 5.15b, while the black line could be where the
polishing was interrupted for the cross-section in fig. 5.15a. Therefore, the

(a) (b)

(c) (d)

Figure 5.15: SEM micrographs of cross-sections parallel to the laser direction of
samples with built (a) 170 W and 4000 mm min−1 and (b) 80 W and 5500 mm min−1

(scale 200 µm, contrast increased for clarity using ImageJ). (c) Schematic represen-
tation of the A + B layer strategy, modified from section 5.2. The lines indicate
planes where the polishing may have been interrupted for (a) and (b), with arrows
showing the interlayer and interline regions one would see. (d) AMLOY-Zr01 sample
embedded and polished perpendicularly to the laser scanning movement (scale 100 µm,
contrast increased for clarity using ImageJ).

samples were not only polished perpendicular to the laser scanning movement
such as in fig. 5.15d but also brought for measurements in µXRD, where
they were scanned over the build-height with a narrow beam, starting from
the top according to the method discussed in section 4.2.5, producing results
such as in fig. 5.16a. The variation along the main Bragg peak (in a q-range
of 2.56 − 2.63 Å−1 for AMLOY-Zr01) along the sample height is plotted for
samples built with different process parameters in fig. 5.16b. A periodicity
in the patterns can be observed for all the built AMLOY-Zr01 samples
except the lowest energy input (80 W and 5500 mm min−1). This periodicity
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Figure 5.16: (a) Synchrotron diffraction scan along the direction indicated in
fig. 4.3a on page 36 for that same AMLOY-Zr01 sample (built with 170 W and
4000 mm min−1), with high intensity peaks corresponding to steel at the bottom of
the sample. (b) Variation in peak intensity along the main Bragg peak (q-range of
2.56 − 2.64 Å−1) observed in the beam scan direction for AMLOY-Zr01 samples built
with different process parameters.

was not visible in any of the forcibly recrystallised AMLOY-Zr01 samples
(maintained at 600 ◦C for 5 h, see examples of scan and patterns in fig. E.2
on page 110 in the appendix), meaning that it is not due to minor variations
in sample thickness along the build height. When Fast Fourier Transforms
are performed on the curves in fig. 5.16b using the data analysis software
Origin (Version 2020b, OriginLab Corporation, Northampton, MA, USA),
an approximate 200 µm periodicity is obtained.

If we take another look at the scanning strategy described in section 5.2
in fig. 5.7 on page 51, it involves the A + B layering with each layer being
100 µm. This indeed leads to a spatial periodicity of 200 µm. According to
the heat-affected zones (HAZ) described in section 2.3.4 on page 15, one
could hypothesise that the crystallisation occurs when adding a new layer, by
reheating and partly crystallising the top of the previous layer. In order to
obtain a better spatially resolved view of the crystallised regions, XRD-CT
was performed.

As shown in fig. 5.17a on the facing page, at the q-value corresponding
to the highest Bragg peak in the AMLOY-Zr01 samples (q = 2.57 Å−1),
the intensity is mainly seen as a kind of fishnet structure in the direction
perpendicular to laser scanning. This structure corresponds to the crystalline
regions seen in fig. 5.15d, which also correspond to the interlayer boundaries
as schematically represented in fig. 5.7. This would confirm the hypothesis
of HAZ.

Additional information is provided by fig. 5.17b which shows the change
in local intensity when changing q by a small amount (to q = 2.659 Å−1 from
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(a) (b)

Figure 5.17: Variation in distribution of crystalline fraction when changing the
q-value by a very small amount (q = 2.574 Å−1 to q = 2.659 Å−1).

q = 2.574 Å−1 in fig. 5.17a). The highest intensity spots do not correspond
one to one to those in fig. 5.17a, and generally the crystalline regions made
visible at this q-value are slightly displaced downwards/away from the new
layer compared to those at q = 2.574 Å−1. This could mean several things:
there may be localised texture variations in the crystals, crystals at different
relaxation states, or these could point to different crystals altogether.

5.3.2 Nature of the crystalline phases

A number of crystalline phases have been reported for additively manu-
factured AMLOY-Zr01: Al7Cu16Zr6 (Fd3m) [143, 144], CuZr2 (I4/mmm)
[115, 141, 144–147], Al2Zr3 (I4/mmm) [115], Al3Zr4 (P6/mmm) [115, 141,
147], Cu2Zr4O (Fd3m) [74, 106, 115, 147–149], α-Zr (P63/mmc) [106] as
well as CuOX and ZrO nanoparticles [150]. Furthermore, several authors
have reported quasi-crystalline structures in BMG alloys containing Ni [151],
especially considering the effect of oxygen and hydrogen content on their
formation [152–155]. Nevertheless, the crystallisation products most reported
in the literature are CuZr2, Al3Zr4, and Cu2Zr4O.

Close-ups to crystalline areas – visible in varying amounts in all samples
of AMZ – are given in fig. 5.18. They are of various shapes and sizes, denoting
different crystals. In fig. 5.18a, a local overview is shown: many crystal types
are present closely packed. Figure 5.18b shows chains and smaller units of
leafy/flowery crystals, the edges of which are well-defined. Dark star-shaped
specks are seen in fig. 5.18c, of smaller dimensions than the previous crystals
and possessing six-fold symmetry. Another seemingly different type of crystal
is seen in fig. 5.18d: while those in fig. 5.18b have clear boundaries/edges,
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(a) (b)

(c) (d)

Figure 5.18: (a and b) SEM close-ups in a dark grey area of fig. 5.8 on page 52. (c
and d) SEM close-ups of other crystals found in the regions with high crystalline
fraction in different AMLOY-Zr01 samples.

these fade into the matrix, or are only faintly visible. Using EBSD in SEM,
some analysis of crystalline structures could be performed. The analyses
revealed the presence of CuZr2 (crystals in figs. 5.18b and 5.19) and a larger
crystal structure which was later identified as Cu2Zr4O (crystals in figs. 5.18c
and 5.19) (CIF: 1220324, SG = 227, a = 12.28 Å) using the Crystallographic
Analysis of the Lattice Metric (CALM) software [156] and the Pearson
crystallographic database5. A further crystal was matched to hexagonal
Al3Zr4 (crystals in figs. 5.18d and 5.19). All these are coherent with the
literature.

In order to gain an overview of the spatial distribution of these various
crystals in the samples, a deeper look into the XRD-CT results was performed.
The strongest Bragg peaks of CuZr2 and Al3Zr4 approximately overlap, so
that one must use peaks of lesser intensity for comparison (see fig. E.1 on
page 109). For CuZr2, q = 2.748 Å−1 and for Al3Zr4, q = 2.649 Å−1 were

5P. Villars, K. Cenzual, Pearson’s Crystal Data: Crystal Structure Database for
Inorganic Compounds (on DVD), Release 2020/2021, ASM International®, Materials Park,
Ohio, USA.
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Figure 5.19: SEM of an area containing different crystals in close proximity. The
crystals were determined by EBSD. The scalebar represents 2 µm

selected.
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Influence of the build-platform

As the build-platform is made of steel, some mixing is expected in at least
the first layer of the built samples. This is seen for example in fig. 5.20, which
gives diffraction patterns over the first two and the last layer of the built
sample, where the first layer displays peaks from steel, whereas the other
layers do not. This was confirmed from SEM (EDX) and further XRD-CT
synchrotron measurements. An example of EDX mapping is presented in
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Figure 5.20: Diffraction patterns of first two and last layer of AMLOY-Zr01 built
with 170 W and 5500 mm min−1.

fig. 5.21 on the next page. One can see that though the majority of Zr is in
a different area than Fe, there is some overlap corresponding to the darker
crystalline regions at the interface. SEM (EDX) and synchrotron XRD-CT
measurements show that there is not only physical mixing of two phases but
also formation of new crystals, though these could not (yet) be identified
in EBSD. Indeed, in figs. 5.22a, 5.22c and 5.23, EDX measurements were
performed on different areas represented by squares. The results are given in
table 5.2 on the facing page. No Nb is detected in zone B of fig. 5.22b; its
concentration is assumed to lie below detection range. Meanwhile, fig. 5.24
on page 65 shows that the interlayer crystalline regions (a), the steel build-
platform (b), and the interface region between the platform and the built
part (c) all show peak intensities at different q-values for the same sample.

It is indeed shown that the influence of pure steel is visible only in the
first layer, as portrayed in figs. 5.20 and 5.24 where no peaks or intensities
betraying the presence of pure steel are visible in the second layer. The
products of mixing between the steel plate and the AMLOY-Zr01 melt
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Figure 5.21: (Left) SEM micrographs of the interface region at the bottom of the
sample undetached from the build-platform. (Right) EDX mappings of the region
shown on the left for Zr and Fe.

(a) (b) (c)

Figure 5.22: EDX compositional analysis results in at-% from (a) the matrix region
A and (c) the dark crystalline region B, in the SEM image in (b) (the scale represents
10 µm). The exact numerical results are provided in table 5.2.

Region Zr Cu Al Nb Fe Cr Ni Si
A 56.1 31.2 9.3 2.6 0.6 0 0 0
B 20.0 6.5 2.8 0 48.2 15.8 6.0 0.7

Table 5.2: Measured concentrations in at-% at regions A and B of fig. 5.22b.

seem to stay within the first two layers. This allows us to ignore the
compositional influence of the build-platform by ignoring the first one or two
layers, depending on the energy input. Indeed, a high energy input will melt
more of the build-platform into the first layer. Let us now take a look at the
influence of the process parameters in general.
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Figure 5.23: (a) SEM micrograph of the interface region (scale 2 µm) with EDX
analysis represented performed over different areas, (b) at-% results at the areas
marked in (a).

5.3.3 Crystalline fractions

Process parameters are always an important part of PBF-LB. In the case
of metallic glasses one might say even more so, as they affect the amorphic-
ity of the build which has dramatic consequences on the microscopic and
macroscopic properties. Therefore, investigating how the process variables
affect the crystalline fraction in the final part is crucial, and this is how the
optimal settings with MARS-M for AMLOY-Zr01 were chosen.
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Influence of process parameters

Differences in the fractions of crystalline areas were first noticeable in SEM
(backscattered electron detector), as seen in fig. 5.25, which compares two sam-
ples of AMLOY-Zr01 built with 170 W, one with 4000 mm min−1 (fig. 5.25a)
and the other with 5500 mm min−1 (fig. 5.25b). Though both show visible
darker (crystalline) lines, the ones in fig. 5.25a are more clear-cut. As men-

(a) (b)

(c) (d)

Figure 5.25: SEM micrographs of cross-sections parallel to the laser direction of
samples with built (a) 170 W and 4000 mm min−1, (b) 170 W and 5500 mm min−1,
(c) 80 W and 4000 mm min−1, and (d) 80 W and 5500 mm min−1 (scale 200 µm,
contrast increased for clarity using ImageJ).

tioned in section 5.3.1, analysing the crystalline fractions in SEM depends
on the embedding direction as well as the duration of the polishing. For this
reason, the next samples were embedded both parallel and perpendicular
to the laser direction, as shown in fig. 5.26 on the next page, which also
provides a comparison with AMLOY-Zr02 for the same process parameters.
The dark lines so visible in figs. 5.26a and 5.26c for AMLOY-Zr01 can only
be guessed at for AMLOY-Zr02 in figs. 5.26b and 5.26d.

In order to more readily quantify the varying crystalline fractions with
process parameters as well as the influence of composition, other methods
were applied. Synchrotron micro-diffraction was performed first, followed
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(a) (b)

(c) (d)

Figure 5.26: SEM micrographs of cross-sections of AMLOY-Zr01 (a and c, re-
spectively transversal and longitudinal) and AMLOY-Zr02 (b and d, respectively
transversal and longitudinal) built with 5500 mm min−1 and 115 W. A higher pro-
portion of dark (crystalline) regions is visible in the micrographs of AMLOY-Zr01
compared to those of AMLOY-Zr02 (scale 100 µm, contrast increased for clarity
using ImageJ).
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by synchrotron XRD-CT, and finally, DSC (see methods in section 4.2 on
page 32). All methods compared AMLOY-Zr01 and AMLOY-Zr02 samples
built with the same parameters.

For micro-diffraction, typically plotted results are presented in fig. 5.27,
each horizontal line corresponding to a diffraction spectrum like that in
fig. 5.14 on page 56. In figs. 5.27a and 5.27c, some peaks from the steel

(a) (b)

(c) (d)

Figure 5.27: Synchrotron diffraction scans along the height of AMLOY-Zr01 samples
built with (a) lowest (80 W and 5500 mm min−1) and (c) highest energy density
(170 W and 4000 mm min−1), and AMLOY-Zr02 samples similarly with (b) lowest
and (d) highest energy density. The colourbar gives the intensity in counts. The
intensity was capped for (c) to render the low intensity amorphous signal more
visible among the high intensity steel peaks.

platform are visible at the bottom of the plots, as parts of the platform were
detached along with the samples (in the case of fig. 5.27a, the presence of steel
dimmed the lesser peaks from crystallised AMLOY-Zr01, so the maximum
displayed intensity was capped for clarity). This effect is not visible for
AMLOY-Zr02. More vertical lines are visible in fig. 5.27d compared to
fig. 5.27b, indicating higher intensity peaks, therefore more crystallisation.
In order to obtain a clearer overall view, these scans were averaged over the
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height of the samples (if steel was present, the first layer containing the steel
peaks was removed from analysis), and the resulting graphs are given fig. 5.28
with the standard deviation given by the bands around the mean (middle)
curve. More peaks are visible for AMLOY-Zr01, confirming the higher GFA

2 3 4 5 6 7
0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

Int
en

sity
 (a

rb.
 un

it)

q  ( Å - 1 )

 4 0 0 0   m m / m i n  ;  1 7 0   W  ;   5 5 0 0   m m / m i n  ;  8 0   W

2 , 5 2 , 6 2 , 7
1 0 0 0

1 5 0 0

2 0 0 0

4 4 , 2 4 , 4 4 , 6

2 5 0

5 0 0

2 3 4 5 6 7
q  ( •Å - 1 )

2 , 6 2 , 7
1 0 0 0

1 2 5 0

4 , 2 4 , 4 4 , 6

3 0 0

4 0 0

Figure 5.28: Average diffraction patterns and standard deviation from synchrotron
diffraction of samples built with the lowest and highest energy density for AMLOY-
Zr01 (left) and AMLOY-Zr02 (right), identical scales. The inserts show magnified
sections of the curves. The greyed q-ranges indicate the ranges of interest for peak
periodicity observation in fig. 5.29. AMLOY-Zr01 shows larger standard deviation
as well as more and higher peaks.

of AMLOY-Zr02, and there is barely any visible difference between both
curves of AMLOY-Zr02. The changes in process parameters affect AMLOY-
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Figure 5.29: Variation along the main Bragg peaks (ranges greyed over in fig. 5.28)
observed along the scan direction shown in fig. 5.16 for samples produced at medium
energy input (115 W, 5500 mm min−1) of AMLOY-Zr01 (q-range of 2.56−2.63 Å−1)
and AMLOY-Zr02 (q-range of 2.66 − 2.74 Å−1).
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Zr01 more strongly than AMLOY-Zr02, while in terms of the periodicity
mentioned in section 5.3.1 for AMLOY-Zr01, AMLOY-Zr02 does not display
an obvious periodic variation in main Bragg peak intensity, as shown in
fig. 5.29. Indeed, this higher resistance to crystallisation during the PBF-LB
process is also seen in synchrotron XRD-CT, as shown in fig. 5.30. The

(a) (b)

(c) (d)

Figure 5.30: XRD-CT cross-sections of (a, c) AMLOY-Zr01 at q = 2.574 Å−1 and
(b, d) AMLOY-Zr02 at q = 2.724 Å−1, built with (a, b) 4750 mm min−1 and 80 W
and (c, d) 4750 mm min−1 and 170 W. The q-values correspond to the strongest
peaks in the diffraction patterns for each material.

shape or aspect of the crystalline regions in AMLOY-Zr02 looks less defined
than those of AMLOY-Zr01, with the ones in AMLOY-Zr02 appearing more
fluid-like. This could mean that the crystallisation does not occur at the
same time during the process as for AMLOY-Zr01. There are also fewer voids
– only small pores are visible, in contrast to the large voids in AMLOY-Zr01.

In order to determine the amorphous ratio for each material for both sets
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of process parameters, two methods were used on the same samples: AMLOY-
Zr01 and AMLOY-Zr02 built at 4750 mm min−1 with 80 W and 170 W. DSC
was performed according to the procedure described in section 4.2.7. The
results are provided in table 5.3 (the plots can be found in appendix E.2 on
page 111.).

The results are first compared to those provided by the manufacturer in
appendix A. For AMLOY-Zr01, the values provided by the manufacturer for
Tg and Tx are 400 ◦C and 475 ◦C, respectively. On average, Tg of the built
samples are lower by ∼ 10◦, while Tx corresponds exactly. In terms of the
enthalpy of crystallisation ∆H, the manufacturer’s value6 is 47 J g−1. As the
measurements are performed at 20 ◦C min−1, our data has to be divided by
20/60 K s−1 to compare it to this value (second line of ∆H in table 5.3). The
value for the cast sample is much larger than that provided, which poses the
question as to whether the manufacturer’s data is comparable at all, as there
is no indication of how the value was obtained. Therefore, the data for the
as-cast samples are used as reference (i.e. fully amorphous value). Returning
to the values of Tg and Tx, the values for the built samples are higher than
those for the as-cast samples (within 3◦ for Tg and ∼ 10◦ for Tx). The
literature on AMLOY-Zr01 provides cases for Tg of additively manufactured
samples being both lower (in the work of Marattukalam et al. [106]) and
higher (in the work of Bordeenithikasem et al. [21]) than of cast samples.
In the work of Bordeenithikasem et al., the lower Tg of the amorphous
powder samples (compared to additively manufactured) is justified by the
correspondence between ∆T (undercooling) and better thermal stability, so
that – considering the liquidus temperature to be equal in both cast and
built samples – the cast sample is more thermally stable and therefore should
possess a larger ∆T and therefore a lower Tg. From a different perspective,
one can also consider that in our case the built samples have experienced
higher temperatures for extended periods of time due to the PBF-LB process
so that some relaxation has already taken place, and therefore require a
higher temperature to produce an effect on their microstructure than in the

6The manufacturer provided the enthalpy in negative value.

Sample AMLOY-Zr01 AMLOY-Zr02
As-cast 80 W 170 W As-cast 80 W 170 W

Tg (◦C) 388.7 391.5 390.1 398.8 396.9 397.1
Tx (◦C) 467.8 472.6 478.1 453.1 458.4 459.3

∆H (J × K/(g × s)) 21.12 14.58 13.14 19.27 17.89 17.45
∆H (J g−1) 63.37 43.73 39.43 57.82 53.67 52.35

Amorph. ratio (%) 100.0 69.0 62.2 100.0 92.8 90.5

Table 5.3: Results from analysis of DSC measurements of AMLOY-Zr01 and
AMLOY-Zr02 built with 4750 mm min−1. ∆H is the crystallisation enthalpy.
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cast sample. This is the case with AMLOY-Zr01 in the work of Sohrabi et al.
[157], which compares an as-built sample with a thermally relaxed one (the
last of which also contains a higher crystalline ratio). The lower Tg of the
built samples is not explained in the work of Marattukalam et al.. Meanwhile,
for AMLOY-Zr02 – using the as-cast sample as reference – Tg of the built
samples are lower by ∼ 2◦, in opposition to what was observed for AMLOY-
Zr01. If these differences are statistically relevant, this would suggest in light
of the previous explanations that the built samples are more thermally stable
and/or that the microstructure was frozen in quicker than in the cast sample
(in a less relaxed state). More measurements would be necessary to draw
more educated conclusions from the Tg values. Next, taking a look at the
values of Tx and ∆H, they are observed to respectively increase and decrease
in magnitude along the following order: as-cast sample, lowest laser power
(80 W) sample, and highest laser power (170 W) sample. This means that
increasing fractions of the samples are already in a crystalline state, as this
would indeed lead to a pushing back of Tx and a decreasing magnitude of
∆H [36, 157]. This is coherent with observations in SEM and synchrotron
micro-diffraction. In terms of precise ratios, when using the as-cast sample
as reference, the ∆H values yield the amorphicity ratios given in the last row
of the table (with amorphousfraction = ∆Hsample/∆Hcast). As expected
from SEM and synchrotron diffraction, AMLOY-Zr01 samples have higher
ratios of crystalline phases than AMLOY-Zr02, and a higher laser power
leads to a higher crystalline content whatever the composition.

In order to evaluate the crystalline ratios from the XRD-CT results, a
threshold intensity Ithresh is set to examine what surface area of the sample
cross-section diffracts with an intensity higher than this threshold. Because
there are many Bragg peaks and that they correspond to different crystalline
phases which – as we have seen above – are spread differently through the
sample, it was clear that taking only one slice (i.e. one q-value) would be
insufficient. Therefore, a new image was produced by overlapping two slices
corresponding to the two highest Bragg peaks, i.e. each pixel of the new
image receives the sum of the intensities at that pixel of the two slices7. As
Ithresh is an arbitrary value, it was first set to approximately reflect the values
obtained in DSC for each sample. This led to Ithresh values given in table 5.4
and the resulting images in fig. 5.31. In the case of AMLOY-Zr02, because
the Bragg peak intensities are lower (as shown in fig. 5.28 on page 69), Ithresh

is also lower. The values are all different, though those for AMLOY-Zr01 are
close, as are those for AMLOY-Zr02. Indeed, when one calculates the ratio
of Ithresh to the maximum intensity following the sum of the slices (Intensity
ratio in the table), one finds that the values for AMLOY-Zr01 are equal,
as are those for AMLOY-Zr02. This means that, though initially arbitrary,

7This might not suffice alone in determining the crystalline ratios as there are more
peaks present, but it serves to confirm the DSC results.
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Ithresh has a basis in fact and is proportional to the maximum intensity
following the summing of the slices. Comparing the values of Ithresh to the

(a) (b)

(c) (d)

Figure 5.31: Comparison of filtered XRD-CT images of AMLOY-Zr01 built with
4750 mm min−1 and (a) 80 W or (b) 170 W, and of AMLOY-Zr02 built with
4750 mm min−1 and (c) 80 W or (d) 170 W, only displaying pixels with an in-
tensity above a certain threshold (see Ithresh values in table 5.4) in an effort to single
out crystalline fractions. The approximate ratios of crystallinity over the sample
cross-sections based on these thresholds are given in the same table.

laser powers used, one would have expected the thresholds to be higher for

Feedstock AMLOY-Zr01 AMLOY-Zr02
Laser power (W) 80 170 80 170

Amorph. ratio (%) 69.1 62.3 92.8 90.4
Ithresh 0.0645 0.063 0.045 0.0495

Intensity ratio (%) 0.23 0.23 0.44 0.44

Table 5.4: Amorphous fractions as determined by threshold method on XRD-CT
results for samples of AMLOY-Zr01 and AMLOY-Zr02 built with 4750 mm min−1.
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samples built with 170 W. However, that is only the case for AMLOY-Zr02.
To explain this, attention is drawn to the particular quality of the images of
AMLOY-Zr02 in figs. 5.30b, 5.30d, 5.31b and 5.31d. The images are in fact
blurry compared to the images of AMLOY-Zr01 (though this is perhaps not
as easily visible in print dimensions). This is explained by the fact that these
samples’ positions during the measurement (an image of which was shown in
section 4.2.6, fig. 4.4 on page 37). Because the samples are rotated along their
axis, this axis has to be as straight as possible. Despite the best care, the end
result is not always perfectly aligned. And so, the further one moves from the
fixation point, the more deviation there is. The samples were ordered in the
following manner from the fixation point: AMLOY-Zr01 80 W, AMLOY-Zr01
170 W, AMLOY-Zr02 170 W, AMLOY-Zr02 80 W. Looking at the values
for Ithresh, we notice that the height of the threshold correlates with the
position along the axis. We see therefore that the threshold is dependent
not only on the composition, but also on the measurement procedure itself.
For this reason, though the data obtained from XRD-CT is a rich source of
information, when it comes to the determination of amorphous fraction it
does not – in this case – compete with DSC.

We have seen with SEM that the crystals forming are nanosized. The
reason for the presence of nanocrystalline phases in the HAZ of AMLOY-
Zr01 was explained by Sohrabi et al. (using finite element methods) in the
following way: during the adding of the new layer, “the incubation time
[in the previous layer] at temperatures close to the melting point is very
short, but [the] cooling is not fast enough to avoid any crystallization” [107].
This is described graphically by Sohrabi et al. in fig. 5.32, which shows
their simulation results. Compared to those described in this work, the
experiments of Sohrabi et al. were performed at higher scanning speed (by a
factor of ∼ 7), lower power (60 W vs. 80 − 170 W), narrower hatch distance
(90 µm vs. 300 µm) and thinner layer thickness (20 µm vs. 100 µm). We would
therefore assume that in our case the melt-pool is larger and the HAZ is
deeper. While the SEM micrographs in [107] show an HAZ with a thickness
of around 3 − 4 µm8 (see fig. 5.33a), the XRD-CT images give a thickness of
the HAZ between 40 µm and 50 µm depending on the laser power used (see
figs. 5.33b and 5.33c for AMLOY-Zr01 built with 4750 mm min−19. Therefore,
we expect that reducing the energy density (i.e. increasing scanning speed
and/or reducing laser power) is likely to reduce the thickness of the HAZ
and the crystalline fraction of the builds.
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(a)

(b)

Figure 5.32: (a) Calculated thermal distribution of the built line of AMLOY-Zr01 at
30 W, 36 000 mm min−1, with a hatch distance of 90 µm, and a layer thickness equal
to 20 µm. (b) Thermal history of the three points indicated by the thick white arrows
in (a) (one at the bottom boundary of melt-pool, the others 3 µm and 5 µm below the
first point). Modified from [107].

Influence of voids

It became visible in CT measurements that within the same sample (built
from the same powder and with the same parameters), some differences in
crystallinity could be observed depending on position along the sample if there

8Though one could wonder why the authors did not choose to enlarge the HAZ to the
neighbouring crystals in fig. 5.33a.

9The zoom location was arbitrarily chosen. However, as one can see in fig. 5.31 on
page 73, the exact HAZ thickness seems dependent on the exact location in the sample.
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(a)

HAZ

(b)

HAZ

(c)

Figure 5.33: (a) SEM micrograph showing the HAZ, modified from [107]. (b,c)
Zoomed extracts of XRD-CT slices showing the HAZ at the q-value representative
of CuZr2 of AMLOY-Zr01 built with 170 W and 80 W, respectively.

are voids. This is seen in fig. 5.34 on page 78 which shows fused/overlapped
slices of two different q-values at four different sections of the same sample
(AMLOY-Zr01 at 170 W and 4750 mm min−1). In this figure, voids are clearly
present – and at around the same location – but their sizes vary. There
seems to be more Al3Zr4 (q = 2.649 Å−1, in red) crystalline areas when the
voids are large. This could be explained by reduced thermal conductivity
to the rest of the sample because of the void, and therefore a lower cooling
rate, leading to increased time at higher temperature allowing increased
crystallisation. The effect of voids on the amount of CuZr2 (q = 2.748 Å−1,
in blue-green) is not as pronounced. As discussed above, it seems likely that
different crystals nucleate and/or grow at different moments of the process.
It seems that Al3Zr4 forms during the creation of a line (within that same
line), while CuZr2 rather forms/grows at the boundary during re-heating by
the next layer. This re-heating is more localised, and therefore would be less
influenced by neighbouring voids.

Generally, the presence of voids decreases the repeatability of the sample
production and the measurements performed later, as they seem to be at least
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in part due to chance (such as statistical variations in local layer thickness
or porosity of the build-platform), and yet have a strong impact on the
results extracted from the samples. This means that results presented are
necessarily to be taken with a grain of salt (i.e. larger implicit error-bars).
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(a)
(b)

(c)
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5.4 Influence of (micro)gravity

To observe the influence of microgravity on the microstructure, samples
of AMLOY-Zr01 were produced using the same process parameters, half
were built in the lab, half during MAPHEUS rocket flights. Each of the
lab-samples was built within a short time of its flight-equivalent, so that the
powder was in the same condition for comparability.

5.4.1 Campaign execution

The samples produced in microgravity onboard MAPHEUS are shown in
fig. 5.35. Figure 5.35a shows the M11 µg-sample as first viewed after recovery
of the payload. The powder-bed has noticeably left the plate and spread

Figure 5.35: Samples produced in microgravity onboard MAPHEUS: (a) M11 µg-
sample, (b) M10 µg-sample, (c) M9 µg-sample (right) compared to the lab-sample
(left).

over the whole process chamber during re-entry, landing, and recovery.
Figure 5.35b shows the M10 µg-sample, the most successful microgravity
sample so far as the process did not require to be interrupted during the flight.
This sample was first introduced in “Additive manufacturing of metallic glass
from powder in space” [1]. The sample is thicker on the left-hand side than on
the right, which could be due to the build-platform lifting up on one side in
microgravity, and/or to the powder layer being unevenly spread. Figure 5.35c
shows the M9 µg-sample (right) compared to the lab-sample (left). The
circular parts of the pattern are absent: a software error during the flight
made these sections a couple of orders of magnitude slower than intended
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and the laser in effect did not turn on. Furthermore, the build-platform
became blocked during recoating and didn’t return to its original position,
hence the displaced copy of the pattern.

The following characterisations were applied to the M10 µg- and lab-
samples, and are under review [3].

5.4.2 Characterisation

A closer view of the M10-flight and lab samples is given in fig. 5.36. There
are some differences in their appearance: the µg-sample displays more balling,
originating from hydrostatic pressure and the absence of gravity of the melted
alloy, most notably at the extremities of individual lines, while the lab sample
is smoother in appearance and presents fewer partially melted particles on
its edges.

Figure 5.36: Comparison of (left) the M10 µg-sample and (right) the lab-sample.
The arrows indicate where the TEM samples were extracted from.

As detaching the samples from their respective plates was not feasible (due
to their thickness below one millimetre), they were placed in the synchrotron
beam for micro-diffraction measurements in transmission, perpendicularly
to the build-platform. Because of the size of the plate, the AMLOY-Zr01
lines were not easy to locate from the control room, scans were performed in
different parts of the plate in order to be sure to scan across a line from the
sample. An example of such scans is shown in fig. 5.37 on the facing page,
while fig. 5.38 gives averaged diffraction patterns for the lab- and µg-samples
for comparison. No significant difference is seen between the two samples.
Therefore, at first glance we presume that for these sample dimensions neither
the microgravity conditions nor the specially developed powder-handling
method significantly influence the build. Both present Bragg peaks indicating
crystallisation, and show a small difference in height of the amorphous broad
peaks. The difference in height over the amorphous broad peaks is probably
due to a minor difference in thickness, as the lab-sample is two layers thicker
(i.e. approx. 200 µm). The influence of convection could have been expected,
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Figure 5.37: Diffraction scan over a built line of the M10-µg sample. The peaks
for steel are clearly visible. Intensity was capped for better visibility of the lower
intensity amorphous parts.

because it is known to impact crystallisation in metals on Earth but not
in microgravity [158, 159]. However, as the cooling rates during the PBF-
LB process were shown to be very high (from 103 to 108 K s−1 [84, 160,
161]) and that molten glass-forming compositions are relatively viscous [114],
convection within the melt is supposed to be limited – in the lab and in
microgravity.

As the diffraction experiments were limited by the thickness of the
samples, TEM analysis was performed on lamellae extracted from the side
of the M10 µg- and lab-samples (at positions marked by arrows in fig. 5.36
on the preceding page) in order to offer a more detailed analysis. The
first results are shown in fig. 5.39 on page 83, bright-field examinations of
both samples at the boundary region between the layers showing clusters
of nanocrystalline phases of spherical or ellipsoidal morphology and well-
defined phase boundaries, as well as the SAED patterns revealing significant
diffraction spots next to the amorphous rings. In the HRTEM-BF images in
fig. 5.40 on page 83, long-distance atomic ordered crystalline phases are visible
in the amorphous, randomly ordered matrix. These therefore corroborate
the findings of both SEM and synchrotron analysis. Meanwhile, no quasi-
crystalline structures are detected in the extracted lamellae. The average
sizes of the nanocrystalline phases in the region represented in fig. 5.39
were calculated and are given in table 5.5. The µg-sample possesses smaller
nanocrystals compared to its on-ground equivalent. This is possibly due to
a more homogeneous distribution of crystal nucleation under microgravity
[158]. In the HRTEM-BF images in fig. 5.41a, 5.41d, and 5.41h, long-distance
atomic ordering is visible in the crystalline phases while the atoms seem
randomly ordered in what is considered to be the amorphous matrix. FFT
and inverse FFT processing of HRTEM images of spherical particles in the
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(a)

(b) (c)

Figure 5.38: (a) Averaged diffraction scan from the M10 µg- and lab-samples. The
peaks for steel are clearly visible. The variations in steel peak intensity are due to
local texture changes in the sintered porous build-platform. Intensity was capped
for better visibility of the lower intensity amorphous parts. (b,c) Magnified view of
sections typically of interest for AMLOY-Zr01.

Flight Sample (nm) Lab Equivalent (nm)
Spherical 21.12 ± 6.10 94.67 ± 25.62

Ellipsoidal L 64.96 ± 20.86 113.40 ± 28.08
ST 33.70 ± 10.50 68.28 ± 16.86

Ratio 1.95 ± 0.34 1.70 ± 0.38

Table 5.5: Size of nanocrystalline spherical-shaped and ellipsoidal-shaped phases
observed by TEM in µg-sample and lab equivalent of AMLOY-Zr01 in nm. L is the
longitudinal and ST is the short transverse measurement direction.

lab equivalent (see fig. 5.41b and 5.41c, respectively) show an FCC structure
with an average d-spacing of 4.354 ± 0.533 Å (fig. 5.41c). Because the zone
axis of the displayed pattern is [111] so that the diffraction spots close to
it belong to the {220} plane family [143], an average lattice parameter of
12.284 ± 0.152 Å is determined, very probably fitting to Cu2Zr4O [106, 115,
149, 150, 162, 163].

As for the ellipsoidal particles in the µg-sample, FFT shows either an FCC
structure in figs. 5.41e-g, or a hexagonal structure in figs. 5.41i-m. The FCC
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Figure 5.39: TEM-BF view and the corresponding SAED patterns of (a – c) the
M10 lab-sample and (d – f) the µg-sample, at a boundary region between two layers.

Figure 5.40: HRTEM-BF view of (a,b) the M10 µg-sample and (c,d) the lab-sample,
at a boundary region between two layers.

structure does not fit to any reported cubic phase, though the local chemical
composition seems to point to Cu2Zr4O. As to the hexagonal structure, the
calculated lattice parameter c matches that of hexagonal Al3Zr4 [164].
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Figure 5.41: HRTEM-BF micrographs and corresponding FFT and IFFT processed
images of the marked region of MAPHEUS-10 lab equivalent (a–c) and µg-sample
(d–m) at the interface of two layers. The scale bar of HRTEM images is 20 nm (a)
and 5 nm (d,h).

EDX mapping was then performed, the results of which are given in
graphical form in figs. 5.42 and 5.43, and the local compositions of marked
areas of these figures are given in table 5.6. The table indicates that compared
to the nominal composition of AMLOY-Zr01 the nanocrystalline phases show
a Zr depletion, but an O, Al and slight Cu enrichment, in agreement with
the literature on the cubic phase Cu2Zr4O [115, 144, 149]. In both the
lab- and the µg-sample, the amorphous matrix presents a slight Al and Zr
depletion in the vicinity of the crystalline phases (column E), which is in
general agreement with the work of de Oliveira et al. [149]. The oxygen
content is slightly different between the samples, which could possibly be
due to differences in the experiments themselves, though the atmosphere
was flushed in the same manner. Finally, the Nb content is overall lower
than expected from the original composition. Unfortunately, EDX does not
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Figure 5.42: EDS maps of crystalline phases in the interface region of MAPEUS-10
lab equivalent sample of AMLOY-Zr01. Scale bar is equal to 100 nm. Capital letters
refer to local chemical composition depicted in table 5.6.

Figure 5.43: EDX maps of crystalline phases in the interface region of MAPHEUS-
10 µg-sample of AMLOY-Zr01. Scale bar represents 100 nm. Capital letters refer to
local chemical composition depicted in table 5.6.

permit a precise identification of the phases because of their size as well as
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Element A B C D E

la
b-

sa
m

pl
e O 18.46 18.27 17.78 16.43 10.41

Al 13.09 15.64 13.18 15.62 9.76
Cu 31.18 32.05 31.10 32.86 29.27
Zr 36.79 33.88 37.55 34.89 49.22
Nb 0.49 0.16 0.40 0.21 1.34

µg
-s

am
pl

e O 13.97 13.64 14.02 18.84 10.29
Al 12.39 10.05 12.81 2.65 4.45
Cu 33.36 33.15 33.32 18.63 33.07
Zr 39.97 39.98 40.18 59.31 50.94
Nb 0.99 1.19 0.68 0.57 1.26

Table 5.6: Chemical composition in at. % of nanocrystalline phases and amorphous
region next to it obtained from EDS spectra of the lab- and µg-sample with respect
to location A-E in figs. 5.42 and 5.43, respectively.

signal overlap with the surrounding matter. Despite this, the results do seem
to corroborate the literature about the Cu2Zr4O phase, in which a large
amount of Al can be dissolved [144]. It is believed that Al substitutes Zr
in its lattice sites, resulting in a wide range of reported lattice parameters
from 11.9 Å to 12.28 Å [106, 115, 149, 150, 162, 163, 165], and that it also
partly substitutes Cu, which was proposed by Tidefelt et al. for (Al,Cu)Zr2
and (Al,Cu)3Zr4 [147], also resulting in an increase in the lattice constants
due to the difference in atomic radii [166]. As stated by Pacheco et al.,
thermodynamically stable phases in AMLOY-Zr01 are tetragonal CuZr2 and
hexagonal Al3Zr4 instead of cubic Cu2Zr4O [115]. Thus, it is possible that
the detected phase is a transition state between Cu2Zr4O and (Al,Cu)3Zr4
due to its lattice parameter being close to those reported for hexagonal
Al3Zr4 [164]. In the work of Tidefelt et al. on flash annealing of AMLOY-
Zr01, the authors found that though Cu2Zr4O initially appeared in largest
quantities compared to CuZr2 and Al3Zr4, its fraction declined rapidly with
a simultaneous increase in Al3Zr4(during the first tenth of a second) and
CuZr2 (throughout). The more oxygen was originally in the sample, the
more Cu2Zr4O remained after stabilisation of the phase formation (∼ 5 wt.%
of the crystalline phase for 1.3 at.% O, vs. ∼ 25 wt.% of the crystalline phase
for 4.3 at.% O) [147].

Though it is impossible to claim a full identification of all existing phases
with TEM – especially as the analysis can only extend to a small area at a
time – no definite difference could be observed with this method between the
different gravity conditions in this work. However, the identification through
TEM and SEM of Cu2Zr4O, and especially the presence of a transition region
between Cu2Zr4O and (Al,Cu)3Zr4 suggests – corroborated by the work of
Tidefelt et al. – that their formation is linked.

Generally, reducing the oxygen content and modifying MARS-M to allow
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an increase in the scanning speed seem the best routes for an improvement
of the quality (in this case, amorphicity) of the final parts.
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5.5 Mechanical properties
As we have seen in the previous sections thanks to SEM and synchrotron
measurements, different building parameters led to different crystalline frac-
tions. This is expected to also affect the mechanical properties, which were
tested with nanoindentation.

The results obtained from nanomechanical testing are given in table 5.7
and typical indentation curves are shown in fig. 5.44a while the average
hardness results are plotted in fig. 5.44b. The results are within the ranges
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Figure 5.44: (a) Example of load-displacement curves for the samples built with
80 W, 5500 mm min−1 (in black) and 170 W, 4000 mm min−1 (in grey). (b) Average
nanohardness results for varying build parameters.

published by Li et al. [22] and Marattukalam et al. [106], which give hardness
values between 4.5 GPa and 8 GPa. In our case, there is only little variation
between the samples built with 80 W, however, an increase in hardness is
visible for the sample built using the highest energy density (4000 mm min−1

and 170 W). The crystallised product of AMLOY-Zr01 is reported as showing
a higher hardness than its amorphous counterpart [22, 106, 144], so that
this is an expected result, as this sample also displayed larger crystalline
fraction in the synchrotron results. The lowest hardness is displayed by
the sample built with 5500 mm min−1 and 170 W, which is a surprising
result after the discussions above as one would expect it to be somewhere
between the sample built with 80 W, 5500 mm min−1 and that built with
170 W, 4000 mm min−1 because of the crystalline fractions at these process
parameters. There are different possible reasons for this result. Firstly, the
sample surface quality (pores, scratches) as well as the preparation are very
important for nanoindentation, because the surface is what is being probed:
if the surface is not polished in an identical fashion for all samples, the strains
induced into the surface by the grinding and polishing can vary, causing the
surface to react differently to the indentation. This seems one of the two
most likely sources of variation. Secondly – and the second most likely source
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Property
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of variation, as we have shown in previous sections, because the samples were
first embedded parallel to the laser direction, the surface which is probed is
dependent on where the polishing was interrupted. Thirdly, indenter shape
can affect results, as the nanoscale tip wears over time and use. This should
mostly be averted by regular calibration, though it has been argued in the
literature that the current standards for calibration are less than satisfactory
[167–169]. Fourthly, as we have seen in previous sections, the surface of these

Figure 5.45: Overview of indents (in square) over the sample height.

samples present alternating crystalline and amorphous regions: depending
on where exactly the indentations are performed, one may probe more of
one type of region that the other. In this case indents were performed over
a wide area in the hope of probing all the different regions (see example in
fig. 5.45), but this is also a matter of chance. In order to see which regions
the measurements probed, the indents were observed in SEM, as shown in
fig. 5.46. An overview of indents on a sample is given in fig. 5.45. We see
that the indents span a large area over several crystalline regions, though as
we have discussed above, the fact that the sample were embedded parallel to
the laser direction makes the layer boundary visibility polishing-dependent.
Figures 5.46a and 5.46b show that the amorphous matrix and the crystalline
regions do not deform in the same way. Generally, wavelets/shear bands
are visible around the indents in the amorphous region. This is coherent
with the literature, as deformation of BMG during nanoindentation often
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(a) (b)

Figure 5.46: (a) Indent in a glassy region. Deformation is visible and appears as
shear bands at the indent edges. (b) Indent in a crystalline region where – unlike in
(a) – deformation is not visible at the indent edges. The scale is 1 µm.

occurs through shear banding, as seen in fig. 5.47, and presenting serrated
flow in the load-displacement curves [170, 171], such as the black solid curve
in fig. 5.44a.

Figure 5.47: SEM micrographs of indents at different loading rates [171].

In conclusion, the mechanical results somewhat follow expectations from
SEM and synchrotron analyses. The highest energy density also incurs
the highest hardness (as expected from the increased crystalline fraction).
The lowest energy density incurs a lower hardness, but not the lowest of
all samples. This could be because of several reasons discussed above. If
measurements were to be reproduced – and expanded, the samples would
be embedded perpendicular to the laser direction, as discussed previously.
Furthermore, a mapping such as that performed by Yang et al. over the
HAZ (see fig. 5.48) would be of great interest in separating the mechanical
properties of the crystalline and amorphous regions [144].
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Figure 5.48: (a) Nanoindents on an AMLOY-Zr01 sample. The yellow circle shows
indentations performed in the melt pool, while the red ellipse shows indentations
spanning the HAZ. The blue circle shows indentations on the substrate, far enough
away from the melt pool and HAZ to avoid influence. (b) The hardness and modulus
values along the depth as calculated from the indentations in the red ellipse in (a). At
the top of (b), the shaded areas indicate the hardness (grey) of the fully crystallised
sample (9.9 ± 0.1 GPa) and its modulus (blue, 156.5 ± 1.6 GPa). Taken from [144].



Chapter 6

Conclusion and outlook

6.1 Conclusion

A first-of-its-kind device was designed and built to perform PBF-LB in space:
MARS-M, a sounding rocket payload. Thanks to it, samples of AMLOY-Zr01
and AMLOY-Zr02 metallic glass were built on Earth and in microgravity
onboard the MAPHEUS sounding rocket. The manufacturing process was
optimised in the lab by developing a code for systematic parameter testing
adaptable to a wide range of materials. This optimisation process was applied
to the Zr-based BMG and the resulting samples were thoroughly analysed
through SEM, synchrotron micro-diffraction, synchrotron XRD-CT, TEM,
and nanoindentation, which exposed an amorphous matrix containing several
different crystalline phases, the amount of which depends on the building
parameters – here scanning speed and laser power, especially in the case
of AMLOY-Zr01, while AMLOY-Zr02 showed less variability owing to its
better GFA. The crystalline region mostly appears at the interlayer regions,
as shown in SEM and synchrotron diffraction and CT. This is believed to be
due to suboptimal parameters, though oxygen content is a further aspect to
be improved, as revealed by the presence of Cu2Zr4O. The results presented
have delved into the presence and origin of microstructural heterogeneities in
the produced parts, exploring the complexity of the PBF-LB process applied
to BMG.

This work also provides an analysis of the first ever BMG produced in
space. Outside of physical appearance (especially the wetting behaviour), no
large difference was observed in the microstructure between the microgravity-
and lab-sample. We therefore assume that gravity – i.e. the gas flow-assisted
method developed to replace it in space – does not excessively affect the
PBF-LB process. As a result, we believe that with a device free of the
constraint of mechanical resistance to rocket launch and re-entry, the gas
flow-assisted system can be used at higher laser scanning speeds and therefore
produce fully amorphous – and larger – parts. Of course, these parts will
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have to be lightweight structures (i.e. network / single-line structures) in
order to always allow the gas-flow to pass through. A further point to be
researched is how many layers this process can produce before the gas-flow
is impeded by the height of the powder bed. In any case, this research is
a successful first step towards the use of PBF-LB during long-term space
missions.

6.2 Outlook

In the following we will look at further ideas in continuation with the work
presented in this thesis.

6.2.1 Possible improvements of the process with MARS-M

First of all, some improvements to the current process are desirable.

Powder handling

Several points are considered:

• more regular characterisation of the powder oxidation or its oxygen
content would be of interest,

• an improved storage of the powder is hoped to help with potential
humidity and oxygen content,

• as mentioned in this work, turning the powder containers over when
transporting to and from Kiruna could help delay the powder-size
segregation within the containers during long transports,

• new powder recoating mechanisms are being developed and tested by
Dr. Christian Neumann and Johannes Thore, in order to obtain a more
even layer and less jamming of the build-platform during recoating,

• as of now, unmelted parts of the powder bed are vacuum-cleaned
and discarded, whereas recycling this powder (though a challenge
and research topic in itself) would help increase the sustainability (in
economic and environmental terms) of this research.

Build-platform and laser scanning speed

New build-platform mechanics are being developed and tested by Dr. Chris-
tian Neumann and Johannes Thore. These aim at improving the smoothness
and accuracy of build-platform movement. Increasing scanning speed without
making the system too fragile for rocket flight would be of great help in
building fully amorphous parts.
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6.2.2 Further characterisation of samples

For the M10 µg- and lab-samples produced for this work, a possibility would
be to cut through the samples to embed a cross-section for SEM, while for
the typical “twinlines” samples, a more precise nanoindentation mapping
of two layers would be of interest to detect more precisely the changes in
hardness over the heat-affected zone.

6.2.3 PBF-LB in synchrotron beamline with MARS-X

The successful development and operation of MARS-M for PBF-LB in
microgravity showed that the use of a powder bed was possible independently
of gravity. This led to the concept of MARS-X (see fig. 6.1), an adaptation
of MARS-M that possesses a gas-flow assisted vertical powder bed – which
provides a larger degree of freedom and a more convenient setup for analysis
in a beamline – and two openings for beam entrance and exit. This makes it
ideal for observations in synchrotron and neutron beams during the melting
process.

MARS-X is therefore able to perform additive manufacturing in a syn-
chrotron beam, the objective being to obtain operando information about
the structural variations happening during the building process, providing
insight into the effect of process parameters not only on the phase formation
but also the microstructural evolution during the process.

In the same manner as in MARS-M, the manufacturing process in MARS-
X takes place in a sealed environment to ensure a low oxygen concentration
for metallic samples and to avoid powder contamination. A more detailed
look into the design and operation of MARS-X is available to the inquisitive
reader in the appendix F on page 114. The synchrotron beam is used in
diffraction (similarly to work done by Hocine et al. [96] and Schmeiser et al.
[172]) instead of transmission (such as done by Leung et al. [91]) but what is
unique about this device is that the build-platform is positioned vertically.

The first qualifying experiments were performed with AMLOY-Zr02 in
synchrotron diffraction at the P23 beamline (DESY) over several days in June
2023, see figs. 6.2a and 6.2b. Measurements were carried out in diffraction
geometry with an incoming X-ray energy of 18 keV, and a Pilatus 1M flat
panel detector at about 350 mm downstream from the sample position, in
order to ensure an accessible q-range of approx. 2.1 − 5.3 Å−1. The beam size
was set to 200 µm × 50 µm (vertical × horizontal). To achieve high enough
time resolution different measurements were conducted at different sampling
rates. Several types of measurements were performed: static tests in on point
with observation of the effect of the laser being turned on and off (sampling
rate: 0.01 s per frame i.e. 100 Hz), “hot” scans along a line where the beam
“follows the laser” (in the build-platform referential) as it melts the powder
bed (sampling rate: 0.005 s per frame i.e. 200 Hz), and finally “cold” scans,
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(a) (b) (c)

Figure 6.1: (a) Schematic representation of the laser beam and the vertical build-
platform, seen from above – with the incoming and outgoing beam angles α and β –
which is part of (b) the inner part of the device, which fits into (c) the whole setup.

which provide observations of the previously melted line after it has cooled
down, with the laser being left off (sampling rate: 1 s per frame i.e. 1 Hz,
40 frames. Figure 6.2c shows a typical example of results, obtained on the
powder layer melted at one point by the laser: amorphous powder state (the
upper part of the plot, with peaks from the steel build-platform the powder
rests on), the q values decreasing when the laser is turned on (increase in
temperature), formation of new peaks, and cooling down when the laser
is turned off with new peaks forming and some getting more intense. The
peaks show that there are crystalline phases in an amorphous matrix and
that they appear at different moments of the process: in the liquid phase
when the melting is on, and during the cooling section.

A more detailed analysis will be provided in a future paper dedicated to
MARS-X.

6.2.4 Further in-situ beamline experiments

Additionally, measurements with neutrons are planned to examine the resid-
ual stress in the built parts, as this will require only small adaptations to
the device.
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(a) (b)

(c)

Figure 6.2: (a) MARS-X in the beamline hutch preparing for position calibration.
(b) A calibrant capillary was taped to the build-platform for position calibration. The
beam output window was removed for the calibration, as no gas atmosphere was
required yet. (c) Intensity variations with time as the laser is switched on then off,
leading to the formation of crystals.



Appendix A

Manufacturer data for the
materials

• Page 99 shows the manufacturer data for AMLOY-Zr01.

• Page 100 shows the manufacturer data for AMLOY-Zr01..
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MATERIAL PROPERTIES

■ High strength combined with excellent elasticity
■ High surface quality
■ High hardness and low abrasion
■ High corrosion resistance
■ Biocompatibility
■ Isotropic behaviour

INDUSTRIES & APPLICATIONS

■ Aerospace 
■ Consumer Electronics
■ Industrial 
■ Lifestyle
■ Medical Technologies
■ Robotics
■ Sensors
■ Tool Inserts

PROCESSING TECHNOLOGIES

Additive Manufacturing:

Optimally suited for the production of small to    
medium volumes featuring complex geometries    
and large component sizes

Injection Molding:

Ideal for high volume production with manufacturing 
tolerances within ± 10 µm

PHYSICAL PROPERTIES

Properties Typical Value

Density (g/cm3) 6.68

Liquidus temperature (°C) 920

Solidus temperature (°C) 870

Glass transition temperature Tg (°C) 400

Crystallization temperature Tx (°C) 475

Crystallization enthalpy ∆H (J/g) - 47

Young‘s modulus (GPa) 87

Poisson‘s ratio 0.35

Bending yield strength (GPa) 1.6

Tensile yield strength (GPa) 1.6

Compressive yield strength (GPa) 2.3

Vickers hardness (HV5) 480

Electrical conductivity (% IACS) ~ 1

Thermal conductivity (W/mK) ~ 2.5

Thermal expansion coeffi  cient (1/K) 10 - 12 * 10-6

Specifi c heat capacity (J/kgK) 250 - 350

AMORPHOUS ALLOYS 
AMLOY-ZR01

Heraeus AMLOY Technologies GmbH

Seligenstädter Straße 100

63791 Karlstein am Main

amloy@heraeus.com

www.heraeus-amloy.com 

CHEMICAL COMPOSITION

Element Concentration (wt%)

Zr balance

Cu 24

Al 4

Nb 2



MATERIAL PROPERTIES

■ High strength combined with excellent elasticity
■ High surface quality
■ High hardness and low abrasion
■ High corrosion resistance
■ Biocompatibility
■ Isotropic behaviour

INDUSTRIES & APPLICATIONS

■ Aerospace 
■ Consumer Electronics
■ Industrial 
■ Lifestyle
■ Medical Technologies
■ Robotics
■ Sensors
■ Tool Inserts

PROCESSING TECHNOLOGIES

Additive Manufacturing:

The expanded design freedom of amorphous metals 
through 3D printing enables weight-reduced components

Injection Molding:

An automated 24/7 production process, excellent surface 
quality with an average roughness value (Ra) of 0.05 µm 
and low shrinkage of less than 0.5% are realised

PHYSICAL PROPERTIES

Properties Typical Value

Density (g/cm3) 6.65

Liquidus temperature (°C) 830

Solidus temperature (°C) 781

Glass transition temperature Tg (°C) 403

Crystallization temperature Tx (°C) 469

Crystallization enthalpy ∆H (J/g) - 47

Young‘s modulus (GPa) 89

Poisson‘s ratio 0.37

Bending yield strength (GPa) 1.6

Tensile yield strength (GPa) 1.7

Compressive yield strength (GPa) 2.3

Vickers hardness (HV5) 540

Electrical conductivity (% IACS) ~ 1

Thermal conductivity (W/mK) ~ 2.5

Thermal expansion coeffi  cient (1/K) 10 - 12 * 10-6

Specifi c heat capacity (J/kgK) 250 - 350

AMORPHOUS ALLOYS 
AMLOY-ZR02

Heraeus AMLOY Technologies GmbH

Seligenstädter Straße 100

63791 Karlstein am Main

amloy@heraeus.com

www.heraeus-amloy.com 

CHEMICAL COMPOSITION

Element Concentration (wt%)

Zr balance
Cu 16
Ni 12
Al 4
Ti 3



Appendix B

G-code commands

G0 X[0..32] Y[0..45] Z[0..17] E[0..50] F[0..6000]
Moves respective axes from actual position to given coordinates in a

straight line. Uses velocity F, given in mm min−1. X and Y move laser head,
Z moves build plate, E is used for powder recoating, with values in mm.

G1 X[0..32] Y[0..45] Z[0..17] E[0..50] F[0..6000] S[0.2 .. 1]
Same as G0, but with laser power set to S, given in percentage of

maximum power. Lower than 0.2 does not reliably emit any power from the
laser module in use.

G2 X[0..32] Y[0..45] I[0..16] J[0 .. 22.5] F[0..6000] S[0.2 .. 1]
(G3)

Same as G1, but doesn’t go in a straight line, but on a circular perimeter
from actual position to coordinates X and Y, with centre at coordinates I
and J given in relative commands to actual position. G2 travels clockwise,
G3 counter clockwise.

G4 S[0..∞] P[0..∞]
Pauses process for S seconds, or P milliseconds
G28 X Y Z E
Moves the axes listed into reference position at respective position switch.

Homes all axes if no argument present.
G92 X[0..32] Y[0..45] Z[0..17] E[0..50]
Overrides the current position information without moving the axes.
M84
Disables all stepper drives, prevents waste heat when used at the end of

the lasering of each layer, as well as the end of powder application and end
of file.

M114
Returns current positions of all axes.

Machine-specific commands:
M106 S[127..255] (M107)

101
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Enables gas pumps and sets pumping speed at S, by 8 bit proportional.
For values lower than 127 the pumps do not start. M107 disables gas pumps.

M132 S50 (133)
Enables the output of a rectangular waveform for the piezo actuator.

The frequency can be tuned in the configuration file, it is adjusted to the
Eigenfrequency of the reservoir, and the duty cycle is usually 50 %. M133
disables the piezo waveform.

M134 (M135)
Enables an output for counting input to the data recorder. May be

used for counting layers, or to indicate progress in running the code. To be
followed by M135.

M600 Pauses process until begin-of-microgravity signal is received. This
signal is generated by the MAPHEUS service module, M601 does an override.

M907 X[0..2] Y[0..2] Z[0..2] A[0..2] Temporarily overrides current
settings for stepper drives from configuration file. Used to reduce current
when axes are not in use.

“Play /sd/filename.gcode”, “Progress”, and “Abort” are valid commands too,
and self-explanatory.



Appendix C

GranuDrum measurement
results

• Page 104 shows GranuDrum measurement results for AMLOY-Zr01.

• Page 105 shows GranuDrum measurement results for AMLOY-Zr02.

• Page 106 shows GranuDrum measurement results for Stainless steel
316L.
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GranuDrum Measurement Report

Date and signature of the operator:

Operator notes: 93W Amloy ZR01 14-45µm

User name: user

2022.11.22 17:15:38

Sample name:0093W_AmloyZR01 
Sample group : DLR

Powder information :

Volume [ml] : 50

Weight [g] : 176

Temperature [°C] : 22,1

Hygrometry [%] : 25,00

Analysis parameters :

BWThreshold : 94

CropRatio [%] : 10

Frame [pixels] : 972x972

Mode : Speeds Sequence

#Frames : 20

Sampling [ms] : 1000

Speeds Sequence

Sequence

RPM Angle Cohesion

2 47,9 34,2

4 48,8 38,1

6 55,9 41,5

8 51,2 42,4

10 54,8 44,2

12 51,9 44,1

14 54,8 45,7

16 54,7 41,0

18 56,6 50,5

20 50,6 35,5

40 55,7 41,4

60 50,4 68,5
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GranuDrum Measurement Report

Date and signature of the operator:

Operator notes: 92W Vit 105 Amloy ZR02

User name: user

Sample group : DLR 2022.11.22 16:54:38

Sample name : 0092W_Vit105AmloyZR2

Powder information :

Volume [ml] : 50

Weight [g] : 189

Temperature [°C] : 22,1

Hygrometry [%] : 25,00

Analysis parameters :

BWThreshold : 94

CropRatio [%] : 10

Frame [pixels] : 972x972

Mode : Speeds Sequence

#Frames : 20

Sampling [ms] : 1000

Speeds Sequence

             Sequence        

 RPM    Angle      Cohesion  

  2      36,3        23,1    

  4      37,8        22,1    

  6      35,7        28,6    

  8      40,8        25,7    

  10     33,8        27,2    

  12     35,5        27,1    

  14     42,0        27,8    

  16     41,5        30,7    

  18     44,8        29,8    

  20     42,0        28,6    

  40     48,8        31,8    

  60     53,7        43,4    
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GranuDrum Measurement Report

Date and signature of the operator:

Operator notes: 94W St 1.4404 20-53µm

User name: user

Sample group : DLR 2022.11.22 17:38:16

Sample name : 0094W_St14404

Powder information :

Volume [ml] : 50

Weight [g] : 260

Temperature [°C] : 21,9

Hygrometry [%] : 25,00

Analysis parameters :

BWThreshold : 94

CropRatio [%] : 10

Frame [pixels] : 972x972

Mode : Speeds Sequence

#Frames : 20

Sampling [ms] : 1000

Speeds Sequence

             Sequence        

 RPM    Angle      Cohesion  

  2      26,7        5,5     

  4      28,7        10,3    

  6      31,1        11,4    

  8      31,7        13,7    

  10     33,5        14,1    

  12     36,3        14,7    

  14     38,6        17,2    

  16     40,1        16,1    

  18     42,6        15,3    

  20     43,5        13,6    

  40     59,0        12,2    

  60     66,7        18,3    
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Samples and methods used
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Additional graphical results

E.1 Synchrotron diffraction
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Figure E.1: Bragg peaks identifying CuZr2 and Al3Zr4.
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E.3 Nanoindentation
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Figure E.4: Average nanohardness and reduced modulus results for varying build
parameters.



Appendix F

MARS-X

This chapter provides a more detailed description of the design criteria and
the operation of the MARS-X device.

F.1 Design and construction

The development of MARS-M for microgravity experiments on sounding
rockets included device miniaturisation, gas-flow assisted deposition of the
powder bed, and remote control. These advantages were also applied to
MARS-X. The device is compact (its footprint is 400 mm × 400 mm, with
max. height 660 mm) and lightweight (total mass less than 70 kg) and
therefore easily transportable to the beamline. As previously mentioned,
the build-platform is positioned vertically thanks to the gas-flow assisted
powder deposition. As a part of lessons learned from MARS-M, the MARS-X
build-platform is equipped with an improved Z-axis and upgraded software
control.

Some of the design criteria are slightly different to those of MARS-M for
the following reasons. Firstly, during experiments the device functions under
normal gravity conditions and within normal atmosphere. Secondly, the
device must allow the synchrotron beam to pass through it (and at specific
entry and exit points) and reach the build-platform, which also implies
additional laser-related safety measures. Lastly, MARS-X requires neither
internal power (supply) nor internal gas supply.

F.2 Description of device

The building process happens in an easily removable cartridge which includes
amongst others the powder container and the build-platform. The powder is
stabilised by a closed gas loop passing by having a rubber hose attached to
the mounting adapter for the build-platform, allowing vacuum generation
below it. Because of the platform’s porosity, a gas stream perpendicular to
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the surface is generated, pushing powder particles towards it. Outside of the
cartridge, the gas stream is directed through a set of 10 µm particle filters,
and a mass flow sensor (Red-Y series, Vögtlin Instruments GmbH), into two
parallel acting controllable diaphragm pumps, type 3111.610 (Boxer GmbH).
The build-platform is larger than that in MARS-M, as in this case it is the
build-platform that provides the scanning movement during experiments.

The laser system consists of a fibre coupled diode laser as source, laser
optics attached to the fibre end, diode driver electronics, a laser cooler system,
and laser safety features. For the selective laser melting process a laser diode
bar module is used, type Coherent IS58, with max. 283 W optical power
delivered at centre wavelength of 976 nm into a 100 µm fibre core. The laser
optic is assembled using standard C-mount lens adapters, a SMA-type fibre
adapter, and laser-grade plano-convex lenses. All 1”-lenses are λ/10 grade
uncoated Fused Silica lenses (Edmund Optics, Inc.). The front lens has a
focal length of 35 mm, and focusses into a 80 µm laser spot on the build plate.
A temperature sensor is attached to the optic’s assembly in order to avoid
overheating – mostly due to the presence of dust.

Safety requirements for high energy lasers in beamline settings require
multiple fail-safes to avoid damaging the hutch equipment. The implemented
safety features are displayed in fig. F.1. An interlock circuit, a key switch,

Figure F.1: Schematic of the inbuilt laser safety features of MARS-X.

a warning light, and redundant relays for laser power are safety features to
prevent laser power emittance, rendering the overall set-up a class 1 laser
system. At the beamline, however, beam windows are in place that are laser
transparent too, rendering the overall set-up class 4. Additionally to the
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previously mentioned safety features, the device has an interface to connect
an external room interlock. Without this external confirmation that the
hutch is closed and no personnel is present, the laser source is not powered
and the driver is disabled. The safety system is designed to be failure tolerant.
At any time, the laser spot is on the build plate only. No direct laser beam
passes the windows, or hits other parts of the chamber – that includes that
no direct laser beam can hit the X-ray detector or other items in the hutch.
Scattered laser light can, however, it is not able to harm items or cause fire.

The experiment chamber is designed to resist under-pressure: a difference
of up to 1 bar is needed when evacuating the atmosphere in preparation for
flushing with the desired gas composition. The total chamber volume is
around 7 L. The planned pressure range is 0.3 to 1.05 bar abs. The pressure
system is two-failure tolerant.

The beam windows are made of Kapton film (160 µm thickness) framed
by the device structure and with additional "glazing bars" (a grid increasing
the stability of the film during continuous gas atmosphere purging). The
experiment chamber can be rotated along the device’s height to move the
beam windows to change the q-range reaching the detector. The laser can
be moved in a limited range for the purpose of calibration between the laser
spot and the synchrotron beam spot positions on the powder bed.

The incoming beam is expected at about 100 mm above bottom side of the
baseplate – we bring a 150 mm spacer to meet P23’s hexapod requirements
(100 + 150 ∧= 251 ± 25). Our device needs 230 Vac input at up to 1.3 kW and
an at least 100 Mbit/sec Ethernet-connection to the control room. It needs
to have a vacuum pump and a gas bottle connected, located within 5 m.
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