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Abstract

Selective laser melting (SLM) is a promising additive manufacturing technique to
fabricate biocompatible bulk metallic glass (BMG) components for medical applications
such as personalized implants or scaffolds. The aim of this thesis was to find
appropriate process parameters in order to produce fully dense and glassy samples
from a Zr-based metallic glass powder (trade name VIT105). Besides, mechanical
properties, biocompatibility, and influences of a post processing were investigated to
examine the BMG's suitability for its use in the medical field. To achieve this goal, a
SLM parameter study was conducted as a first step. Then, those fabricated samples
were investigated regarding their relative density, microstructure, and thermodynamic
behaviour. In addition, (micro-)hardness measurements were carried out. Afterwards,
further samples were fabricated with a satisfying process parameter combination and
subjected to different heat and surface treatments. 4-point bending test and cytotoxicity
tests were carried out using these samples. Within the cytotoxicity tests, cell adhesion
and cell growth on the samples surfaces were examined as well.

The SLM parameter study showed that a minimum volume energy density is needed
for the production of dense samples. However, not only the volume energy density is
decisive for the relative density but also the specific combination of the process
parameters. Especially the scanning velocity of the laser plays a crucial role in the
production of the BMG. It was found that it has a considerable impact on the resulting
microstructure and determines the structural relaxation, glass transition temperature
and indentation elastic modulus of the sample. 4-point bending tests showed that the
as-built samples exhibit adequate flexural strengths and elasticity. Nonetheless, the
investigations also showed that the BMG’s properties strongly depend on the building
direction and orientation of the testing. Furthermore, it was discovered that a blasting
treatment with glass microbeads or corundum is beneficial to achieve higher flexural
strengths. However, only samples blasted with glass microbeads are undoubtedly
biocompatible. Samples treated with corundum are cytotoxic. Even if a heat treatment
below the glass transition temperature improves the cell viability, it impairs the
mechanical performance of the BMG. Moreover, the investigations pointed out that
samples which are crystallised are unsuitable with respect to their manufacturability
and usability.



Kurzfassung

Selektives Laserschmelzen (SLM) ist eine vielversprechende additive
Fertigungstechnik zur Herstellung biokompatibler Komponenten aus massivem
metallischen Glas (BMG), welche als personalisierte Implantate oder Scaffolds
Anwendung finden sollen. Ziel dieser Arbeit war es, geeignete Prozessparameter zu
finden, um aus einem Zr-basierten metallischen Glaspulver (Handelsname VIT105)
massive Proben mit amorpher Mikrostruktur herzustellen. AufRerdem wurden
mechanische Eigenschaften, Biokompatibilitdt und Einflisse einer Nachbehandlung
untersucht, um die Eignung des BMGs flr den medizinischen Bereich zu ermitteln.
Dazu wurde im ersten Schritt eine SLM-Parameterstudie durchgefuhrt. Die Proben aus
dieser Studie wurden hinsichtlich ihrer relativen Dichte, Mikrostruktur
und ihres thermodynamischen  Verhaltens  untersucht.  AufRerdem  wurden
(Mikro-)Hartemessungen durchgefihrt. AnschlieRend wurden weitere Proben mit einer
geeigneten Prozessparameterkombination hergestellt und verschiedenen Warme- und
Oberflachenbehandlungen unterzogen. An diesen Proben wurden 4-Punkt-Biegetests
und Zytotoxizitatstests durchgefuhrt. Zusatzlich wurde im Rahmen der
Zytotoxizitatstests auch die Zelladhdsion und das Zellwachstum auf der
Probenoberflache untersucht.

Die SLM-Parameterstudie zeigte, dass fur die Herstellung massiver Proben eine
minimale Volumenenergiedichte erforderlich ist. Entscheidend flr die relative Dichte
ist jedoch nicht nur die Volumenenergiedichte, sondern auch die spezifische
Parameterkombination. Insbesondere die Laserscangeschwindigkeit spielt bei der
Herstellung des BMGs eine entscheidende Rolle. Es wurde festgestellt, dass diese
einen grofRen Einfluss auf die resultierende Mikrostruktur hat und die strukturelle
Relaxation, die Glaslbergangs-temperatur und den Elastizitdtsmodul der Probe
bestimmt. 4-Punkt-Biegeversuche zeigten, dass die erzeugten Proben ausreichende
Biegefestigkeiten und Elastizitaten aufweisen. Dennoch zeigten die Untersuchungen,
dass die Eigenschaften des BMGs stark von der Bau- und Prufrichtung abhangen.
Dartber hinaus wurde festgestellt, dass eine Strahlbehandlung mit Glasperlen oder
Korund vorteilhaft ist, um hohere Biegefestigkeiten zu erreichen. Allerdings sind nur
die mit Glasperlen gestrahlten Proben zweifellos biokompatibel. Die mit Korund
behandelten Proben sind zytotoxisch. Auch wenn eine Warmebehandlung unterhalb
der Glasubergangstemperatur die Lebensfahigkeit der Zellen verbessert,
beeintrachtigt diese die mechanische Leistungsfahigkeit des BMGs. Darlber hinaus
haben die Untersuchungen gezeigt, dass kristallisierte Proben hinsichtlich ihrer
Herstellbarkeit und Verwendbarkeit ungeeignet sind.
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1. Introduction

Due to the outstanding mechanical and chemical properties of bulk metallic glasses
(BMGs), a lot of research and development have been carried out in this area for the
last three decades. BMGs are a relatively new material class, which consists of at least
three metallic elements. Contrary to metals in their traditional sense, BMGs are
frozen-in metal melts with an amorphous microstructure. Thus their properties differ
from those of classical metals with a crystalline microstructure. While exhibiting
near-theoretical strength, they also show a large elasticity and low Young’s moduli.
Furthermore, they are wear- and corrosion-resistant, due to the lack of crystal defects
like dislocations and grain boundaries [1, 2]. Due to these properties, biocompatible
BMGs, such as Zr-based and Ti-based BMGs, have become possible future materials
for medical applications. Surgical instruments, implants and scaffolds are examples for
potential products.

To produce BMG components methods, such as casting and thermoplastic forming,
can be used. However, there are some limitations regarding these techniques. Both
are insufficient to fabricate hollow, complex shaped, and large-scale parts. Therefore,
selective laser melting (SLM), an additive manufacturing method, represents a
potential opportunity for this purpose. Thereby, three-dimensional (3D) metallic parts
can be built layer upon layer according to computer aided design (CAD) data. Due to
the layer-wise building, the high cooling rates, which are necessary to obtain the
amorphous microstructure and thus the outstanding properties of the BMG, can be
achieved. Moreover, an enormous design-freedom exists, which is beneficial for the
fabrication of personalized implants. Nonetheless, because of many factors affecting
the SLM process and consequently the resulting part, challenges have to be mastered
in the case of using the additive manufacturing processing route for BMG components.

The aim of this thesis is to find appropriate process parameters in order to fabricate
fully dense Zr-based BMG samples, which exhibit an amorphous microstructure.
Therefore, a parameter study is carried out, whereby the main process parameters are
varied. The prepared samples are then investigated by different methods, such as
light optical microscopy, X-ray diffraction, differential scanning calometry, and
(micro-) hardness measurements. Further samples for mechanical and
biocompatibility tests are produced with a selected parameter set by which a dense
and amorphous sample will be obtained. In addition, the influence of heat and surface
treatments on the samples properties will be analysed.


file:///C:/Users/mirjam.spuller/Documents/Processing%23_CTVL0013f2b7cafb9e44ccebfbe7471a076af13
file:///C:/Users/mirjam.spuller/Documents/Processing%23_CTVL0013f2b7cafb9e44ccebfbe7471a076af13

2. Theoretical Background

In the following chapter, the theoretical background and some fundamental knowledge
on (bulk) metallic glasses and the additive manufacturing process, selective laser
melting, are presented. First, the material class of bulk metallic glasses are discussed
both generally regarding to their glass formation, properties, and processing
possibilities. Furthermore, some information on selective laser melting is given. This
includes the working principle, relevant process parameters and other issues which
concern the processing technique. In the end, some comments regarding to the
manufacturing of bulk metallic glasses for medical applications are made, whereby the
challenges faced during the processing are also offered to the reader.

2.1. Metallic Glasses

Typically metals and their alloys are considered as solid materials with a crystalline
structure. In the solid state the constituent atoms of the material are highly ordered in
three dimensions and occupy specific places in a periodic way. This corresponds to a
low-energy state that is adopted from the material after solidification under equilibrium
conditions, viz. cooling the melt with low cooling rates. In contrast to that, the atoms in
metallic glasses do not exhibit a defined long-range order, so that they are described
as non-crystalline, amorphous or also glassy solids (Figure 1a). Because of the metallic
glasses’ amorphous structure, they show their unique properties such as near-
theoretical strength, low Young's modulus, large elasticity, and high corrosion and
wear resistance [1, 3].

In order to obtain the disordered atomic structure of metallic glasses, the metal melt
has to be cooled fast enough to suppress the metal’s crystallization, i.e. the cooling
rate curve should not intersect the crystalline ‘nose’ in a continuous cooling
transformation (CCT) diagram. In Figure 1b, a schematic CCT diagram for a metallic
glass shows different cooling rate curves. The curve with the lowest cooling rate, Reryst,
intersects the crystalline ‘nose’: as a result the melt undergoes crystallization and a
solid with a crystalline structure is formed. However, if the cooling rate is higher than a
critical cooling rate, Rc, glass formation occurs [1]. In other words, a metallic glass is
a frozen-in metal melt [4].
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2. Theoretical Background
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Figure 1: a) lllustration of different arrangement of atoms occurring in solid materials [5]. b) Schematic
CCT diagram for a metallic glass. Glass formation only takes place, if the applied cooling rate is higher
than the critical cooling rate R.. A cooling rate achieved by Selective Laser Melting, Rsivm, and a
temperature profile used for Thermoplastic Forming (TPF) are shown in the figure as well [1].

In 1960, Pol Duwez et al. at the California Institute of Technology in Pasadena,
California, observed this phenomenon for the first time by quenching a molten
Au-25.at% Si alloy from 1300°C to room temperature [6]. The cooling rate of a million
degrees per seconds (108 K/s), achieved by the gun technique of liquid quenching,
prevents an ordering of the atoms and a non-crystalline structure was obtained in the
solidified alloy. Scientists’ suspicions about the possibility of producing amorphous
structures in metals and alloys by rapid quenching the melt was confirmed over the
course of the following years and further metallic glasses were developed [3].

Nonetheless, in these early days of metallic glasses, the samples’ geometry of metallic
glasses was restricted to thin ribbons, foils and powders in order to achieve the high
cooling rate. This geometrical restriction made it difficult to find wider application for
metallic glasses [7, 8]. However, successive research in terms of the understanding of
vitrification and development of various processing techniques enabled a production
of ‘bulk’ metallic glasses (BMGs), which exhibit a section thickness or diameter of a
few millimetres to a few centimetres. Nowadays, a large number of different glass
forming alloys, mostly consisting of at least three elements, are known [1, 8, 9].
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2. Theoretical Background

2.1.1. Concept of Glass Formation

As mentioned above, a metallic glass is a frozen-in metal melt. In Figure 2a, the
dependence of the specific volume of a metal on the temperature is shown. There are
two different solidification routes, depending on whether the metal is a glass forming
one or not. When cooling down the metallic melt (liquid), its volume decreases in both
cases. When going below the melting/freezing point, Tm, a metastable undercooled
liquid (or supercooled liquid (SCL), if the liquid state can be maintained well below the
freezing point, without any solidification), is formed. In the case of the classical metal,
nucleation and crystallisation takes place at a certain undercooling AT. Due to the
rearrangement of the atoms into a stable and ordered configuration shrinkage occurs.
This is evident in the strong reduction of the specific volume at the melting point or
rather a few degrees below. However, the solidification of glass forming metals follows
the second route. Instead of crystallisation, the metal melts can be significantly
undercooled. This can, for example, be achieved for example due to the imposition of
a high cooling rate. While decreasing the temperature, the volume of the undercooled
liquid is reduced and its viscosity increases (Figure 2c). Well below the freezing point,
the viscosity is so high that the amorphous metallic melt is frozen-in. For all practical
purpose, this resembles a solid and is referred to as (metallic) glass. The temperature
at which the undercooled/supercooled liquid becomes a solid glass is the glass
transition temperature, Tg. In reality, however, this is rather a temperature interval in
which the metal melt vitrifies. Additionally, the glass transition temperature depends on
the history of the glass, i.e. at which cooling rate the glass was prepared. Low cooling
rates (but higher rates than the critical one) result in lower glass transition
temperatures, and higher ones shift the Tg to higher temperatures (Figure 2a). Hence,
the glass transition temperature is a kinetic parameter, which underlines the kinetic
nature of the vitrification phenomenon. However, not only the glass transition
temperature is determined by the cooling rate, but the frozen-in structural state and
consequently the properties of the glass are also determined by it [3, 4].
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Figure 2: Dependence of a) the specific volume b) the viscosity and c) the specific heat on the
temperature for a classical metal and a glass-forming one [3].

Whether a metallic alloy can be transformed into the glassy state or not is dependent
on the cooling rate on the one hand. On the other hand, the alloy should show a high
glass-forming ability (GFA), which includes slow crystallisation kinetics and/or a
slowdown of structural relaxation in order to prevent atomic rearrangements while
cooling down the alloy [1]. Especially for BMGs, there are some key empirical criteria
to meet the requirements for a high GFA [2, 3]:

e multicomponent alloy, which contains three or more elements
o reduction of the energetic advantage of forming an ordered structure due
to increased complexity and size of the crystal unit cell
e atomic radius mismatch between the constituent elements greater than 12%
o efficient packing with less free volume of clusters in the liquid, thus
increased liquid-solid interfacial energy and decreased atomic diffusivity
e negative heat of mixing between the main elements
o increases energy barrier at liquid-solid interface, decreased atomic
diffusivity, retards atomic rearrangements and the nucleation rate of
crystals, extension of the temperature range of the SCL
e using a composition close to a deep temperature eutectic
o formation of a stable liquid at low temperatures

Since these criteria contribute to the shift of the crystallisation field in the CCT diagram
to larger times, the critical cooling rate could be reduced for the alloys and
consequently the fabrication of BMGs was facilitated. Typical critical cooling rates for
BMGs are between 102 and 108 K/s [1, 2]. However there are also compositions which
have critical cooling rates lower than 100 K/s [7].
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2. Theoretical Background

2.1.2. Thermal Stability of Bulk Metallic Glasses

Due to the solidified amorphous structure, a metallic glass is not in a
thermodynamically stable (equilibrium) state and a driving force toward the equilibrium
(crystalline) state exists. Depending on the temperature and the provided time, the
glass can relax and eventually crystallise. The temperature at which crystallisation
takes place is the crystallization temperature, Tx. It represents an upper limit for
applications, since a metallic glasses loses its amorphous microstructure and
consequently its unique properties. However, the crystallisation temperature of a
metallic glasses is, similar to the glass transition temperature, dependent on the
heating rate. A higher heating rate results in a higher crystallisation temperature. In
contrast to that, crystallisation can also take place at temperatures lower than T, if
sufficient time is provided [3].

The thermodynamic behaviour of BMGs is usually determined by means of a
differential scanning calorimeter (DSC) or a differential thermal analyser (DTA) during
continuous heating of the glassy alloy at a constant heating rate. Thereby, the glass
transition temperature, Tg, the crystallisation temperature, Tx, and the melting
temperatures can be investigated. In Figure 3a, a schematic DSC plot of an as-
quenched BMG is depicted. Therein, the three characteristic temperatures are visible.
Until Tq, the BMG maintains the glassy structure. However, it undergoes structural
relaxation since it is not in configurational equilibrium. During the heating below Ty, the
as-quenched glass slowly transforms into a lower energy state, which means that an
annihilation of free volume takes place and an ‘ideal’ glass is formed. Especially a
metallic glasses produced with higher cooling rates exhibit a frozen-in structure with a
large amount of free volume. Thus, the atomic diffusivity is high in the glass and
pronounced structural relaxation can occur [3]. In Figure 3b, the event of structural
relaxation can clearly be seen in the DSC plot. The grey-dashed area corresponds to
the enthalpy, which is released while the structural relaxation took place [4]. Due to the
structural relaxation and annihilation of free volume the BMGs physical properties
change. Examples are decreased specific heat, reduced diffusivity, increased elastic
constants (by about 7%), significantly increased viscosity (by more than five orders of
magnitude), and loss of (bend) ductility in some cases. Furthermore, the BMGs’ density
slightly increases by 0.1% - 0.15% due to the rearrangement of the atoms [3].

11
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Figure 3: a) Schematic DSC plot of a bulk metallic glass [3]. b) Schematic DSC plot of a metallic glass,
where pronounced structural relaxation takes place below the glass transition temperature [4].

After the glass transition, defined by the onset and end temperature, the supercooled
liquid (SLC) is formed. By further increasing the temperature, the crystallisation of the
BMG occurs. The crystallisation is clearly discernible by significant exothermic peaks.
Using the resulting DSC plot, the crystallisation onset temperature, Txon, the peak
temperature, Tp, and the enthalpy of crystallisation, AHx, can be defined . The
endothermic transformation at high temperatures corresponds to the melting of the
alloy. Since most BMGs are alloys, they exhibit a range of melting temperatures
starting at the solidus temperature and ending at the liquidus temperature [3, 4].

2.1.3. Properties of Bulk Metallic Glasses

Even if BMGs appear to be conventional metals — gray, opaque, and shiny [2], they
behave differently: compared to their crystalline counterparts, BMGs’ yield strengths
are higher (up to 5 GPa for a Cobalt-based BMG [10] and 2 GPa for Zr-based
glasses [11]) and are approaching the theoretical strength limit. Additionally, they
exhibit an extremely high elastic limit (about 2 - 3% [7]), and the BMGs’ Young’s moduli
are considerablly lower compared to crystalline materials. Related to the high yield
strength, the hardness of BMGs are high as well (up to 1100 HV for Fe-based
BMG) [4]. Therefore, the wear resistance of the alloys is superb. In Figure 4a, a
comparison of the strength and hardness values of various BMGs to the values of
some crystalline materials is shown.
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2. Theoretical Background

The origin of the unique mechanical properties of the BMGs is thought to be a result
of the lack of the long range order (periodicity) of the constituent atoms [1, 4, 8]. Due
to the amorphous structure, plastic deformation via dislocations is unfeasible.
Consequently, another deformation mechanism takes place, which explains the
outstanding mechanical properties of the BMGs. At temperatures well below the Tyg,
the plastic deformation process in BMGs is an inhomogeneous one and takes place in
a highly concentrated manner in thin shear bands. It is suggested that during the
deformation the viscosity of the metallic glass in the shear bands is decreasing. This
can happen either due to the formation of free volume or adiabatic heating. As a result,
the applied stress can be accommodated therein. The vein-like patterns typically
observed at the BMGs’ fracture surfaces give an indication that a reduction of viscosity
takes place (Figure 4b). The inhomogeneous deformation combined with the tightly
packed glassy structure makes the metallic glass unstable at very high stresses and
finally it fails catastrophically [3, 4, 8].
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Figure 4: a) Mechanical properties (tensile strength, Vickers hardness and Young’s moduli) of BMGs (m)
and crystalline materials (o) [12], b) vein-like pattern observed at the fracture surface of a Zr-based BMG

[13].

For a safe use, it is important to fully characterise the BMG regarding their physical,
mechanical, and chemical properties. Especially the corrosion behaviour becomes
crucial when BMGs are used in aggressive and hostile environments such as high
temperatures, oxidizing atmospheres and corrosive media. However, for biomedical
applications the behaviour of the material in physiological solutions or environment is
extremely relevant as well in order to avoid dangerous consequences (infections,
injuries, intoxications). Compared to crystalline alloys with similar composition, BMGs
show a higher corrosion resistance. This is unexpected, since they are in a high-energy
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2. Theoretical Background

state. However, the absence of crystal defects (grain boundaries, dislocation,
precipitations) and the chemical homogeneity is beneficial in the respect to their
chemical stability. Furthermore, metallic glasses based on zirconium form stable oxide
layers, which reduce the release of alloy elements and therefore increase the
biocompatibility. Thus, surgical instruments and implants made out of BMG can utilise
the special combination of chemical and mechanical properties [3, 7, 14].

Resulting from the disordered structure and the presence of free volume, the density
of the BMGs are lower than their crystalline counterparts. Metallic glasses and BMG
alloys are mostly measured by means of the Archimedean principle, which is a
gravimetric determination of the density. When the amorphous alloy is heat-treated,
the density increases due to the ordering of the atoms and annihilation of the free
volume. Slow heat conduction and a high electrical resistivity (about two orders of
magnitude higher compared to their crystalline counterparts) results from the
disordered arrangement of the atoms as well. However, some Fe-based and Co-based
alloys benefit from this absence of crystalline grains. They are outstanding
soft-magnetic materials with low coercivity and low remanence, which can find
application in the electronics industry [1-3, 15].

2.1.4. Processing of Bulk Metallic Glasses

Due to the need of rapid solidification to obtain the glassy structure and consequently
the outstanding properties of the BMG, the processing method has to be chosen
accordingly. Casting is the commonly used technique; however, thermoplastic forming
(TPF) is also a possible fabrication route [1]. Although casting has a lot of advantages,
such as reduced tool costs, low energy consumption, one step process [16], the
capability to produce more complex shaped geometries is insufficient. With casting
only simple shaped parts, for instance rods and plates, can be fabricated. Furthermore,
it has to be considered that the material of the casting mold has a high thermal
conductivity and large heat capacity on the one hand [1]. Therefore, a popular
manufacturing process is copper mold casting [3]. On the other hand, when the section
thickness of the BMG part increases, the cooling rate decreases and a BMG alloy with
a high GFA has to be used in order to obtain a larger fully glassy part. Consequently,
it can be concluded that either a good glass former is necessary or the parts section
thickness is restricted to a maximum of about 1 mm [1, 3, 17].

If more complex parts are required, there is the possibility to apply the thermoplastic
forming (TPF) process to the BMG alloy. This process is similar to the one used for
shaping polymers (thermoplastics) or silicate glasses. In Figure 1, the used
temperature profile for TPF is depicted. The BMG alloy is heated to temperatures
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2. Theoretical Background

between Tgand Tx (supercooled liquid), and due to its drastic decrease in viscosity the
material can be shaped relatively easy. It is necessary that the forming is completed
before crystallization starts. Therefore, the process requires both a low viscosity and a
long processing time is required. A long processing time can either be achieved by
increasing the GFA of the BMG or by shortening the heating time (temperature profile
t'p). Although the thermoplastic forming enables the production of BMGs with near-net
shape finish and extremely smooth surfaces, it is difficult or even impossible to produce
complex hollow and/or large-scale structures [1, 4, 16].

Since both the casting and thermoplastic forming entail many limitations for the
fabrication of complicated BMG parts with greater dimensions, it is necessary to evolve
and study alternative processing methods. A promising technique is selective laser
melting (SLM), an additive manufacturing method, wherewith complexly shaped three-
dimensional parts can be directly fabricated.

2.2. Additive Manufacturing (AM)

Additive Manufacturing, also known as Rapid Prototyping (RP), is a broad term
referring to production processes evolved over the last decades. According to the
American Society for Testing and Materials (ASTM), AM is “a process of joining
materials to make objects from 3D model data, usually layer upon layer, as opposed
to subtractive manufacturing and formative manufacturing methodologies” [18]. In the
AM process, a formless raw material, such as liquid, powder, suspension, filament, or
sheet is selectively joined. Therefore, AM enables a great design freedom. High
individuality and variance in the production of the parts is given as well. Moreover, the
AM process is efficient regarding material resources. A high material utilization can be
achieved since material is only joined where needed. Depending on the specific AM
technique, excessive material can be reconditioned and reused. Furthermore, a great
advantage of the near-net-shape production is that only little or no post processing is
necessary afterwards. This enables the manufacturing of parts which are challenging
to machine or to produce with other techniques. Further advantages of AM are its cost-
efficient usability for small batches and that the manufacturing time of the parts can be
kept relatively short. Therefore, AM has become a revolutionary technology in various
industrial sectors such as automotive, aerospace, consumer products and
medical/dental applications [19, 20].

Due to the growing demand in the various sectors, different AM methods were
developed within the last years. In this thesis, Selective Laser Melting (SLM), a powder
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bed fusion process, is utilized and will be described over the following pages. Detailed
information on other techniques can be found in [21].

2.2.1. Selective Laser Melting (SLM)

SLM is a widely used AM method to produce fully dense metallic parts with properties
comparable to those of bulk materials produced with conventional manufacturing
technologies [22, 23]. Since the method falls in the category of powder bed fusion
processes, metallic materials in the form of powder are used as a raw material. During
the process, a high intensity laser, mainly fiber lasers and/or Nd:YAG lasers [24], is
used as an energy source to build the part according to the computer aided design
(CAD) data. In Figure 6, a schematic illustration of the SLM process chain is shown.
The main process steps are as follows [23, 25]:

e Preparation of the parts’ CAD data, which includes the conversion of the CAD
model to a STL (stereolithography, known as the primarily developed AM
technique) file and its being sliced into cross-sectional layers. Typically used
layer thicknesses vary between 20 ym and 100 pym.

e Layer-by-layer construction of the part:

o When the building chamber is filled with the protective inert gas in order
to reduce the oxygen content, the recoater distributes powder in the
defined layer thickness from the reservoir onto the building platform.

o The high intensity laser scans the powder bed along specific traces, the
so-called scanning strategy, defined by the slices of the 3D CAD data.
Thereby, selected areas of powder are molten and solidification of the
resulting melt pools takes place. Thus, the loosely powder particles are
fused together. Since the heat is conducted to areas adjacent to the melt
pool, a connection to the material below can be established as well.

o Once the selective exposure of the layer is completed, the building
platform is lowered by the set layer thickness. In contrast, the powder
reservoir is raised. Again, new powder is distributed onto the building
platform and the laser selectively fuses the newly applied powder
particles together.

o These main steps are repeated until a solid three-dimensional part is
built. After cooling down, the part can be taken out of the building
chamber.

e Eventually, a post processing of the part, is necessary. This can be the removing
of the parts’ support structure, a surface treatment or a heat treatment.
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Figure 6: Process chain of the SLM process [26].

2.2.2. Process Parameters and Issues concerning the SLM Process

Since a fundamental objective in the production of components by SLM is the
achievement of high-density parts and the fulfilment of their desired properties, an
understanding of the numerous interrelating parameters determining the SLM process
is important. Besides some parameters that not being able to be varied and thereby
being defined by the SLM machine (laser wave length, spot size of the laser) or fixed
by the used material (viscosity, heat conductivity), there are adjustable manufacturing
parameters. The volume energy density, E (J/mm3), which is applied to the powder
during the SLM process, is given by:

 vxhxts’
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2. Theoretical Background

where P is the laser power, v is the scanning velocity, h is the scan spacing or hatching,
and ts is the layer thickness. Figure 7a schematically depicts these parameters. Since
a minimum critical energy density is essential to exceed the melting temperature of the
material and to produce high density parts with desired properties, these parameters
have to be optimised [27]. However, Equation (1) does not take into account other
important factors such as the laser offsets at the corners, the laser diameter and its
offset at the surface of the melt, and the direction of building and the protective gas
flow [28]. Furthermore, the scanning strategy is not considered in the equation either.
As already mentioned, it is the pattern of defined traces, which the laser follows during
the exposure of a layer. Different patterns, which consist of individual vectors, can be
seen in Figure 7b. The vectors can be arranged in a unidirectional or bidirectional way,
but also as an island scanning (inter-layer), where the vectors are rotated from section
to section. Additionally, the pattern can be rotated between superposed layers by a
specific rotation angle. It is known that the quality of the SLM-fabricated part produced
is influenced by the design of the scanning strategy [27, 29, 30].

SLM is a complex metallurgical process [27], where metallic powder is selectively
molten and fused together. By varying the in Equation (1) mentioned process
parameters, the energy input into the powder and consequently the amount of melting
can be modified. Due to that, relatively small melt pools, which are in the order of 100
Mm, can be generated. This allows a rapid heat extraction and therefore local
solidification rates in the order of 103 - 10° K/s can be realized. Therefore, it is possible
to produce complex components by SLM, which exhibit a specific microstructures and
consequently tailored properties. In particular, the fast cooling can inhibit the formation
of thermodynamically stable phases and promotes the metastable ones instead.
Hence, SLM facilitates the vitrification and allows the fabrication of glassy metallic
components using glass-forming powders as a raw material [1, 31]. In Figure 1, the
cooling rate, Rswwm, illustrates this possibility.
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Figure 7: a) Manufacturing parameters of SLM, which can be adjusted: laser power, scanning velocity,
hatching, and layer thickness [32] b) different scanning strategies within one layer [27].

The density, microstructure, and resulting properties of the SLM-fabricated parts solely
by the parameters related to the laser and the scanning. As a starting material, the
powder, its properties and characteristics play a crucial role as well. For example, the
powder’s morphology (shape and size of the powder particles) can determine the flow
properties and the particles’ packing when a layer of powder is applied on the building
platform. This in turn influences the resulting density and quality of the SLM-produced
part. For the SLM process, spherical powder particles with a high packing density are
beneficial. In addition, a narrow particle size distribution of the powder is necessary to
produce high quality parts by SLM. Here it has to be mentioned that the layer thickness
of the part should be chosen according to the powder’s morphology. Dependent on the
particle size distribution and the mean diameter characterised by D10, Dso, and Dgo a
thicker or rather thinner value of the layer thickness is reasonable [25, 27, 32].

However, another issue, which is highly connected to the process parameters, is the
overall poor surface quality of the SLM-fabricated part. Due to the layer-wise nature of
the process, the chosen layer thickness strongly influences the surface roughness; a
larger layer thickness also increases the surface roughness. However, other process
parameters and their combination have an great impact on the surface quality as well
[33]. The occurrence of porosities, adherent powder particles, balling associated
glitches, ripple patterns and other defects are determined by all the interrelated
parameters and therefore are a result of the introduced energy density [34]. It has to
be noted that this poor surface quality demands a subsequent surface treatment, which
can be long and expensive, to meet the given requirements, regarding to mechanical,
chemical, and physical properties of the metallic part.
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Furthermore, materials manufactured by SLM exhibit an anisotropy and heterogeneity
mainly determined by the building direction. DebRoy et al. [19] and Kok et al. [35] found
that the anisotropic behaviour for crystalline materials is influenced by following factors:
grain morphology, crystallographic texture, lack-of-fusion defects, phase
transformation, heterogeneous recrystallization, layer banding and microstructural
coarsening. The microstructural anisotropy determines the mechanical properties of
the materials and thereby, the mechanical properties are dependent on the building
direction of the part [36].

2.3. Selective Laser Melting of Bulk Metallic Glasses for Medical
Applications

Additive manufacturing and the SLM method has become a more and more
established technology for the production of medical products such as orthopaedic
implants and scaffolds. Due to the capability of SLM to build complex geometries and
functional metallic parts directly in a single step, it is possible to create personalized
parts with improved matching of mechanical properties and enhanced osteo-
integration. This has the potential to reduce surgery, rehabilitation and recovery times,
improve implant fixation and reduce the likelihood of revision surgery [37]. Thus, the
patient’s well-being can be increased, while costs, through shorter operating time and
patient care, are reduced.

Currently used metallic implants are manufactured out of conventional medical
materials such as stainless steels, Co-based and Ti-based alloys. Despite their
continuously improved performance, they are still deficient regarding their
bio/mechano-compatibility (high modulus and lack of elasticity), corrosion resistance,
and fatigue behaviour. However, bulk metallic glasses (BMGs) can fulfil the required
material properties and thus become potential materials for non-absorbable medical
applications. Their extremely high fracture strength, relatively low elastic modulus, and
high strain to fracture, are extremely beneficial for the application as orthopaedic
implants and scaffolds. In Figure 8, a comparison of the yield strength and young’s
modulus of BMGs from literature [38] to the values of stainless steel, Co—Cr and
Ti-based alloys and the cortical bone is shown. Therein, the mechanical properties of
the Zr-based BMG used in this thesis is marked as well. Due to the relatively low
modulus of the BMG, the mismatch between the human bone and the implant is
smaller. Therefore, the adverse effect of “stress shielding”, which results in slower bone
healing, bone resorption and the potential to lose the implant, can be prevented, when
using the BMG as an implant material. At the same time, the high yield strength of the
material ensures a good resistance against loading so that the patient has less
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limitation in daily life after the surgery. Furthermore, BMGs exhibit good corrosion
properties in physiological solutions, and in contrast to common metallic biomaterials,
they show better cell growth and attachment support. Moreover, stable oxide layers
formed on the BMG increases the biocompatibility [39—41].

Due to the potential of BMGs for application in the medical field, their development has
been expedited in the past decades. Nonetheless, the processing of complexly
shaped, three-dimensional BMG components is challenging, since restrictions in
scalability and flexibility exist when using conventional manufacturing routes.
Therefore, the SLM process is an attractive methode to fabricate personalised medical
implants with outstanding properties [39].
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Figure 8: Comparison of mechanical properties of BMGs, stainless steel, Cobalt—Chrome, Ti-based
alloys, and the cortical bone,; redrawn from [41]. The values of the Zr-based BMG (VIT105) [11] used in
this thesis are marked as well .

2.3.1. Challenges faced with Selective Laser Melting of Bulk Metallic Glasses

Although SLM provides the possibility to produce bulk metallic glasses, there are still
challenges to overcome. First of all, appropriate process parameters have to be found
in order to obtain a dense part. Due to the many influencing and interrelated
parameters, which were discussed in section 2.2.2, a parameter study, where various
combinations of the process parameters are executed, is necessary. When searching
for process parameters for the BMG, it is crucial to consider the resulting
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microstructure. The amorphous nature of the SLM-fabricated samples should be
ensured so that the advantageous properties of the BMG are not negatively impacted.

For the Zr-based BMG, which was used in this thesis, some investigations were
already done in other research groups [29, 30]. It was found that higher laser energy
densities lead to partial crystallisation during the process. Pauly et al. [29] defined a
critical energy density of Ecit = 15 J/mm?® for the BMG alloy. However, since the
densification plays an important role as well, they found out that there is a process
window between 12 and 15 J/mm?® in which highly dense and fully glassy SLM
components can be produced. Li et al. [30] could also obtain amorphous samples,
which only have a few pores with an energy density of 13.3 J/mm?3. Additionally, both
research group emphasized the sensitivity of the alloy to the used scanning strategy
with regards to the distribution of the pores and the chemical homogeneity of the
material. Nonetheless, as some influencing parameters are different in the present
work (machine, laser spot size, powder particle distribution, layer thickness...) these
process parameters can only be a rough guide.

Furthermore, the BMG should be used in the medical field as implants or scaffolds.
Therefore, the surface topography is essential. The biological response, which
includes cell adhesion, spread, migration, proliferation, and differentiation of cells, is
highly influenced by the surface quality of the SLM-fabricated part [42]. Due to the poor
quality of the as-built part, a suitable surface treatment has to be found to fix the
deficiencies (adherent powder particles, ripple pattern...) caused by the SLM process.
Common surface treatments for SLM-fabricated parts are polishing, etching and media
blasting due to their low costs, practicality and simplicity [43].

Besides the mentioned challenges, the resulting mechanical properties of the
SLM-fabricated BMG are also important. As mentioned above, the layer-wise nature
of the built part can result in anisotropic mechanical properties. However, since the
BMG does not have a crystalline microstructure, anisotropies caused grains cannot
arise. Nonetheless, appropriate process parameters, where a good connection
between the individual layers, a good densification and a homogeneous elemental
distribution within the BMG can be established, are necessary in order to obtain
isotropic material properties.

22


file:///C:/Users/mirjam.spuller/Documents/Processing%23_CTVL001dafde01f195b4dbba351ac038e4497d6
file:///C:/Users/mirjam.spuller/Documents/Processing%23_CTVL001dafde01f195b4dbba351ac038e4497d6
file:///C:/Users/mirjam.spuller/Documents/Processing%23_CTVL001dafde01f195b4dbba351ac038e4497d6
file:///C:/Users/mirjam.spuller/Documents/Selective%23_CTVL001886172a4d53742b1964cfeccdeeeef26
file:///C:/Users/mirjam.spuller/Documents/Study%23_CTVL001124ef199403949ddafda0a87be7c482c
file:///C:/Users/mirjam.spuller/Documents/Surface%23_CTVL0013e9098afca324d25b6079ff2aeb332c4

3. Materials and Experiments

3.1. Powder and Powder Characterisation

In this thesis, gas-atomized Zr-based metallic glass powder (trade name VIT105) with
a nominal composition of Zres.5Cu156Ni11.8Tis.3Alz7 (in wt%, produced by Nanoval
GmbH & Co. KG, Germany) was chosen. The specified particle size and the dso value
of the powder were below 100 ym and 25.2 pym, respectively. Particle size distribution
of the supplied powder was determined by means of Dynamic Image Analysis in a
CAMSIZER X2, carried out by the voestalpine BOHLER Edelstahl GmbH & Co KG,
Kapfenberg. In order to investigate the powder particles’ morphology (shape, surface,
size and microstructure) a Tescan Vega 3 scanning electron microscope (SEM) was
used. The actual chemical composition was determined by energy-dispersive X-ray
(EDX) measurements using the same SEM. Furthermore, X-Ray diffraction (XRD) and
differential scanning calometry (DSC) measurements of the powder were carried out
as described in Section 3.3.

3.2. Selective Laser Melting

All SLM samples were produced by a TruPrint1000 (TRUMPF, Figure 9a) powder bed
fusion system equipped with a 200 W fiber laser, which has a spot size of 30 ym. To
ensure an inert atmosphere (O2 content < 100 vol.ppm) during the manufacturing,
argon was used as a protective gas. As a building platform, a Ti-6Al-4V substrate with
a diameter of 100 mm was chosen. SLM Parameter Studies were carried out with two
different layer thicknesses, namely ts1 = 0.05 mm and ts2 = 0.02 mm. To find suitable
parameters for a dense sample production the energy density was varied between 8
and 34 J/mm?. According to Equation (1), the laser power, P, varied between 80 W and
180 W for ts1 and between 40 W and 80 W for ts2. The hatching, h, altered from
0.06 mm to 0.20 mm for ts1 and from 0.08 mm to 0.10 mm for ts2. The scanning
velocity, v, ranged from 800 mm/s to 3000 mm/s for both layer thicknesses. All
combinations of the used parameters, the corresponding energy input, E, and the
sample identifications can be found in the Appendix in Section 7.1. As a scanning
strategy, a pattern of unidirectional vectors, which was rotated by 67° in superposed
layers, was used. For the SLM parameter studies, cubes (1 cm x 1cm x 1 cm,
(L x B x H)) with a 3 mm high block support structure were produced. Such a support
structure enables a safe detaching of the cubes and should reduce chemical
contamination due to the different material of the substrate. All samples were rotated
between 15° and 20° around the z-axis (building direction) to ensure a stable recoating
procedure. Photographs of the production of the cubes can be seen in Figure 9b-e.
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3. Materials and Experiments

From one selected parameter set, namely 08 06 (E = 33.33 J/mm3 P = 80 W,
h=0.10 mm, v = 1200 mm/s, ts2 = 0.02 mm), further cubic samples (1 cm x 1 cm x
1 cm), cylindrical samples, 4-point bending test samples (30 mm x 3 mm x 3 mm) and,
hexagonal platelets (15 mm x 1 mm, (R x t)) for cytotoxicity tests were produced. For
the cubes, the vertically built cylindrical samples and the vertically built platelets the
same building strategy as in the SLM parameter study was used.

The cylindrical samples were built in two different constructive executions. On the one
hand tensile test samples with a geometry based on ASTM E8 were fabricated. The
used geometry is shown in the Appendix, Section.1.4. Samples with a uniform
diameter of 6 mm were built on the other hand. The samples were built in vertical
direction as shown for the 4-point bending test samples in Figure 11b. The height of
the samples were for both variants H = 85 mm.

The 4-point bending test samples were produced in both horizontal (Ls = 30 mm) and
vertical direction (Hs = 30 mm). The horizontal ones were built with the same strategy
as the cubes and platelets. However, for the vertical samples the time between two
following recoating procedures were set to 30 seconds considering the heat
development because of the greater height of these samples.

Figure 9: a) TruPrint1000 (TRUMPF) powder bed fusion system, b-e) SLM-fabrication of cubes
investigated in this thesis.
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3. Materials and Experiments

3.3. Characterisation of the Bulk Samples

In order to determine the relative density, prel, of the SLM-fabricated cubes, produced
with different processing parameters, density measurements using the Archimedean
Principle in ethanol were carried out. Additionally, the same cubes were cut to
investigate the microstructure of two perpendicular planes, the yz -plane and xy-plane,
with a light optical microscope (LOM). A schematic drawing of the directions is shown
in Figure 10a. To perform optical density measurements, the particle analysis menu of
the image processing software Imaged, was used. For this purpose 2 micrographs of
each direction (xy and yz) were taken with the LOM. From these micrographs a
representative picture section of 3.52 mm x 2.64 mm was taken. Subsequently, the
micrographs were converted to 8-bit images, and an individually defined threshold-
level separates the pores from the bulk material. Cut-off pores at the edges of the
micrographs are excluded from the measurements. The software displays the selected
area fraction of the pores in a table and an image with the contours of the individual
pores. The results of the analysis were evaluated by Microsoft Excel, where the
average area fraction of the pores was calculated and the relative density of the sample
thereof.

To visualise the melting pools and the layer-wise structure of the yz- plane, the
samples, which were also used for the optical density measurements, were chemically
etched. For this, a solution of 45 ml distilled water (H20), 45 ml of nitric acid (HNOs3)
and 10 ml of hydrofluoric acid (HF) was prepared. The etching time was 45 s [44].
Micrographs were taken with the LOM afterwards.

X-ray diffraction (XRD) characterisation of selected samples of the SLM parameter
study (Table 1) was done with a BRUCKER D2 Phaser diffractometer with Co-Kaq
radiation. All the XRD scans of the cubes were conducted on the yz-plane and are
therefore representative of the whole sample. In Figure 10b the characterised yz-plane
is shown. The measurements were implemented for 2Theta (20) from 20° to 120° with
3000 steps and 0.5 seconds per step. Also other samples fabricated in the scope of
this thesis, i.e. tensile test samples, bending test sample, were measured with this
investigation tool and the same parameters.

In order to gather information about the phase transitions’ temperatures, the
crystallization enthalpy and the structural relaxation differential scanning calometry
(DSC) measurements were performed with a METTLER TOLEDO DSC 3+ with a
heating rate of 20 K/min. For these measurements aluminium crucibles were used as
well as 50 ml/min argon gas flow to reduce oxidation. The samples for the DSC
measurements were cut from the same cube, on which density measurements and
XRD were performed, Figure 10c. The heating cycle (5 min isotherm holding at 550 K,
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heating up (20 K/min) from 550 K - 850 K, 5 min isotherm holding at 850 K, cooling
down (20 K/min) to 550 K) was repeated two times in order to verify the measurements
and to ensure a complete crystallisation of the sample. The glass transition
temperature was determined by the means of the curve of the fully crystalline sample.

Vickers hardness of selected samples of the SLM parameter study (Table 1) was
measured on the xy- and yz-plane. On each plane 5 measurements with a load of 5 kgf
(HV5) were carried out for 10 seconds. An average hardness value was calculated of
all the measured values and should represent the hardness of the whole sample. The
measurements were performed manually with a FRANK hardness tester. In addition,
micro-indentation measurements were performed with an instrumented indentation
tester from the company Anton Paar, in order to determine the indentation hardness
as well as the indentation elastic modulus for selected samples. For this, 5 indentations
with an indent spacing of 100 um per sample on the yz-plane were performed with a
loading rate of 2 N/mm and a maximum load of 1 N. The evaluation of the hardness
and elastic modulus was performed with the software CSM Indentation. Thereby, the
Oliver & Pharr method was used.

To determine the load for Vickers hardness measurements, the indentation size effect
was measured on one sample, namely 01_13. For this determination the maximum
loading was varied from 0.05 N to 30 N and 3 indentations per load with an indent
spacing of 100 um were carried out on the yz-plane. The loading rate was held
constant at 2 N/mm for all these measurements.

» 4

Figure 10: Schematic drawings of the cubic samples (1 cm x 1 cm x 1cm) for a) LOM investigations and
optical density measurements b) XRD measurements and c) DSC measurements.
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3. Materials and Experiments

3.4. Post Processing
3.4.1. Heat Treatment

To study the influence of a subsequent heat treatment on the microstructure and
consequently on the mechanical and cytotoxic properties of the SLM-fabricated
samples, as-built samples were isothermally annealed at 650 K (below Tg) and 850 K
(above Tx) for 60 minutes in each case. The heat treatment was carried out in a
protective gas muffle furnace from LINN High Therm GmbH using Ar-gas to reduce
oxidation during the process.

In the first step, as-built cubes with the selected parameter set 08 06 of the SLM
parameter study were heat-treated and investigated. For the investigations, the above
described methods and the equipment were employed. Afterwards, the cytotoxicity and
4-point bending test samples were also heat-treated. However, in the case of the heat
treatment above T, difficulties regarding the subsequent surface treatment occurred.
Therefore, the heat treatment of the 4-point bending test samples at 850 K were carried
out after the surface treatment.

3.4.2. Surface Treatment

Since as-built parts will hardly find application in the medical field due to the adherent
powder particles on the surface, a subsequent surface treatment after the SLM process
is necessary. Because of this, the influence of two different blasting treatments was
investigated. To compare the treatments, the hexagonal platelets and 4-point bending
tests were treated with glass microbeads (SiO2, 150 ym -250 pm) for 60 s on the one
hand and with corundum (Al203, 150 um — 212 um) for 30 s on the other hand. For
the blasting processes a blasting machine from RAGA Strahltechnik GmbH was
utilised. The treatments were carried out with a pressure of 3.5 bar and a blasting angle
of 45°,

After each post processing (heat and surface treatment), the surface roughness of the
hexagonal platelets as representatives was measured. These measurements were
carried out with a portable surface roughness tester (Mitutoyo SJ210; Ac = 0.8 mm
v = 0.5 mm/s). Each sample was measured 5 times and the average of Ra and Rz was
calculated out of these values. Furthermore, micrographs of the samples surfaces
were taken with a stereomicroscope and with the SEM at different magnifications. In
order to detect glass or corundum particles implanted during the surface treatment,
EDX measurements were executed with the SEM as well.
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3. Materials and Experiments

3.5. 4-Point Bending Tests

In order to investigate the room temperature mechanical behaviour of the
SLM-fabricated BMG samples, 4-point bending tests were performed at the Erich
Schmid Institute of Material Science in Leoben, Austria. Thereby, the influence of the
building orientation and the post processing was investigated. For the measurements,
different test series, were carried out using a Zwick universal testing machine (Zwick
Roell, type Z100, Germany). The dimensions of the test setup can be seen in Figure
11a. The loading was applied with a cross head speed of 0.1 mm/min until fracture
occurred. To measure the deflection more accurately, an inductive sensor connected
to the software program DASYLab was additionally used. Flexural stress was then

calculated according to
M, 3F(L-1)
op =—=—= ———— 2
T )

where F, L, |, bs, and hs are the applied force, the distance between the supportings,
the distance between the loading points and, the sample’s width and height,
respectively.

F F Z (building direction)
l Tﬂ vertical

Hs = 30 mm

¥

e horizontal

L= 30 mm
>
C=2amm %

X

Pin diameter: 3 mm

Figure 11: Schematic illustration of a) the 4-point bending test setup and b) the different building
directions of SLM-fabricated bending test samples.

As mentioned above, different test series were carried out. First, vertically built samples
with different surface treatment were tested (as-built, glass blasted and corundum
blasted samples) in order to investigate the influence of the surface treatment on the
mechanical properties. In the second test series, vertically built samples with one
selected surface treatment, the glass blasting, were measured. Therein, samples in
different thermodynamic state (as-built, structural relaxed and crystalline) were tested.
In the third test series the bending behaviour of glass blasted samples built in horizontal
direction were investigated. In this test series, the samples were inserted in 3 different
orientation (H0°, H180°, H90°; Figure 39). In the first two test series the vertically built
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3. Materials and Experiments

samples were always inserted into the test setup with the same orientation, named V.
An overview of the measured samples is given in Table 2.

The width, bs, and height, hs, of the various samples were measured on each side and
in the middle of the beam using a digital calliper. For the calculation of the flexural
stress and strain the average values of these measurements were used. All the values
can be found in the Appendix, Section 1.5.

Test Building Surface Testing
. Samples . . Heat Treatment . )
series direction Treatment orientation

1 ASB7 - ASB10 Vertical - - \Y

1 G1-G3 Vertical - Glass blasted \Y,

1 K4 - K6 Vertical - Corundum blasted V

2 12-21 Vertical - Glass blasted V

2 24 - 29 Vertical 650 K/60 minutes Glass blasted \Y,

2 40 - 46 Vertical 850 K/60 minutes Glass blasted V

3 H1-H5 Horizontal -—- Glass blasted HO°

3 H6 - H8 Horizontal -—- Glass blasted H180°

3 H9 - H15 Horizontal - Glass blasted H90°

Table 2: Overview of the measured bending test samples built in vertical and horizontal direction and
subjected to different post processing (heat and surface treatments). The testing orientation was varied
depending on the sample.
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3. Materials and Experiments

3.6. Cytotoxicity, Cell Adhesion and Cell Growth

To evaluate the behaviour of the SLM-fabricated Zr-based BMG regarding its
cytotoxicity, in-vitro tests according to ISO 10993-5 and ISO 10993-12 were carried
out at the Medical University Graz. As samples for the evaluations, the vertically built
hexagonal platelets were used. Thereby, four different types of samples (as-built +
glass blasted / as-built + corundum blasted / heat-treated at 650 K + glass blasted /
heat-treated at 650K + corundum blasted) were tested to investigate the influence of
the applied heat treatment and surface treatments on the cytotoxicity. To simulate the
case of application as implants, the cell line Saos-2 which is a human osteosarcoma
cell line was chosen for the tests. The test procedure was as follows:

o sterilising the samples using 70% ethanol twice for 5 minutes,

¢ rinsing them twice in phosphate-buffered saline (PBS),

e expose the samples to UV light for one hour before incubating them in the
culture medium, a McCoy's 5a Medium,

. incubation for 24 hours with slight shaking at 37°C, 5% COz,

¢ adjusting the pH value after incubation to 7.0 - 7.5,

e adding the cell culture to the culture medium,

¢ analysing the cell growth after 72 hours.

For the determination of the number of viable cells a colorimetric method (Cell
Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay [45]) was used. For this
a small amount of the CellTiter® Aqueous One Solution Reagent was directly added to
the culture wells. After an incubation time of 1 - 4 hours the absorbance at 490 nm was
recorded with a 96-well plate reader. The amount of the absorbance is directly
proportional to the number of living cells in the culture. In the presence of cytotoxic
substances, cell growth inhibition with different proliferation and division rates appears.
As a result, the amount of absorbance changes. The defined cut-off limit is 70%
compared to the control cells grown under physiological cultivation condition. In the
executed cytotoxicity test different dilutions of the culture medium (pure medium, 1:2,
1:5, 1:10 and 1:20) were used and in each case 4 SLM-fabricated platelets were tested.
Additionally, a negative (untreated, non-cytotoxic) and a positive (cytotoxic) control
was included in order to confirm the validity of the test system. In Figure 12, a picture
of the test setup is shown. The results of the photometric analysis were also verified
by microscopy.
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1:20

positive control (cytotoxic)

Figure 12: a) Setup of the cytotoxicity test, b) stained cells (cell line Saos-2).

In order to visualise the cells morphology and to investigate the surface adhesion of
the cells, samples with grown cells were treated with Invitrogen™ Rhodamine
Phalloidin. Rhodamine Phalloidin is a probe highly affine to F-actin, which is a specific
protein that forms microfilaments in cells. Coupled together with the red-orange
fluorescent dye, tetramethylrhodamine (TRITC), Rhodamine Phalloidin enables an
accurate investigation of the cells shape, size, and structure [46]. An example of
Rhodamine Phalloidin stained cells are presented in Figure 12b.

For the investigation of the cells, a fluorescent phalloidin stock solution (methanolic)
was prepared first. Then, the grown cells were fixed in 3.7% methanol-free
formaldehyde solution (10 minutes at room temperature) and permeabilized with a
solution of acetone (3 minutes at -20°C). Afterwards, the cells were stained with the
fluorescent phalloidin solution (20 minutes at room temperature). More precise
information of the staining process can be found in [47]. The stained cells were
analysed with a fluorescence microscopy (Excitation/Emission: 540/565 nm).
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4. Results and Discussion

4.1. Powder Characterisation

In Figure 13, the powder particles of the Zres.5Cu15.6Ni11.8Tiz.3Als.7-BMG are shown. The
SEM micrographs were taken of the as received powder (Figure 13a and b) as well as
of the embedded and subsequently grounded powder (Figure 13c and d). The majority
of the particles are of spherical shape. However, there are also larger particles, which
exhibit a rod- or needle-shaped morphology. The surface of the particles is mostly
smooth and homogeneous; only a few particles show some small satellites and a
splattered surface. The spherical shape and the smooth surface have a positive effect
on the pourability and flowability of the powder. The internal structure of the powder

particles is mainly pore free.

Figure 13: SEM micrographs of the BMG powder particles used for the SLM process: a) powder particles
- as received b) magnified image of the as received powder particles; red crosses marking the points,
where EDX spot measurements were taken, c) powder particles- embedded and grounded d) magnified
image of the grounded particles.
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4. Results and Discussion

The results from the particle size analysis are shown in Figure 14. The size distribution
ranges from 1 ym to 300 pym. The values of D10, Dso, and Dgo are 15.2 £ 0.76 ym,
24.6 £1.23 ym, and 36.4 + 1.82 ym, respectively. The measured average sphericity
of the particles is 0.93. However, smaller particles with a size lower than 70 ym have
a sphericity higher than 0.9 and, the larger particles are mainly nonspherical, Figure
14b. This result corresponds to the micrographs taken with the SEM.
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Figure 14: Results of the particle size analysis of the supplied VIT105 powder. a) Particle Size
Distribution, and b) representation of the sphericity of the powder particles.

EDX measurements with the SEM were done as spot measurements on various
powder particles to determine the powder particles’ actual chemical composition. The
spots are marked as red crosses in Figure 13b. The evaluated data of these
measurements are shown in Table 3. Hardly any differences are observed between
nominal and measured composition.

To get a rough appraisal of how the elements are distributed, an EDX map was further
recorded (Figure 15). It can clearly be seen that the elements are distributed
homogeneously and the measurement shows that the composition is in good
accordance with the given specification.
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4. Results and Discussion

Zr Cu Ni Ti Al
Nominal 65.5 15.6 11.8 3.3 3.7
Spot measurements (8 single measurements, Figure 13)
Maximum 67.95 18.53 13.18 4.89 4.70
Minimum 60.80 14.21 10.27 3.89 3.20
Average 64.99 £2.19 15.60 + 1.41 11.19£0.98 4.31+0.40 4.05+0.48
EDX map 60.35 £ 0.10 18.48 £ 0.10 13.22 +£0.10 4.09 3.86

Table 3: Results of the EDX measurements in wt% of the powder.

30 uym 30 uym

30 ym

Figure 15: a) SEM micrograph of the analysed powder and the corresponding EDX maps of b) Zr ¢) Cu
d) Nie) Tif) Al
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4.2. SLM Parameter Study

For the SLM parameter study, various building jobs with different laser parameters
(laser power, P, scanning velocity, v, and hatching, h) and consequently different
volume energy densities, E, were carried out. The used parameters for the building
jobs are given in Section 7.1. At a starting point, parameters based on previous
research of Li et al. [30] and Pauly et al. [29] were utilised for the larger layer thickness
ts1 and greater hatchings. Additionally, building jobs with smaller hatchings were
carried out. For layer thickness ts2, the results of the before investigated samples with
a layer thickness of ts1 provided a rough indication, which energy density is necessary
to obtain dense samples.

4.2.1. Relative Density and Microstructure Analysis

In Figure 16, selected LOM micrographs of 4 different samples of the SLM parameter
study with the same layer thickness of 0.05 mm are shown. These micrographs
represent the behaviour of the microstructure of the cubes produced with different
parameters. Micrographs of the other investigated samples of this layer thickness can
be found in the Appendix, Section 7.2. From the micrographs, it can be seen that the
samples produced with an energy density of 8.89 J/mm? have a lot of pores. As a result
no dense samples were obtained with these parameter sets. However, the size of the
pores decreases simultaneously with the hatching. Furthermore, the pores’
morphology varies with regard to the chosen hatching, observed in the yz-plane
(Figure 16e-g). While the pores are oriented in building direction in sample 03_19,
which has the largest used hatching of 0.20 mm, the sample 05_07 with a hatching of
0.06 mm has pores oriented perpendicularly to the building direction. This is an
indication that in the samples which are produced with larger hatching, the vector lines
of the scanning pattern were too far away from each other and the energy density was
too low to melt enough powder and establish an adequate connection. Because of that,
there are also not-molten powder particles present in those pores. This characteristic
is also observed for the hatching of 0.15 mm and 0.10 mm. For the samples which
were built with smaller hatching than 0.10 mm it seems that, the hatching is good
enough. However, no acceptable connection between the built layers could be
obtained, either due to the power being too low or due to the scanning velocity being
too high.

Denser samples could be produced with an energy density higher than approximately
15 J/mm? for all used hatchings. As an example for a dense sample, micrographs of
sample 01_13 are shown in Figure 16d and h. There are only a few pores with an
almost spherical shape visible. The determined feret diameter of the largest pore found
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4. Results and Discussion

on the micrographs of this sample throughout the optical density measurements with
ImagedJ was 85 um. In comparison to that, the largest pore in sample 03_19 had a feret
diameter of 2107 ym.

In Figure 17a and b the values of the measured relative densities, pre, Of the
SML-fabricated cubes are shown as a function of the energy density used in the
building jobs. The densities of all cubes from the SLM parameter study were
determined and related to the density given in [48]. Again, it becomes obvious that
samples produced with low energy density are porous. In contrast, the samples are
getting denser when the energy input increases. The greater distribution of the optically
determined relative densities results from the dependence of the chosen image section
and selected pores. Especially in porous samples with numerous pores this
dependence plays a significant role. Nonetheless, the trend of the relative density is

identical to the one in the density measurements using the Archimedean principle. The
observed tendency that the smaller hatchings are advantageous for producing dense
samples is confirmed by the density measurements. However, the values show that
samples with a hatching of 0.06 mm are less dense than samples with a hatching of
0.08 mm.

-s"f"'

- -~ B

Figure 16: LOM images of cubic samples produced with a layer thickness ts1 = 0.05 mm. Upper row:
xy-plane; lower row: yz- plane. a), e) E = 889 Jmm3 h = 0.20 mm (sample: 03_19),
b), f) E=8.89J/mm3 h=0.10mm (sample: 01_05), c), g E = 889 Jmm3 h = 0.06 mm
(sample: 05_07), d), h) E = 17.50 J/mm?3 h = 0.10 mm (sample: 01_13).
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Figure 17: Relative densities of the cubes fabricated with a layer thickness of ts1 = 0.05 mm, different
hatchings and energy densities. a) Relative density measured by the Archimedean principle and b)

relative density determined optically.
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of 1800 mmy/s.
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Since there is a relation between all the process parameter (Equation (1)), it is not
enough to only consider the energy density and the hatching as a criterion for
producing BMGs by SLM. In Figure 17, it can be seen that for a given hatching and
energy density the values of the relative density differ slightly. Therefore, the relation
between the used laser power, the laser velocity and the resulting relative density of
the built cubic samples were plotted as density contour maps with OriginPro 2020
(Figure 18a-c). From these maps it becomes clear that for a given hatching and energy
density, it is favourable to use lower laser power and velocity rather than higher values
of these parameters to obtain denser samples. However, according to [30], amorphous
Zr- based BMGs can be produced by using low energy input and a laser velocity of
more than 1500 mm/s. Thus, a scanning velocity of 1800 mm/s was chosen for the
density contour map in Figure 18d to visualise the needed power and hatching so as
to obtain a dense sample with a layer thickness of 0.05 mm.

LOM micrographs of selected cubic samples with the thinner layer thickness of 0.02
mm are shown in Figure 19a-h. Again, these micrographs are representatives. Further
micrographs of the different samples can be found in the Appendix in Section 7.2.
Compared to the samples with a layer thickness of 0.05 mm, the samples with an
energy density of 16.67 J/mm? still have a lot of pores. Furthermore, the assumption
that a lower hatching of 0.08 mm is more advantageous than a hatching of 0.10 mm
cannot be transferred to this layer thickness. For lower energy densities, the samples

with the smaller hatching clearly show a lower relative density. Only at higher energy
densities (E > 20 J/mm?3), the samples become denser. At these energy densities, the
difference in the used hatching vanishes (Figure 20).

Figure 19: LOM micrographs of the investigated cubic samples of the SLM parameter study with
a layer thickness of ts2 = 0.02 mm. a), e¢) E = 16.67 Jmm?3 h = 0.10 mm (sample: 06_05),
b), f) E=16.67 J/mm3 h=0.08 mm (sample: 07 _16), c), g0 E = 33.33 J/mm? h = 0.10 mm
(sample: 08_06), d) , h) E = 31.25 J/mm? h = 0.08 mm (sample: 09_06).
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Figure 20: Relative densities of the cubes fabricated with a layer thickness of ts2 = 0.02 mm, different
hatchings and energy densities. a) Relative density measured by the Archimedean principle and b)
relative density determined optically.

An explanation for the low relative density of samples produced with an energy density
lower than 20 J/mm? could be the high scanning velocities. As mentioned above, it is
favourable to have lower values of the laser’s velocity to produce samples with fewer
pores. If one compare the process parameters of sample 06 05 (prel,archimedes = 98.85 *
0.06 %) to sample 01_01 (pret,archimedes = 99.80 £ 0.08 %) it becomes evident that
despite having been produced the samples with almost the same energy density, the
same hatching and laser power, the scanning velocity is 2400 mm/s for sample 06_05
and 1000 mm/s for sample 01_01. Therefore, as long as the laser power and the
hatching is held constant and the layer thickness is reduced, a not too high scanning
velocity and consequently a higher energy density are needed for the production of
dense samples. A strong dependence of the relative density on the used power was
also not observed for this layer thickness. However, the density measurements,
especially the optically ones, may indicate that there is also a minimum required laser
power to obtain dense samples, since there is an increase in relative density with
increasing power for a given energy density.

A listing of the densest samples of the different layer thicknesses and used hatchings
are provided in Table 4. Since the parameter study was performed to find parameters
for the production of dense BMG samples, only these samples were of greater interest
for further experiments. Process parameters of the samples can be found in Table 1
and in the Appendix in Section 7.1. Only in a few cases also other samples were
analysed to find more correlations.
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Layer Thickness ts1
i Prel,archimedes Prel,optical
Hatching . Sample ) Sample
maximum maximum
[mm] 0 [l 0 [l
[%] [%]
0.20 100.07 £ 0.08 03_10 99.384 +0.015 03_10
0.15 100.02 + 0.08 02_18 99.813+ 0.069 02_18
0.1 100.35+£0.10 01_13 99.786 + 0.069 01_13
0.08 99.90 + 0.09 04_13 99.351 £ 0.212 04_13
0.06 99.48 + 0.07 05_01 98.955 £ 0.484 05_08
Layer Thickness ts2
i Prel,archimedes Prel,optical
Hatching . Sample ) Sample
[mm] maximum [_] maximum [_]
[%] [%]
0.10 99.77 £ 0.03 08_06 99.848 + 0.022 08_06
0.08 99.83 £+ 0.03 09_06 99.877 £ 0.010 09_06

Table 4: Summary of the densest samples for layer thickness ts1 and ts2 and different hatchings.
Process parameters of the various samples can be found in Table 1 and in the Appendix, Section 7.1.

In Figure 21 LOM micrographs of the chemically etched yz-plane of two samples with
different layer thicknesses are shown. In Figure 21a, a sample with a layer thickness
of 0.05 mm is shown and in Figure 21b, one with a layer thickness 0.02 mm. Both
samples were produced with the same hatching of 0.10 mm, but with different values
of the laser power and velocity. Since the etching preferably takes place at the melt
pool boundaries, it is possible to visualise the during the SLM process formed structure.
Elemental segregation, crystallisation or oxidation can be the explanation for the
different etch rates at the boundaries [49, 50]. The melt pool pattern in both samples
is complex. Therefore, it is hard to identify the periodicity of the scanning pattern and
the layer-by layer structure. One reason for this complex pattern is the rotation of the
scanning pattern 67° in superposed layers. However, this indicates that the resulting
microstructure is quite homogeneously. Besides, a clear difference is visible between
the two layer thicknesses. The resulted melt pool pattern of the sample produced with
thinner layer thickness is much finer and the layered structure is slightly more visible.
Nevertheless, melt pool layers as depicted in [50] cannot be defined for the sample
shown in Figure 21b.
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4. Results and Discussion

In order to investigate, if elemental segregation took place during the SLM process
EDX measurements were performed at the yz-plane of the samples. However, no
accumulations of the containing elements were found in the investigated sample 01_13
and the detected weight proportion of the sample is in good accordance with the given
chemical composition of the used powder. The results of the EDX measurements are
given in Table 5. Elements, like carbon and oxygen which can be detected almost
always, were excluded from the EDX measurements.

Figure 21: Chemically etched cross section of a) sample 01_13, layer thickness 0.056 mm and b) sample
08_06, layer thickness 0.02 mm.

Zr Cu Ni Ti Al
Area 1 64.97 15.69 11.38 4.20 3.87
Area 2 65.03 15.64 11.40 413 3.80
Area 3 65 15 11 4 4
Average 65.27 £ 0.38 15.51+0.22 11.26 £0.18 418 £0.03 3.86 £ 0.04

Table 5: Results of the EDX spectroscopy measured on the yz-plane of the SLM-fabricated sample

01_13.




4. Results and Discussion

4.2.2. XRD Measurements

X-Ray diffraction pattern of selected samples produced with different process
parameters (Table 1) compared with the diffraction pattern of the used BMG powder
are shown in Figure 22. The XRD pattern of the powder particles shows a broad
scattering maximum without crystalline peaks, which is characteristic for metallic
glasses. Therefore, it can be stated, that the used raw material mainly exhibits an
amorphous microstructure. However, all the SLM-fabricated samples show this broad
maximum as well, suggesting the amorphous nature of the sample produced by SLM.
As all the tested samples are produced with the highest energy density within the used
hatchings, it can be deduced that samples with lower energy density are also
amorphous. To prove this assumption, other samples produced with lower energy
densities were measured in the same way. These measurements confirmed this
assumption. The additionally measured XRD patterns can be found in the Appendix,
Section 1.2. Furthermore, no differences in the XRD patterns between samples
produced with same energy density, but different laser power and velocity were found.

Layerthickness ts1 Layerthickness ts2

powder ——— powder
P = i
= o owder ] E_17.50 M.l’""‘!\.\ E_3333
AM’MM - M K
h = 0.08 E_17.50 d
ol TTepTe M R e

h =0.08
h=015

Intensity [a.u.]

Intensity [a.u.]
1
i i

=

T T T T T T
30 40 50 60 70 30 40 50 60 70
26 [degree] 26 [degree]

Figure 22: X-ray diffraction patterns of the used BMG powder and selected SLM-fabricated samples
(Table 1). a) XRD patterns of samples produced with a layer thickness ts1 = 0.05 mm and b) XRD
pattern of samples produced with layer thickness ts2 = 0.02 mm.
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4. Results and Discussion

4.2.3. DSC Measurements

DSC measurements were carried out with a heating rate of 20 K/min to verify the
results of the XRD measurements and to confirm the amorphous nature of the samples
of the SLM parameter study. Furthermore, transition temperatures, crystallisation
enthalpies and the structural relaxation were determined for various samples. Figure
23 shows the DSC curves of selected samples compared to the curve of the used
powder. The comparison clearly shows that there is not only a difference between the
samples and the powder, but also among the samples themselves. One difference can
be seen at the third crystallisation peak above 800 K. While the DSC curve of the
powder shows a well pronounced third crystallisation peak, the samples do not.
Moreover, the crystallisation peak of the samples becomes even less pronounced
when the used energy density increases (01_13: E =17.50 J/mm3 04_13:
E =15.00 J/mm?3, 08_06: E = 33.33 J/mm?3, 09_06: E = 31.25 J/mm?3). This can be an
indication that partial crystallisation, which cannot be detected either with XRD nor
EDX, takes place during the SLM process when higher energy densities are used.
Another difference can be seen in the temperature range between 500 K and 650 K,
where structural relaxation occurs.

....... powder
0113
——04_13
——08_06
—09_06

Endothermic Heatflow [a.u.]

500 550 600 650 700 750 800 850
Temperature [K]
Figure 23: DSC curves of the used powder in comparison to the DSC curve of different SLM-fabricated

samples obtained from the parameter study (Table 1). Measurements were executed at a heating rate
of 20 K/min.
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A detailed plot of the DSC curves in the temperature range between 500 K and 650 K
is shown in Figure 24a. The determined values of the enthalpy of structural relaxation,
AHstr, are listed in Table 6. The results of the DSC measurements show that there is a
correlation of the enthalpy and the scanning velocity which was used in the SLM
process to produce the cubic samples (Figure 24b). To compare, AHstr of the powder
is marked in the figure as a dashed line. It is evident that with increased scanning
velocities and lower laser power, samples with higher values of AHstr can be obtained.
While the sample 03_10 (P =140W, v =800mm/s, E =17.50 J/mm3) exhibits an
enthalpy of only -3.29 + 0.03 J/g, the samples 01_13 (P =140 W, v = 1600 mm/s,
E =17.50 J/mm?3) and 07_16 (P =80W, v=3000 mm/s, E =16.67 J/mm?®) have an
enthalpy of -6.27 + 0.10 J/g and -11.55 + 0.65 J/g, respectively. An explanation for this
could be, the different cooling rates of the samples, caused by different process
parameters.

However, since the SLM process is influenced by many factors, such as the process
parameters, the temperature distribution on the building platform, the used powder,
and printing conditions, and only a few samples are measured one time by DSC, this
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Figure 24: a) Detailed plot of the DSC curves measured at a heating rate of 20 K/min to investigate the
enthalpy of structural relaxation, b) correlation between the determined enthalpy of structural relaxation
(AHst;) and the scanning velocity used in the SLM process. Data points are labelled with the samples’
identification. Process parameters of the samples can be found in Table 1.
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4. Results and Discussion

The onset temperatures of the glass transition, Tg,0on, determined by means of the DSC
curve of the fully crystalline sample, are listed in Table 6. There are only slight
differences between the values, with exception of the value of sample 08 06. As seen
in Figure 24a, its curve is slightly shifted to the right compared to the others.
Consequently, the onset temperature is also shifted to higher values. Nevertheless, a
minimal increase in the glass transition temperature with increasing scanning velocity
(Figure 25a) can be found. This is in line with the assumption that with higher used
scanning velocities the cooling rate of the sample is higher and consequently the glass
transition point moves to higher temperatures.

In Table 6, the values of the determined crystallisation enthalpy AHx and the
crystallisation onset temperature Txon oOf the first crystallisation peak are listed as well.
The AHx values of the SLM-fabricated samples are in the same order as the AHx value
of the powder. The only outlier is the sample 03_10 with a AHx of -33.60 + 0.12 J/g
(Figure 25b). A reason for the tremendous difference may be the combination of a slow
scanning velocity of 800 mm/s and a high laser power of 140 W, at which the sample
was produced. As a consequence of these two process parameters, a lower cooling
rate could be achieved and a formation of nanocrystals could took place during the
SLM process. Similar to the glass transition temperature, the crystallisation onset
temperature Txon of the samples follows the same trend: with increasing scanning
velocity the onset temperature increases as well. This is also a result of the different
thermal history of the samples. At this point it has to be mentioned, that the first two
crystallisation peaks of the SLM-fabricated samples are shifted to the right by a few
degrees (powder: Tp1 =731 K, Tp2 = 749 K, samples: Tp1 =735+ 2 K, Tp2 = 751 £ 1 K)
(Figure 23). In addition to the peak temperatures, the crystallisation end point was
determined at 840 * 1 K for all measured samples.

From these results the temperatures for the subsequent heat treatment were derived.
Since the onset temperature of the glass transition was determined at around 678 K,
the temperature for the heat treatment below T4, was defined to be at 650 K. For the
heat treatment above Tx, a temperature of 850 K was chosen.
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4. Results and Discussion

Gl Crystallisati
a_s? Enthalpy of rystaflisation Enthalpy of
Transition LT Onset g
Sample Crystallisation Relaxation
Temperature, Temperature,
Tgon [K] Txon [K]

Powder 678.1+£0.5 -51.03 £ 0.34 717.4+£0.2 -13.83 £ 0.22
01_13 679.0 £0.8 -54.64 £ 0.25 722.8+04 -6.27 £0.10
02_18 675.7 £ 0.8 -54.95 + 0.51 721.2+0.8 -6.48 £ 0.09
03 10 675.0+1.0 -33.60£0.12 719.7 £ 0.6 -3.29 10.03
04 13 678.2+0.5 -53.79£0.14 721.7+£0.8 -6.40 £0.17
05 08 678.5+0.2 -53.65 £ 0.36 723.0+£ 0.1 -6.66 + 0.09
05 11 678.1+£0.7 -49.54 + 0.07 724904 -5.97 £ 0.31
07 _B3 678.6 £ 0.9 -54.74 £ 0.10 723.1+£0.2 -9.34 £ 0.08
07_A3 677.9+0.5 -56.97 £0.03 7214+ 0.5 -9.26 +0.08
07_16 677.3+£0.9 -57.86 £ 0.04 719.9 £ 0.05 -11.55 £ 0.65
08 06 683.2+ 0.3 -53.96 + 0.03 722.6 £ 0.1 -5.55 £ 0.57
09 06 677.0x04 -58.84 £ 0.19 7219+0.2 -8.46 £ 0.03

Table 6: Determined onset temperatures of the glass transition, the onset temperature of the
crystallisation event and enthalpies of crystallisation and structural relaxation. DSC measurements were

executed at 20 K/min.
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Figure 25: a) Glass transition temperature (Tgy0n) as a function of the used scanning velocity. b) Enthalpy
of crystallisation (AHy) as a function of the used scanning velocity. Values of Ty o, and AHx can be found
in Table 6. The data points are labelled with the samples’ identification.
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4. Results and Discussion

4.2 4. Indentation Tests and Vickers Hardness

Micro-indentation measurements were conducted at various samples with a layer
thickness of 0.05 mm and a hatching of 0.10 and 0.20 mm in order to investigate the
influence of different parameters on the mechanical properties. The results are shown
in Figure 26a and b. The measured values of the indentation hardness hardly differ
with the used energy density and the different hatching. The average indentation
hardness is 587 £ 11 HVir and 578 + 3 HVir for a hatching of 0.10 and 0.02 mm,
respectively. For the indentation elastic modulus, a slight increase with the used
energy density was found for both hatchings (Figure 26b). To gather more information
about the interrelation between the process parameters and the indentation elastic
modulus, the latter is plotted as a function of the used scanning velocity (Figure 26c¢).
The data points in this figure are labelled with the used laser power. It becomes clear
that within one used scanning velocity there is an increase in the elastic modulus when
the used laser power is increased, i.e. the energy density is increased. Furthermore,
an increase in the indentation elastic modulus is achieved by holding the laser power
constant and decreasing the scanning velocity. This finding corresponds to the one of
the DSC measurements. Since samples produced with higher scanning speed and
lower power are less relaxed, they exhibit lower elastic constants [3]. To compare the
samples 03 10 (P=140W, v=1600 mm/s, E =17.50 J/mm?3, h=0.20 mm) and
01_13 (P =140 W, v =800 mm/s, E =17.50 J/mm?3, h = 0.10 mm) once more, they are
highlighted in Figure 26 with a green and a blue data point. While sample 03_10
exhibits an indentation elastic modulus of 101.39 + 1.42 GPa, the one of sample 01_13
which was built with higher speed, is 104.39 + 0.95 GPa.

For the determination of the appropriate load for Vickers hardness measurements,
micro-indentation measurements on sample 01 _13 were carried out with varied
loading forces. In Figure 27, the measured indentation hardness and the indentation
elastic modulus are shown. A plateau value of ~ 550 HV and ~ 90 GPa is reached
when a maximum loading of 20 — 30 N is used in the indentation measurement. Below,
an increase in both the hardness and the elastic modulus is visible. Therefore, a
loading of 5 kgf (49 N) was defined for the Vickers hardness measurements to ensure
the exclusion of indentation size effects. To illustrate the connection between the
shown plots, the data points belonging together are highlighted in blue.
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Figure 26: Results of the indentation measurements at various samples of the parameter study produced
with a layer thickness of ts1 = 0.05 mm. a) Indentation hardness and b) indentation elastic modulus as
a function of the used energy density; c) Indentation elastic modulus as a function of the used scanning
velocity. Data points are labelled with the used laser power. Samples 03_10 and 01_13 are highlighted
in green and blue, respectively.
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Figure 27: a) Indentation hardness and b) indentation elastic modulus of sample 01_13. The data point
in blue marks the force of 1 N, which was used for the above shown micro-indentation measurements.
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In Table 7 the average hardness values (HV5) of various samples of the SLM
parameter study are listed. In order to obtain the hardness of the bulk material,
measurements were only carried out on the densest samples exhibiting a layer
thickness of ts1. For the measurements of samples with layer thickness ts2, a few more
samples were measured. This was done to investigate whether the hardness of the
samples varies with different used process parameters or remains stagnant. One can
see that the average hardness of the samples does not differ immensely. This is in
good accordance with the micro-indentation measurements, where the values of the
indentation hardness hardly differ as well. Also a correlation between the used process
parameters and the average hardness could not be observed in these measurements.
However, differences in the hardness were detected between the yz-plane and the xy-
plane (Figure 28a) and along the z-axis while measuring on the yz-plane.
Consequently, it can be possible that the layer-wise building in z-direction has in impact
on the mechanical properties of the SLM-fabricated BMG. Especially the formation of
the melt pools as shown in Figure 21, can influence the measured hardness.
Additionally, the complex thermal procedures taking place during the building of the
BMG sample can affect the atomic structure, and can thus change the hardness at
various positions in the sample. However, these complex phenomenon will not be
further discussed within the scope of this thesis.

Although there are differences in the hardness values, the average values of all
SLM-fabricated samples are lower than the values of 540 HV5 and 517 £ 5 HVO0.3
given in [11] and [51], respectively. To compare, the Vickers hardness (HV0.1) was
additionally determined from the indents of the micro-indentation measurements with
the CSM indentation software. The values of the measured samples are all above
500 HVO0.1 (Figure 28b). However, it should be noted that in this case, a smaller area
of the sample was measured. While the estimated diagonal of the Vickers hardness
measurement indent is 131 ym, the one of the micro-indentation measurements is only
18 um. Therefore, microstructural inhomogeneities, such as small pores, do not
influence or rather reduce the HV0.1 values. Moreover, the indentation measurements
were carried out automatically and potential human measurement errors may be
minimised in this case.
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4. Results and Discussion

Layer Thickness ts1 = 0.05 mm Layer Thickness ts2 = 0.02 mm
Energy Density Hardness Energy Density Hardness
Sample [Jimm?] [HV5] Sample [Jimm?] [HV5]
01_13 17.50 4919 07_A1 25.00 4713
02_18 17.78 482+ 4 07_A3 25.00 475+ 5
03_10 17.50 478 £ 5 08_02 20.00 47927
04_13 15.00 481+ 3 08_04 25.00 473+ 8
05_08 15.15 481+ 2 08_06 33.33 48917
09_01 31.25 472 +5
09 02 31.25 474 +6
09_05 20.83 480 + 1
09 _06 31.25 475+ 7
Table 7: Average hardness values of various samples of the SLM parameter study.
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Figure 28: a) Vickers hardness (HV5) of the SLM-fabricated samples manually measured on the yz-
plane compared to the values manually measured on the xy-plane. b) Vickers hardness (HV0.1)
measured from the indents of the instrumented micro-indentation measurements. In comparison to the
HV5 values, the measured samples exhibit a hardness above 500 HVO.1.
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4. Results and Discussion

4.3. Building of Tensile Test Samples

Cylindrical samples and tensile test samples were built in order to check the Zr-based
BMGs behaviour when printing a geometry differentto a 1 cm x 1 cm x 1 cm cube. It
has to be mentioned that the dimensions of the base area are not the only difference.
The samples’ height (H = 85 mm) also differs strongly from the cubes’ height. A picture
of the as-built cylindrical samples together with cubes and hexagonal platelets on the
building platform is shown in Figure 29a. It is visible that the built cylinders and tensile
test samples have a blueish annealing colour in the upper parts of the samples.
However, not all samples exhibit the same amount of colouring. There is a dependence
on the samples’ exact location on the building platform. While the outer samples at the
margin exhibit less colour, the ones situated in the middle are more blueish. In Figure
29b, a picture of samples removed from the middle are presented. Even here, a
difference with regard to the beginning of the blueish colour is observable. The
occurrence of the annealing colour can be explained by the great height of the sample.
Since the thermal conductivity of the Zr-based BMG is not very high (A = 2.5 W/mK
[11]), the developed heat due to the repetitive scanning of the laser cannot be
conducted downwards fast enough. Therefore, a heat accumulation takes place in the
upper part of the sample and the temperature increases there. In combination with the
residual oxygen, a thin oxide layer with a blueish colour evolves.

85mm
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Z- (building)
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Figure 29: a) Photographs of as-built samples on the building platform. The higher tensile test and
cylindrical samples show a blueish annealing colour. Differences in the starting point of the colouring
can be seen between samples at the margin and the ones in the middle. b) removed samples, the
blueish oxide layer in the upper part of the sample is well visible.
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In order to verify if the occurring heat accumulation also has an influence on the
microstructure, sample number 11 was cut and analysed by XRD. XRD patterns of
slices from the bottom (z = 0), the top (z = H =85 mm), and from in the middle (z = 74 H,
z="%H, and z = % H) were taken (Figure 30). It is evident that the critical cooling rate
of the BMG could not be achieved between x=%H and x=3%H and partial
crystallisation took place in these parts of the sample. Furthermore, there is a gradient
in the amount of crystallisation. This fits to the assumed heat accumulation which
evolves during the ongoing building process. The decreased amount of crystallisation
at the top of the sample can be explained by the fact that the last-built layers were
measured. A chance to cool down via radiation to the top is given, since hardly any or
no layers are further built on there.

The crystalline peaks which are superimposed to the broad scattering maximum of the

amorphous phase correspond to the big cube phase (NiTiz-type, Fd3m), a metastable
fcc intermetallic compound found in Zr-based metallic glasses [29, 52].
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Figure 30: XRD pattern of the investigated cylindrical sample with the number 11 at different z-
positions. Partial crystallisation took place in the upper parts of the sample.
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4. Results and Discussion

4.4. Influence of a Post Processing

Further cubic samples and hexagonal platelets, produced with the process parameter
set of cube 08 06 (E = 33.33J/mm3, P = 80W, h=0.10mm, v = 1200 mm/s,
ts2 = 0.02 mm), were used to study the influence of a post processing on the BMGs’
properties. Heat treatments after the SLM process were carried out to modify the
thermodynamic state of the SLM-fabricated BMG on the one hand. On the other hand,
different surface treatments on the as-built samples were executed.

4.4.1. Influence of a Heat Treatment

In Table 8 the gravimetrically and optically determined densities of the as-built cubic
samples (Cube 1 - 3) produced with the process parameter set of sample 08_06 in an
additional building job are given. The densities of the subsequently heat-treated cubes
are listed in the table as well. There is no difference in the densities measured by
means of the Archimedean principle of the as-built cubes. This indicates that, within
the building job, the cubes are nearly identical. However, there is a variation between
the density of the cubes fabricated in the further building job and the investigated cube
from the parameter study (compare values of sample 08 06 in Table 4). Especially the
values of the optically determined density of the cubes of the further building job are
considerably different. This confirms that in these cubes, there are definitely more
pores present (Figure 31). The reason for the variation is not clearly understood yet,
since there are many factors which can affect the SLM process. Nevertheless, a very
straight-forward assumption is that an aging or more precisely a moisture absorption
of the powder happened because of a higher ambient relative humidity, which
consequently impaired the quality of the SLM process. However, a relative density
higher than 99.5% is still considerable.

Due to the heat treatment below the glass transition temperature, structural relaxation
and a reordering of the atoms into an energetically more favourable state take place.
Therefore, a slight increase of the samples density by 0.1% - 0.15% is expected [53].
Even if there is an increase in the relative density determined by the Archimedean
Principle (Table 8), the values are in the range of the standard deviation of the
measurements. As a result, no explicit increase can be detected with regard to the
heat treating below the glass transition temperature.

The reported density increase for a Zr-based BMG due to crystallisation is more than
the density increase due to structural relaxation (0.44%) [53]. However, the measured
relative density of Cube 3 after the heat treatment above the crystallisation temperature
is 101.35 £ 0.06 %, which is considerably more than an increase of 0.44%. An
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4. Results and Discussion

explanation for this can be the formed oxidation layer on the cube due to the heat
treatment, which was not removed before the density measurement.

As-built samples

Cube 1 Cube 2 Cube 3
Parameter set 08_06
Absolute density 6.569 + 0.002 6.571 + 0.002 6.571 + 0.003
(Archimedes) [g/cm?]
Prel,archimedes (%] 99.53 + 0.03 99.56 + 0.04 99.56 + 0.03
Prel,optical [%o] 99.470 + 0.050

Heat-treated samples

650K for 60 minutes

850K for 60 minutes

Absolute density
(Archimedes) [g/cm?]

6.573 £ 0.003

6.689 + 0.003

prel,archimedes [%]

99.60 + 0.04

101.35 £ 0.06

99.364 £ 0.147

99.704 £ 0.060

prel,optical [%]

Table 8: Densities of the cubic BMG samples produced with the process parameter set of sample 08_06
in an additional building job. The densities of the subsequently heat-treated samples are given as well.

Figure 31: LOM micrographs of the yz-plane from cubes fabricated with the selected parameter set
08_06 compared to the micrograph taken from the cube of the parameter study .a) Cube1 (as-built), b)
Cube 2 (heat-treated at 650 K for 60 minutes), ¢) Cube 3 (heat-treated at 850 K for 60 minutes), d)
Sample 08_06 of the parameter study.

The XRD pattern of the annealed cubic samples and the as-built cube are shown in
Figure 32a. It is visible that the sample, which was annealed below the glass transition
temperature (at 650 K for 60 min, curve b), is still XRD-amorphous. However, the heat
treatment above the crystallisation temperature (at 850K for 60min, curve c) results in
a sample which shows some crystalline peaks in its XRD pattern. Consequently, it
points out that in the amorphous microstructure are some (nano-)crystals are present.
Due to the reflections positions it can be assumed that the big cube phase (NiTiz-type,

Fd§m) is present in the material once again (compare Section 4.3). Nevertheless,
Bragg peaks might also belong to the hexagonal ZrsNiAl2 phase, which was detected
after an annealing treatment of a melt-spun amorphous Zr-Cu-Ni-Al-Ti-ribbon [52]. As
reported in [29] and [52], further phases like CuZr2 or CuZr can also be present in a
crystallised Zr-Cu-Ni-Al-Ti metallic glass [29]. Since in a multicomponent system, such
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4. Results and Discussion

as the chosen BMG, many variants of crystallisation products are possible, an
unequivocal allocation of the reflection peaks is difficult [3]. Additionally, the numerous
reflections of the possible phases are close together or even overlap each other, which
hampers the allocation as well.

In Figure 32b, DSC curves of samples prepared from Cube 1 (as-built) and Cube 2
(heat-treated at 650 K) are shown. The influence of the heat treatment below the glass
transition temperature is clearly visible. Compared to the curve of the powder and the
one of Cube 1 the heat-treated cube exhibits a significantly smaller exothermic
relaxation peak. Even if there is no observed difference in the density of the sample,
the DSC measurement confirms that structural relaxation of the material takes place.
Nonetheless, a fully relaxed BMG could not be achieved by the selected heat
treatment.

Vickers hardness measurements were carried out in order to obtain initial information
about the BMGs mechanical properties and about the different heat treatments’ impact
on the hardness. The average values of the Vickers Hardness are given in Table 9. In
the table the average hardness values of the individual investigated planes are listed
as well. The as-built cubes and the cube heat-treated at 650 K exhibit an average
hardness which is in the same range. While Cube 1 and the cube of the parameter
study has a hardness of 484 + 5 HV5 and 489 + 7 HV5, the average hardness value
of the structurally relaxed cube (Cube 2) hardly differs from the two as-built cubes.
Nonetheless, a slight increase can be seen, when comparing the values of the
individual planes. As mentioned above, the higher hardness of the yz-plane, especially
found in the cube of the parameter study, might originate from the formation of melting
pools and from the layer-wise building in z-direction. Due to the repeated energy input
of the laser and the increasing heat of the built BMG sample, the cooling rate is slower
and structural relaxation can take place in the upper parts. This results in an increased
hardness in the sample which increases the average hardness value of the yz-plane
as well. Since the hardness of the xy-plane is measured within a layer which is always
situated in the cubes’ middle (Figure 10a), the structural relaxation effect can be
neglected. Therefore, if one compares the hardness values of the xy-planes, the
influence of the heat treatment can directly be seen. An increase of around 100 HV is
observed for the hardness of the crystallised sample (594 + 7 HV5).
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Figure 32: a) XRD pattern of the as-built cube (Cube 1) and the at 650 K and 850 K heat-treated cubic
sample (Cube 2 and Cube 3, respectively); the positions of the reflections of ZreNiAl, [564] and the big
cube phase [55] are marked as dotted lines. b) DSC curves of samples prepared from Cube 1 and
Cube 2 compared to the DSC curve of the used powder.

Cube 1 Cube 2 annealed | Cube 3 annealed Cube of the
. at 650 K for at 850 K for Parameter Study-
as-built ) . .
60min 60min as-built
average HV5 484 5 494 +3 594 +7 4897
HV5 (xy-plane) 482+ 3 493+ 3 590 +4 483 +4
HV5 (yz-plane) 485+ 5 495 + 1 600+7 495+ 3

Table 9: Vickers Hardness (HV5) of cubes in different thermodynamic states.

4.4.2. Influence of a Surface Treatment

Examples of the as-built hexagonal platelets with different surface treatments
compared to a platelet without a subsequent surface treatment are shown in Figure
33. From the micrographs, it becomes clear that the surface treatment changes the
appearance of the different samples. While the surface of the as-built sample appears
rough (Figure 33a), the glass blasted one is much smoother and shinier (Figure 33d).
The sample blasted with corundum exhibits a smooth surface as well, however, the
appearance is more matt (Figure 33g). Details of the different surfaces are also
presented in Figure 33. The adherent particles and the layer-wise structure from the
SLM process can be seen in the micrographs of the as-built sample (Figure 33b and c).
These features are not visible anymore in the micrographs of the surface treated
samples. It is noticeable that the surfaces of the treated samples are more
homogenous with less coarse asperities. However, a difference between the different
blasting treatments is evident, especially in the highly magnified micrographs. The
glass blasted samples surface is more flat than the corundum blasted one. This
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explains the shinier surface of the samples treated with glass beads. In Figure 33i, a
bright particle, marked with an arrow, is apparent. This is most likely an implanted
corundum particle, but details to these investigations can be found a little further on in
this chapter.

Figure 33: Micrographs of the as-built hexagonal platelets with different surface treatments: a-c) platelet
without a subsequent surface treatment, d-f) glass blasted platelet, g-i) corundum blasted platelet.

The surfaces of the samples which were heat-treated at 650 K before the surface
treatment looked almost the same. However, the crystallised samples showed a
completely different behaviour during the glass blasting. Since the heat treatment
results in an embrittlement of the samples, a lot of material was removed during the
surface treatment. Thus, the samples surfaces exhibit an extremely furrowed surface
with numerous asperities (Figure 34). Additionally, the samples broke during the
blasting process as seen in Figure 34a. In the detailed SEM micrograph in Figure 34c,
the difference of the materials’ behaviour is evident. Because of the bombardment with
the glass microbeads in combination with the embrittlement of the crystallised BMG,
material fragments broke out by cleavage and smooth fracture surfaces were formed
there.
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Figure 34: Micrographs of the crystallised hexagonal platelet after the blasting treatment with glass
microbeads.

In Figure 35, the arithmetical mean roughness values (Ra) and the mean roughness
depth (Rz) of the various samples are shown. Therein, the values of different
combinations of the post processing are compared (different heat treatments combined
with different surface treatments). The exact roughness values of the combinations are
listed in Table 10. The values are in line with the results of the optical observations.
The samples without a surface treatment exhibit a higher roughness than the surface
treated ones. While the Ra-value of the as-built samples is in the order of 7 ym, the
values of the surface treated samples are reduced by at least a half. It has to be
mentioned that the subsequent heat treatment at 650 K does not affect the samples’
roughness. Even if there is a slight reduced Ra-value for the sample which was
heat-treated at 850 K, the Rz-value of the sample does not differ from the others.
Furthermore, the surface roughness of the glass blasted sample is smoother than the
samples surface blasted with corundum. However, if one compares the roughness
values of the blasted samples which were not heat-treated with the values of samples
which were heat-treated at 650 K, there is not a real difference. Therefore, the
structural relaxation of the BMG does not affect the subsequent blasting treatment
strongly, no matter whether it is carried out with glass beads or with corundum.
However, the surface roughness of the crystallised sample is not reduced by the
surface treatment. In fact, the opposite occurred: the roughness increases due to the
splitting-off of the brittle material, which could already be seen before with the
microscope.
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Figure 35: Roughness values of the samples with different combinations of the post processing
compared in diagrams. a) Arithmetical mean roughness values (Ra) and b) Mean roughness depth (Rz)

of the samples.

Arithmetical mean roughness value - Ra [um]

As-built 650K for 60 minutes | 850K for 60 minutes
No treatment 7.271 £ 0.359 7.161 +£0.192 6.476 + 0.241
Glass blasted 2.205+0.100 2.409 £ 0.127 7.587 £ 0.613
Corundum blasted 3.374 £ 0.219 3.028 £ 0.182

Mean roughness depth - Rz [um]

As-built

650K for 60 minutes

850K for 60 minutes

No treatment

36.502 £ 1,978

36.447 + 0.648

36.306 + 2.353

Glass blasted

12.229 £ 0.517

12.905 + 0.361

37.948 £ 2.498

Corundum blasted

20.567 + 1.663

19.105 £ 0.698

Table 10: Values of the measured roughness of samples with different post processing.
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Due to the bombardment with the glass microbeads and corundum particles, pieces of
the blasting material can also be implanted in the samples’ surfaces. Therefore, the
samples were investigated with the SEM and EDX measurements were carried out. In
Figure 36 the micrographs and some results of the EDX measurements of the as-built
sample, which was glass blasted are shown. The secondary electron (SE) micrograph,
the back scattered electron (BSE) micrograph, the to the micrographs corresponding
EDX map, and a representative result of the EDX spot measurement are shown in the
figures a-d, respectively. In the BSE micrograph the position where the EDX spot
measurement were executed is marked with a red cross. In Figure 37, the same results
are shown for the as-built sample which was blasted with corundum. In both samples,
fragments of the respective blasting material can be seen. These fragments are well
detectable when using the BSE detector. They appear in black due to the comparative
small atomic number of the containing elements. However, if one compares the BSE
micrographs with the SE ones, particles can be seen as well. The EDX maps prove
the observations with the SE- and BSE detector. At precisely the locations where
particles are presumed, typical elements which are present in glass (silicon, oxygen,
sodium, and calcium) and corundum (aluminium and oxygen), can be detected on the
surfaces. In Figure 37a, a particle can clearly be seen. Together with all the
investigation tools, it is confirmed that it is a corundum particle from the blasting
treatment. Therefore, one can conclude that the particle seen in Figure 33i is a
corundum one as well. It is important to bear in mind that even if aluminium is a
constituent of the used Zr-based BMG, an allocation to corundum particles can be
made unequivocal since an accumulation of aluminium exists at the positions where
particles are presumed to be. Additionally, considerable more oxygen can be detected
at those positions. In the glass blasted sample, these circumstances are not present
since the elements silicon, oxygen, sodium, and calcium are not constituents of the
used BMG alloy.

The blasted samples, which were heat-treated at 650 K before, were also investigated.
However, no obvious differences compared to the as-built samples could be observed.
Again, the typical elements of the blasting material could be detected. Furthermore,
there was no pronounced difference in the proportion of implanted particles.
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Figure 36: a) SE micrograph b) BSE micrograph c) corresponding EDX map and d) result of the EDX
spot measurement (marked in the BSE micrograph) of the glass blasted sample’s surface.

Figure 37: a) SE micrograph b) BSE micrograph c) corresponding EDX map and d) result of the EDX
spot measurement (marked in the BSE micrograph) of the corundum blasted sample’s surface.
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4.5. 4-Point Bending Tests

Mechanical behaviour of SLM-fabricated samples produced with the parameter set
08_06 was investigated using 4-point bending tests. Samples built in vertical and
horizontal direction were tested in various directions after carrying out different kinds
of post processing (Table 2).

Since the building of the tensile test samples results in partially crystallisation and the
height, Hs, of the bending test samples is also greater than the cubes’, the building
strategy for these samples was changed. Additionally, these samples were placed on
the building platform with a considerable larger distance to one another in order to
avoid the heat built-up (Figure 38b). However, to ensure that any crystallisation in the
upper part of the sample evolved during the SLM process, XRD measurements were
executed on one sample. The measurements were performed in the same manner as
for the cylindrical sample (Section 4.3). The XRD pattern of the measurements are
depicted in Figure 38a. Since all the XRD patterns show a broad maximum, it can be
assumed that the samples are amorphous.

For the samples built horizontally, a new situation occurred. After removing the
samples from the building platform, a bending up of the sample was observable. This
can be referred to internal stresses which evolved during the SLM-process. The bend
up was optically measured on one embedded and metallographically prepared sample.
A value of approximately 140 um was obtained for the difference between the samples
top edge in the middle and the upper most points of the samples’ corners (Figure 38b).
Because of this form change, the samples were tested in different orientations: HO®,
H180° and H90° (Figure 39).
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Figure 38: a) XRD pattern of the vertically built bending test sample, b-c) arrangement of the samples
on the building platform, d) schematic drawing of the bend up of the horizontally built sample
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Figure 39: Executed testing orientations within the different test series of 4 point bending tests: a) testing
of vertically built samples, testing orientation V; b-d) testing of the horizontally built samples, testing
orientations HO°, H180°, and H90°, respectively. The orientation of the layers in the samples are drawn
in blueish green.
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Stress - displacement curves of various selected samples of the different test series
are shown in Figure 40. A summary of the determined average values (flexural strength
and maximum bending displacement) is given in Table 11. Generally the bend testing
of the SLM-fabricated samples showed the characteristic mechanical behaviour of a
BMG as described in the theoretical part (Section 2.1.3). For all samples hardly any
macroscopic plastic deformation could be observed.

The glass blasted samples tested in the 15t test series reached the highest average
flexural strength (1741 £ 119 MPa). However, the average flexural strength of the
samples blasted with corundum is higher than the average value of the as-built
samples (1698 + 57 and 1078 £ 98 MPa, respectively). Consequently, the surface
treatment, whether the glass or the corundum blasting, has a positive effect on the
flexural strength. Another significant difference between the samples’ curves of this
test series is the slope. At the same stress value, all the as-built samples show a
greater displacement compared to the surface-treated samples. This has a
macroscopic reason: the powder particles adherent on the surface of the as-built
samples are easily squeezed when force is applied (Figure 41a). However, due to the
smooth surface of the surface-treated samples, this effect does not occur and
consequently less displacement is measured for these samples.

The 4-point bending test curves of chosen vertically built samples in different
thermodynamic state (2"? test series) are shown in Figure 40b. In this test series, the
flexural strength of the glass blasted samples in as-built condition is 2041 + 446 MPa.
Compared to the flexural strength of glass blasted samples of the 15t test series, this
is higher, however the deviation is larger (~ 500 MPa). When comparing the individual
flexural strength values (Appendix, Section 1.5.1), it is noticeable that one sample
(sample 13) exhibits a considerably lower flexural strength of 1081 MPa. It is possible
that in this sample there was a detrimental fault developed due to worse powder
application in the SLM process. Since the layers in the vertically built samples are
aligned along the direction of the applied force (Figure 39), a poor connection of
individual layers is unfavourable regarding the flexural strength of the sample.
Therefore, the scattering of the flexural strength due to possible building mistakes and
material inhomogeneities should be taken into account when working with this
SLM-fabricated BMG. Nevertheless, an average flexural strength of approximately
2000 MPa is still substantial.
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Furthermore, the measurements point out that the heat treatments decrease the
flexural strength of the samples. Due to the structural relaxation of the sample, the
average flexural strength is reduced by around 25% to 1488 + 382 MPa. Also, the
average displacement is reduced from 0.977 £ 0.187 mm to 0.830 £ 0.126 mm. A far
greater reduction of the flexural strength is observable for the crystallised samples.
They show an average flexural strength of 180 + 19 MPa, which corresponds to a
reduction of a factor of around 10 compared to the amorphous samples. Additionally,
an extremely small bending displacement of 0.128 + 0.015 mm is noticeable for these
samples. This reduction in the flexural strength and bending displacement is a
consequence due to the existing crystals in the amorphous microstructure. The
evolved residual stress state contributes to the brittle fracture without plastic
deformation.

1st test series:

vertically built samples,
testing orientation V

as-built

as-built +
glass blasted

as-built +
corundum blasted

Flexural strength [MPa] 1078 + 98 MPa 1741 £ 119 1698 + 57
Bending displacement [mm] 0.765 £ 0.061 0.803 £ 0.061 0.873 £ 0.085
2nd test series: .

as-built + 650 K + 850 K +

vertically built samples,
testing orientation V

glass blasted

glass blasted

glass blasted

Flexural strength [MPa]

2041 + 446

1488 + 382

180 £ 19

Bending displacement [mm]

0.977 £0.187

0.830 £0.126

0.128 £0.015

3 test series:
horizontally built samples,

testing orientation:

testing orientation:

testing orientation:

. HO° H180° H90°
as-built + glass blasted
Flexural strength [MPa] 1816 £ 115 2439 + 112 2416 + 134
Bending displacement [mm] 1.194 £ 0.341 1.403 £ 0.094 1.455 £ 0.099

Table 11: Summary of the average values obtained from the 4-point bending tests. Individual values of
the tested samples can be found in the Appendix, Section 1.5
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Figure 40: Stress — displacement curves of selected SLM-fabricated samples: a) 15t test series,
comparison of vertically built samples with different surface treatment, b) 2" tests series, comparison of
glass blasted vertically built samples in different thermodynamic state, c) 3" test series, comparison of
glass blasted horizontally built samples tested in different directions, d) comparison of vertically and
horizontally built samples.

Figure 41: a) Imprint of the supporting and the squeezed powder particles on the surface of the as-built
bending test sample ASB10 (15t test series), b) a detail - rotated by 90° - of the samples surface.
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The SEM micrographs taken from the fracture surfaces of sample 15 (as-built),
sample 25 (structurally relaxed) and 46 (crystallised) are shown in Figure 42, Figure
43, and Figure 44, respectively. The direction of the applied force is marked with a red
arrow. Additionally, the direction of the sample is displayed in the bottom left part of
the pictures. On the rugged fracture surface of the as-built sample, the typical vein-like
pattern can be observed. However, there is also an area where a single fracture plane
was formed. Such a formation can be found in Zr-based BMG samples which were
subjected to compressive stresses [29]. However, in the case of sample 15, the single
fracture plane was formed on the side where tensile stresses were present.
Nonetheless, it can be an indication that in this area, a stable crack growth took place.
The vein-like pattern can be seen on this formed fracture plane as well. However, it is
much finer than the one on the rugged fracture surface. On the side where the force
was applied a transverse groove is visible (Figure 42b). The groove’s position is
situated near the pressure points of the loading pins. This phenomenon of material
breaking out, where the load was applied, occurred at multiple samples (compare
sample H11 in Figure 45). As a result of this, most of the samples failed in this region.

The fracture surfaces of the structurally relaxed samples look similar. Again, they are
quite rugged and the vein-like patterns are visible. However, small relatively smooth
areas are present (Figure 43b). When observing the samples without a microscope,
the appearance of the fracture surface is more reflective than the one of the not heat-
treated samples. While most samples broke again in the region of the loading point,
sample 25 broke almost in the middle of the bar. As seen in Figure 43c, a horizontally
orientated plane is visible in one edge of the fracture surface. It is assumed that this is
a defect which evolved during the SLM-process. This would explain the failure in the
middle of the sample and its reduced flexural strength of 1428 MPa.

The crystallised samples’ fracture surface looks different compared to the ones of the
fully amorphous samples (Figure 44). It appears immensely shiny and reflective.
Instead of the vein-like pattern an extremely smooth fracture surface with only a few
irregularities was formed. Consequently, it can be stated that the existing
(nano-)crystals do not only reduce the flexural strength, but that they also change the
appearance of the fracture surface.
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Figure 42: SEM micrographs of the fracture surface of the as-built sample number 15 which was built in
vertical direction: a) 3D overview, b) detail of the side where compressive stresses where present,
material broke out there, c) smooth single fracture plane at the sider where tensile stresses existed, d)
fop view of the fracture surface, e) and f) details of the top view, the rugged surface and the smooth
plane, respectively.

Figure 43: SEM micrographs of the fracture surface of the structurally relaxed sample 25 which was built
in vertical direction: a) 3D overview, b) magnified detail of the relatively smooth part of the fracture
surface, and c) horizontally oriented plane on the fracture surface.
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Figure 44: SEM micrographs of the fracture surface of the crystallised sample 46 which was built in
vertical direction: a) Top view b) and ¢) some magnified details of the fracture surface.

For the horizontally built samples the flexural strength is dependent on their test
direction. Even before carrying out the bending test, different stress conditions are
present in the samples. Due to the bending up, compressive stresses exist on the top
surface and tensile stresses are predominant on the other side. When testing the
samples in direction HO® (Figure 39b), the tensile stresses add up and the samples fail
earlier, i.e. at lower applied forces. Thus, the average flexural strength of these
samples is 1816 £ 115 MPa. The opposite happens for samples inserted in direction
H180°: the compressive stresses compensate the tensile stress from the testing.
Consequently, the average flexural strength of samples tested in direction H180° is
higher (2439 £ 112 MPa).

For the samples which were tested in the orientation H90° an average flexural strength
of 2416 + 134 MPa was determined. The influence of the bending up should be
minimized for this test set up. However, when comparing this value with the one of the
vertically built samples, it is evident that the horizontally built samples exhibit a higher
flexural strength. This higher value can result from the differently oriented layers or
rather the different building direction of the samples (compare the z-directions in Figure
39a and d). Although the microstructure of the SLM-fabricated sample look
homogenous (Figure 21), it is assumed that the connection between the layers are
potential weaknesses [56]. Therefore, the vertically built samples show a lower flexural
strength: their layers are aligned perpendicular to the direction of the stresses.
However, in the horizontally built samples, the layers are parallel to the stresses and
the weak areas between the layers are less decisive. Due to this preferable orientation
of the layers in the horizontally built samples, the average maximum displacement of
these sample is higher compared the one of the vertically built samples (Figure 40d).
However, individual layers cannot be observed in the samples tested in different
orientations. In contrast, this would again suggest that the structure is homogeneously
built up. Hence, further investigations have to be done to clarify this behaviour of the
layered BMG. To resolve this issue, a finite element analysis can help.
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4. Results and Discussion

In Figure 45, SEM micrographs of the horizontally built sample H11, which was tested
in the testing orientation H90°, are shown. The fracture surfaces of the other
investigated samples built in horizontal direction look similar. As mentioned above,
individual layers are not visible. However, vein-like patterns can be observed on the
fracture surface due to the amorphous nature of the BMG (Figure 45c and e). Besides,
the same features as already discovered in sample 15 (Figure 42) can be seen. On

the side where tensile stresses were present, a single fracture plane was formed.
Furthermore, a groove which originates from the material break out in the area of the
loading pins’ pressure points is visible on the other side.

Figure 45: Fracture surface of the horizontally built sample H11. The 4 point bending test were carried
out in the testing orientation H90°. a) 3D overview of the fracture surface, b) smooth fracture plane on
the side where tensile stresses were present, c) vein-like pattern of the groove, evolved on the side of
compression, d) top view, e) and f) magnified micrographs of the smooth fracture plane and the fine
pattern on it.
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4.6. Cytotoxicity, Cell Adhesion and Cell Growth

The results of the in vitro cytotoxicity tests are given in Figure 46. The cell viability in
the particular eluate is presented as percentage of the viability in the control, where
cells can grow under physiological cultivation condition. Samples are non-cytotoxic if
the cell viability is above 70%. The most expressive value is the cell viability in the pure
eluate. Thus, both variants of the glass blasted samples, the as-built and the at 650 K
heat-treated ones, can be referred to as non-cytotoxic samples. The cells can grow
there without any significant inhibition. The values of the cell viability are above 90%
compared to the control group. Furthermore, the heat treatment entails a slight
increase in viability. The same circumstances can be seen for the samples which were
blasted with corundum. While the as-built samples without any heat treatment show
an enormous growth inhibition (cell viability is 63% in pure eluate), the heat-treated
ones exhibit a cell viability of 83%. Consequently, the as-built and corundum blasted
samples are cytotoxic whereas the heat-treated ones are acceptable. The difference
in the results regarding to the two different surface treatments might result from the
rougher surface of the corundum blasted samples as seen in Figure 35. Moreover, the
glass and corundum blasted samples differ with regard to their topography (Figure 33).
Another cause of the growth inhibition can be a dissolution of the material. However,
the reasons of the lower cell viability were not further investigated in this thesis. Also,
the difference in viability between the as-built and heat-treated samples is not fully
clarified yet. A possible explanation is that the heat-treated samples are more stable
in the eluate due to their closely packed atomic structure. Therefore, the cell viability is
not considerably affected by material dissolution. Besides this, the increased hardness
due to the heat treatment can have an impact regarding to the implantation of blasting
material into the surface or the amount of surface roughness. As seen in Figure 35, a
slight decrease in the Ra-value of the at 650 K heat-treated and corundum blasted
sample is present. Perhaps this small difference can already increase the cell viability.
For the glass blasted sample there is no significant difference observable, thus the
difference in the cell viability is also not that high; 94% and 98% for the as-built and
heat-treated sample, respectively.
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Figure 46: Measured cell viability presented as percentage of cell viability in untreated control and a
short summary of the test results.

Figure 47 and Figure 48 show micrographs taken from the stained cells grown on the
samples’ surfaces. The first micrograph (a) is taken from the as-built samples, the
second (b) from the heat-treated ones, and the third (c) is a micrograph taken from the
control sample, where cells are grown under physiological cultivation conditions.

In Figure 47, the adhering cells on the glass blasted samples are visible. Even if the
SLM-fabricated samples shine in the background the cells can be seen clearly. The
cells morphology is only slightly different to the one observed on the control. Therefore,
it can be concluded that they are ‘healthy’. However, the micrographs taken from the
corundum blasted samples (Figure 48) look completely different. On the one hand,
there is hardly any reflection of the sample in the background, on the other hand the
cells are not easily identifiable. A lot of other particles, most likely the implanted
corundum particles, reflect the light of the microscope. Therefore, a distinction between
cells and particles is difficult. However, some cells could be found and are marked with
white arrows. These cells are smaller than the ones of the control. These results are
in line with the results of the cytotoxicity test. While the glass blasted sample offer a
satisfying surface for cell adhesion and growing, the corundum blasted samples do
not. Also, the positive influence of the heat treatment can be seen. The number of cells
found on the heat-treated samples seems to be more than the ones on the as-built
samples. This is especially noticeable in the micrographs of the glass blasted sample.
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Figure 47: Cell morphology of grown Saos-2 cells on SLM-fabricated BMG samples with different post
processing versus cells grown on a control sample: a) as-built and glass blasted BMG, b) heat-treated
at 650 K and glass blasted BMG, c) control sample.

Figure 48: Cell morphology of grown Saos-2 cells on SLM-fabricated BMG samples with different post
processing versus cells grown on a control sample: a) as-built and corundum blasted BMG,
b) heat-treated at 650 K and corundum blasted BMG, c) control sample.
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5. Conclusions

This work shows that selective laser melting, an additive manufacturing method, can
be successfully applied for the production of dense Zr-based bulk metallic glass parts,
which should eventually find an application in the medical field. Even if there are many
factors influencing the SLM process, appropriate parameters could be found in order
to obtain an amorphous microstructure of the dense BMG samples.

In a SLM parameter study, different values of the process parameters (laser power,
scanning velocity, and hatching) and consequently different volume energy densities
were applied for two given layer thicknesses (0.05 mm and 0.02 mm). For a layer
thickness of 0.05 mm, dense samples could be produced with an energy density
greater than 15 J/mm3. Lower values of the energy density led to a decrease in the
relative density of the BMG sample. The influence of the interrelating process
parameters on the relative density was visualised in density contour maps. Thereby, it
was found that for a given hatching and volume energy density rather low laser power
and low scanning velocity are preferable in order to obtain denser samples. The
optimal hatching to obtain a high relative density was determined to be between
0.08 mm and 0.10 mm for the used process parameter combinations. The parameter
study carried out with the layer thickness of 0.02 mm showed that for the used process
parameter combinations, a higher volume energy density (E > 20 J/mm?3) is required to
produce dense samples. XRD and DSC measurements confirmed that almost fully
glassy samples were produced by SLM. Additionally, a dependence of the samples’
structural relaxation enthalpy AHstr, glass transition temperature Tg.on, and indentation
elastic modulus, Eir, on the used process parameter, especially on the used scanning
velocity, was explored.

4-point bending tests showed that vertically built test samples produced with a selected
parameter set, by which dense and amorphous samples were obtained, exhibit an
average flexural strength of ~ 1100 MPa. The elasticity of the BMG is reflected in the
value of the maximal displacement. This was determined to be ~ 0.8 mm for the tested
samples. The investigations regarding the influence of a post processing showed that
a surface treatment is beneficial regarding the flexural strength. A blasting treatment
with glass microbeads or corundum executed after the SLM process increases the
flexural strength of the vertically built bending test samples up to ~ 2000 MPa.
However, the determined deviation of ~ 500 MPa, which originates from samples with
detrimental building faults, is not negligible.
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Moreover, the kind of the surface treatment is important to consider regarding the
biocompatibility. It turned out that a surface treatment with glass microbeads is more
beneficial in this case. Samples blasted with glass microbeads show a non-cytotoxic
behaviour and ‘healthy’ cells on the samples surface could be observed. However, the
cell viability is significantly lower for samples treated with corundum so that they are
cytotoxic. In addition, the detection of the adherent cells is difficult, since other
reflections, most likely caused by implanted corundum particles from the blasting
treatment, outshine them. Within the cytotoxicity tests, an improvement in cell viability
was investigated for samples, which were heat-treated below the glass transition
temperature (60 minutes at 650 K) before carrying out the respective surface
treatment.

Nonetheless, a heat treatment is only beneficial for cytotoxicity and solely if the
temperature of the treatment is below the glass transition temperature. Due to partial
structural relaxation of the samples, a reduction of the flexural strength by 25% as well
as a lower maximal displacement occur. A more drastic reduction in both values is
observed for samples heat-treated above the crystallisation temperature (at 850 K).
Moreover, due to an embrittlement of the crystallised samples, a blasting treatment
after the heat treatment is unfeasible.

The fabrication of bending test samples in horizontal direction leads to a bend up of
the samples after removing them from the building platform. Therefore, the flexural
strength of these samples strongly depends on the testing orientation and varies from
~ 1800 MPa to ~ 2400 MPa. Moreover, it was determined that horizontally built
samples tested perpendicular to the bend up exhibit a higher flexural strength than the
vertically built samples.

Despite the possibility to fabricate biocompatible Zr-based BMG parts by SLM, there
are still challenges which have to be overcome. It was concluded that the fabrication
of samples with a great height might be difficult to realise. Due to an accumulation of
the introduced heat, crystallisation of the samples takes place. Consequently, this
reduces the manufacturability and usability of the BMG dramatically. Furthermore,
difficulties with the reproducibility of the building job were discovered. This shows that
not only the process parameter can influence the SLM process, but also other factors
that are still not fully understood and require further research.
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7. Appendix

7.1. Building Jobs — SLM Parameter Study

In the following all the parameters used for the SLM parameter study are listed. For all
tables the scanning velocity in [mm/s] is given on the left. The laser power in [W] is
given in the upper line. The resulting energy density in [J/mm?® with the defined
hatching in [mm] is given in the row/column intersection. The sample ID is given next
to the resulting energy density in red.

7.1.1. Layer Thickness ts1 = 0.05 mm

Building Job 01 (h = 0.10 mm)

P
v

800
1000 16.00 | 071_01
1200 13.33 | 01_02 | 16.67 | 01_06
1400 11.43 | 0103 | 1429 | 01_07 | 1714 | 01_10
1600 10.00 | 07_04 | 12,50 | 071_08 | 15.00 | 071_11 | 17.50 | 01_13
1800 8.89 01_05 | 1111 | 01_09 | 13.33 | 01_12 | 1556 | 01_14 | 17.78 | 01_15

80 sample 100 sample 120 sample 140 sample 160 sample 175 sample

Building Job 02 (h = 0.15 mm)

P
\

800 | 13.33 | 02 01 | 16.67 | 02 04
1000 | 10.67 | 02 02 | 13.33 | 02 05 | 16.00 | 02 09
1200 | 889 | 02 03| 1111 | 02 06 | 1333 | 02 10 | 1556 | 02 14 | 17.78 | 02 18

80 sample 100 sample 120 sample 140 sample 160 sample 175 | sample

1400 9.52 0207 | 1143 | 02_11 | 13.33 | 02_15 | 15.24 | 02_19 | 16.67 | 02_22
1600 8.33 02_08 | 10.00 | 02 12 | 11.67 | 02_16 | 13.33 | 02.20 | 1458 | 02 23
1800 8.89 02 13 | 1037 | 02_17 | 11.85 | 02_21 | 12.96 | 02 24

Building Job 03 (h = 0.20 mm)

P
v

800 10.00 | 03 .01 | 1250 | 03 03 | 15.00 | 03 06 | 17.50 | 03_10
1000 8.00 03_02 | 10.00 | 03_04 | 12.00 | 03_07 | 14.00 | 03_171 | 16.00 | 03_15 | 17.50 | 03_20

80 sample 100 sample 120 sample 140 sample 160 sample 175 | sample

1200 8.33 03_05| 10.00 | 03 08 | 1167 | 03 12 | 13.33 | 03_16 | 14.58 | 03 _21
1400 8.57 03_09 | 10.00 | 03_13 | 11.43 | 03_17 | 1250 | 03_22
1600 8.75 03_14 | 10.00 | 03_18 | 10.94 | 03_23
1800 8.89 03_19 | 9.72 03_24
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Building Job 04 (h = 0.08 mm)

P
v

800
1000
1200
1400 | 14.29 | 04 01
1600 | 12.50 | 04 02
1800 | 11.11 | 04 03 | 13.89 | 04 07

80 sample | 100 | sample | 120 |sample| 140 |sample| 160 | sample | 175 | sample

2000 10.00 | 04 04 | 12.50 | 04 08 | 15.00 | 04_13

2200 9.09 04 05| 11.36 | 04 09 | 13.64 | 04_14

2400 | 833 | 04 06 | 1042 | 04 10 | 12.50 | 04 15 | 14.58 | 04 19

2600 9.62 04 11 | 1154 | 04 16 | 13.46 | 04_20
2800 8.93 04_12 | 10.71 | 04_17 | 1250 | 04 21 | 14.29 | 04 23
3000 10.00 | 04_18 | 11.67 | 04 22 | 13.33 | 0424 | 1458 | 04_25

Building Job 05 (h = 0.06 mm)

P
\

800
1000
1200
1400
1600

80 sample 100 sample 120 sample 140 sample 160 sample 175 | sample

1800 14.81 | 05 01

2000 13.33 | 05_02

2200 1212 | 0503 | 1515 | 05_08
2400 11.11 | 0504 | 13.89 | 05 09
2600 10.26 | 05 05 | 1282 | 05 10 | 15.38 | 05 13
2800 9.52 05 06 | 1190 | 05 11 | 14.29 | 05_14
3000 8.89 0507 | 1111 | 05 12 | 1333 | 05 15 | 1556 | 05 16
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7.1.2. Layer Thickness ts2 = 0.02 mm

Building Job 06 and 08 (h = 0.10 mm)

v P 40 sample 60 sample 80 sample
800 25.00 08_01 37.50 50.00
1000 20.00 08_02 30.00 08_03 40.00
1200 16.67 06_01 25.00 08_04 33.33 08_06
1400 14.29 21.43 08_05 28.57 08_07
1600 12.50 06_02 18.75 25.00 08_08
1800 11.11 16.67 06_03 22.22 08_09
2000 10.00 15.00 20.00 08_10
2200 9.09 13.64 06_04 18.18
2400 8.33 12.50 16.67 06_05
2600 7.69 11.54 15.38 06_06
2800 7.14 10.71 14.29
3000 6.67 10.00 13.33

Building Job 07 and 09 (h = 0.08 mm)

v P 40 sample 60 sample 80 sample
800 31.25 09_01
1000 25.00 07_A1
1200 20.83 07_B1 31.25 09 02
1400 17.86 07_01 26.79 09 03
1600 15.63 07_02 23.44 09 04 31.25 09 _06
1800 13.89 07_03 20.83 09 _05 27.78 09 08
2000 12.50 07_04 18.75 25.00 07_A3
2200 17.05 07_10 22.73
2400 15.63 07_11 20.83 07_B3
2600 14.42 07_12 19.23
2800 13.39 07_13 17.86 07_15
3000 12.50 07_14 16.67 07_16
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7.2. Relative Density - LOM Micrographs

7.2.1. Layer Thickness ts1 =0.05 mm

In the following tables the LOM micrographs taken from the
samples of the parameter study are shown. The tables have
a similar style as the ones shown above. The energy
density of the sample is given in red in the row/column

intersection.

Below the micrographs

in green,

the

corresponding relative density measured by the means of

the Archimedean Principle is given.
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h=0.06 mm
p 80
v XZ Xy
14.81 T
building direction
xz - plane
1800
xy - plane
99.50
13.33
2000
: 100
98.53
12.12 15.15
2200
99.39
2400
120
98.50 xz xy
12.82 15.38
2600
97.82 99.11
9.52 11.90 14.29
2800
98.47 140
93.24 96.80 - = xy
.11 e 15.56
3000
95.23 97.80 99.01
5mm
I
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7.2.2. Layer Thickness ts2 = 0.02 mm

h=0.10 mm
P 40 building direction
v Xz xy xz - plane
25.00
xy - plane
800
60
Xz Xy
99.68
20.00 30.00
1000
99.54 99.72 Xz =0 xy
16.67 25.00 33.33
98.83 99.67 99.77
21.43 28.57
99.63 99.73
12.50 25.00
1600
94.32 99.72
16.67 22.22
: PataN £
1800
98.73 99.58
20.00
£ 22
99.49
2200
16.67
2400
98.85 5mm
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h = 0.10 mm (continued from page 91)

12.50 25.00
PasaN PasaN
93.38 99.88
17.05
2200
98.47
15.63 20.83
2400
96.89 99.48
2600
96.00
13.39 17.86
2800
95.00 98.86
16.67

3000

97.83
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h=0.08 mm
P 40
v . xy
31.25 T building direction
800 xy - plane
99.75
25.00
1000
60
99,75 x .
20.83 31.25
99.69 99.77
17.86 26.79
80
98.56 99.76 Xz xy
15.63 23.44 31.25
1600
37.77 99.71 99.83
20.83 27.78

99.53

99.78
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1

.1. Relative Density - Further Density Contour Maps
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1.2. XRD Pattern of Samples of the Parameter Study
1.2.1. Layer Thickness ts1 = 0.05 mm
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h_0.20
|—— powder
—FE_13:33
E_16.00
——E_17.50

——A—-"f/\\\w -

Intensity [a.u.]
}

" L.
N
30 4‘0 5‘0 6‘0 70
26 [degree]
h_0.06
|—— powder
——E_11.90
E_15.15
——E_15.56

Intensity [a.u.]

30 40 50 60 70
26 [degree]

1.2.2. Layer Thickness ts2 = 0.02 mm
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1.3. Further DSC Plots of Samples of the Parameter Study
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1.4. Tensile Test Samples’ chosen Geometry

Probe Form A 7@(‘
DIN 50125:2009-07 L& 18] —/Rzl0 | /Raz¢
Lt
ooE _~ Beschriftung einseitig
; "i;r\/b = P aufende Nummer
i M e
o ) q
Ui 1 7
il
\ o
)
L Lc seli ey h o MaBe in m
lorr o0 ¥ k
min min min.
Lt was changed to 85 mm —pm- | 457M £8 410,1 16£0,1 6 5 20 125 L
ASTM E £+0 24+l 2 5 3 12 10

1.5. 4-Point Bending Tests — Samples’ Dimensions and Results

1.5.1. 15t Test Series — vertically built Samples, different Surface Treatment

Sample bs (mm) hs (mm) Fmax (N) FIexur(?Jli';r)ength DISp(IE::;Tent
As-built ASB7 3.105 3.11 1788.69 1072 0.75
ASB8 3.13 3.135 1914.95 1120 0.78
ASB9 3.125 3.13 1575.02 926 0.68
ASB10 3.1 3.1 1974.84 1193 0.85
glass G1 3.02 3.02 2568.91 1679 0.76
G2 3.005 3.015 2484.74 1637 0.76
G3 3.04 3.035 2968.73 1908 0.89
corundum K4 3.04 3.07 2797.15 1757 0.84
K5 3.05 3.06 2570.53 1620 0.79
K6 2.9 2.9 2324.48 1716 0.99
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1.5.2. 2" Test Series — vertically built Samples, different Heat Treatment

sample | bs(mm) | hs(mm) | Fmax(N) F'exumig)e”gth D'sp(';crir;‘e”t

As-built 12 3.06 304 | 3546.62 2257 1.09
13 3.02 302 | 165433 1081 0.57

15 3.025 3 3556.33 2351 111

16 3.03 3015 | 3608.13 2358 1.08

17 3.03 3 3342.66 2206 1.0

21 31 305 | 3193.74 1993 0.97

650K/60min | 24 3.03 305 | 1226.99 784 0.69
25 3.0 3025 | 220632 1428 0.69

26 3.035 3.04 | 277934 1784 0.83

27 3.035 3.045 | 3137.08 2007 0.95

28 3.03 3.035 | 2114.05 1363 1.03

29 3.05 3.04 244427 1561 0.79

850K/60min| 40 3.0 3.02 255.76 166 0.11
41 3.05 3.025 276.8 179 0.14

22 3.05 3.02 246.05 159 0.11

3 3.055 3005 | 32698 213 0.14

26 3.08 3025 | 288.13 184 0.14

1.5.3. 3" Test Series — horizontally built Samples, different Test Orientation

sample | bs(mm) | hs(mm) | Fmax(N) F'exumig)e”gth D'Sp(':rir;‘e”t

HO® H1 3.02 2.9 2436.17 1727 0.94

H2 3 293 | 262556 1835 1.04

H3 3.03 289 | 255596 1818 1.06

Ha 3.025 288 | 2811.72 2017 1.87

H5 3.01 289 | 2353.62 1685 1.06

H180° H6 3.02 288 | 3600.03 2587 1.29
H7 3.03 292 | 332161 2314 152

H8 3.035 288 | 3379.89 2417 14

H90° HO 2.86 3035 | 3719.82 2542 1.45
H11 2.89 3025 | 3582.23 2438 134

H12 2.85 3.015 | 366155 2544 141

H13 2.85 3 3061 2148 1.66

H14 2.89 301 | 345435 2375 1.42

H15 2.86 302 | 3546.62 2447 1.45
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