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Abstract
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The last three decades have seen the transition of additive manufacturing, from applications
exclusively in rapid-prototyping to an emerging production method in the manufacturing
industry that is rapidly gaining more relevance.

Within additive manufacturing methods, selective laser melting (SLM) is one of the most
widely used and mature technologies and is the focus of this thesis. In particular, this work aims
at characterizing novel microstructures and/or alloys produced with SLM and to understand how
the process parameters influence the microstructure and properties.

Hitherto, the most prevalent material selection approach for SLM has been the use and
optimization of well-known alloys, such as steels, Ni- and Ti-based alloys, among others.
Favorable microstructures are usually achieved with a combination of appropriate parameters
and post-processing techniques. Another approach, especially interesting from a research
perspective, is the exploration of materials and microstructures suited for the inherent
characteristics of SLM. In alignment with the latter strategy, three types of materials are
successfully produced and analyzed in this work: the amorphous Zr-based AMZ4 alloy, 316L
stainless steel with strong preferential orientation (i.e., similar orientation of the crystalline
structure of the grains) and the intermetallic MnAl(C) with strong preferential orientation. The
latter contains a ferromagnetic phase with potential applications as a permanent magnet.

SLM was found to be an effective method to produce the amorphous phase in the
Z1593Cs53A1104NDb; s system (AMZ4). The laser power and oxygen impurities were found to have
a central role in the formation of crystalline particles in the amorphous matrix. These crystalline
particles and the oxygen impurities reduced the thermal stability of the alloy in comparison to
specimens fabricated by suction casting. For the more conventional 316L stainless steel, it was
demonstrated that the scan strategy can be used to influence the type of texture, with a notable
effect on the mechanical properties. In the case of MnAI(C), it was established that the high
temperature polymorph — e-phase, can be retained during the printing process. This phase can
be subsequently transformed to the ferromagnetic t-phase with annealing procedures. It was
observed that a strong preferred orientation of the e-phase can be achieved, although it did not
translate into a strong texture in the t-phase (after the heat treatments).

The research methodology used in this thesis and the findings regarding the processing—
structure—properties relationship in SLM provide an important reference for future studies of
novel materials and microstructures produced by additive manufacturing.
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1. Introduction

1.1. Broader context

Throughout history, the development of new materials and novel techniques
to produce them has been a cornerstone of human progress. From the marvel-
ous constructions enabled by steel and concrete, to the silicon-based computer
revolution, every single aspect of our modern lives is supported by the ad-
vancements in materials technology.!

Even though there has been a lot of development in manufacturing tech-
niques in the past, it is still common that some complex geometries cannot be
achieved in practice with the tools at our disposal. In recent years, a new fam-
ily of techniques known as additive manufacturing methods has been devel-
oped in order to circumvent the design constraints posed by conventional
methods. Additive manufacturing (AM), commonly known as 3D printing, is
defined as the production of a component from a 3D model, by the sequential
addition of material layer-by-layer.>* AM has expanded the limits of what is
possible from a design perspective and it has enabled the production of com-
plex geometries that would be otherwise impossible.

In addition, AM methods have expanded the possibilities for the develop-
ment of new materials with tailored microstructures and properties, as their
characteristics (thermal history, working atmosphere, etc.) are very different
from conventional methods. Accordingly, AM is a field where materials sci-
entists and engineers are currently concentrating their efforts to understand the
relationship between processing, structure and properties.

Metal AM can be divided into three main techniques, namely powder bed
fusion (PBF), binder jetting (BJ) and direct energy deposition, as shown in
Figure 1. The raw material used in PBF and BJ are powders, while the raw
material used in direct energy deposition comes in the form of wires or pow-
ders. Additionally, both PBF and BJ are divided according to the source of
energy used to fuse the material, i.e., laser or electron beam techniques. Se-
lective laser melting (SLM) is the name commonly used for laser powder bed
fusion.
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Metal additive manufacturing technologies

Powder bed fusion Binder jetting Direct energy deposition
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Figure 1. Sketch of the different metal additive manufacturing (AM) techniques. The
figure is adapted from reference *. Courtesy of 3D Hubs.

From the metal AM techniques, SLM is the most widely adopted and mature
method>¢ and its characteristics can be exploited to produce the materials in-
vestigated in this thesis. For instance, Zr-based amorphous metals and mate-
rials with strong preferred orientation, as the MnAl(C) and austenitic stain-
less steel manufactured in this work. A brief description of each of these
alloys is provided in the following sections, together with the most important
concepts and definitions related to the thesis.

1.2. Selective laser melting

Selective laser melting is a powder bed fusion method in which a laser is used
to selectively melt areas of a powder bed. The operation principle behind SLM
can be seen in Figure 2. The process starts by spreading the powder of the
alloy in the build platform through the movement of a recoater. Afterwards, a
focused laser beam is used to melt specific areas of the powder bed according
to a 3D model. Once the melting is complete, the build platform is lowered, a
new layer of powder is added, and the process repeats. The layer by layer
nature of the method translates into small melt pools and high cooling rates
(>10° K/s)”8.
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Figure 2. Sketch of the selective laser melting process.
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The initial approach for material selection in SLM has been to use conven-
tional alloys that are already commercially available and produced with tradi-
tional manufacturing methods. Therefore, a lot of time and resources have
been spent on optimizing the process parameters for alloys such as Ti-6Al-
4V, 316L stainless steel and Inconel. One of the main reasons behind this, is
the difficulty for materials and components qualification in specific industries,
which leans the materials selection process towards already-qualified alloys
with well-known properties. Additionally, the ease of working with a familiar
material system (phases, microstructure, heat treatments, etc.) is a factor that
cannot be overstated.

Nevertheless, in recent years some studies have aimed at exploring novel
materials and/or designing new materials suited specifically for the character-
istics of SLM, instead of trying to adapt materials already in use to this
method. Metallic glasses, also known as amorphous metals, are one of these
types of materials, as the high cooling rates are ideal to avoid crystallization
and retain the amorphous structure during cooling from the liquid state. Con-
sequently, the use of SLM to produce metallic glasses is gaining relevance, as
it enables production without the size limitations of the commonly used pro-
cessing routes, such as suction casting and melt spinning.’

1.3. Metallic glasses

The atomic structure of most metals is arranged in a crystalline manner with
translational symmetry (periodic). However, metals can also exhibit amor-
phous structures without long-range order when processed with certain tech-
niques.’ This was demonstrated by Klement, Willens and Duwez in their in-
vestigation of the effects of fast cooling in the Au-Si system in 1960.'%!!

The structure of these materials is commonly described as glassy, non-crys-
talline or, simply, amorphous.” Although these words are used interchangea-
bly in this thesis, a strict definition of the term glass would restrict its use only
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to cases where the non-crystalline state (i.e. amorphous) is reached during
cooling from the liquid state.”!? In accordance with this definition, amorphous
metals can be produced using a variety of synthesis methods, such as mechan-
ical alloying, irradiation and physical vapor deposition. A metallic glass (MG)
on the other hand, can be produced by methods that cause a rapid solidification
from the liquid state such as “gun” quenching, melt spinning and suction cast-
ing.’

The amorphous structure of these materials translates into a unique set of
properties. For example, high tensile strength (near the theoretical value), high
fracture toughness, corrosion resistance and/or magnetic properties.’ Based on
these properties, metallic glasses have found important niche industrial appli-
cations, such as sporting goods, micro-gears and transformer cores.

Two aspects have to be considered in the formation of a metallic glass. One
is related to the manufacturing technique, namely, a fast removal of heat from
the melt is required.” The second factor is the ease with which the material can
form a glassy structure, also referred to as glass forming ability (GFA). The
first metallic glass forming compositions that were discovered did not have a
high GFA, and thus could only be produced when one of the dimensions of
the parts was small (=50 pm), usually in the form of wires, powders or rib-
bons.” As the practical uses of parts with such dimensions is significantly con-
strained, the search for alloys that can form glassy structures at relatively low
cooling rates (i.e. high GFA) has been a central preoccupation in the field.
Some success was achieved in this pursuit with the development of the Pd-
based alloys in the 1970s.'>!* Then, another breakthrough came in the 1980s
with the development of the La-Al-Ni system by Inoue et al.'>. This alloy was
the first bulk metallic glass (BMG, i.e., a MG with thickness greater than 1
mm) that did not contain noble metals. The La-Al-Ni alloy could be produced
as rods with diameters of 1.2 mm'’ and 3 mm'® by water quenching and suc-
tion casting, respectively. Another interesting group of glass forming alloys,
this time Zr-based, was discovered in the 1990s at Caltech.!” Some of these
Zr-based alloys, which are commonly known as Vitreloys, have remarkable
GFAs. For instance, critical cooling rates (a measure of GFA) as low as 1 K/s
have been reported for Zrs1 2 Tii35 CuiosNijoBexs.'

Some basic guidelines for the development of BMGs have been proposed
by Professor A. Inoue from Tohoku University, who summarized the common
characteristics of glass forming alloys.!*?* According to these empirical rules,
BMGs usually have three or more elements, atomic size differences higher
than 12% and negative heat of mixing between the main elements. "

In order to comprehend the process of glass formation, first, it is necessary
to understand phenomena and concepts such as crystallization, nucleation and
growth, and time-temperature-transformation diagrams. These are described
in the following sections.
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1.3.1. Glass formation and characterization

In principle, the formation of a glass is equivalent to the prevention of crys-
tallization during cooling from the liquid state. Therefore, the study of crys-
tallization is essential for a full understanding of the topic.

Crystallization occurs when a material in the liquid state is cooled below
its melting temperature (Tr). Below Th, the solid state has a lower Gibbs free
energy than the liquid phase, which is the origin of the driving force for solid-
ification. Based on this, solidification would be expected to occur spontane-
ously when the liquid phase is undercooled below T,.” However, this is not
the case and some undercooling is necessary to initiate the phase transfor-
mation. This is because crystallization is a process that takes place in two
steps, starting with the formation of small particles (i.e., nuclei) that subse-
quently grow, consuming the liquid phase.

Assuming that the nuclei are spherical, the change in free energy during
nucleation can be described by equation 1.

4 3 2
AG, = §T[I‘ AGy + 4mreyg, (D

where 1 represents the radius of the nuclei, AGy the driving force for solid-
ification (G® — G") and vysi. the free energy of the solid-liquid interface. The
derivation of the thermodynamic formulae presented here can be found in ref-
erence =,

The change in free energy during nucleation is shown in Figure 3a, where
it can be seen that the competing terms in equation 1 translate into a critical
radius r* (at which maximum free energy is reached) and an energy barrier for
nucleation (AG"). At r-values lower than t*, the solid clusters are unstable and
dissolve back into the melt. From equation 1, it is possible to obtain the value
of the nucleation barrier, as shown in equation 2.

x 16mys,®
AG* = 3(AG,)? (2)

Both thermodynamic and kinetic factors will determine the overall rate of
nucleation. The magnitude of the energy barrier (AG") is a thermodynamic
parameter that plays an important role here. Additionally, atomic mobility in-
fluences the frequency of the transformation from clusters to stable nuclei.
Both factors are sensitive to the magnitude of the undercooling below T.

As mentioned previously, growth is the second step of the crystallization
process. Similar to the nucleation rate, the growth rate is also defined by both
thermodynamic (driving force for solidification) and kinetic (atomic diffusiv-
ity) parameters.??

The combination of nucleation and growth translates into an overall crys-
tallization rate as the one illustrated in the time-temperature-transformation
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(TTT) diagram in Figure 3b. These types of diagrams show the progression of
a phase transformation — crystallization in this case — as a function of temper-
ature and time. In Figure 3b, the data points correspond to a progression of
roughly 50% in the transformation of the liquid phase of the
Zrs93Cu233Al104Nb1 s (AMZA4) alloy, to the crystalline phase. In the figure, it
can also be observed that a minimum transformation time is obtained with
certain undercooling (around 650 °C). At this temperature, an optimal com-
promise between nucleation and growth is achieved. The blue line represents
an estimate of the critical cooling rate that is needed to prevent crystallization
and form a glass (avoiding the nose of the diagram) during cooling from the
liquid state. The critical cooling rate is the ultimate description of GFA, with
lower values corresponding to higher GFA. Here it is important to note that a
TTT diagram can also be constructed during heating from the glassy state,
instead of cooling from the stable liquid. The transformation process can also
be evaluated during continuous cooling or heating instead of isothermal meas-
urements, in which case, a continuous cooling/heating transformation (CCT
or CHT) diagram is obtained.

(a) (b)

T 950
interfacial energy
r- __ %00 Tiiquidus
AG v O 850
A - 5
T & 800
" \AG o .
S 750 —
o — ] a -
e B 5 700 4 .p
AG g— 650 o\.
volume energy @ 600 e
'_
ar 550 4
500 . .
0.00 0.05 0.10 0.15
r time (s)

Figure 3. (a) Change in free energy during formation of spherical nuclei. (b) Time-
temperature-transformation diagram for Zrso3CuzssAl104Nb; s (AMZ4), during cool-

ing from the liquid state. Estimated by flash differential scanning calorimetry. Figure
9

(a) is adapted from reference °.
The process of glass formation is usually described using the variation of spe-
cific volume with temperature, which can be seen in Figure 4. Two different
paths are possible during cooling (depending on the material and the applied
cooling rate). In the case of crystallization, the transformation takes place by
nucleation and growth, as has been described in previous paragraphs. Note
that some undercooling below the melting temperature (Tw) is required to
overcome the nucleation barrier (AG"). When the material crystallizes, a sharp
decrease in the specific volume is observed. On the other hand, if crystalliza-
tion is avoided, the liquid is undercooled further (into the so-called super-
cooled liquid region), producing lower specific volume and higher viscosities.
At the glass transition temperature (T,) the viscosity is so high (=10'* Pa-s)
that the material can be considered a solid glass (“frozen liquid”).
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As illustrated in Figure 4, a faster cooling rate causes the glass transition to
take place at higher temperatures (T,' > T,?). This translates into a different
free volume depending on the cooling rate.

Liquid

Undercooled
liquid

Low
cooling
High rate

Volume

Crystal

T2 Ty TeTm
Temperature

Figure 4. Specific volume vs. temperature during the formation of a glass or crystal-
9

line phase. The figure is adapted from reference °.
Once a MG has been obtained by fast cooling from the liquid state its structure
and calorimetric behavior can be characterized using X-ray diffraction (XRD)
and differential scanning calorimetry (DSC). These two are the most common
techniques used in the study of MGs and they are described in section 3.2.

As can be seen in Figure 5a, metallic glasses usually have a broad peak in
their XRD patterns.’ Further, Figure 5b shows a typical differential scanning
calorimetry curve. MGs generally exhibit a transition from the amorphous
state to the supercooled liquid region during reheating (at Tg). On subsequent
heating, crystallization occurs, at Tx. The difference between these two char-
acteristic temperatures (T - T,) is referred to as the supercooled liquid region
(SCLR).’ 1t is in this region where the material can be molded using thermo-
plastic forming methods.’
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Figure 5. Typical (a) X-ray diffraction (XRD) pattern and (b) Differential scanning
calorimetry (DSC) curve for a metallic glass. In this case, Zrso3CuzssAl10.4Nb; s
(AMZ4).

As was previously mentioned, different types of metallic glass forming com-
positions have been developed in the last decades. The Zr-based alloys, which
were first developed in the 1990s,'7?* stand out for their high GFAs**® in
combination with excellent mechanical properties.

1.3.2. Zr-based metallic glasses

A new group of metallic glasses were developed in Caltech in the 1990s by
the research group of Professor W. Johnson.!7”2® These alloys, also known
by the commercial name Vitreloy, have Zr-Ti-Cu-Ni-Be as components.'” In-
dustrial production of sport goods, such as baseball bats, frames for tennis
rackets and golf clubs, has been undertaken with them, although with only
modest commercial success.? It is relevant to mention that Inoue ef al.* also
pioneered the development of Zr-based glasses and reported, as early as in
1991, that a high GFA could be achieved in the Zr-Ni-Cu-Al system.

The development of alloys with high GFAs has been a slow and time-con-
suming process, due to the vast number of compositional variations that are
possible. In the case of Zr-based alloys, the effect of some alloying elements
has been elucidated throughout the years. For instance, it has been indicated
that the addition of aluminum improves the GFA of Cu-Zr alloys®*!' and the
addition of nickel to the ternary Zr-Cu-Al can further enhance the GFA.3?
Other properties, such as corrosion resistance can also be improved with al-
loying elements such as Nb.*3

One of the main limitations of the first Vitreloys was the presence of beryl-
lium, which due to its toxicity significantly limited their production and use.*®
The discovery of Vitreloy 106a in 2001, with composition
ZrsgsCuys.6Nii2sAli03Nba s and critical cooling rate of approximately 1.75 K/s,
solved this issue.*® In 2013 a modified version of this alloy with commercial
name AMZ4 and composition Zrse3CuassAlio4Nbis was developed at Saar-
land University.** The alloy is commercially available in powder form (with
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the new tradename AMLOY-ZR01), which can be used for SLM.*” The pro-
duction of this alloy by SLM is one of focal points in this thesis.

To provide a broader perspective of the different compositions of Zr-based
MGs and their properties, some of the most relevant alloys are listed in Table
1. The mechanical properties of 316L stainless steel are also included as a
reference.

Table 1. Some representative Zr-based metallic glasses and their properties.

Alloy Critical cooling  Young’s Yield  Fracture Strain
rate modulus strength strength  rate
Rc (K/s) E (GPa) oy(MPa) of(MPa) (s)
Zr412Ti13.8Cu12.5Ni10.0Be2.s 1.4 96 1900 1900 -
(Vit 1)
Zrs57Cu15.4Ni12.6Al10Nbs 10 86.7 1800 1800 -
(Vit 106)*
Zrs93Cu283Al10.4Nb1 5 2500404 84418 - 128740A 104404
(AMZ4)
316L SS - 190 792 930

30% cold-worked*

A: industrial grade powder, oxygen content around 1300 ppm (wt.%)

B: samples produced by SLM

Besides the formation of non-equilibrium phases, such as metallic glasses, an-
other common characteristic of SLM is the formation of grains with preferen-
tial orientation (i.e., texture). This topic is covered in the next section.

1.4. Preferential orientation

Most metallic materials are polycrystalline, i.e., consist of an aggregate of
many crystals. Some of the properties of single crystals are directionally de-
pendent, thus, the properties of polycrystalline materials are determined by the
average orientation of the crystals (known as texture or preferential orienta-
tion). Figure 6 illustrates the concepts of weak and strong texture, i.e., random,
and similar orientation of the crystals in a component, respectively. In the case
of a material with a random orientation of the crystals, an isotropic behaviour
of the properties is obtained. Conversely, a strong preferred orientation trans-
lates into directional dependence of the properties, i.e., anisotropy.

Preferential orientation can be induced using different manufacturing meth-
ods. For instance, plastic deformation through rolling, drawing or extrusion
are common methods used to achieve texture.*> Additionally, in recent years
it has been often reported that preferred orientation can be obtained by
SLM.* The different techniques that can be used to evaluate preferential
orientation in a component are introduced in section 3.2.5.
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Figure 6. A material with (a) random orientation of the crystalline structure at each
grain (weak texture) and (b) with preferred orientation (strong texture).

Crystalline anisotropy can have an effect on a wide variety of properties, such
as mechanical, magnetic, and even corrosion resistance. For example, it is well
known that in iron, magnetization is easier along the <100> crystallographic
directions.* Therefore, to reduce energy loses in the Fe-3 wt.% Si soft mag-
nets (used for electric transformers)? it is beneficial to utilize textured poly-
crystalline sheets with the <100> directions parallel to the magnetic field.*
On the other hand, the effect of texture on the mechanical properties of engi-
neering alloys, such as titanium, has been previously reported and it has been
argued that this could be exploited for an engineering design advantage.*’” In
this thesis, the effect of anisotropy on magnetic and mechanical properties
(where it can produce some benefit) was investigated.

1.5. MnAI(C) permanent magnets

Permanent magnets are critically important for strategic sectors of modern
economies. They are essential for the development of the automotive, elec-
tronics and medical industries.***

A permanent magnet, also known as a hard magnet, is a material that ex-
hibits a broad hysteresis loop (“squared”) in the plot of magnetization, M as a
function of the applied magnetic field, H.*® The ideal shape of the hysteresis
loop is illustrated in Figure 7.

AM
Ms

Y

Figure 7. M vs. H hysteresis loop for an ideal permanent magnet. M represents the

saturation magnetization and H,. the coercivity. Figure adapted from reference *.
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The most commonly used permanent magnets can be divided in two groups:
ferrites (e.g. BaFe2019), which were discovered more than 60 years ago in the
Netherlands**-° and rare-earth magnets (e.g. Nd,Fe4B) that were developed
in the 1980s in both Japan and the United States.*$!2

One manner to evaluate and compare the performance of permanent mag-
nets is through the figure of merit of the maximum achievable energy product
(BH)max. These values describe the magnetic flux densities that can be stored
in the materials.*” For hard ferrites, an energy product of 31.8 kJ/m* % can be
achieved, while values around 397.8 kJ/m? 4% have been reported for Nd-Fe-
B. There are many applications where a performance between the one offered
by hard ferrites and Nd-Fe-B would be attractive. This has prompted a quest
to find suitable candidates to fill the performance gap between the two mate-
rials.*® The MnAl system is one of the most promising for this purpose, as it
contains a ferromagnetic phase (t) with a theoretical (BH)max = 112 kJ/m? 48

An additional factor that has motivated the development and optimization
of alternatives to Nd-Fe-B, is the production of rare-earth metals, which is
concentrated to only a few countries and could compromise their availability
in the future.

Some limited commercial production of MnAl was undertaken in the late
1970s in Japan, using warm extrusion (the production activities ceased around
the year 2000).>* One of the main difficulties was achieving preferred orien-
tation and the correlated single orientation of the easy axis of magnetization.
This can produce high remanence and increase the squareness of the magnet-
ization curve, as well as the overall energy product.’® The components pro-
duced by warm extrusion were reported to have favorable preferential orien-
tation and values of (BH)max as high as 64 kJ/m?.>" Regarding preferred ori-
entation, SLM could play a relevant role for the production of this material, as
it has been previously shown that the production parameters have a strong
influence on the crystallographic texture of other alloys. Additionally, SLM
could offer an alternative to avoid some of the main drawbacks of the extru-
sion process, such as the short lifetime and high cost of the extrusion dies and
the restrictions related to design, shape and size of the components.>® Ab-
delnour et al.> argued that factors such as the large capital investment in ex-
trusion equipment and the short lifetime of the dies significantly reduce the
economic benefits related to the availability and relative low price of Mn and
Al.

The austenitic stainless steel 316L and how its preferred orientation is af-
fected by SLM was another important part of this thesis. A brief description
of this material is provided in the next section.
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1.6. Austenitic stainless steel 3161

The austenitic stainless steel 316L contains 0.03 wt.% of carbon, 17 wt.% of
chromium, 12 wt.% nickel, 2.5 wt.% molybdenum and 2.0 wt.% of manga-
nese.* As hinted by its name, it consists of the phase austenite, which is sta-
bilized at room temperature with the help of the alloying elements.* This steel
is often used in the food and chemical industries, in cryogenic vessels and also
for medical implants.*>*

It is conventionally processed using cold working and/or grain size refine-
ment as strengthening mechanisms.* The mechanical properties of 316L in a
cold-worked state can be found in Table 1. It is commonly used in this condi-
tion, as the cold-working procedure significantly improves its mechanical
properties (yield strength, ultimate tensile strength, and fatigue resistance) in
comparison to the annealed condition.

Figure 8 illustrates a comparison between the mechanical performances of
316L obtained by SLM in the work by Wang et al.>® and by other more con-
ventional methods.
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Figure 8. Mechanical properties of 316L stainless steel produced by SLM and con-
ventional manufacturing methods. Reprinted with permission of Elsevier from refer-
ence .
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2. Scope of this thesis

The relationship between processing, structure and properties lies at the heart
of material science and engineering. Over the years, a solid knowledge base
about it has been established for manufacturing methods such as forging, ex-
trusion, rolling and other conventional techniques. Some progress has also
been made for the more nascent SLM-AM method, but there exist a wide
knowledge gap that needs to be filled. Although SLM offers great advantages
regarding design complexity and customization (as described in section 1),
this lack of knowledge has been one of the factors hindering a wider adoption
of the technique.

The main objective of this thesis is to investigate how the intrinsic charac-
teristics of SLM, and its parameters can influence material structures (at dif-
ferent length scales) and properties. In alignment with this overall objective,
this work aims to:

e Produce three different materials using SLM, namely, AMZ4
(Zrs9.3Cuzs 3Al104Nb; 5) metallic glass, 316L stainless steel and
MnAI(C). Based on the main structural characteristics considered
in the thesis, these materials can be roughly divided in two
groups: non-crystalline alloys (the former) and materials with
strong preferred orientation of the crystalline structure (the latter
two).

e Investigate how the intrinsic characteristics of SLM and its pro-
cess parameters influence structure and phase evolution, as well
as properties.

e Explore the use of large-scale facilities in general and neutron
scattering methods in particular in the characterization of speci-
mens fabricated by SLM.

e Expand the knowledge related to SLM, which can be used to im-
prove material properties and performance in the future.
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3. Experimental methods

In this section, the different synthesis and characterization techniques used in
the thesis are briefly introduced. Special emphasis is given to methods that are
used to study preferred orientation in polycrystalline materials and to the rel-
atively novel diffraction contrast neutron imaging technique.

3.1. Synthesis

The samples investigated in all the papers were produced by SLM, which was
introduced in section 1 (see Figure 2). The production of the raw powder used
in SLM is commonly performed by vacuum inert gas atomization (VIGA)?, in
which a stream of the molten alloy is atomized with a high pressure jet of an
inert gas. The powders produced in this manner have mostly spherical shapes
with high flowabilities appropriate for SLM.? Gas atomized powders were
used to produce SLM specimens in all the papers included in this thesis.

In paper 11, besides SLM, suction casting was also used. In suction casting,
the sample is melted using an electric arc, and subsequently cast into a copper
mold. The specimens were first synthesized by mixing the raw elements with
an electric arc furnace. This melting procedure is performed in Ar atmosphere.
A small piece of titanium is fused before melting the elements, to further in-
crease the purity of the working atmosphere. The electric arc is created by
imposing a voltage difference between a tungsten tip and a water-cooled cop-
per plate. The electric arc ionizes the gas, creating a plasma that is subse-
quently used to melt the pure elements and produce the desired alloys. In order
to ensure homogeneity, the samples are re-melted several times.

3.2. Characterization techniques

3.2.1. X-ray diffraction

X-ray diffraction (XRD) is one the most commonly used techniques for the
characterization of both crystalline and amorphous solids. X-rays are ideally
suited for the investigation of crystalline structures, as their wavelength is in
the same order of magnitude as the interatomic distances.*’
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The diffraction phenomenon occurs when an incident X-ray beam interacts
with a crystalline structure and the scattered X-rays interfere constructively.
The condition for constructive interference is summarized in Bragg’s law,
which is shown in equation 3.

nA = 2dsin® 3)

where n is a whole number (order of reflection), A the wavelength of the radi-
ation, d the interplanar spacing and 6 is the angle of incidence/reflection®.

The diffraction pattern of a crystalline phase can be considered a “finger-
print”. Therefore, XRD is often used to identify phases, by comparing the pat-
tern of the unknown phase with the ones of known phases that have been col-
lected in a database®. Another common application is the quantification of the
relative abundance of the phases in multi-phase materials.®!

The in-house XRD experiments conducted for this thesis were performed
using a Bruker D8 Advance Diffractometer with Cu Ka radiation and a Bragg-
Brentano arrangement.

Synchrotrons can also be used to produce X-rays by accelerating electrons
in a large storage ring. These instruments provide X-ray photons with higher
energies and fluxes, enabling deeper penetrations into the samples and in situ
studies of reactions and phase transformations with better time resolution. The
in situ heating experiments of paper Il were conducted in the P02.1 beamline
at the German Electron Synchrotron (DESY), using a PerkinElmer XRD1621
detector and a wavelength of 0.207 A.

The experimental set-up used for the in situ heating is illustrated in Figure
9. It consists of a gas cell, which was designed by Jensen et al.®*. The cell is
connected to a vacuum system and an argon source. Kanthal™ wire is used as
a heating element and the temperature is followed using the thermocouple in-
side the capillary.

diffraction
pattern

120

capillary

thermocouple

Figure 9. lllustration of the experimental set-up used during the in situ XRD experi-
ments. Adapted from %. A picture of the gas cell is shown in the inset (reprinted from
reference ).
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3.2.2. Thermal analysis

Thermal analysis (TA) refers to a group of techniques that measure physi-
cal/chemical changes in a material during variations of its temperature.?>6+6°
In calorimetry, one of the TA methods, the heat exchange is measured during
a temperature program.®*

Differential scanning calorimetry (DSC) is one of the most accessible and
important methods of TA. It can provide information regarding heat capacity,
transformation kinetics, glass transition, purity, degree of crystallinity, as well
as help in the construction of phase diagrams.®* There are two types of DSC
methods, namely power compensated DSC, and heat-flux DSC (HF-DSC).

Power compensated DSC measures the heat flow rate to a sample (power)
during a temperature program in which a sample and a reference are kept at
the same temperature. Meanwhile, in HF-DSC, the difference in temperature
between a sample and a reference is measured during a temperature program.
In this case, the heat-flux is obtained from the difference in temperature be-
tween sample and reference.

In papers I, Il and Il a 204F1 Netzsch HF-DSC was employed. Aluminum
pans were used, and the samples were sealed inside a high purity argon glove
box in order to avoid oxidation. In paper III, Flash-DSC was also used to es-
timate the upper section of the TTT diagram (during cooling of AMZ4 print-
ing powder from the liquid state). Flash-DSC is a relatively new DSC tech-
nique in which ultrafast heating and cooling can be performed (in the order of
magnitude of 10° K/s).

3.2.3. Electron microscopy

Scanning electron microscopy (SEM) is a common technique used to investi-
gate the microstructure of materials. In this type of microscopy, an image is
obtained by scanning an electron beam over the surface of the sample.** The
electron beam interacts with the specimen and different signals are generated.
For instance, secondary (SE) and backscattered electrons (BSE), that are used
to produce images and X-rays, which provide information about the chemical
composition (energy-dispersive X-ray spectroscopy - EDS).

Transmission electron microscopy (TEM) is another microscopy technique
that uses electrons. However, in this case, the electron beam is transmitted
through the specimen (usual thickness around 100 nm). There are two main
modes: conventional and scanning TEM. In the conventional mode, a parallel
electron beam illuminates the entirety of the specimen (at the same time).*” In
the case of scanning TEM, the electron beam is focused into a nanoscale probe
(size down to 0.1 nm)%, which is scanned over the sample. As one of the main
sources of contrast in TEM is the scattering of the electrons,®® the so-called
bright field and dark field imaging modes are possible. In the bright field (BF)
mode, the electrons that are weakly scattered from the optical axis reach the
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detector (these areas look bright in the image), while the strongly scattered
electrons are stopped at the aperture (these regions look dark). The opposite is
true in the dark field (DF) mode, i.e. strongly scattered electrons reach the
detector.®®

It is possible to combine TEM and EDS to obtain spatially resolved infor-
mation about the chemical composition of the sample. Additionally, using se-
lected area electron diffraction (SAED), it is possible to investigate the elec-
tron diffraction patterns from different areas in the sample (as small as 50
nm)%,

In papers I and II, a FEI Titan Themis 200 microscope was used to inves-
tigate the structure of the AMZ4 metallic glass. The lamellas used for STEM
were prepared using the in situ lift out technique with a FEI Strata DB235.

3.2.4. Small-angle neutron scattering

Small-angle scattering is the elastic scattering at small angles (mostly below
1°)% that arises due to density fluctuations in a specimen. It can provide useful
information of the scattering domain sizes, size distribution, shape, and com-
position. Particles with sizes between 1 and 100 nm can be investigated with
this method.

The contrast in small-angle neutron scattering (SANS) is determined by the
scattering length density difference between a matrix and the scattering ob-
jects.® The scattering length density is defined according to equation 4.

= b )

where § is the density of the phase, Na the Avogadro constant, M,, the mo-
lecular weight and b the coherent scattering length of the i element. The co-
herent scattering length represents the scattering amplitude of each element
(analogous to the atomic scattering factor in X-rays).

3.2.5. Texture evaluation

The preferred orientation that can be present in polycrystalline materials, was
discussed in section 1.4. Here, the methods used in this thesis to measure and
study texture are briefly described.

3.2.5.1. Neutron texture analysis

Neutron diffraction can be used to study preferred orientation in polycrystal-
line materials with the use of a texture goniometer. Neutrons are ideally suited
to investigate the bulk of the specimens, as they have superior penetration in
many materials in comparison to electrons or X-rays.%’ This is due to the fact
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that neutrons are scattered primarily by the atomic nuclei and not by the elec-
trons, as is the case for X-rays.®

The measurement procedure, also known as pole figure measurement,®
consists of evaluating the integral intensity of Bragg reflections with respect
to different sample orientations, as illustrated in Figure 10. This experimental
set-up can be used for either X-rays or neutron radiation. The specimen is ro-
tated along two axes (rotation in ¢ and y), while the detector is fixed at a 260
angle corresponding to a specific du plane.®® By recording the intensities at
different sample orientations, the correlated information about the orientation
of the selected d,u plane (and the average orientation of the crystalline struc-
ture) in the sample is obtained.®® After this procedure is completed, the detec-
tor can be placed at different 20 angles to subsequently investigate the orien-
tation of other planes. The information obtained can be summarized in the
form of a pole figure, which illustrates the average orientation of the specific
hkl plane in reference to the sample coordinates. Pole figures can be quite
useful for the qualitative description of the type of texture present in a speci-
men.%’

,\@' rotation

X rotation
Primary X- Sample

ray beam ) Diffracted beam

/ 20 rotation

Figure 10. Eulerian cradle/goniometer. Reprinted with permission of Elsevier from

reference "
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Neutron texture analysis was used in this thesis to characterize the preferred
orientation in 316L specimens manufactured by SLM with three different scan
strategies (included in papers V and VI). The measurements were performed
using the instrument (MEREDIT) at the Nuclear Physics Institute in the Czech
Republic. A volume of 10 x 10 x 10 mm? was investigated and the sample
orientation was changed in steps of 5° along x (between 0 and 90°) and ¢
(between 0 and 360°). Four different planes, namely, (311), (220), (200) and
(111) were measured using this procedure.

3.2.5.2. Electron backscatter diffraction (EBSD)

In SEM, backscattered electrons (BSE) are one of the signals that are gener-
ated, as discussed in section 3.2.3. These BSE correspond to electrons from
the incident beam that have been scattered inelastically and reflected by the
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sample.’” The BSE can be detected in different manners, providing an image
with either information related to the elemental distribution (so-called Z con-
trast) or the orientation of the crystallites in the specimen.®” The information
related to the orientation of the crystallites is contained in the electron
backscattered diffraction (EBSD) patterns, known as SEM Kikuchi patterns.®
From the geometry of these patterns and with the use of computer programs,
it is possible to analyze the orientation of the grains in a polycrystalline mate-
rial

One of the main advantages of EBSD is that, simultaneously, one can ob-
tain quantitative information regarding the phases present in the material, as
well as the orientation and size of each grain.® Its two main drawbacks are the
fact that it is a destructive method and the relatively small volumes that can
be investigated (penetration depth around 10 to 20 nm depending on the beam
energy and nature of the sample).®*®

3.2.5.3. Diffraction contrast neutron imaging

Neutron/X-ray texture analysis (known as volume methods)® and EBSD are
the most common techniques used to investigate preferred orientation. One of
the main drawbacks of the volume methods is that they only provide average
information, originating from the many crystals that are measured simultane-
ously, i.e. no spatially resolved information.”! Meanwhile, EBSD enables the
evaluation of individual grains and can provide valuable information over rel-
atively small areas, but is limited in relation to the penetration depth, size of
the observed area and sample preparation (destructive). Here, diffraction con-
trast neutron imaging could be an attractive alternative, due to its large pene-
tration depth, in combination with its non-destructive nature and spatially re-
solved information.

In conventional neutron radiography and tomography, a broad spectrum of
wavelengths is used to guarantee a high neutron flux and short exposure times
during the measurements.”” ™ The neutron beam used in this imaging mode is
often described as polychromatic or a white beam.”” Although elastic scatter-
ing strongly contributes to the attenuation of the beam during neutron imaging
(conventional) of polycrystalline materials, this contribution is indistinguish-
able and cannot be used as a source of contrast. The diffraction contribution
to the attenuation can however be exploited using well defined, single wave-
lengths.” This is the basic idea behind diffraction contrast neutron imaging,
which is also known by terms such as Bragg-edge imaging, energy/wave-
length selective, energy/wavelength dispersive and energy/wavelength re-
solved imaging.”

As previously described in section 3.2.1, diffraction can occur when the
Bragg condition is satisfied for an 4kl plane. From equation 3, it can be seen
that the scattering angle increases with the wavelength. This is illustrated for
Bragg-edge imaging in Figure 11, where a wavelength scan, i.e., scanning
over single wavelengths (A1, A2 and A3), is used to probe the {200} family of

31



planes in textured iron (simulated transmission spectra). It can be seen that at
a critical wavelength A3 = 2du, the diffraction angle 20 is 180° (which trans-
lates into a minimum transmitted intensity). At larger wavelengths, i.e., A >
A3, a sharp increase in the transmission is observed (so-called Bragg-edges)
because diffraction does not occur at the {200} planes anymore (equation 3
can no longer be satisfied).

In general, a pronounced Bragg edge occurs when many of the grains in a
polycrystalline specimen are oriented for backscattering (i.e., with the planes
being perpendicular to the direction of the incident neutron beam). Based on
this, it can be reasoned that the orientation of the crystalline structure of a
material can be characterized with the transmission spectra. For instance, the
simulated transmission spectra in Figure 11b correspond to textured cubic
close-packed iron, in which many grains are oriented with the (200) planes
perpendicular to the neutron beam (at this specific orientation). Hence, a pro-
nounced Bragg-edge dip is seen around 3.6 A, which is directly correlated to
the preferred orientation in the specimen (simulated in this case).
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Figure 11. (a) lllustration of diffraction contrast neutron imaging demonstrated for
the {200} family of planes in textured cubic close-packed iron and 3> A,> 1; (b)
Simulated transmission spectra for one sample orientation.

Diffraction contrast neutron imaging can provide relevant information related
to local density, residual stresses, phase composition and/or texture with a sin-
gle measurement.” However, the interplay of all these factors can make the
interpretation challenging.” Paper VI in this thesis, aimed at providing a fu-
ture reference for the examination and analysis of preferred orientation, from
Bragg-edge imaging data, by comparing experiments and simulations, as well
as results obtained by EBSD and neutron texture analysis. Additionally, with
these experiments it was possible to investigate the effect of the laser scan
strategy on the formation of preferred orientation in 316L produced by SLM.
Bragg-edge imaging also proved useful for the examination, in situ, of the
deformation behavior of the specimens during tensile test. The measurements
were performed at the beamline CONRAD-2 in Helmholtz-Zentrum Berlin
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(HZB), using an exposure time of 180 s and a wavelength scan with 0.02 A
steps between 2.20 and 4.60 A.

3.2.6. Mechanical properties

Three techniques were used to evaluate mechanical properties in this thesis,
namely, Vickers microhardness, nanoindentation and uniaxial tensile testing.

Hardness is defined as the resistance of a material to localized plastic de-
formation. It can be estimated by forcing small indenters into the surface of a
material with a specific load and subsequently measuring the size of the in-
dentation. Harder materials exhibit smaller indentations and consequently
higher hardness index numbers. Hardness measurements are one of the sim-
plest methods to evaluate mechanical properties, as they are relatively fast and
simple, non-destructive and inexpensive.* In the Vickers microindentation
test, the indenter is shaped as a pyramid and the applied load can vary between
1 and 1000 g-force (~9.80 N). The shape of the indentation in this case is a
square of area (d?), which is related to the Vickers hardness (HV) number and
load (P) according to HV = 1.854P/d>.

In nanoindentation, the surface of the material is indented using a force
between 1 uN and 500 mN. Elastic modulus and hardness are the main me-
chanical properties that can be estimated from nanoindentation measure-
ments.”®

Tensile testing is the most common method used to evaluate the mechanical
stress-strain behavior of a material. In this technique, a sample is deformed
until it fractures by increasingly applying a uniaxial tensile load along the
specimen. Numerous mechanical properties, such as the Young’s modulus,
yield strength and tensile strength can be estimated with these measure-
ments.*

Microhardness measurements were conducted in paper V, using a CM mi-
crohardness indenter with 300 g-force (~2.94 N) and 15 s dwell time. The
uniaxial tensile test in paper V was performed according to the ASTM ESM
standard with a deformation rate of 0.005 mm/s. Nanoindentation was used in
paper I with a CSM Instruments Ultra Nano Hardness Tester (UNHT) using a
diamond Berkovich tip, 2 mN load and a rate of 1000 uN/s.

3.2.7. Magnetic properties

Magnetic properties are commonly examined by measuring the magnetic hys-
teresis loop, i.e., the magnetization of the material as a function of the mag-
netic field strength. From the measurements, relevant magnetic parameters,
such as coercivity, remanence and saturation magnetization can be esti-
mated.®

The magnetic measurements in paper VII were conducted with a M-meter
(Epping GmbH) and a 1.5 T maximum magnetic field.
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3.2.8. Inert gas fusion method

Inert gas fusion is a chemical composition analysis method that can be used
to estimate the amount of carbon and sulfur, as well as dissolved gasses such
as oxygen, nitrogen or hydrogen.”” In this technique, a sample of known mass
is heated to high temperatures at which the analyzed elements evolve as gas
or gaseous products. The amount of gas detected can be correlated to the initial
concentration of the element in the specimen under examination.”’

The inert gas fusion method was used to estimate the oxygen content of the
AMZA4 metallic glass in papers [ — IV.
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4. Results and discussion

This section has been divided according to the alloy system under investiga-
tion. The focus is first on the production of the Zr-based metallic glass AMZ4
by SLM and the influence of the manufacturing method on glass formation,
mechanical properties, and thermal stability. The second section centers on
the preferential orientation in 316L stainless steel and MnAIl(C) and its effect
on mechanical and magnetic properties, respectively.

4.1. Production of AMZ4 metallic glass by SLM

As mentioned in section 1, the high cooling rates of the SLM method make it
ideal for the production of MGs. However, to simultaneously achieve a fully
amorphous structure with high density, the SLM processing parameters must
be carefully selected.

4.1.1. Nanocrystals and defects

The effect of the laser power on the production of the AMZ4 metallic glass
(Zrs9.3Cuzs.8Al104Nb1 5) was investigated in paper I. The SLM samples were
manufactured using 67° rotation of the laser between each layer and melting
each layer twice. Parameters such as the scan speed and hatch spacing were
optimized using step-wise variations with examination of the porosity content.
These optimized values were implemented and kept constant during manufac-
turing, while the laser power was increased between 55 and 105 W using 5 W
steps. In Figure 12a, the XRD patterns from the samples produced with dif-
ferent laser powers are presented. From the patterns it can be established that
below 80 W no crystalline phases can be detected with XRD. Meanwhile,
above 80 W it can be seen that the higher laser power promotes the formation
of the crystalline phase, with higher power translating into larger crystalline
fraction. The formation of higher crystalline fractions (i.e., less amorphous
phase) with higher laser powers was also corroborated using DSC, where
lower crystallization enthalpies are obtained with higher laser powers. For ex-
ample, a crystallization enthalpy (AHx) of -86.3 J/g was obtained for the sam-
ple produced with 55 W, while -71.6 J/g was estimated for the 105 W speci-
men.
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From the XRD patterns in Figure 12a, it can be established that SLM is an
effective method to produce AMZ4 in its amorphous state and without the size
limitations and constrains that are posed by the conventional manufacturing
methods used for MGs, such as suction casting. This is supported by the re-
sults from Bordeenithikasem et al.”®, which show that the printing powder (in-
dustrial grade with high oxygen impurities of -1 at.%) could not be cast into
amorphous samples. Even when squared beams with side length of 0.5 mm
were fabricated, strong peaks were clearly visible in the XRD patterns. On the
other hand, the samples studied in paper I (Figure 12a) were produced using
the same type of industrial grade powder, but nevertheless cylinders of § mm
in diameter could be obtained with mostly amorphous phases (at low laser
powers), as evidenced by the lack of crystalline peaks in the XRD patterns.
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Figure 12. (a) X-ray diffraction patterns of AMZ4 produced by SLM with different
laser powers. ). = 1.54 A (b) Crystallinity and porosity as a function of laser power.

Adapted from paper 1.

Besides the effect of the laser power on the formation of crystals, it was also
found that it has a strong influence on the amount of porosity, as shown in
Figure 12b. The porosity was determined by optical microscopy, indicating
that higher power produces a decrease in both area porosity and average di-
ameter of the pores. The high porosity obtained with low power can be ex-
plained considering that the lower energy input causes smaller melt pools and
lack of fusion defects in some areas of the powder bed. Lack of fusion is a
common defect in SLM components, especially when low laser power and/or
high laser scanning speeds are used.” The decrease in porosity with higher
laser power is illustrated in Figure 13, where the samples produced with 55 W
and 80 W can be compared.
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(a) 55 W (b) 80 W

Figure 13. Optical microscopy image of the AMZ4 amples produced with (a) 55 W
and (b) 80 W. Adapted from paper .

The variation of the crystalline fraction with laser power was determined from
the diffractograms in Figure 12a, using the software TOPAS®’ to estimate the
integrated intensities for the crystalline and amorphous phases. The results are
summarized in Figure 12b. In Figure 12 it is observed that the reduction of
porosity at high laser powers comes with an increase in crystalline fraction. A
good balance between both factors is reached around 80 W.

It was previously mentioned that below 80 W the samples can be described
as amorphous, based on the XRD patterns. However, here it is important to
note that there might still be a small fraction of nanocrystals in these samples,
which cannot be detected with X-rays. Indeed, it is well known that XRD can-
not detect small fractions of crystalline phases, especially when their sizes are
in the nanometer range.’ Therefore, the broad peak that is usually associated
with amorphous materials can be obtained from a fully amorphous specimen,
as well as from a sample that contains both amorphous phase and nanocrys-
tals.®!

To corroborate the amorphous structure of the samples produced with low
laser power (i.e., <80 W), the specimen produced with 65 W was investigated
using STEM. In the STEM examination it was observed that the sample con-
tained mainly an amorphous phase, in agreement with the diffractograms from
Figure 12a. However, crystals with sizes between 75 and 100 nm could also
be distinguished embedded in the non-crystalline matrix, as shown in Figure
14a. The structure of these small crystals was investigated with SAED, and
their electron diffraction patterns could be indexed to a-Zr (hexagonal closed
packed - hep). This phase was found to be enriched in Zr and O and depleted
in Cu and Al in comparison to the matrix (see Figure 14a). The presence of
oxygen in a-Zr is not unexpected, as the Zr-O phase diagram shows that it can
dissolve up to approximately 35 at.% at high temperatures (+~2000 °C).** On
the other hand, the presence of Zr and O enriched particles could have also
been anticipated from the relatively high oxygen content of the SLM parts (-1
at.%).

Previous investigations have indicated that the presence of oxygen impuri-
ties can influence and promote the crystallization of Zr-based MGs, both on
cooling from the liquid state®*** and on heating from the glassy structure®>56,
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For instance, the formation on cooling from the liquid state, of a-Zr particles
in an amorphous matrix, has been reported in ZreosCuiaNijjAlys with a 0.1
at.% oxygen content (quenching from 1500 °C).* However, an oxygen con-
tent of 1.1 at.% was reported to produce the formation of a quasi-crystalline
phase in the same alloy.%

Interestingly, a different phase from a-Zr was identified from the XRD pat-
terns of the samples with laser power > 80 W (see Figure 12a) and the SAED
that was performed in the crystalline particles of the 100 W specimen. The
crystalline structure was identified as cubic (Ti2Ni type). This phase, which
has been previously reported as Cu,Zr40, is often referred to as the “big cube”
phase (due to its relatively large unit cell parameter of —~12 A). Its formation
has been observed in the crystallization of different Zr-based MGs, in the pres-
ence of relatively high oxygen contents (usually above 0.5 at.%).%”*® The com-
position of this phase was evaluated using STEM-EDS (see Figure 14b),
where it could be seen that it is enriched in Al and O and slightly depleted in
Zr, in comparison to the amorphous matrix. Additionally, it is worth pointing
out that some of the particles exhibit elemental segregation, with an outer shell
enriched in Cu and specially Al. The Al enrichment has been previously ob-
served and it has been proposed that some of the Zr is substituted by AL%-°

Figure 14. STEM EDS of the AMZ4 specimens manufactured with (a) 65 W and (b)
100 W. The laser scanning speed, hatch spacing, and layer thickness were kept con-
stant at 2000 mm/s, 100 um and 20 um, respectively. Adapted from paper I.

From Figure 12a, it is apparent that the first evidence (from XRD) of the pres-
ence of nanocrystals in the samples manufactured with laser powers > 80 W,
is the initially small reflection at ~39°. A similar feature could be observed in
the SLM samples studied in paper II — the samples were provided by Heraeus
Additive Manufacturing GmbH. In paper II, a suction cast sample was used to
benchmark the characteristics and properties of the SLM parts. In Figure 15a
the XRD patterns of both the cast and SLM specimens are shown. The arrow
indicates the position of the small peak for the SLM specimen. The small peak
is barely noticeable in the XRD pattern obtained with the in-house diffractom-
eter. Here, the examination conducted at the German Electron Synchrotron
(DESY), revealed some additional features in the SLM samples, as shown in
Figure 15b. In this case, the small peak is seen as an asymmetric “shoulder”
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on the main broad amorphous peak, at around 5° in 20 (difference in diffrac-
tion angles are due to differences in wavelengths). The small irregularities that
are revealed in the XRD pattern (some indicated by small arrows), further
point to the presence of crystalline particles in these group of SLM samples.
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Figure 15. (a) XRD patterns of the samples fabricated with suction casting and SLM
(in-house diffractometer). ). = 1.54 A (b) XRD pattern of a SLM sample obtained by
synchrotron XRD. ) = 0.207 A. Adapted from paper II.

The presence of CuxZr4O particles in AMZ4 produced by SLM has been re-
ported in other investigations subsequent to paper 1151 For example, a
study by Sohrabi et al.,® found similar characteristics as seen in Figure 15, in
in-house and synchrotron XRD patterns, i.e. a small shoulder stemming from
nanocrystals in the samples. Another interesting investigation was conducted
by Wegner et al.®’, in which three different working gasses (Ar, N, and
ArosH>) and their influence on glass formation during the printing process was
studied. It was indicated that the use of N, was detrimental for glass formation,
as evidenced by the higher intensities of the reflections corresponding to
CuZr40 in the XRD patterns. However, the effect of N> was not fully eluci-
dated in that work. The detrimental effect of nitrogen could be related to the
formation of an isostructural phase to Cu,Zr;O, but enriched in nitrogen in-
stead of oxygen, similarly to Ni,ZrsO** and the isostructural Ni,ZrsN* in the
Zr-Ni system. Nonetheless, until now, such a nitrogen enriched phase has not
been reported in the Zr-Cu system.

Based on the indications from XRD, it was decided to further investigate
the structure of the cast and SLM samples studied in paper Il by STEM (see
Figure 16). The cast sample was found to consist of the amorphous phase, as
evidence by the homogeneous contrast in the TEM image and the SAED pat-
tern (shown in the inset) in Figure 16a. On the other hand, clusters of nano-
crystalline particles can be observed in the SLM specimen, as shown in Figure
16b. The composition of these particles was evaluated using TEM-EDS and
the results are similar to the ones in Figure 14b, namely enrichment in Al and
O, as well as some elemental segregation in the form of an outer shell enriched
in Al
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Figure 16. STEM of the samples produced by (a) suction casting and (b) SLM. The
SAED is shown in the inset. (¢c) TEM-EDS of the particles observed in the as-built
SLM sample. Adapted from paper I1.

In papers I and 11, it was demonstrated that SLM is an effective method for the
production of AMZ4 in its amorphous state. The formation of a small fraction
of nanocrystalline particles was also revealed, as shown in Figure 14 and 16.
These particles could nucleate in two manners during the printing process,
either inside the melt pools, during cooling from the liquid state and/or in the
heat affected zone (HAZ) surrounding them. Between these two, the HAZ has
been found to be the critical location for crystallization during SLM of
AMZ4.8’96’97

The cooling rates in the melt pool seem to be high enough to avoid crystal-
lization, as indicated by both experiments and simulations. For example, SEM
images of the fusion and heat affected zones, as well as thermal and phase
transformation modelling, point to the HAZ as the site where crystallization
might occur.”” The cooling rate at the melt pool has been estimated to be
around 5 x 10° K/s,® being an order of magnitude higher than the than the
critical cooling rate for industrial grade AMZ4, which was estimated to be <2
x 10* K/s using flash-DSC in paper III (see Figure 17a).
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Figure 17. (a) Flash-DSC cooling curves from the liquid state at different cooling
rates. (b) TTT diagram estimated from Flash-DSC on cooling from the liquid state (o)
and conventional HF-DSC on heating from the amorphous state (). Figure (b)
adapted from paper Il and I11.
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In Figure 17b, part of the TTT diagram of industrial grade AMZ4 (-1 at.%
oxygen) is shown. The lower part of the diagram was estimated by HF-DSC
(204F1 Netzsch) analysis of printed samples. The upper section of the diagram
was estimated from measurements conducted by Mettler Toledo on powder
particles, using the relatively new FlashDSC2+.%

As previously mentioned, from the Flash-DSC measurements it was esti-
mated that the critical cooling rate for the AMZ4 industrial grade powder is
between 10000 and 20000 K/s. This was established from the Flash DSC cool-
ing curves (see Figure 17a), where a small crystallization peak can be ob-
served for 10000 K/s, but no event can be distinguished for 20000 K/s. In a
study subsequent to paper II, the critical cooling rate of AMZ4 printing pow-
der was estimated to be around 2500 K/s,* using Flash-DSC. The difference
is probably due to the higher oxygen content of the powder used in the present
work, which was around 0.2 wt.% (-1 at.%), in comparison to ~ 0.13 wt.%
(0.6 at.%). The detrimental effect of oxygen on the GFA of other Zr-based
alloys, such as Zrs»sTisCui79Niis6Alio, has been previously studied using
DSC and TTT diagrams. A shift of the TTT diagram to shorter transformation
times was observed for increased oxygen contents in the alloy.”

It has been previously shown that the laser power provides some control
over the total crystalline fraction that is obtained during the printing process
(Figure 12). The effect on the mechanical properties was examined using
nanoindentation.

4.1.2. Mechanical properties

The samples produced with different laser powers were evaluated using
nanoindentation to estimate their Young’s modulus and hardness, as summa-
rized in Figure 18. Both properties exhibit a slight increase for laser powers
greater than 75 W, which is most likely correlated to the formation of the crys-
talline phases evidenced in the XRD patterns of Figure 12. The increase in
hardness can be explained considering that the nanocrystalline particles
formed in the amorphous matrix may act as obstacles that hinder the propaga-
tion of shear bands. Shear bands is the main mechanism that operates during
the deformation of MGs.’ In these minute regions of approximately 20 to 30
nm in width, is where most of the plastic strain occurs during mechanical test-
ing of MGs.’
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Figure 18. Young’s modulus (E) and hardness for the AMZ4 samples produced with
different laser powers. Adapted from paper I.

The degree of crystallization in AMZ4 and its mechanical properties (e.g.,
hardness) can be controlled with printing parameters, such as the laser power.
This provides new alternatives for tailored properties in different sections of
a component. The presence of nanocrystalline particles is in principle consid-
ered detrimental for the material properties. After all, the attractive properties
of MGs are linked to their amorphous structures. However, some promising
reports have indicated improved ductility for composite MGs with particles of
a secondary phase in the amorphous matrix.'” Regarding mechanical proper-
ties, it is also important to keep in mind that it has been recently reported that
oxygen impurities in AMZ4 are responsible for a change in the short-range
order of the material and a correlated decrease in its toughness'*! and ductil-
ity”!.

Until now, it has been established that although SLM is effective to obtain
mostly amorphous AMZ4, some oxygen enriched nanocrystalline particles
also appear during the printing process. The effect of the composite structure
(amorphous with crystalline nanoparticles) and high oxygen contents on the
thermal stability and crystallization was evaluated in papers Il and IV, using
in situ XRD and small-angle neutron scattering, respectively.

4.1.3. Thermal stability and crystallization

Having seen the differences between the samples in the as-cast and as-built
conditions (see Figure 16), their thermal stabilities and crystallization were
evaluated using in situ XRD, as shown in Figure 19.
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Figure 19. In situ synchrotron XRD of AMZ4 manufactured by (a) suction casting and
(b) SLM. ). = 0.207 A. Heating rate: 20 °C/min. Adapted from paper II.

The XRD patterns in Figure 19 indicate that the cast and SLM specimens fol-
low different crystallization routes, with different metastable phases forming
during the initial crystallization stages. A phase with an Al,Zr3-type (tetrago-
nal) structure was observed in the initial crystallization of the cast sample,
while the previously identified Cu,ZrsO-type structure (SAED) was identified
from the XRD patterns of the samples produced by SLM. The differences in
the crystallization paths were attributed to the oxygen contents. The oxygen
content of the cast samples was determined to be less than 0.1 at.%, while an
oxygen content of ~1 at.% was obtained for the printed specimens.

In both the cast and SLM samples, the metastable phases are not observed
at higher temperatures (e.g., 800 °C), where the thermodynamically stable
phases, with structures of the type CuZr, and Al;Zrs, were identified in the
XRD patterns (Figure 20). Here it is also important to mention that some small
peaks in the diffractograms in Figure 20 could not be identified. These small
peaks most likely originate from phases that are present in small fractions.
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Figure 20. XRD patterns at 800 °C of the AMZ4 samples produced by (a) suction
casting and (b) SLM. Pawley refinement was used to corroborate the CuZr; and Al3Zr4
type structures. Adapted from paper I1.

The effect of oxygen and the formation of metastable phases during the crys-
tallization process, are points that deserve some further comments. First, it is
interesting to consider the effect of oxygen on the crystallization. Numerous
studies have indicated that oxygen impurities influence the phases that form
during the crystallization of Zr-based MGs. Murty et al.®* were among the first
ones to investigate this phenomenon and showed that the ZrssCuz7.5Al7 5 sys-
tem crystallizes in two stages in the presence of high amounts of oxygen (be-
tween 0.43 and 0.82 at.%). In the first stage, a metastable quasicrystalline
phase forms, which subsequently disappears at higher temperatures or longer
times (in the case of isothermal heat treatments).®> Given enough time/high
temperature the stable CuZr, forms. On the other hand, Murty et al.® also
reported that for low oxygen contents, the systems crystallizes directly into
the thermodynamically stable CuZr,.*> The formation of the metastable
CuyZr;0 in other Zr-based system has also been previously documented at
high oxygen contents.®* The exact mechanism of formation of these metasta-
ble phases has not been fully elucidated, but oxygen seems to play an im-
portant role facilitating their formation (the particles are generally enriched in
oxygen as shown in Figure 14 and 16). Koster e al.®*'* proposed that the
Cu,Zr40 phase formation is facilitated due to its lower interfacial energy in
comparison to the thermodynamically stable phases (i.e. lower energy barrier
for nucleation, see equation 2). This idea was supported by their observations
of changes in the shape of the particles that form in the Co-Zr-O system with
different oxygen contents.

Small-angle neutron scattering (SANS) was used in paper IV to further
study the crystallization of the samples produced by suction casting and SLM
with the aim of obtaining information regarding the crystalline cluster sizes
and their number densities. Isothermal heat treatments were performed in situ
at different temperatures and scattering curves were obtained, as illustrated in
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Figure 21 for 370 °C. A similar result was obtained for annealing at 350 °C.
The annealed samples were examined (after the in situ experiments) with
XRD and SEM, indicating that during the isothermal heat treatments, crystal-
lization occurred. Furthermore, the XRD patterns indicated the presence of
mostly CuZr; and AlsZr4 for both cast and SLM samples.

In the evolution of the scattering curves with time (Figure 21a), it can be
seen that a scattering peak appears for both samples. Based on the XRD and
SEM characterization and previous studies of Zr-based MGs,*’ this peak was
associated to the crystallization process while phase separation by spinodal
decomposition was considered unlikely in this case. The scattering peak sub-
sequently shifts to lower Q values, suggesting nucleation and growth of nano-
crystalline particles with time.
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Figure 21. (a) Time evolution of the scattering curves for the samples produced by
suction casting and SLM during the isothermal heat treatment at 370 °C. The follow-
ing times are shown: initial condition at room temperature (®), 0 min (m), 30 min (4)
and 90 min (V). The corresponding fitted models are also shown. (b) Size distribu-
tions at each time for the cast and SLM specimens. Adapted from paper IV.

The scattering curves were fitted with a two-phase model (amorphous matrix
+ crystalline particles), allowing the estimation of the changes of the particle
size distribution for the printed and cast samples during the isothermal exper-
iments, as summarized in Figure 21b. It can be seen that the average particle
size is smaller for the printed samples. Additionally, it was also estimated that
the number density of crystalline particles is approximately one order of mag-
nitude larger in the SLM samples, indicating that nucleation is more favorable
in the printed samples (i.e., lower energy barrier). The ease of crystallization
in the SLM samples, with higher density of particles and smaller sizes, is most
likely related to the higher oxygen levels. As has been previously discussed,
oxygen could reduce the energy barrier for nucleation, which also explains the
formation of metastable phases as CuxZr40.

The thermal stability was also investigated using DSC in papers I and 11, as
summarized in Figure 22. As can be seen in Figure 22a, the SLM and cast
samples show similar crystallization temperatures (Tx) around 472 °C. Mean-
while, some difference could be observed in the glass transition temperatures
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(Ty) of the samples, with 389.5 °C for the cast sample and 399.5 °C for the
SLM sample. These differences were attributed to both the presence of nano-
crystals in the printed specimens and their relatively high oxygen impurities.
Best et al.'® reported a similar difference between the T, of AMZ4 cast and
SLM specimens. They proposed that this could indicate that oxygen increases
the activation energy for atomic mobility, which seems to be a general behav-
ior across different types of Zr-based MGs, as an increase of T, with oxygen
content has also been observed in ZresAly sCuy7.5Nijo.%

Another notable difference between the DSC curves of the SLM and cast
sample was in the SCLR, i.e., Tx— T (shown in the inset of Figure 21a), which
was longer for the cast sample. Additionally, the curve of the cast sample ex-
hibits a plateau in the SCLR that is not observed in the case of the SLM spec-
imen. The differences were attributed to the presence of nanocrystal in the
SLM samples, as well as their higher oxygen levels.

A plateau in the SCLR of MGs has been previously recognized as a favor-
able characteristic if the alloy is to be molded using thermoplastic forming
methods (analogous to glassblowing of borosilicate glasses).!* Thus, the SLM
parts investigated in paper Il would not be suitable for this processing method.
Nonetheless, the surface of AMZ4 produced by SLM has been successfully
post-processed using thermoplastic forming by Frey et al.®'. Notably, in that
case, the SLM samples showed a plateau in the SCLR, which is most likely
correlated to the oxygen level of around 0.158 wt.% (0.75 at.%). The oxygen
content of the SLM samples in the present work is around 1 at.%.
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Figure 22. (a) DSC scan curves for the cast and SLM samples. Heating rate: 20
°C/min. A magnification of the SCLR is shown in the inset. (b) TTT diagram for the
cast and SLM samples showing 5% transformed fraction. The 5 and 100% trans-
formed fraction for the SLM specimen is shown in Figure 17b. (c¢) DSC scan of the
printing powder and a SLM sample produced with a laser power of 55 W. Heating
rate: 20 °C/min. Figure (a) and (b) adapted from paper II. Figure (c) adapted from
paper 1.

The thermal stability of the printed and cast samples was also compared in

paper II, through isothermal heat treatments on heating from the glassy phase,
as shown in the inset of Figure 21b. These measurements enabled the con-
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struction of a TTT diagram for the transformation from the glassy to the crys-
talline structure. Not surprisingly, due to the higher oxygen levels and nano-
crystalline particles already present in the material (Figure 16), the SLM sam-
ples exhibit a lower thermal stability (i.e., faster crystallization) in comparison
to the cast samples.

The samples studied in paper I were also examined with DSC, as illustrated
in Figure 21c for the specimen produced with 55 W. Once again, and similar
to Figure 21a, the SLM sample does not show a plateau in the SCLR. On the
other hand, the printing powder, which also has a high oxygen level does show
a plateau. This could indicate that the main reason for the lack of a plateau in
the SLM specimens is related to the nanocrystalline particles that are known
to form in these samples (Figure 14).

As has been previously discussed, besides the production of MGs, the high
cooling rates of SLM can also be exploited to produce highly textured mate-
rials with anisotropic properties. The results related to the production of tex-
tured 316L stainless steel, and its characterization are presented in section 4.2.

4.2. Effect of scan strategies in the preferential
orientation of 316L stainless steel

The effect of the laser scan strategy on the texture evolution of 316L stainless
steel during the SLM process was investigated in papers V and V1. In paper V
the bulk texture of the specimens was examined, and new insights were gained
regarding the mechanism by which preferential orientation arises. On the other
hand, in paper VI local variations of texture, which are inadvertently produced
by the laser scan strategies, were revealed.

4.2.1. Preferred orientation

The three scan strategies that were investigated are illustrated in Figure 23,
together with the XRD patterns collected in the XY plane. This plane was used
for all the material examinations that is covered in the following sections. Here
it is also important to note that during the tensile test, the samples were pulled
along the direction of the Z-axis and that the X-axis corresponds to the build
direction.
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Figure 23. lllustration of the three laser scan strategies used to produce the 316L
stainless steel samples and the corresponding XRD patterns (2 = 1.54 A) obtained at
the XY plane. (a) Printing powder. Scan strategy with laser scanning (b) along the Z-
direction, (c) along the Y-direction and (d) with 67° rotation between each layer. The
blue arrow indicates the direction of the gas flow (parallel to the Y-axis). Adapted
from paper V.

A comparison of the XRD patterns of the samples produced by SLM, with the
pattern of the printing powder (Figure 23) indicates a strong preferred orien-
tation of the samples produced with the Z- and Y-scan strategies. For the spec-
imens produced with laser scanning parallel to the Z-axis (referred to as Z-
scan strategy from now on), a relatively strong intensity is obtained for the
(200) reflection, which indicates that the <100> crystallographic directions are
preferentially aligned with the Z-axis. For the samples fabricated using a laser
scanning parallel to the Y-axis (referred to as Y-scan strategy), a preferred
orientation of <110> parallel to the Z-axis direction is suggested from the dif-
fractogram. In the case of the sample fabricated with 67° rotation of the laser,
no significant difference with the powder was observed, suggesting a random
orientation of the grains.

Although the diffractograms in Figure 23 indicated preferred orientation in
the samples manufactured with the Z- and Y-scan strategies, they do not pro-
vide a full description of the type of texture component, as only one orientation
was examined. In order to obtain a full description of the preferred orientation,
the samples were analyzed with EBSD, as shown in Figure 24. In agreement
with Figure 23, the sample fabricated with the Z-scan strategy exhibit strong
<100> texture parallel to the Z-axis, as evidenced by the grain orientation map
and pole figures in Figures 24a and d, respectively. In fact, from Figure 24 it
can be established that a strong <100> texture is obtained in the direction of
the laser movement, as <100> texture is seen in the Y-axis direction for the
samples manufactured with the Y-scan strategy. A similar observation has
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been reported in other studies.'® Here is it relevant to mention that the <100>
have been found to be favorable crystallographic directions for the growth of
cubic materials.?> This facilitates the growth of the crystals with <100>
aligned with the direction of maximum heat extraction in the melt pool.!%
Therefore, the results in Figure 24, indicate that the backward flow generated
during the scanning of the laser is one of the main paths for extraction of heat
from the melt pool and generates solidification of the crystalline structure with
the <100> directions parallel to the path of the laser.

(110} (111}

{110} {111)
(d) (e) (f)

Figure 24. Grain orientation maps (XY plane) and pole figures for the samples pro-

duced by SLM with the (a) Z-scan, (b) Y-scan and (c) 67° rotation scan strategies.

The pole figures for the XY and YZ planes are also shown for the samples produced

with the (d) Z-scan, (e) Y-scan and (f) 67° rotation scan strategies. Adapted from

paper V.

In Figure 24, it can be seen that in the case of the Y-scan sample, the <110>
crystallographic directions are oriented along the Z-axis (in agreement with
Figure 23). For the sample produced with the 67° rotation strategy, a ring with
diffuse intensity around X-axis is seen for the (110) pole figure, which suggest
a fiber texture type along the Z direction. Additionally, from the pole figures
in Figure 24 it can be seen that all three types of samples exhibit a <110>
preferred orientation along the build direction.

As was described in section 3.2.5, EBSD probes only a small volume of the
material. In order to corroborate that the texture characteristics seen Figure 24
also extend to the bulk of the sample, neutron texture analysis was used, and
the results are summarized in Figure 25. In this case, a volume of 10 x 10 x
10 mm?® was characterized. The results in Figure 25 are in good agreement
with the grain orientation maps shown in Figure 24 (compare the XY orienta-
tion).
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Figure 25. Neutron pole figures for the 316L samples produced with the (a) Z-scan,
(b) Y-scan and (c) 67° rotation scan strategies. Adapted from paper V.

Overall, two main characteristics were recognized from the texture evaluation
with EBSD and neutron analysis. The <100> crystallographic directions show
strong preferred orientation along the path of the laser and the <110> direc-
tions along the build direction. The average orientation of the crystalline struc-
ture, with a single crystalline-like texture in the case of the Z- and Y-scan
strategies, was explained based on the solidification mechanism at the melt
pools during the printing process, as discussed in the following section.

4.2.2. Texture formation mechanism

The <100> texture obtained along the direction of the laser was previously
discussed. On the other hand, the formation of a strong <110> texture along
the build direction requires some additional clarification.

The reason for the formation of the <110> preferred orientation along the
build direction seems to be associated with the so-called side-branching that
often occurs on the sides of the melt pools, due to local variations of the ther-
mal gradient.!% This is illustrated in Figure 26, where one of the melt pool
patterns obtained during the printing process is shown. A slender columnar
grain (planar grain) can be observed in the center of the melt pool, while den-
drites that grow at an angle from the build direction are seen on the sides. The
columnar grain at the center of the melt pool grows epitaxially (OA line), as
its presence is not disrupted between melt pools, i.e., it grows continuously.
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Figure 26. SEM image of a melt pool obtained during the SLM process. A columnar
grain (planar grain) can be seen in the center of the melt pool, while side branching
of dendrites is observed on the sides. Adapted from paper V.

It has been proposed that the side-branching seen in Figure 26 occurs due to
local variations of the thermal gradients in the melt pool. This generates a
misalignment between the columnar grains and the thermal gradient, which
favors the growth of the crystals that are located on the sides of the melt pool
(following the direction of the local thermal gradient).!% The side-branching
dendrites shown in Figure 26 grow along the <100> directions and with an
inclination of approximately 45° with respect to the build direction. As previ-
ously mentioned, the <100> crystallographic directions are the preferred di-
rections of growth for cubic materials, and they grow parallel to the direction
of heat extraction.

The orientation of the crystalline structure during the solidification process,
with the formation of columnar grains at the center of the melt pool and side-
branching on its sides, is illustrated in Figure 27 for the sample produced with
the Z-scan strategy. Note that Figure 27a corresponds to the area marked with
a square in Figure 24a. In the illustration shown in Figure 27b, it can be seen
that on the sides of the melt pool, the crystalline structure grows along the
<100> crystallographic directions and with an inclination with respect to the
build direction (+~ 45°). The orientation of the structure in the side-branched
regions of the melt pool (see Figure 27¢), is in line with the <110> texture
along the build direction that was identified for the three samples evaluated in
this study (see Figures 24 and 25).
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(a) [001] (b) 7

(c)

Figure 27. (a) Grain orientation map for the sample produced with the Z-scan strat-
egy (enlarged view of the area marked in Fig. 24. Two regions are recognized.: slender
columnar grains at the center of the melt pools (1) and side-branching of the dendrites
(2), which grow inclined with respect to the build direction. (b) Illustration of the
grain growth in the melt pool during the SLM process. (c) Representation of the ori-
entation of the crystalline structure in the side-branching dendrite. Adapted from pa-
per V.

4.2.3. Local texture variations

In paper V it was established that the three laser scan strategies shown in Fig-
ure 23 translate into three different types of texture. The same type of speci-
mens, i.e., produced with the same scan strategies and parameters, were also
examined using diffraction contrast neutron imaging in paper VI. A schematic
view of the laser scan strategies is shown in Figure 28. Although similar to the
illustration shown in Figure 23, in Figure 28 some additional elements, such
as the scanning order (black arrows), stripes and overlaps are also included in
the sketch. Also note the shift of the stripes that was implemented between the
layers, for the specimens fabricated with the Y- and Z-scan strategies.
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Figure 28. (a) SLM setup and components. The reference system used in paper V and
VI is shown (build direction along the X-axis). (b) Schematic illustration (YZ-plane)
of the three laser scan strategies used to produce the samples: 67° rotation scan, Y-
scan and Z-scan. The path of the laser beam and scanning order are shown with red
and black arrows respectively. Adapted from paper VI.

52



In the diffraction contrast neutron imaging experiments, a wavelength scan
between 2.20 and 4.60 A was used and the images were collected using wave-
length steps of 0.02 A (e.g., an image was collected with 2.20 A, followed by
an image with 2.22 A, and so on). The images obtained with the neutron beam
parallel to the build direction (X-axis) and with wavelengths of 2.58 and 3.34
A, are shown in Figures 29a and b, respectively.
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Figure 29. (a) Neutron transmission images (A = 2.58 A) of the 316L produced by
SLM with the 67° rotation scan, Y-scan and Z-scan strategies. (b) Neutron transmis-
sion images (. = 3.34 A) of the sample produced with the Z-scan strategy. In (a) and
(b) the neutron beam is parallel to the build direction (X-axis, w = 0°). (c) Transmis-
sion spectra for three different areas of the Z-scan sample. The expected positions of
the Bragg-edges are also shown. (d) Illustration of the two sample orientations inves-
tigated with respect to the neutron beam in a model pole figure. The sample was ro-
tated around the Z-axis. Adapted from paper VI.

As shown in Figure 29a, the sample produced with the 67° rotation of the laser
between each layer does not show significant contrast variations. On the other
hand, for the samples produced with the Y- and Z scan strategies, contrast
variations (which were not detected in paper V) could be recognized. More
specifically, in the sample produced with the Y-scan strategy, bright and dark
bands can be seen along the Y-axis. Similar bands, but along the Z-axis, are
seen in specimens manufactured with the Z-scan strategy. The presence of
these bands, with dimensions of around 2.5 mm, seems to be somehow related
to the 2.5 mm shift of the stripes, which was used between each layer for the
samples fabricated with the Y- and Z-scan strategies (see Figure 28). Here, it
is important to keep in mind that the wavelength of 2.58 A is close to the
Bragg-edge corresponding to the {220} family of planes (2.60 A) for cubic
closed packed (ccp) iron. Thus, the contrast seen in Figure 29a can be mainly
attributed to differences in diffraction at the {220} family of planes. This can
also be seen in Figure 29¢, where the transmission spectra from different areas
of the sample produced with the Z-scan strategy is shown. The type of texture

53



in the bright and dark bands is similar and the contrast is due to differences in
the transmitted intensities, i.e., the transmitted intensities around 2.6 A in Fig-
ure 29c are lower for the areas corresponding to the dark bands in Figure 29a.

Figure 29b presents the image obtained for the sample fabricated with the
Z-scan strategy, with the neutron beam parallel to the build direction (X-axis)
and using a wavelength of 3.34 A. In this case, the contrast is mainly related
to diffraction at the {200} family of planes and in contrast to Figure 29a, no
bands can be observed. However, some additional features, such as bright
lines appearing every 2.5 mm, were revealed. These lines most likely corre-
spond to the 0.1 mm stipe overlaps that were used during the SLM process
(see Figure 28b). The contrast variations were attributed to a different distri-
bution of the <100> crystallographic directions in the overlaps in comparison
to the other sections of the sample.

Figure 29d shows a model pole figure that illustrates the two orthogonal
directions that were investigated with neutron imaging in paper VI. The im-
ages obtained with the neutron beam aligned parallel to the build direction (X-
axis, ® = 0°) have been described in the previous paragraphs. These images
provided the most relevant information regarding local variations of texture in
the samples. The images obtained at the sample orientation ® = 90° (Y-axis)
did not provide any additional information (they can be found in the supple-
mentary information of paper VI). Nonetheless, essential information regard-
ing the type of texture component in the samples could be obtained from the
transmission spectra at this orientation, as will be shown later.

Although diffraction contrast neutron imaging was instrumental for the de-
tection of the texture variations observed between the bands in the samples
produced with the Y- and Z-scan strategies (see Figure 29a), it does not eluci-
date how such differences arise in the first place. In order to clarify this be-
havior, the laser movement and scanning order during the SLM process was
carefully inspected. An illustration of the SLM building process for the sample
produced with the Z-scan strategy is presented in Figure 30.

Z -scan layer 1 (L1) layer 2 (L2) layer 3 (L3)
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N
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X Y
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Figure 30. An illustration of the SLM process with the Z-scan strategy. The laser
movement and scanning order are indicated, as well as the dark and bright bands that
arise during manufacturing. Adapted from paper VI.
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In Figure 30, it is shown that during the SLM process, the stripes are shifted
2.5 mm between each layer. This shift produces a complex alternation of the
laser movement and scanning order, which translates into four different re-
gions (referred to as bands). The path of the laser movement (red arrows) is
the same in the regions observed as dark bands with diffraction contrast neu-
tron imaging. Meanwhile, the scanning order (blue arrows) has an opposite
direction between each layer in these areas. On the other hand, the laser move-
ment alternates every second layer in what is seen as bright bands, while the
scanning order is the same.

In Figure 30, the diffraction contrast neutron imaging observations were
related to the laser scan strategy. However, the exact mechanism by which
these differences arise has not been discussed yet. The final link that relates
the scan strategy to the local variations of the preferred orientation was pro-
vided by EBSD, as presented in Figure 31.

In Figure 31, it is shown that in the bright bands, there is some tilting of the
grains with respect to the build direction and around the Z-axis (-~ 15°), as
evidenced by the misorientation of the poles. On the other hand, no misalign-
ment of the poles can be seen in the dark bands. In addition, the poles in the
bright bands display concentrated sharp intensities, while in the dark bands,
they display diffuse intensities that are spread over larger areas. The tilting of
the grains is attributed to the direction of the scanning order, as the rotation of
the poles is observed to be around the Z-axis.

The formation of the tilted grains noticed in Figure 31 can be explained
based on heat dissipation through the band heat transfer mechanism proposed
by Carter et al.'”. This suggests that the heat extraction across the stripes is
strongly influenced by the laser scanning direction, which must be considered
in addition to the heat dissipation from each of the laser scan vectors. In the
bright bands, the scanning of the laser is always performed in the same direc-
tion and could produce tilted grains towards the scanning direction, as indi-
cated by Figure 31.
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Figure 31. Grain orientation map of a sample produced with the Z-scan strategy. The
pole figures of the bright and dark bands revealed by diffraction contrast neutron
imaging are also shown, as well as an illustration of the path of the laser beam (red)
and scanning order (blue). Adapted from paper VI.

Previous studies'’” have indicated that, indeed, the laser scan strategies can
have some influence on the tilting of the grains with respect to the build direc-
tion. For instance, grains skewed with respect to the build direction were re-
ported in Ni-based superalloys produced with a bi-directional laser movement
(similar to the one used for the samples in papers V and VI). There, some
initial observations suggested that the scanning order can have an important
influence on the tilting of the grains.

Further information about the global type of texture in the specimens
shown in Figure 29a was obtained from the transmission spectra of each of
the samples, at the two orthogonal orientations illustrated in Figure 29d. As
shown in Figure 32, these spectra can be used to describe some of the charac-
teristics of the texture component in the samples. For example, all the samples
show a pronounced Bragg-edge around 2.6 A at the » = 0° orientation (Figure
32d). As has been previously discussed, this wavelength is associated with
diffraction at the {220} family of planes. Therefore, the pronounced Bragg-
edges indicate a strong preferred orientation of the <110> directions along the
build direction, which agrees well with the neutron pole figure obtained in
paper V (Figure 32a). To corroborate the description of the preferred orienta-
tion provided by the transmission spectra, simulated ones were obtained based
on the experimental neutron pole figures from paper V (see Figure 25). The
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experimental and simulated transmission spectra in Figures 32b and d show
good agreement.
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Figure 32. (a) Neutron pole figures for the specimens fabricated with the 67° rotation,
Y-scan and Z-scan strategies. Note that the pole figures are the same as shown in
Figure 25, but along the Z-axis. (b) Experimental and simulated transmission spectra
at the sample orientation w = 90° and (d) 0°. (c) Simulated transmission map with
sample rotations, w and wavelengths, 1. Adapted from paper V1.

Figure 32c presents the simulated transmission maps, which show the trans-
mitted intensity at different wavelengths and sample orientations (between 0
and 90°). In the neutron imaging experiments, on the other hand, only two
orientations were investigated.
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4.2.4. Mechanical properties

In previous sections it has been shown that different types of strong texture
can be obtained through changes in the laser scan strategy of SLM. Addition-
ally, it has also been demonstrated that skewing of the grains can occur in
some areas of the specimens, due to the complex scan strategies. The effect of
these features on the mechanical properties of the 316L samples, were exam-
ined in papers V and VL

In paper V, Vickers microhardness measurements in the XY -plane indi-
cated only marginal differences in hardness between samples produced with
different laser scan strategies. On the other hand, tensile tests showed substan-
tial differences in the stress-strain curves of the samples, as can be seen in
Figure 33. Three specimens were investigated for each scan strategy. The me-
chanical properties obtained from the stress-strain curves are summarized in
Table 2. Multiple aspects can influence the mechanical properties. For in-
stance, the microstructure, preferred orientation and/or porosity and defects
are underlying factors that ultimately determine the mechanical performance
of a component.
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Figure 33. Engineering stress-strain curves of 316L fabricated with the Z-scan, Y-
scan and 67° rotation scan strategies. The load was applied along the Z-axis (indi-
cated with green arrows). Adapted from paper V.

In Table 2, it is shown that the Young’s modulus of the 316L samples varies
depending on the scan strategy that was implemented, with values around 129,
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167 and 193 GPa obtained with the Z-, Y- and 67° rotation scan strategies. At
an atomic level, the Young’s modulus can be considered a measure of the in-
teratomic bonding forces.* The interatomic bonding forces are influenced by
the interatomic distances and as in ccp materials the distance between the at-
oms are different along different directions, it is not surprising that in strongly
textured anisotropic specimens, the resulting elastic modulus also changes in
different directions.!® Here it is relevant to mention that in general for single
crystals ccp materials it is observed that Eji117> Eji10) > Ejfi00).

Table 2. Tensile properties and intragranular cell spacing of the 316L samples fabri-
cated by SLM with the Z-scan, Y-scan and 67° rotation scan strategies. The mechan-
ical properties were estimated from the stress-strain curves shown in Figure 33. The
uncertainties represent the standard deviations. Adapted from paper V.

Scan  Texture Young’s Yield Ultimate Elongation Intragranular Porosity

strategy modulus strength  tensile at fracture cell spacing (%)
(GPa) (MPa)  strength (%) (pm)
(MPa)
Z- scan (100) 129+3  554+5 649 +3 26+ 1 0.76 £ 0.07 0.15+0.03
Y- scan (110) 167+3 555+11 6135 42+6 0.53+0.03 0.12+0.05
67° rot Fiber 193+16 603+2 690+2 32+£2 0.40+0.03 0.11+0.03

The yield strength of the samples increases from around 555 MPa for the sam-
ples fabricated with the Z- and Y-scan strategies to around 603 MPa for the
specimen produced with the 67° rotation scan. Different factors could produce
this behavior. For instance, small microstructural features known as cellular
structures were observed by SEM in the three different types of samples in-
vestigated. In Figure 34, the cellular structure seen in the specimen fabricated
with the Z-scan strategy is presented. This cellular structure can be described
using the intragranular cell spacing, which can be estimated with equation 5.

A
&
Intragranular cell spacing = —— (5)

M

where M is the magnification of the SEM image and N is the number of
cellular structures in the area evaluated, A. The values estimated according to
equation 5 are summarized in Table 2. It has been previously reported that
these cellular subgranular structures can hinder the movement of dislocations,
thus increasing the yield strength.'® The intragranular cell spacing of 0.40 pm,
corresponding to the sample fabricated with the 67° rotation scan strategy, is
lower than the 0.53 and 0.76 pm obtained for the samples manufactured with
Y- and Z-scan strategies, respectively. Therefore, the variations in the cellular

59



structure of the samples could be one of the factors contributing to the differ-
ences in yield strength. The cellular structure could also be one of the major
factors causing the larger ultimate tensile strength observed in the specimens
produced with the 67° rotation scan, as these microstructural features can act
as obstacles for dislocation movement as previously described, thus causing
larger stresses to continue the plastic deformation of the material.

Figure 34. SEM image in the XY-plane for the Z-scan sample. The cellular structure
can be seen. The triangle indicates the area used for the estimation of the intragran-
ular cell spacing. Adapted from paper V.

The type of preferred orientation along the tensile direction is another major
factor influencing mechanical properties such as yield and tensile strength.
Texture can be characterized with the Taylor factor, which is an orientation
factor related to the preferred orientation in the material and the crystallo-
graphic nature of the slip systems.''” As the Taylor factor is proportional to
the yield strength, a larger value indicates a higher strength. The Taylor factor
was estimated along the loading direction for the samples manufactured with
the three laser scan strategies, using EBSD. The Taylor factor distribution has
values mainly between 2.3 and 2.6 in the sample manufactured with the Z-
scan strategy. On the other hand, the distribution for the sample produced with
the Y-scan strategy showed an increased fraction with values above 3.4. In the
case of the specimen fabricated with 67° rotation of the laser, the distribution
is broad with an average value around 3. The lower value of the Taylor factor
in the specimen fabricated with the Z-scan strategy can in part explain its yield
strength.

Porosities and defects can also have a significant influence on the mechan-
ical properties. The porosities were estimated from density measurements
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with the Archimedes principles, and the overall porosities seem quite similar
for the samples produced with the three different laser scan strategies. None-
theless, it was observed that the pores were not homogeneously distributed but
concentrated in some sections of the specimens. These clusters of pores, which
can arise due to spatter and/or balling can have a pronounced detrimental ef-
fect on the mechanical properties of the samples. The highest area fraction of
porosity was observed in the sample manufactured with the Y-scan strategy.
Therefore, the value of the ultimate tensile strength obtained for the Y-scan
samples can be related to these highly porous areas.

In Figure 29b it was shown, for the specimen produced with the Z-scan
strategy, that the overlaps between the stripes are inhomogeneous areas in
comparison to the rest of the sample. The transmission spectra suggested that
in these regions the <100> crystallographic directions have a distribution that
is different from the bright and dark bands. Although in paper V the overlaps
were mostly overlooked, the in situ tensile test performed in the neutron im-
aging study that is part of paper VI, suggested that the overlaps have an im-
portant role in the mechanical performance and failure of the samples. Figure
35 presents the results obtained by in sifu neutron imaging with A = 3.8

A/43A.
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Figure 35. (a) In situ tensile test of a sample fabricated with the Z-scan strategy. A =
3.8 A/4.34. (b) Changes in a cross section (at the center of the sample) with time/de-
formation. Neutron beam parallel to the build direction (X-axis). A deformation rate
of 10 um/min was used. Adapted from paper V1.

In Figure 35 it can be seen that the necking and final failure of the sample
occurs around one of the overlaps, indicating that stresses might concentrate
in these regions. Therefore, the failure of the Z-scan sample at the overlaps is
a relevant factor that could be producing its lower elongation at fracture in
comparison to the samples manufactured with the Y- and 67° rotation scan
strategies.
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In Figure 35 it can be seen that around the necking region lower transmis-
sion is obtained as the deformation proceeds. This suggests that deformation
occurs through a grain rotation mechanism with reorientation of the <111>
crystallographic directions (which are probed with A = 3.8A).

Besides 316L stainless steel, the influence of the SLM process on the for-
mation of preferred orientation was also investigated in the MnAl(C) system,
as will be discussed in the following section.

4.3. Preferential orientation in the MnAI(C) system

The formation of preferred orientation in MnAl(C) manufactured by SLM was
investigated in paper VII. As was previously described in section 1.5, the
MnAI(C) system contains a metastable phase (1), with attractive ferromag-
netic properties. This phase can be obtained either by controlled cooling from
the high temperature hexagonal e-phase (cooling rate —~10 °C/min)'!"! or by a
rapid cooling that retains the e-phase (>20 °C/s)!''2, followed by low tempera-
ture annealing at —~600 °C.!!!

Figure 36 presents an image of some of the cylindrical specimens that were
fabricated by SLM, together with the XRD patterns of the raw powder and the
as-built and heat-treated samples.
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Figure 36. (a) As-built MnAl(C) samples. An illustration of the laser scan strategy
that was used is also shown. (b) XRD patterns of the raw powder (black), as-built
sample (blue) and the sample after heat treatment at 580 °C during 5 min (orange). A
= 1.54 4. (c) A picture of the heat-treated sample attracted to a horseshoe magnet.
Adapted from paper VII.

The XRD pattern of the as-built sample (Figure 36b) indicates the presence of
mostly e-phase. Nonetheless, the small reflections seen around 43° also sug-
gest the presence of a small fraction of secondary phases (most likely the v
phase, which is one of the thermodynamically stable phases at low tempera-
tures). The formation of large amounts of the &-phase is not surprising, as
cooling rates above 103 °C/s are expected in SLM’ and the critical cooling rate
to retain the e-phase has been estimated to be around 20 °C/s.!'? The diffrac-
togram of the as-built sample in Figure 36b also suggests preferred orientation
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of the [001] crystallographic direction along the build direction. This is evi-
denced by the strong relative intensity of the (002) reflection, when the XRD
patterns of the as-built sample (blue) and the raw powder (black) are com-
pared. Here is it also important to note that the strong (002) texture was not
observed throughout all the samples fabricated with different parameters and
scan strategies. Further analysis is necessary to understand the relationship
between these factors.

The diffractogram of the as-built specimen indicated a strong preferred ori-
entation along the build direction. In order to complement the observations
from XRD, EBSD was used, and grain orientation maps and pole figures were
obtained, as summarized in Figure 37. Here, it is important to highlight that
the color of the grains in the grain orientation map corresponds to the grain
orientation along the build direction (X-axis). Both the grain orientation map,
and the pole figure support the notion of preferred orientation of the [001]
crystallographic directions along the build direction. Although there are not
many studies that have investigated the texture evolution of hexagonal mate-
rials during SLM (most studies focus on cubic alloys), a couple of recent ones
have reported similar observations for the hexagonal NbSi,!'!* and a Mg al-

loy''*. The exact mechanism of solidification and texture evolution has not

been fully elucidated, but epitaxial growth seems to have a central role in the
113

process.
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Figure 37. (a) SEM image, (b) grain orientation map and band contrast image and
(c¢) (0001) pole figure for the e-phase in an as-built MnAl(C) sample. The color in the
grain orientation map corresponds to the grain orientation along the build direction
(X-axis). Adapted from paper VII.

Preferred orientation is a highly desirable feature in permanent magnets, as it

can enhance the magnetic performance of the material by increasing rema-
nence, coercivity and squareness of the magnetization curve. As described in
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the previous paragraphs, the XRD patterns and EBSD of as-built samples in-
dicate a strong texture in the non-magnetic and hexagonal g-phase.

To evaluate the effect of a textured e-phase on the transformation to the
ferromagnetic t-phase, the samples were heat treated. The XRD pattern of one
of a heat-treated sample was presented in Figure 36b. The heat-treated speci-
men consists mainly of the t-phase, with a small fraction of other phases, as
indicated by the small peaks around 43°. These phases are probably y, and
(which are stable at low temperatures), as well as Mn3AlC. Based on previous
investigations of the transformation of the &- to the t-phase, which showed a
crystallographic orientation relationship between the phases,!' it was ex-
pected that the T-phase would inherit some texture features from €. However,
a comparison of the XRD pattern of the heat-treated sample (Figure 36b) with
a simulated diffraction pattern for the t-phase seemed quite similar and gave
no indications of texture. Additionally, the grain orientation maps and pole
figures obtained with EBSD (see Figure 38) do not display any apparent strong
preferred orientation for the T-phase. The absence of texture in t could be due
to the phase transformation mechanism proposed by Hoydik et al.!'® in which
the grains of the t-phase indeed show coherent crystallographic relationships
with a grain of the e-phase, but growth takes place into another grain of € with
which there is no crystallographic relation.

(b) (101)

Min: 0.42 |
Max: 2.71 |

(001)

Figure 38. (a) Grain orientation map and band contrast image and (b) (001) and
(101) pole figure for the t-phase in a heat treated MnAIl(C) sample. Adapted from
paper VIIL

In Figures 37 and 38 it can be seen that the SLM specimens have high porosity
contents. This translates into low densities of around 4.5 g/cm?® (theoretical
density for € is 5.12 g/cm?) and is detrimental to the magnetic performance of
the material, i.e., it makes it difficult to obtain high magnetizations per unit
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mass. Nonetheless, an initial assessment of the magnetic properties of a heat-
treated sample (570 °C) was conducted in paper VII and the results are sum-
marized in Table 3.

Table 3. Magnetic properties of a sample annealed at 570 °C. Adapted from paper
VI

Density  Saturation magnetization Coercivity Remanence

p (g/em’) M; (emu/g) (Am*/kg) He (KA/m)  M; (emu/g) (Am*kg)
4.46 393 168 17.5 Paper VII
5.1 20-100 119.4 - Mns3Algy!'16

The heat-treated sample shows M; of 39.3 Am?/kg and H. of 168 kA/m. These
parameters can be compared with the results recently reported for Mns3Aly;
fabricated with electron beam melting. The relative low M; is most likely
caused by the presence of the non-magnetic B, Mn3AIC and y,. The coercivity
shows a value of 168 kA/m, which can be compared to the 119.4 kA/m ob-
tained by EBM in Mns3Als; and also to what can be achieved with ball milling,
222.8 KA/m'!!,

Further optimization of the SLM process is necessary to obtain dense spec-
imens and lower fractions of the impurity phases that form besides the t-phase.
Additionally, and as described previously, the strong texture in the e-phase
does not seem to be inherited by the t-phase after the heat treatments. More
knowledge and understanding of the phase transformation could enable con-
trol over the texture evolution in the t-phase, which would be highly beneficial
for the magnetic properties.
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5. Summary, conclusions and outlook

This thesis is focused on the production of novel materials and microstructures
with selective laser melting and the evaluation of their characteristics and
properties. The relationship between processing, structure and properties has
been studied for the AMZ4 (Zrso 3Cuas sAl10.4Nb1.s) metallic glass, 316L stain-
less steel and MnAI(C).

In the first part of the thesis, the focus was on the glass formation, thermal
stability, and crystallization of the AMZ4 metallic glass produced by SLM
(papers I - IV). The influence of the laser power on the glass formation, density
and hardness was investigated in paper I. Results from XRD and optical mi-
croscopy suggested that higher laser powers lead to lower porosities, but also
lower amorphous fractions. The changes in the crystalline fraction seem to
influence the hardness of the specimens, with increased crystallinity produc-
ing higher hardness. The control over the phase formation and hardness, pro-
vided by the laser power, was considered one of the most attractive features
enabled by SLM. In paper I, an initial TEM examination of the crystalline
phases formed during the SLM process indicated that oxygen impurities pro-
mote crystallization and reduce the stability of the amorphous structure.

Following up on the results from paper I, the thermal stability and crystal-
lization of AMZ4 fabricated by SLM was investigated in-depth and compared
against specimens produced by suction casting (papers Il and IV). Here, spe-
cial consideration was given to particular features of SLM, such as the raw
material purity and the layer reheating (i.e., an increase of temperature in the
already consolidated sections of the samples). Nanocrystalline particles were
detected in the as-built specimens, both with TEM and synchrotron XRD. The
presence of these particles decreased the extension of the supercooled liquid
region and reduced the thermal stability, as indicated by DSC. In situ synchro-
tron XRD showed that crystallization from the glassy state follows different
paths for the SLM and suction cast materials. The formation of different met-
astable phases was attributed to the differences in oxygen content in the spec-
imens. Oxygen seems to promote the formation of metastable phases (e.g.,
CuZr40) in the initial crystallization stages. Nonetheless, the main crystalline
phases after annealing were found to be the same in both the cast and SLM
specimens. /n situ heating SANS experiments showed that the oxygen impu-
rities also facilitate nucleation in the SLM samples (i.e., by decreasing the
nucleation energy barrier), as evidenced by the higher crystallization rate and
smaller cluster sizes in comparison to the cast samples.
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In paper 111, a complete TTT diagram of the industrial-grade AMZ4 used
for SLM was presented. This diagram, which was used to calibrate the model
in paper III, provides insight into the crystallization during cooling from the
liquid phase, as well as during heating from the amorphous state. These meas-
urements indicated a critical cooling rate between 10000 and 20000 K/s. The
value is more than four times higher than what was reported for the same alloy
with approximately 40% less oxygen, which highlights the significant de-
crease in GFA that can be caused by oxygen impurities. The need for a careful
estimation of the oxygen impurities in the production of Zr-based MGs by
SLM is one of the main implications of this work, since oxygen has been found
to have a crucial role regarding the GFA, crystallization and thermal stability
of the alloy. This point must be emphasized even more in light of some inves-
tigations where measurements of the oxygen levels have been disregarded.

In the second part of the thesis, the formation of preferred orientation in
SLM was investigated. In papers V and VI, the texture evolution in 316L
stainless steel was studied. Paper V is a study on how the laser scan strategy
can influence the development of preferential orientation, while paper VI
shows how local variations of texture can be inadvertently produced by the
complex scan strategies.

In paper V, three different laser scan strategies were investigated, namely
the Z-, Y- and 67° rotation scan strategies. The alignment of the <100> crys-
tallographic directions with the thermal gradients was found to be one of the
most important factors in the formation of texture. For the samples produced
using laser scan strategies without rotation (Z- and Y-scan), strong <100> and
<110> preferred orientations were obtained along the laser scanning and build
direction, respectively. Meanwhile, fiber texture was observed in the speci-
mens produced with the 67° rotation scan strategy. The significant differences
in the mechanical properties of the samples produced with the three different
laser scan strategies provide excellent examples of how the SLM method can
be used to influence the material properties. Furthermore, this can be used to
obtain tailored properties in different parts of a component.

In paper VI, local variations of texture that had been previously overlooked
were revealed using diffraction contrast neutron imaging. These variations
were attributed to a shift between the layers during the SLM process, which
seems to produce skewing of the crystallographic orientations in some areas
of the sample. In the production of the samples with the Z- and Y-scan strate-
gies, the laser movement occurred in stripes of 5 mm width, with a small over-
lap area of 0.1 mm width between them, i.e., these areas were melted twice.
The presence and location of these overlaps and their effect on mechanical
properties were factors that had not been considered prior to paper VI. Neutron
imaging indicated that failure in the Z-scan sample (where the overlaps are
perpendicular to the load direction) occurred through necking around one of
these overlaps, suggesting that stresses concentrate in this region. One of the
most relevant lessons from this work was how seemingly minor changes in
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the scan strategy can have marked effects on the local formation of preferred
orientation. Another important implication of the work presented in paper VI
is how complementary techniques probing across different length scales,
might be necessary to obtain a complete description of the preferred orienta-
tion and microstructure of SLM samples.

The main aim of paper VII was to examine the influence of the SLM
method on the microstructure and texture of the MnAl(C). Additionally, an
initial evaluation of the magnetic properties of magnets produced with SLM
in combination with post-heat treatments was conducted. It was demonstrated
that it is possible to produce MnAl(C) in the high temperature polymorph (g,
hexagonal). This phase can be transformed into the ferromagnetic t-phase us-
ing post-processing annealing procedures. XRD and EBSD indicated strong
preferred orientation of the [0001] crystallographic direction along the build
direction. On the other hand, after post-processing heat treatments, the t-phase
did not seem to inherit the strong texture characteristics. Further work is nec-
essary for the optimization of the SLM process to obtain samples with high
densities. The formation of a strong preferred orientation in the t-phase is also
an objective for future work.

The results presented in this thesis have also generated new questions and
ideas that could be interesting to investigate further. For example, in the future
it would be interesting to:

e Use TEM during in situ annealing experiments of AMZ4. This can pro-
vide new insight into the mechanism by which the metastable crystalline
phases in AMZ4 (e.g., CuZr;0) transform into the thermodynamically
stable phases during the crystallization process.

e Use SLM to produce a MG composite material with an alloy such as
Zr366Ti31.4Nb7Cus 9oBe91,'” in which partial crystallization has been
shown to improve ductility (lack of ductility is one of the main limitations
of MGs).

o Investigate the effect of different working gasses on the glass formation
of AMZ4 during the SLM process.

e Use EBSD to study the deformed 316L sample that was investigated with
in situ neutron imaging in paper VI (Figure 35). This would provide fur-
ther details about the deformation by the grain rotation mechanism that
was suggested by the diffraction contrast neutron imaging results.

e Evaluate the formation of texture and the solidification of the melt pools
in MnAI(C) when a scan strategy without rotation between the layers is
used (90° rotation was implemented in paper VII). This could provide a
similar level of understanding for hexagonal materials as obtained for aus-
tenitic stainless steel in paper V.

68



6. Sammanfattning péd svenska

Tillverkningen av metalliska komponenter &r en av det moderna samhillets
viktigaste industriella aktiviteter. Tekniker sisom mekanisk bearbetning, gjut-
ning, smide och extrudering anvénder alla olika tillvigagangssitt for att forma
metalliska delar. Dessa tekniker dr baserade pa enkla principer sdsom att av-
lagsna material, mekanisk deformation eller att fylla en form med smélt metall
for att ge komponenten sin slutgiltiga form. Vilka egenskaper och prestanda
materialet far domineras av dess struktur pé olika ldngdskalor, vilka i sin tur
kan kontrolleras med processparametrar saisom temperatur och/eller mekanisk
deformation. Fastdn manga ar av erfarenhet har byggt upp gedigen expertis
och kunnande for att kunna styra egenskaper och geometrier med dessa tekni-
ker, har de fortfarande begransningar i hur komplexa geometrier man kan
astadkomma pa komponenter.

Additiv tillverkning &r en grupp av tillverkningstekniker som, tack vare sin
lager-for-lager princip, expanderat designmojligheterna for metalliska kom-
ponenter under de tre senaste decennierna. Bland dessa metoder &r en laserba-
serad pulverbaddsmetod (selective laser melting, SLM) den mest vitt spridda
och industriellt mogna tekniken. I motsats till konventionella bearbetningsme-
toder, finns det fortfarande ett stort kunskapsgap mellan processparametrar,
materialets struktur pa olika langdskalor och dess egenskaper. I denna avhand-
ling har dessa samband undersokts i tre olika materialsystem; det metalliska
glaset AMZ4 (Zrso3Cuzz8Al104Nb 5), det rostfria stilet 316L, samt det mag-
netiska materialet MnAI(C).

De flesta metaller har en kristallin atomstruktur, det vill sdga ett ordnat och
periodiskt arrangemang av dess atomer. Vissa legeringar kan ocksé fore-
komma som amorfa material, det vill sdga att de saknar fjérrordning i sin kri-
stallstruktur, da de kyls ned véldigt snabbt frén sméltan. Denna typ av amorfa
legeringar kallas ofta for metallglaser, och kan uppvisa goda mekaniska egen-
skaper, vara bestdndiga mot korrosion, samt ha gynnsamma magnetiska egen-
skaper. SLM iér en idealisk metod for att tillverka metallglaser, da extremt
hdga avkylningshastigheter uppnas i de smé omraden som smélts av lasern. |
denna avhandling pévisas att det dr mojligt att tillverka legeringen AMZ4
(Zrs93Cuzs 3Al10.4NDb; 5) 1 amorft tillstdind SLM. Vidare visades det ocksa att
kristallina partiklar kan bildas i den amorfa matrisen under tillverkningspro-
cessen. Bildandet av dessa partiklar dr beroende av forekomsten av syre samt
styrkan pé lasern. Den amorfa fasen visade sig vara icke stabil, dd den om-
vandlas till en kristallin struktur om materialet vérms till hoga temperaturer.
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Denna omvandling pavisades ga fortare i material som tillverkats med SLM
an de som tillverkats med konventionella metoder, vilket formodligen orsakas
av de hoga halterna av syre som forekom i det lasersmailta materialet. En av
de huvudsakliga konsekvenserna inom studierna pA AMZ4 ir att laserns styrka
ger kontroll ver bildandet av amorfa/kristallina faser, vilket i sin tur paverkar
hérdheten hos materialet. En annan viktig ldirdom &r vikten av att noggrant
kunna bestimma halten av orenheter i form av syre vid tillverkning av Zr-
baserade metallglaser, dd dessa har en pétaglig effekt p4 materialets formaga
att bilda metallglas, samt pa dess kristallisation och termiska egenskaper.

Aven det rostfria austenitiska stilet 316L studerades i denna avhandling. I
detta fall, pdvisades det att val av laserrorelse kan anvéndas for att paverka
orienteringen hos den kristallina strukturen i materialet, vilket starkt paverkar
dess mekaniska egenskaper. Dessutom visade avbildning av komponenter
med neutroner att komplexa lasersvepningar kan orsaka lokala variationer i
orienteringen av den kristallina strukturen, vilka var avgdrande for materialets
egenskaper vid belastning. Dessa variationer skulle ldtt kunna ha missats med
andra analysmetoder, vilket betonar vikten av att anvinda kompletterande me-
toder Over flera olika ldngdskalor.

For MnAI(C) visades det att avkylningshastigheten vid SLM m&jliggor
bildandet av hogtemperaturfasen hos materialet (e-fasen) vid rumstemperatur,
med en utprigladtextur i den kristallina strukturen. Genom att virmebehandla
materialet dr det sedan mojligt att omvandla denna fas till en ferromagnetisk
fas. Det visade sig dock att texturen i e-fasen inte bibeholls till den ferromag-
netiska fasen efter virmebehandlingen.

Procedurerna for att karakterisera material tillverkade med SLM, samt sam-
banden som hittats mellan processparametrar, struktur pa olika langdsskalor
och egenskaper som tagits upp i denna avhandling ar viktiga framtida referen-
ser for kommande studier av nya material inom additiv tillverkning.
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