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1. INTRODUCTION

1.1. Preamble

In modern times, society’s need for efficient energy conversion and storage materials is grow-
ing in parallel to the demand of increasingly accessible electric devices. As part of the global
goal to reduce greenhouse gas emissions, emphasis has been placed on the replacement of com-
bustion engines for electric motors in the transportation sector. Since electric alternatives are
mostly available at a higher cost, much attention and research work has focused on improving

the efficiency of such electrical devices.

Additive manufacturing (AM), also known as 3D printing, is a rapidly growing field in the
manufacturing industry. It is a process that involves creating three-dimensional objects layer by
layer using digital models as a reference [1]. AM offers numerous advantages over traditional
manufacturing techniques, including greater design freedom, customization and the potential to

reduce manufacturing waste and costs [1-3].

Soft magnetic bulk metallic glasses (BMGs) are a kind of metallic alloys distinguished by
their outstanding magnetic properties arising from their characteristic amorphous microstruc-
ture. These materials can only be manufactured with specific methods that provide extremely
high cooling rates, which produce thin plates, ribbons or fine metallic powder. Nevertheless,
they have been used for electromagnetic components for decades, despite the evident limitations
on the manufacturing side. AM techniques like laser powder bed fusion (LPBF) have opened
the door to fabricating large components with complex geometries out of soft magnetic BMGs.
While this is a promising approach to produce highly efficient electrical machines, reducing
energy losses and contributing towards reducing greenhouse emissions, a number of new chal-
lenges arise with the use of LPBF of BMGs. The high number of processing parameters and
repeated thermal cycles inherent to the metal LPBF process, as well as the metastable nature
of metallic glasses, require great control of the manufacturing process to achieve the desired

material properties.
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1.2. Research Objectives

This doctoral thesis addresses the knowledge gap at the intersection of additive manufactur-
ing and soft magnetic metallic glasses by providing a deeper understanding about the complex
relationship between LPBF processing conditions, the internal structure of manufactured parts,
and the final material properties. For this purpose, the following research objectives were set

for this work:

e Understanding of fundamental relationships between the most influential LPBF process-
ing parameters, internal defect structure, (micro)structure, and magnetic properties using

a commercial glass-forming composition and a simple scanning strategy.

e Study of the effect of typically generated internal defects and microstructural features on

the mechanical behavior of LPBF-processed parts of said commercial composition.

e Investigation of advanced scanning strategies to control heat accumulation, improve the
retention of amorphous structure and enhance the magnetic behavior of LPBF-manufactured

parts using a commercial composition with limited glass-forming ability.

e Implementation of the most successful processing parameters and strategies on a newly
designed composition with improved thermal stability to achieve a superior soft magnetic

behavior.

1.3. Outline

This thesis will be structured as follows. Chapter 2 provides a theoretical background of
the three core topics of this work: laser powder bed fusion, metallic glasses, and soft magnetic
materials. Additionally, this chapter provides a review of the most relevant literature on each of
these fields and on the intersection of the three. Chapter 3 presents the materials, instruments
and general methodology used throughout the entirety of the work. Other methodologies used
for specific studies will be explained in detail in the corresponding chapters. The next four chap-
ters include the core results of this work. Chapter 4 addresses the first research objective, using
a commercial alloy as feedstock material and a simple scanning strategy. Chapter 5 evaluates

the mechanical properties of the same commercial alloy. In Chapter 6, the use of time delays as

2
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a strategy to achieve a more favorable (micro)structure and soft magnetic properties is explored.
Next, Chapter 7 aims to apply the knowledge obtained on the commercial composition to LPBF
processing of a new alloy with enhanced properties. Chapter 8§ summarizes the most relevant
contributions of this work towards filling the presented gaps in the literature. Finally, Chapter 9

highlights several areas that remain unexplored based on the findings included in this thesis.
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2. STATE OF THE ART

This chapter covers the most relevant information needed to understand the work carried out

in this thesis. It is divided in four sections, each addressing a relevant topic.

First, powder bed fusion of metals will be introduced and discussed in detail. As this is
the main manufacturing technique utilized in this work, a description will be provided of the
main processing parameters, the internal defects that can be generated during fabrication and

commonly used scanning strategies used to achieve stable builds.

Secondly, glass-forming alloys will be discussed. Emphasis will be put on their characteristic
structure, their properties and the most commonly used manufacturing routes for this family of
materials. The pioneering works on additive manufacturing of glass-forming alloys will be

presented, along with the challenges found in recent years.

Next, an introduction to soft magnetic materials will be given. The role they play in critical
modern technologies will be explained, followed by an review of the magnetic phenomena
and micro-structural characteristics that endow these materials with the properties that are most
sought after in the industry. In connection with the previous section, the structure and properties

soft magnetic glass-forming alloys will be discussed in detail.

Ultimately, the literature will be reviewed on the intersection of the three aforementioned
topics: Powder bed fusion of soft magnetic glass-forming alloys. The relationships between
microstructure and soft magnetic behavior and between internal defects and mechanical prop-
erties will be presented. Lastly, recent advances associated to the use of complex scanning

strategies will be reviewed and the current challenges faced in the field will be highlighted.

2.1. Laser Powder Bed Fusion

Laser powder bed fusion is one of the most commonly used metal additive manufacturing tech-
niques in today’s manufacturing industry. Throughout the years, different names have been
utilized to refer to this technique, which can therefore be found in the literature under selective
laser melting (SLM) or direct melting laser sintering (DMLS). Although laser-based powder
bed fusion of metals (PBF-LB/M) is the standard name from ISO/ASTM 52900, LPBF will

5
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also be used throughout this thesis for brevity. LPBF belongs to the category of additive manu-
facturing of metals where the feedstock material is in the form of powder, along with electron
beam-based powder bed fusion (PBF-EB/M), direct energy deposition (DED) and binder jetting
[1-3].

The working principle of the LPBF process is depicted in Fig. 2.1. It consists of a recoater
which spreads a thin layer of powder (ideally 20 - 60 wm in size) over a build plate or substrate.
The powder layer is then scanned by a high energy laser, melting a cross-section of the object
that is being printed, according to an input 3D model that must be provided to the system’s
control unit. If the feedstock powder is stored in a reservoir adjacent to the build plate, the
reservoir is raised and the build plate is lowered by the same distance simultaneously, prior to
the recoater’s spread of a new layer over the powder bed. Alternatively, the powder reservoir
may be placed above the system, in which case the build plate is lowered, the needed amount
of powder is deposited next to the powder bed and finally the new powder layer is spread. This
process is repeated layer by layer and, upon completion of the build job, the powder is removed

and can be reused for further printing.

Laser beam
Recoater
Powder bed —
Part ___ Feedstock
Build plate — reservoir

Figure 2.1. Schematic of the laser powder bed fusion process [2].

LPBF has become very popular in the past few decades, as it poses several advantages over
traditional manufacturing methods. First, it offers the possibility to produce complex geome-
tries, otherwise unattainable by casting or subtractive methods like turning or milling. Further-
more, it allows to reuse unmelted feedstock material, limiting the material waste. Finally, it
also provides high local cooling rates, in the range of 10° — 107 K/s [3], which yield specific mi-
crostructures and properties. On the other hand, it poses several challenges, as the quality of the
final part is determined by the coupled effect of many parameters related to the laser, to the scan
path, to the material, to the powder-laser interaction, to the chamber’s atmosphere, and more. It
is crucial to understand the effect of these parameters on the generation of internal defects, on

microstructural changes and, ultimately, on the properties of the manufactured components.
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2.1.1. Processing parameters

The main processing parameters that can be tuned in the LPBF process are the laser power
(P), the scan speed (v), the hatch distance (4), and the layer thickness (¢) [3]. Fig. 2.2 provides
a diagram illustrating these four parameters. The laser power is simply the energy per unit
time that is applied by the laser. The scan speed is the velocity at which the laser’s focal point
moves over the plane perpendicular to the build direction (BD). For continuous wave (CW)
emission lasers, it can be directly tuned by the user. However, pulsed wave (PW) emission
lasers scan individual exposure spots and are turned off when they shift from one spot to the
next. This can be done very quickly such that the laser produces one continuous melting track,
but the parameters that control the speed are, in this case, the exposure time (zoy) and the point

distance (pd), according to the following relationship:

pd

=" 2.1
Y tonv + 10 1)

where the 10 in the denominator is the minimum time (in us) needed for the laser to move
from one exposure point to the next, during which the laser remains turned off. The hatch
distance or hatch spacing is the distance between the center of two adjacent tracks. Lastly, the
layer thickness is the distance that the build plate is lowered every layer, which is filled by

powder during the recoater’s motion.

Additional relevant parameters for the work carried out in this thesis are the laser’s spot size
(¢) and the time delays (#prr). The spot size has a minimum value for each LPBF system but it
can be increased by shifting the laser’s focal point. If all other parameters are kept constant, this
reduces the energy input per surface unit. Time delays refer to the period of time that the laser is
switched off at the end of each track. Most LPBF systems have a default value which is needed
for the servo motors of the optic system to decelerate at the end of a track and to accelerate at
the beginning of the next one. Time delays can also be increased, leaving longer times between

subsequent melt tracks.

2.1.2. Energy input

Several analytical expressions can be used to model the energy input applied during the

LPBF process as a function of the selected processing parameters. The most commonly used

7



STATE OF THE ART

Layer Ay
thickness | |\ " [
(t) L€

Hatch
distance

(h)

Figure 2.2. Diagram illustrating the main processing parameters of the LPBF process.

magnitude is the volumetric energy density (VED), which is calculated (in J/mm?) with the

following expression:

P
VED = — 2.2
vht (2:2)

The VED is a simple and effective function that takes into account the four major parameters
discussed in Section 2.1.1 and is able to roughly predict the generation of internal defects due to
insufficient or excess input energy for a specific material and LPBF system [4]. However, it has
been argued that it is overly simplistic and is not effective at translating processing parameters
from one material to another or from one LPBF system to another [5, 6]. The normalized VED
(E™) , is a modified version put forward by Thomas et al. [5] that incorporates material and

powder properties, as described by the following formula:

*

Y a,P
~ vt 2vhtpe, (T, — To)

(2.3)

where P*, v*, h*, and ¢* are the dimensionless laser power, scan speed, hatch distance and layer
thickness, respectively. The expressions for each normalized parameter are P* = a,P/[¢Dpc,(T,,—
Ty)l, v = ve¢/D, h* = h/¢, and t* = 2t/¢. Here, a, is the absorptivity of the powder, D is the

thermal diffusivity, p is the density, c, is the specific heat capacity, T, is the melting tem-
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perature, T is the basal temperature of the material, which can be used to account for the

temperature of the previous layer or track when a new track is scanned [7].

A third function put forth by Hann et al. [8], known as the normalized enthalpy (AH) was
originally used to predict the dimensions of a weld track. Later, Ghasemi-Tabasi et al. [6] used
it as a rule to identify optimal LPBF processing parameters and to adapt them from one material
to another. AH has proven to be quite effective to translate processing parameter combinations
that yielded minimal defects on bronze to red-gold and 316L steel [6]. AH can be calculated

using the following expression:

_ P
AH = i (2.4)

p(cp(Ty = To) + L) ADFV

where L, is the latent heat of melting. Besides incorporating additional material properties such
as L,, and the D, AH can be effectively used to predict the melting mode. Depending on the
energy input, two melting modes can be achieved in LPBF: conduction or keyhole, which are

illustrated in Fig. 2.3. Both are described in detail below.

e HNigh power density

by surface

Scanning
laser »

Heat absorbed
by keyhole
— Powder

Molten Pool
HA

Substrate

Conduction mode Keyhole mode

Figure 2.3. Diagram showing the conduction and keyhole melting modes in LPBF [9].

Conduction melting takes place when relatively low energy is applied to the system. In this
melting mode, the temperature in the molten metal does not raise significantly over its boiling
point, so the vapor cavity and its associated effects are negligible. Therefore, heat conduction
is the main heat dissipation mechanism after the laser melts the material [10]. This melting
mode leads to the formation of semi-circular melt pools (MPs) [9], which are surrounded by
a heat affected zone (HAZ), as shown in Fig. 2.3. The latter consists of material solidified in
previous layers, which is not remelted during the scanning of a new layer but undergoes a strong

reheating cycle, often resulting in local micro structural changes.
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Alternatively, when a relatively high energy input is applied to the material, the local tem-
perature raises over the boiling point, leading to a strong local evaporation of the molten metal,
known as a vapor depression zone or keyhole. Simultaneously, the temperature gradient in the
melt pool causes the hot liquid to flow towards cooler regions. This is known as the Marangoni
effect and, along with the recoil pressure generated in the vapor cavity, it drives the fluid away
from the laser beam. As a result, deep and elongated melt pools with a shape that gives name to

the melting mode are formed [11], as shown in Fig. 2.3.

In general, the preferred melting mode is the transition point between conduction and key-
hole [6, 12, 13]. Such conditions provide sufficient overlap between adjacent melt pools and
layer, while avoiding significant evaporation of the material, thereby preventing the formation

of defects associated to either lack or excess of energy.

2.1.3. Defects in LPBF-manufactured parts

A multitude of defects and anomalies have been reported and studied in parts produced by
LPBF throughout the years [9]. Only the most relevant defects for this work are described in

detail below.

Lack-of-fusion (LoF) defects are generated when the energy input and the overlap between
adjacent melt pools is insufficient, leaving voids with unmelted powder particles behind. As
presented on Fig. 2.4a, such voids are relatively large, possess irregular shapes, and tend to be
elongated in a direction perpendicular to BD [14, 15]. Conversely, the keyhole melting mode
can result in the formation of keyhole porosity, when the vapor at the bottom of the melt pool
collapses and bubbles are trapped. The size of these defects tends to be smaller than LoF pores
an their shape is typically spherical [14]. Fig. 2.4b illustrates an example of severe keyhole

porosity throughout an LPBF-manufactured part.
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Figure 2.4. (a-c) Optical microscopy images of samples exhibiting different classes of internal de-
fects. (a) Lack of fusion and (b) keyhole porosity on Inconel 625 parts [15]. (c) Internal cracks on
AlMg4 sMng 7 samples[16] (d,e) External cracks on M2 high speed steel specimens [17].

Moreover, there are different mechanisms in the LPBF process that favor crack generation
and propagation. Internal cracks often appear within the solidified melt pool (solidification
cracking) or at its interface with the heat-affected zone (liquation cracking). Solidification
cracks arise from the stresses generated by solidification shrinkage in the center of the melt
pool, and are typically oriented parallel to the build direction [18]. Liquation cracks originate
from stress-concentration in the partially remelted regions at the boundary of the melt pool,
and are oriented perpendicularly to the MP-HAZ interface, i.e. at different angles with respect
to the BD [19]. Both of these are considered hot cracking mechanisms, as they take place at
temperatures close or above the liquidus temperature of the metal. An example of internal hot

cracks is depicted in Fig. 2.4c.

Residual stresses are inevitably created in LPBF-manufactured specimens due to the sub-
sequent shrinkage of the top layers as new material is melted, rapidly cooled and solidified.
The repetition of this layer-wise process results in tensile stresses at the edges of the fabricated
parts and, depending on the stress intensity and the material properties, cracks can propagate
from the edge of the sample into the bulk. This is known as a cold cracking mechanism as it
takes place at lower temperatures than the hot cracking events. Two examples of LPBF parts

that have undergone external cold-cracking are shown on Fig. 2.4d and Fig. 2.4e. Such cracks
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can propagate perpendicularly to the BD, along the plane of printed layers, and can lead to full

delamination if they connect with similar cracks from opposite ends of the part.

Many efforts have been placed in mitigating internal defects. For a fixed alloy composition,
the selection of processing parameters with the aid of variables as VED, E* and AH has proven
to be an effective approach when trying to mitigate porosity [4—6]. Alternatively, cracking can

be alleviated by carefully tailoring scanning or post-processing strategies [20].

2.1.4. Common scanning strategies

A schematic of three widely used scanning strategies is provided in Fig. 2.5. The meander
scanning strategy (Fig. 2.5a) is likely the most commonly used in the literature. The laser
travels from one end of the cross-section to another in a straight path, turning at the edge of
the sample and traveling back in the opposite direction. The scan direction of successive layers
can be rotated to minimize residual stresses. 67° or 90° are the most common rotation angles
between layers [21]. The stripe strategy (Fig. 2.5b) consists in performing meander scans over
long stripes that extend from one end to another of the sample. Each of these stripes is a few
millimeters wide and is fully scanned by the laser before starting the next. The lines where two
stripes come together tend to overlap to ensure no internal defects are generated in these regions.
This strategy reduces residual stresses [9, 20]. The chessboard or island strategy (Fig. 2.5¢) is
similar to the previous one, except that, instead of stripes, squares are independently scanned
with a meander path over the cross-section. The scan direction of the vectors within each square
is typically offset by 90° with respect to the direction of vectors in adjacent squares. With this

approach, residual stresses are partially compensated throughout the cross-section of the part

[20, 22].

(a) (b) (c)

Figure 2.5. Schematic of commonly used scanning strategies. (a) Meander, (b) stripes and (c) chessboard
paths.
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2.2. Glass-forming alloys

Glass-forming alloys, also known as metallic glasses, amorphous metals or amorphous al-
loys, are a class of materials that present unique properties due to their lack of long range atomic
order [23, 24]. Owing to their disordered atomic arrangement, metallic glasses exhibit excellent
corrosion resistance [25], high strength [26, 27], high elastic limit [28], and good damage toler-
ance [29], and excellent soft magnetic behavior [30]. Widely researched metallic glass systems

include Zr, Pd, Ti, and Fe-based among others.

While crystalline materials present an ordered atomic structure, where atoms lie in specific
crystal lattice sites, atoms in amorphous metals have a quasi-random arrangement which re-
sembles that of a frozen liquid [31, 32]. Furthermore, the absence of defects such as grain
boundaries (GBs) and dislocations gives rise to their unique properties [33]. Fig. 2.6 illustrates
the differences in atomic arrangement among single-crystal (Fig. 2.6a), polycrystal (Fig. 2.6b)

and amorphous structures (Fig. 2.6¢).

Figure 2.6. Schematic of the atomic arrangement of (a) single crystal, (b) polycrystal and (c) amorphous
structure [33].

In order to retain this amorphous or glassy structure, glass-forming alloys must generally
be cooled at high cooling rates from the molten state (10*> — 10° K/s, depending on the alloy
system) [23, 31]. At the appropriate solidification rates, crystallization kinetics of purposefully
designed compositions are usefully sluggish and therefore the atoms are frozen in a disordered
metastable arrangement and cannot reach an ordered, more energetically favorable, crystalline

structure [34, 35].
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2.2.1. Structure of glass-forming alloys

TTT diagram

Glass-forming alloys can crystallize following two different paths. First one, during solidifi-
cation, as they cool down from the molten state at a rate lower than the critical cooling rate (R,)
of the specific alloy. The second path is known as devitrification, which is the transition from
an amorphous solid state to crystalline solid, when the amorphous material is heated above its

crystallization temperature (7). [32].

The onset of crystallization for a given glass-forming alloy is dependent on the temperature
and on the cooling or heating rate [32]. Hence, a time-temperature transformation (TTT) dia-
gram can be constructed for each alloy system, indicating where in the cooling or heating curve
crystallization can happen. Fig. 2.7 illustrates a schematic TTT diagram, containing the typical
crystallization curve and indicating the liquidus temperature (7,) and the glass transition tem-
perature (T,). These three divide the diagram in four regions: The liquid, glassy, crystalline
and supercooled liquid regimes. The first three have already been explained. The supercooled
liquid region is a regime where the material is in a glassy state but can flow as a viscous liquid.

It is in this region that metallic glasses can be molded and residual stresses can be relieved.

>

Figure 2.7. Example of a time-temperature-transformation (TTT) diagram. If solidified at a cooling rate
higher than the critical cooling rate (R,), a material will remain amorphous in the solid state and avoid
the crystallization nose.

14



STATE OF THE ART

GFA and thermal stability

In the TTT diagram, the nose of the crystallization curve denotes the temperature at which
the material will crystallize if it is cooled from the molten state at exactly the critical cooling rate
[23]. The longer the time scale for crystallization is for a particular alloy, the lower the critical
cooling rate is [24]. The position of the crystalline nose also represents the glass-forming ability
(GFA) of a system. A good glass former will exhibit a crystalline nose that is shifted to longer
times (further to the right in the TTT diagram), while a poor glass former will, in theory, have a
nose position at shorter times (to the left of the diagram). In practice, it is difficult or impossible
by current experimental methods to obtain the full TTT curve of poor glass-forming alloys,
as the time scales for crystallization are so short that experimental systems cannot reach the

heating and cooling rates needed to determine the crystallization nose [32].

The thermal stability of an alloy is also reflected in the TTT diagram. It can be typically es-
timated by the temperature range of the supercooled liquid region (AT),), which is the difference
between the crystallization and glass-transition temperatures (AT, = T, — T,), both measured
upon heating. An amorphous metal with a high thermal stability will resist nucleation and grain
growth as it is heated, hence the crystalline nose will be displaced upwards, towards higher

temperatures in the TTT diagram from Fig. 2.7.

Design rules

There has been extensive research in the field since the first synthesis of metallic glasses in
1960 [36]. Many criteria have been proposed to screen potential glass-forming system candi-
dates with improved GFA and thermal stability. Inoue et al. [37] proposed three simple rules,
known as the Inoue criteria, based on the structural parameters of the constituent elements.
There are systems, however, that do not follow these rules because the GFA is also related to
kinetic parameters. Turnbull et al. [38] presented additional criteria for a metallic glass to
be formed, which were purely related to kinetic parameters. The following rules are the most
widely use criteria in the glass-forming alloy design community, combining Inoue’s and Turn-

bull’s criteria [32]:

(i) The system should be composed of at least three different elements, but the formation of

glassy structures becomes easier with increasing number of constituents.
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(i1) There should be a large difference in atomic size among the elements. It is recommended

that the difference exceeds 12 % in atomic radius.

(iii)) There should be a negative enthalpy of mixing among the constituents with highest con-

centrations in the system.

(iv) The composition should show a "deep" eutectic point. This is exhibited when there is
a large difference between the eutectic temperature and the melting temperature of the
individual elements. It is preferred to design the alloy as close to the eutectic point as

possible, as this will give less time for crystallite formation during solidification.

(v) The reduced glass-transition temperature (7',), the ratio between T, and T, can be used
as an indicator of the viscosity of the melt. The higher T,,, the higher the viscosity, and

the alloy will be more likely to retain the glassy state upon solidification.

2.2.2. Processing routes
Melt spinning

The first metallic glass, a binary Au-25 %Si system, was synthesized by means of melt spin-
ning [36]. Melt spinning is a technique that consists in melting a metal in a crucible and ejecting
it through a fine nozzle using an inert gas to exert the required pressure to create a continuous
stream [39]. The stream of molten metal falls onto a cold rotating wheel, quickly solidifying
into a continuous ribbon. Such ribbon typically has a thickness of 20-50 wm and a width of sev-
eral millimeters. The cooling rates achieved with this technique are extremely high, from 10° to
10°® K/s, which make it a reliable method to produce fully amorphous alloys. Nevertheless, due
to the geometry of the produced material, it is not feasible to fabricate complex parts by melt

spinning.
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Figure 2.8. Diagram showing the melt spinning process [40].

Casting

Suction casting offers the possibility of producing larger parts, while providing cooling rates
ranging from 10 to 10° K/s [41—43]. A common setup is comprised of a water-cooled copper
plate and a copper mold with an orifice where vacuum is applied to draw the molten metal into
the mold [44]. As depicted in Fig. 2.9, the mold is fixed in the center of the water-cooled plate,
leaving the inlet at the surface of the copper plate and a channel that connects to the vacuum
reservoir in the bottom of the assembly. The alloy is heated above its melting point, typically
with an induction or arc melting system. Vacuum is then applied from the inferior orifice of the

casting mold and the liquid fills the inner channel.

a)

copper plate S

two-part )
_ casting mould

.
water-cooling N

vacuum reservoir =~ ~

Figure 2.9. Diagram showing a suction casting set up with a water-cooled copper plate [44]. (a) Top
view of copper plate; (b) section view of copper plate showing the water cooling system, the material
inlet and the outlet where vacuum is applied; (c) section view of a cylindrical mold.

Casting is the preferred method to compare the GFA among alloys [23]. The cooling rate
at the inner walls of the mold, which are in contact with the outer surface of the cast sample,
is around 10* K/s [45], but it decreases through the sample as a function of the distance from
the surface [45, 46]. The thickness of the sample will therefore directly affect the cooling
rate at the center of the sample’s cross-section. For each glass-forming alloy, a critical casting

thickness can be determined, beyond which the center of a cast sample will crystallize during
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solidification. Generally, the critical casting plate thickness (¢.) and the critical casting rod

diameter (d.) are metrics used to quantify the GFA ability of the system.

When an alloy can retain an amorphous structure by casting with a thickness above 1 mm,
the term bulk metallic glass is used to indicate the superior GFA over other metallic glasses [23,
47]. Following extensive alloy development research in the last 30 years, bulk metallic glasses
have been cast with large dimensions (up to 80 mm) [48]. However, the geometry of cast parts
is limited to the shapes of their molds, which thereby restricts the range of applications that cast

parts can be used for.

LPBF of metallic glasses

Laser powder bed fusion is a promising avenue to fabricate bulk metallic glasses in the
fully amorphous form [49-51]. As explained in Section 2.1, the amount of material that is
melted at once in the LPBF process is relatively small. For reference, the width of a scan
track is in the order of 100 um. Therefore, the local cooling rates are usually high enough
(10°—107 K/s) [3] to retain an amorphous structure in the melt pool. Additionally, this technique
enables the fabrication of highly complex geometries, unlike the first two methods. A number
of BMGs have been produced with LPBF, each system having different properties that make
them particularly interesting [24, 31]. Zr-based alloys offer a superior GFA, Al and Ti-based
alloys have a high strength to weight ratio, Ni-based alloys offer great corrosion resistance and

Fe-based alloys have drawn attention due to their soft-magnetic properties [49].

Despite the aforementioned benefits of LPBE, the technique is known to have limitations, as
explained in Section 2.1.3, including the generation of residual stresses and defects, which can
impact the final part’s properties [9]. An additional challenge with LPBF of metallic glasses is
devitrification [52]. This was evident since the first reported metallic glass part printed by LPBF
by Pauly et al. in 2013 [53]. The alloy of choice was Fe;4sMo4P;yC; 5B, 551, and the geometry,
the lattice structure shown in Fig. 2.10. Through x-ray diffraction measurements, it was shown

that this printed structure was composed of both amorphous and crystalline phases.
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Figure 2.10. First ever reported metallic glass printed by LPBF [53]. (a) SEM image of gas-atomized
Fe74MoyP19C7.5B2 551> powder; (b) build removal step of LPBF-manufactured samples; (c) final lattice
(purple arrow) and cylinder (red arrow).

As explained in Section 2.2.1, devitrification can occur as a solid glass is heated past the
crystallization temperature. While a track may remain amorphous after scanning, the subse-
quent track will reheat the previous one in the overlapping heat affected zone. Thus, new layers
can devitrify previously-solidified layers [52]. Section 2.1.2 explains how the preferred melting
mode is the transition limit between conduction and keyhole mode. This energy input is high
enough to produce highly dense parts. However, a high energy input causes more reheating
in the previous tracks and layers, which, in metallic glass parts processing, causes more de-
vitrification. On the other hand, a low energy input is more favorable to retain the amorphous
structure after printing but it also creates lack of fusion defects. This is illustrated in Fig. 2.11.
The schematic shows, qualitatively, that one should expect an amorphous-crystalline composite
when processing metallic glass powders with high energy input combinations of LPBF param-

eters.

Crystallization (%)
Porosity (%)

4
-/
e
/ Crystallization
L rorosity aue to lack of fusion Porosity due to keynoie

Figure 2.11. Schematic illustrating the processing window of metallic glasses and crystalline alloys as a
function of VED.
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2.3. Soft Magnetic Materials

2.3.1. Hard vs. soft magnetic materials

Magnetic materials can be divided in two classes, soft magnetic, which are easy to magnetize
and demagnetize, and hard magnetic, which are hard to magnetize and demagnetize [54]. When
an external magnetic field of alternating polarity is applied to these materials, hysteresis cycles
are generated. A schematic example of a hysteresis curve is shown in Fig. 2.12. In magnetism,
H, is used to denote an applied magnetic field and M is used to represent the magnetization
within the material [54]. Soft magnetic materials (SMMs) require low H, to reach their sat-
uration magnetization (M), i.e. the state where the M does not increase with increasing H,.
As illustrated on Fig. 2.12, the opposite is true for hard magnetic materials, where a large H,
is needed for the material to reverse their magnetic alignment and reach saturation. The point
where the hysteresis curve intersects with the horizontal axis is known as the coercive field or
magnetic coercivity (H,) and it is the measure used to distinguish soft from hard magnetic be-
havior. Besides their low magnetic coercivity, SMMs possess low magnetic susceptibility (y),
which is reflected in the slope of the hysteresis curve, since y = M/H,. A high susceptibility

allows the material to reach the saturation state with a small increment of H,.

Figure 2.12. Schematic illustrating magnetic hysteresis loops for soft and hard magnetic materials.

2.3.2. Magnetic domain wall movement

The reason why some materials have soft or hard magnetic behavior resides at the micro-
scale. The atoms of ferromagnetic materials are grouped in regions of uniform magnetization,

known as magnetic domains [55]. In the absence of an external magnetic field, the sum of
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the magnetization of all domains is approximately zero, yielding no net magnetization [54].
This is depicted in Fig. 2.13a. However, when a field is applied to the material, the domains
that originally had a orientation close to that of H, grow at the expense of others, as shown in
Fig. 2.13b. This process takes place through the movement of the boundaries between magnetic
domains, known as magnetic domain walls. Ultimately, the magnetic direction of the material
gets fully aligned with the applied field, if the latter is sufficiently large, through magnetic spin
rotation, as illustrated in Fig. 2.13c. After this step, the material reaches Mj, the state presented

in Fig. 2.13d, where the magnetic spins of the maximum number atoms are aligned with H,,.

Figure 2.13. Schematic of the magnetization process in a ferromagnet, through domain wall movement
[54]. (a) No external field is applied. The net magnetization is zero. (b) An external field is applied
and preferentially aligned domains grow at the expense of others through domain wall movement. The
material has a net positive magnetization. (c) Magnetic domains finish growing. The internal magnetic
field is not fully aligned with H,. (d) The material reaches saturation magnetization through magnetic
spin rotation.

When domain walls can move freely through the material, the magnetization process hap-
pens swiftly and M, is reached at low H, values. Internal defects like cracks or pores, microsc-
tructural features like grain boundaries, precipitates, and residual stresses can pin the domain
wall movement and yield a hard magnetic response [56, 57]. SMMs, on the other hand, typically

have few of said obstacles, resulting in a quick response to a changing H, [58].

2.3.3. Applications and energy losses

Soft magnetic materials are present in widely used modern machines, such as electric motors,

generators and transformers, which rely on the quick reversal of magnetic polarity. Electric
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motors, for instance, have a rotating component, the rotor, and a stationary one, the stator,
which generate the desired movement through attracting and repelling induced magnetic fields
[59]. The efficiency of the energy conversion in these machines is directly related to the soft
magnetic properties of their components. There are different types of magnetic losses [60, 61],
including hysteresis and eddy current losses. In each magnetization cycle, the energy lost to
hysteresis losses is equivalent to the area of a hysteresis curve. Hence, SMM’s with minimal
coercivity are used to maximize the energy efficiency in electric motors [62]. On the other
hand, eddy current losses are caused by time-varying magnetic fields, which induce circulating
electric current through the conductive material. Such currents form a closed loop and dissipate
energy in the form of heat [54]. While hysteresis losses are independent of the frequency of the

applied field, eddy current losses scale with the square of the frequency [61, 63].

Traditionally, rotors and stators of electric motors are made out of sheets which are cut and
stacked. The material of choice for these components has varied over time and depending on
the application. Fig. 2.14 shows a schematic of SMMs according to their typical coercivity
values and their year of adoption. Some examples of metals exhibiting soft magnetic behav-
ior include iron alloys such as low carbon or silicon steel, iron-cobalt alloys, and nickel-iron
alloys, which are also known as permalloys [54, 64]. In the past decades, the emergence of Fe-
based amorphous alloys has drawn the attention of the magnetism scientific community, as they
can potentially reach lower coercive fields than polycrystalline SMMs [65, 66]. Consequently,
amorphous alloys show lower hysteresis losses than their crystalline counterparts [57, 67], mak-
ing them, in principle, ideal candidates for high-frequency electromagnetic applications where

efficiency is the ultimate design criterion.
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Figure 2.14. Variation of coercivity of different families of soft magnetic materials with respect to the
year of first reported values. Adapted from [64].

2.3.4. Soft magnetic metallic glasses

Since first synthesized by Inoue e. al. [30] in 1995, Fe-based BMGs have drawn much attention
from the scientific community [31, 37]. When fabricated in the fully amorphous form, they
present an excellent soft magnetic behavior, characterized by coercive fields as low as 1 A/m
[68, 69], due to the lack of grain boundaries [67]. Additionally, when the system has a high
Fe content, the saturation magnetization is high enough to be used for high energy input-output
applications. Mechanically, Fe-based metallic glasses are known to exhibit very high strength,
hardness, and wear resistance in comparison with their crystalline counterparts [30]. However,
the GFA of Fe-based BMGs is relatively low [31], in comparison with that of other MG systems,

which limits the practical application of these materials.

Great alloy design advances have been made in the field, searching for compositions that can
form large, fully amorphous components. For instance, adding phosphorous to the composition
has proven effective to reach d. of up to 5 mm [70, 71]. However, phosphorus’s low boiling point
adds difficulty to the alloying process, as P tends to evaporate before other elements are fully
melted and small changes in the composition can affect drastically the GFA. Alternatively, the
addition of cobalt [72] and rare earth (RE) elements [73, 74] have been shown to increase the d.
to 6 mm and 18 mm, respectively. Although these are constructive advances in the field, the use
of critical elements makes the adoption of these compositions unrealistic in a paradigm like that
envisioned by the EU Green Deal, where sustainable technological development is paramount.

The Fe-based MGs known to date which are free of P, Co and rare earths present d. < 0.5
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mm [31] and, thus, cannot be formed into complex-shaped parts. It is clear that alternative
manufacturing routes are needed to exploit the potential of these materials and to leverage their
outstanding properties for efficient electrical machines. These alloys are the systems of interest
within the AM2SoftMag EIC Pathfinder Open project (GA: 101046870), within the framework

of which this PhD thesis was carried out.

2.4. State of the art of LPBF of soft magnetic metallic glasses

In the past decade there have been numerous studies on the use of LPBF to fabricating defect-
free, fully amorphous Fe-based BMG’s with excellent soft magnetic properties. While the vast
majority of published works yield parts with amorphous-crystalline composite (micro)structures
[53, 75-87], the pioneering work by Jung et al. [84] did report the fabrication XRD-amorphous
specimens with composition Fegg 3C69S155B¢ 7Pg7Cr3Mo0, 5Al, . This alloy system, owing to
the presence of P and to the great number of alloying elements, has a critical casting thickness
of approximately 3 mm. This suggests that alloys with high GFA are more likely to resist
devitrification during LPBF.

Since the Fe-based alloys of interest for the current thesis, namely those without P, Co or
RE elements, have very low GFA, they have not been processed, to date, in a fully amorphous
form [76-78, 85-92]. Optimizing LPBF processing parameters for these systems requires care-
fully tailoring the thermal cycles during the layer-wise manufacturing process. This can be
achieved by gaining a fundamental understanding of the effect of the processing parameters on

the (micro)structure and, in turn, on the magnetic behavior.

2.4.1. (Micro)structure and soft magnetic behavior

As explained in Section 2.2.2, the reheating cycles inherent to the LPBF process tend to
cause devitrification in the heat affected zones of each scan track. Fig. 2.15 depicts the crystal-
lites formed by devitrification in two specimens of a [(FeyC00.4)0.75B0.2S10.05]9sNby4 alloy man-
ufactured by LPBF with high (Fig. 2.15a, Fig. 2.15¢) and low (Fig. 2.15b, Fig. 2.15d) energy
input by Luo et al. [79]. These scanning electron microscope (SEM) images show crystalline
features on both sample’s HAZs, but the reheating experienced by the first, processed with a

higher energy, led to severe devitrification, while the latter, processed with a comparatively
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lower energy, partially retained the amorphous structure in the MP.

Figure 2.15. SEM images of [(Fey¢C00.4)0.75B0.2Sip.05]96Nbs samples processed by LPBF [79]. The
images are of two samples with (a,c) relatively high and (b,d) low energy input.

In general, the crystalline phases generated in the HAZ of Fe-based glass-forming alloys
when processed by LPBF are reportedly composed of a-Fe [76, 78, 80, 85, 87, 89, 91, 93]
and phases containing Fe with one of the other main alloy constituents, such as Si [76, 78, 87,
89], B [76, 78, 89, 91] or C [76, 81]. The size of these grains is usually larger than 100 nm,
which, according to Herzer [67], leads to drastic increases in the magnetic coercivity. Several
studies [76, 84, 86] have reported that partially crystalline LPBF-processed samples of different
Fe-based BMGs exhibit coercive fields that are several orders of magnitude higher than what
is typically expected from an amorphous reference of the same composition. In particular,
coercive fields over 1000 A/m [76, 85-87] are typically measured in these alloys when printed
by LPBF while the corresponding feedstock powder exhibits coercivities around 500 A/m [85]
and melt-spun ribbons of similar composition reportedly have coercive fields below 50 A/m
[78]. In order to minimize the generation of undesired crystalline phases and to maximize the
retention of the amorphous structure, low-energy input parameter combinations like high scan

speed or low laser power, are typically used [82], at the expense of the part density.
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2.4.2. Internal defects and mechanical properties

While low-energy processing parameters provide the desirable conditions to avoid crystal-
lization (low temperatures and high cooling rates), this inevitably leads to the generation of
internal defects, such as LoF voids [77, 81, 82, 84, 93] and internal cracks [77-79, 81, 83, 93,
94]. Jiang et al. [77] and Nong et al. [93] studied the effect of LPBF processing parameters on
the defect structure of FessCrigsMn,Mo 4, W¢B3C;Si; 5 [wt.%] systems. Two micrographs from
said studies are presented in Fig. 2.16, exemplifying the typical distribution of internal defects

that can be found when manufacturing Fe-based metallic glass parts by LPBF.

T 17.54)mm® (b)) T2

Figure 2.16. Internal pores and cracks along the cross-section of LPBF-processed FessCrgs
Mny,Mo4WeB3C;Si; 5 [wt.%]. (a) Optical micrograph from [77]. (b) SEM image from [93].

Fe-based glass-forming alloys tend to be brittle and susceptible to cracking during LPBF
processing. Works by Jiang et al. [77] and Xie et al.[80] have investigated the origin of these
cracks and concluded that they originate at the interface of the MP and HAZ [79], and pores
[95] which act as stress concentration points. When crystalline HAZ are formed, cracks tend to

propagate along the grain boundaries of a-Fe grains [95, 96].

It is known that internal defects directly affect the mechanical properties of the material
[3, 9]. The high concentration of internal defects typically observed in LPBF-manufactured Fe-
based metallic glasses promote the propagation of cracks and the failure of a part when subjected
to aload. Few works have been carried out on the mechanical properties of these materials, with
the exception of hardness and nanoindentation studies which neglect the influence of internal
defects [76-78, 93, 96, 97]. Although the enhancement of the soft magnetic properties is the
main goal in this research, it is paramount to understand the effect of internal defects on the
multi-scale mechanical properties of these alloys, given that any electric motor or generator

part will be subjected to mechanical loads during assembly and operation.
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2.4.3. Advanced scanning strategies

Several research groups have put forward novel scanning strategies to mitigate devitrification
and the generation of internal defects in Fe-based metallic glass parts produced by LPBE. Nam
et al. [85] used a double-scanning approach where, for every layer of powder, the laser would
melt the surface twice. This proved to be a successful strategy to achieve denser prints with
slightly improved amorphous fraction with respect to single-scan parameters [85]. Zou et al.
[92] also employed a remelting strategy with the chessboard pattern explained in Section 2.1.4.
A diagram of this strategy is displayed on Fig. 2.17a. By limiting the scan track length within
each island, cracking of the top surface was mitigated on 100-um-tall samples [92]. However,
when reproduced by Jiang et al. [77] on 1-cm-tall samples of a similar alloy, the material was
severely cracked. Zrodowski et al. [89] proposed the point-random strategy, which consisted of,
first, depositing a layer of powder (Fig. 2.17b1), then melting the powder using the chessboard
strategy (Fig. 2.17b2) and remelting the surface using randomly placed points (Fig. 2.17b3)
until entire cross-section is remelted (Fig. 2.17b4). By keeping the spacing between subsequent
points relatively large, enhanced heat dissipation was achieved. Although the point-random
approach did not prevent crack formation, it led to a significant improvement of the amorphous
fraction and the soft magnetic properties of printed parts. The downside from this strategy,
besides the increase in build time from re-melting, is that most commercial LPBF systems do

not allow for such a strategy to be easily implemented.
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Figure 2.17. (a) Remelting chessboards strategy from [77]. (b1-4) Point-Random strategy from [89].

It is evident that advanced scanning strategies are necessary to fully exploit the soft mag-
netic potential of some of the most challenging Fe-based glass-forming alloys, including those

without P, Co, and RE elements. Easily implemented strategies should be further investigated,
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and their impact on internal defects, (micro)structure and properties should be understood.

Ultimately, the viability of implementing soft magnetic metallic glass components fabricated
by LPBF in electrical machine components resides in the intersection between alloy systems
with high GFA and carefully selected processing parameters and scanning strategies. In order to
be aligned with the EU Green Deal and contribute to a sustainable technological development,
new alloys must be free of critical elements such as P, Co or rare earths. Furthermore, the
interplay between processing parameters and the generation of internal defects, (micro)structure

and soft magnetic properties must be thoroughly investigated.
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3. MATERIALS AND METHODS

3.1. Feedstock powder

Two Fe-based glass-forming powder alloys with different composition were used as feed-
stock material throughout this thesis. The first is a commercial alloy known as Kuamet 6B2
with composition Fe;37BSi;;Cr,3C, [at. %]. The second system’s exact composition remains
confidential, as it is subject to patenting by the Chair of Metallic Materials at the University
of Saarland. This alloy will be referred to as Fe-Si-B-Nb-Ni throughout this work. They were
both atomized by Epson Atmix by means of spinning water atomization (SWAP) [98]. The
powder was handled and stored in small containers while working in a glovebox with an argon

atmosphere to limit oxidation.

Prior to LPBF processing, the morphology and rheological properties of the feedstock pow-
der particles were evaluated. An Apreo 2S (ThermoFisher Scientific) field emission gun scan-
ning electron microscopy (FEG-SEM) system was used to image the powder particles. Fig. 3.1
presents SEM images of both powder batches, which show particles with good spheroidicity
and almost no satellites attached. The particle size distribution (PSD) was measured using a
Bettersize laser particle size analyser. The results of these tests are summarized in Table 3.1.
Both powder batches presented similar PSDs, although the Fe-Si-B-Nb-Ni batch had a slightly

wider distribution with a higher volume of large particles, represented by the Dy, value.
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Figure 3.1. SEM micrograph illustrating the spinning water-atomized (a) Kuamet 6B2 powder and (b)
Fe-Si-B-Nb-Ni. The images were obtained using the secondary electron (SE) signal.
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The rheological properties such as flowability, apparent density (p,) and tapped density (o)
were evaluated using standard ASTM methods (ASTM B213 [99] and ASTM B527 [100]).
The results are summarized in Table 3.2. The flow time was calculated as an average of three
measurements on a Hall flowmeter. Kuamet 6B2 averaged a flow time of 23.4 s for a 50 g
powder sample. Fe-Si-B-Nb-Ni powders, however, did not flow uninterruptedly through the
apparatus. From the apparent and tapped density measurements the Carr Index (CI = p,(1/p, —
1/p,) X 100) and the Hausner Ratio (HR = p,/p,), which are also indicators of powder flow
character [101], were calculated. The CI and HR values suggest excellent flowability for the
Kuamet 6B2 powder, and good flowability for the Fe-Si-B-Nb-Ni batch. Ultimately, the spread

of both powder batches in the LPBF system was adequate for printing trials.

Table 3.1. Particle size distribution values for two feedstock powder batches used for LPBF trials.

Dioum  Dsoum  Dgy um
Kuamet 6B2 11 30 61
Fe-Si-B-Nb-Ni 12 33 68

Table 3.2. Comparison of Kuamet 6B2 and A112 powder flow properties (flow time; apparent density,
Pa; tapped density, p,; Carr Index, CI; and Hausner Ratio, HR) with flow character evaluation from [101].

Flow time (s) p, (g/cm®) p,(g/cm®) CI HR Flow character
Kuamet 6B2 23.4 4.03 4.27 5.62 1.06 Excellent
Fe-Si-B-Nb-Ni N/A 3.87 4.49 13.8 1.16 Good

3.2. Experimental Methods

3.2.1. Laser Powder Bed Fusion

The two LPBF systems used in this work are shown in Fig. 3.2. The first is the Renishaw
AMA400 (Fig. 3.2a), a machine that uses a 400 W pulsed-wave ytterbium fiber laser with a spot
size of 70 um. The second system is the Renishaw RenAMS00Q Flex (Fig. 3.2b), which is
equipped with four 500 W Yb-fiber lasers with a 80 um spot size. Both machines were operated
using pulsed-wave emission mode and reduced build volume (RBV) platforms furnished with
316L steel substrates were utilized to minimize powder waste. As explained in Section 2.1.1,
due to the pulsed nature of the lasers, v was be modified throughout this work by changing the

exposure time (foy), as expressed in Eq. (2.1).
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Figure 3.2. Laser powder bed fusion systems used in this work. (a) AM400; (b) RenAMS500Q.

The most relevant difference between the two systems used for LPBF tests is the capability
that the RenAMS500Q Flex has to apply variable time delays at the end of each scan track, a
processing parameter that will be paramount for the work presented in Chapter 6 and Chapter 7.
Therefore, the AM400 machine was dedicated to studies with simple scanning strategies, like
the ones used in Chapter 4 and Chapter 5, while the RenAMS500Q Flex was employed for

advanced approaches, like those presented in Chapter 6 and Chapter 7.

In-operando infrared emission measurements were carried out with Renishaw’s RenAMS500Q
built-in photo-diode. Fig. 3.3 shows a diagram of the integrated InifniAM Spectral system. The
utilized sensor is part of the MeltVIEW module and is calibrated to record emissions of wave-
lengths between 1100 — 2000 nm, which are associated to the thermal emissions of the melt
pool. Data post-processing was carried out using Renishaw’s InfiniAM Spectral software and

MATLAB.
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Figure 3.3. Schematic provided by Renishaw plc detailing the working principle of the InfiniAM Spec-
tral module.

3.2.2. Sample preparation

The same sample preparation procedure was followed for most samples presented in this
work. After LPBF processing, specimens were first removed from the substrate plate and then
they were sectioned in two halves along a plane parallel to the BD with a Struers Secotom-
20 disc cutting machine. One half was generally used to measure density, to analyze defects,
and for (micro)structural examination. The newly cut surface was ground with sandpaper of grit
sizes ranging from 300 to 2400 and polished with diamond pastes of sizes decreasing from 9 um
to 1 um, followed by chemical-polishing with a 0.04 wm colloidal silica suspension to achieve
a mirror-like surface finish. The melt-pool geometry was examined in selected samples addi-
tionally etched using a 10:10:1 solution of 98 % ethanol, distilled water, and 65 % nitric acid.
Etching was carried out by immersion during 15 s followed by water rinsing. The remaining

halves of the cut samples were used for magnetic characterization and calorimetry studies.

3.2.3. Defect analysis

The density of LPBF-printed samples was measured via the Archimedes method using a

BEL Engineering density kit. Furthermore, internal defects were studied in two and three di-
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mensions dimensions by optical microscopy (OM) and X-ray computed tomography (XCT),
respectively. An Olympus BX51 optical microscope was used to image the mirror-polished
cross-sections. Images were taken at 5x magnification and stitched together to cover the entire
sample’s cross-section. A Waygate Technologies Phoenix Nanotom M was employed to obtain
3D tomography volumes of uncut samples. Measurements were performed using a beam volt-
age of 130 kV, current of 60 uA, voxel size of 3 um and exposure time of 0.5 s, resulting in 2000
projections per sample. 2D and 3D defects were reconstructed and analyzed with Imagel/Fiji
image analysis software. In particular, Fiji’s machine learning-assisted segmentation plug-in,
the WEKA trainable segmentation package [102], was used to segment the obtained images or
volumes into binary data structures containing information about one defect class. An example
of the workflow followed on a 2D image is illustrated on Fig. 3.4. First, the image (Fig. 3.4a) is

converted into binarized images of voids (Fig. 3.4b) and cracks (Fig. 3.4c).

00-
-90°! ‘ 90

Figure 3.4. Schematic illustrating the workflow of the machine-learning based image segmentation
procedure utilized for defect characterization. (a) Optical micrograph illustrating, in black, the defect
structure; (b) binarized image of voids (including small and large pores), shown in blue; (c) binarized
image of cracks; (d) color coding for the angular deviation of cracks with respect to the BD (0°).

Voids were indexed via Fiji’s particle analyzer plug-in and later filtered based on size. Fil-
tering is done by setting an area threshold of 2500 pixels, which allows to isolate small circular
pores resulting from keyhole effects and from trapped gas (named “small pores” in Chapter 4)
from large and irregularly shaped ones, which are attributed to lack of fusion (LoF) effects
(named “large pores” in Chapter 4 and type-1 voids in Chapter 5). Internal cracks are also
isolated (Fig. 3.4c) and their area fraction can be also estimated. Finally, Fiji’s directionality
plug-in is utilized on 2D images to analyze the angular deviation () of cracks with respect to
BD (which is parallel to the vertical direction in the figure). In Fig. 3.4d the cracks have been

colored according to their 6 angle following the color coding included in the inset.
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3.2.4. Microstructure characterization

X-ray diffraction (XRD) was carried out in a Malvern PANalytical Empyrean X-ray diffrac-
tometer using Cu K radiation to evaluate qualitatively the phase distribution on the LPBF-
manufactured parts. A 3x3x1 mm?® piece was cut from each printed sample to evaluate the
fraction of amorphous phase by differential scanning calorimetry (DSC) in a Perkin Elmer
DSC8000 system. A constant heating rate of 20 K/s was applied and the obtained DSC curve
was integrated to obtain the crystallization enthalpy of each sample AH.,. s;mp.. The same pro-
cedure was applied to a fully amorphous melt-spun ribbon of the same composition to be used
as reference. The amorphous fraction of each LPBF-manufactured specimen was then calcu-
lated by taking the ratio of the crystallization enthalpy of each sample to that of the amorphous
ribbon (AM% = AH..; sample!/ Ay rivbon)-

Microtexture analyses were conducted using an Apreo 2S (ThermoFisher Scientific) field
emission gun scanning electron microscope (FEG-SEM) equipped with an Oxford Instruments
electron backscattered diffraction (EBSD) detector, a CCD camera, and the Aztec data acquisi-
tion and analysis software package. EBSD maps of the crystalline regions were acquired using
20 kV, a current of 3.2 nA, a working distance of 13 mm, and a step size of 120 nm for low

magnification maps or, alternatively, a step size of 30 nm for high magnification maps.

A FEI Helios NanoLab 6001 FEGSEM equipped with a focused ion beam (FIB) milling sys-
tem was employed to extract transmission electron microscopy (TEM) lamellae from selected
LPBF-processed specimens. An area of 15 um X 1.5 um was covered with a Pt-layer to protect
it from milling. The long side of this rectangle was aligned with the BD of the sample. Next,
a trench was milled on each side of the Pt layer, using an accelerating voltage of 30 kV and a
beam current of 9.3 nA. A micro-manipulator was attached to the Pt-covered edge, and a U-cut
was performed to detach the lamella from the rest of the sample. The lamella was transported
to a Cu-grid and was then thinned by progressively lowering the beam current from 2.5 nA
to 41 pA, while the accelerating voltage was kept at 30 kV, except for the final thinning step,
where it was reduced to 5 kV. TEM investigation was carried out on a FEI Image-corrected
Titan equipped with a CETOR and Cs DCOR aberration correction lenses. Maps were obtained
in high resolution TEM mode with an accelerating voltage of 300 kV and a spot size of 3. A fast
Fourier transform (FFT) was applied to TEM images to search for the presence of crystalline

phases using the Fiji/ImageJ FFT tool. Atom probe tomography (APT) was conducted for se-
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lected samples. The APT specimens were prepared from site-specific lift-outs from the center
of polished samples. In particular, the lift-outs were performed using a dual-beam focused-ion
beam FEI Helios G4 following procedures described in [103]. The APT specimens were ana-
lyzed using a Cameca LEAP 5000XS instrument operating at 60 pJ laser energy, 333 kHz, and

50 K. The commercial package AP Suite 6.3.1 was used for data reconstruction and analysis.

3.2.5. Magnetic properties

Hysteresis loops were measured at room temperature for all LPBF-manufactured samples
using a LakeShore vibrating sample magnetometer (VSM) by applying a DC magnetic field
in the range of + 800 kA/m. The coercive field (H.) was evaluated for each sample from the

hysteresis loop after the subtraction of the sample holder’s diamagnetic contribution.

3.2.6. Mechanical properties

Micromechanical nanoindentation tests were carried out on selected pecimens. Areas of 120
x 70 um were indented with a Hynstron Triboindenter TI 950 using a step size of 1.2 um and a
maximum load of 5 mN. The reduced modulus (£,), measured by the instrument, was converted

to E using the following formula:

1 —y2\"!
1 Vz) (3.1)

E:(l_vz)(E E,

where v is the material’s Poisson ratio (approximately 0.28) and E; and v; are the elastic mod-
ulus and Poisson’s ratio of the instrument, respectively. Three cyclic load tests were performed
and the instrument compliance was adjusted to ensure that the measured hardness and reduced
modulus remained constant across all load cycles. Following this calibration step, values for E;

and v; were found to be 1141 GPa and 0.07, respectively.
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3.3. Numerical Methods

3.3.1. Thermo-metallurgical model

A thermo-metallurgical finite element method (FEM)-based simulation of the LPBF process
is carried out to understand the effect of time delays on the (micro)structure of the Kuamet
6B2 manufactured samples. The thermal model is similar to the one described in [104]. The
evolution of temperature in the LPBF-manufactured parts (domain) is computed by solving the

heat transfer equation:

or
pep—- =V (VT) + 0+ Q (3.2)

where p is the density, ¢, is the specific heat capacity, k is the isotropic conductivity, T is
the temperature, ¢ is the time, Q; is the absorbed heat due to the laser incidence, and Qy is
the absorbed/released heat due to melting/solidification. The laser source contribution (Q,) is

computed as [105]:

Gil,

0 =aqp H (3.3)
2)
where «, is the laser absorptivity, G; = :71; exp(— 2x— x1)2¢-2|- S yl)z)) is the Gaussian
distribution at the irradiated surface, I, = #[—2.25 (Zl[_; Z)2 + I.S(ZZI_; Z) +O.75] is a parabolic
. I !

decay along the laser penetration direction, H; is the laser penetration depth, P is the laser power,
¢ is the diameter of the laser spot, and (x;, y;) are the coordinates of center of the laser spot that

irradiates the surface located at z;, referred to the Cartesian coordinate system (x, y, 7).

The contribution Qg in Eq. (3.3) is computed by taking into account the latent heat involved
in melting/solidification as Qy = pL; %, where Ly is the latent heat of fusion and f; is the solid
volume fraction that is computed by the metallurgical model. The applied boundary conditions
are given by Newton’s law ¢, = —h.(T — Ts), where g. is the normal heat flux, A. is the

interfacial heat transfer coefficient, and T, is the temperature of the environment.

Based on the temperature profile and history predicted from the thermal model described

above, a simple metallurgical model is applied to qualitatively assess the formation of crystalline
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regions. Whenever a region is melted, i.e. when the local temperature exceeds the alloy liquidus
temperature (77 ), the resulting default state from the fast cooling is considered to be considered
fully amorphous, since the critical casting thickness is approximately 150 um, i.e., around the
width of a printed track, and the cooling rate of LPBF (105107 K/s) [82] is substantially higher
than that typical of casting processes (10-10° K/s) [3].

Hence, it is assumed that any crystalline region is purely the result of solid-state devitrifica-
tion within a relevant temperature range, comprised between the crystallization and the solidus
(Ts) temperatures. The temperature range for devitrification is calibrated to experimental data,
and the residence time between 7', and T’s (1) can be directly correlated to the extent and loca-
tion of crystalline phases. The proposed model is implemented into the Abaqus finite element
software by programming Fortran user subroutines, using the SoftGLASS plug-in [106]. The
equations are solved on a discretized domain, which allows to compute the temperature and

phase evolutions into the whole geometry.

3.3.2. Model parameters

The 3D simulations are performed in a domain consisting of a previously deposited bulk
substrate. The thermal and material properties used to perform the simulations are summarized
in Table 3.3, Table 3.4 and Table 3.5. «, and H; were calibrated to get a good match between the
measured and simulated melt pool sizes. The material’s thermal properties (c),, Ly, Ts and T;)
were obtained through differential thermal analysis on a NETZSCH STA 449 Jupiter system.
The ¢, in the liquid phase is assumed equal to that of pure Fe at the melting temperature [107]
due to the lack of data on the alloy under investigation. The values of ¢, are summarized in
Table 3.4. The thermal conductivity (k) is assumed equal to that of pure Fe due also to the lack

of data [107]. The variation of k with temperature is summarized in Table 3.5.
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Table 3.3. Thermal and material parameters used for simulations.

Jol @, H, h. h. Ly T Ts T,
Bulk (um)  Top do- Bottom (J/kg) “cC)y O o
material main domain
(kg/m?) surface surface

(W/m?[°C)  (W/m*[°C)
7200 06 62 50 [104] 500 [104] 272000 25 1050 1150

Table 3.4. Specific heat capacity as a function of temperature.

Irco)

T < T (solid state) T < Ty (liquid state)

cp(J/kg/°C)

527

761

Table 3.5. Thermal conductivity of the bulk material as a function of temperature [107].

T(°C) 20

100 200 400 600

800 927 1050 1055 1050

k(W/m/°C) 733 682 615 486 389 29.7 29.7
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4. PROCESSING, (MICRO)STRUCTURE, AND PROPERTIES OF THE
COMMERCIAL FE-SI-B-CR-C (KUAMET 6B2) ALLOY

4.1. Background

The Fe-Si-B-Cr-C system has drawn special interest for its remarkable soft magnetic behav-
ior, the relatively large availability of its elements and the absence of rare earths or elements
with high social and environmental cost, such as Co. To date there is very limited information
regarding the LPBF processability of this alloy class, as only a handful of studies have been
published on this topic [78, 85-87, 89]. Furthermore, these studies utilize different alloy com-
positions within the Fe-Si-B-Cr-C system, as well as various LPBF machines, and thus it is not
straightforward to extract basic processing-structure-property relations that can be transferred
to a wide range of alloy/machine combinations. In Section 2.4, recent literature works were
discussed where complex scanning strategies have been put forward to favor heat dissipation
[85, 89]. However, the large number of LPBF parameters to be optimized, which are often not
fully disclosed, as well as the limited information regarding the crystalline/amorphous compos-
ite structures formed, together with the complexity of the scan strategies proposed, obscure the
fundamental knowledge underlying LPBF processing of the mentioned Fe-based glass-forming

alloys.

This chapter aims to build a solid relationship between the LPBF processing parameters,
the corresponding (micro)structure and the magnetic properties of the commercial Fe-based
Kuamet 6B2 metallic glass using a simple scanning strategy. With that goal, the material under
investigation was additively manufactured using a wide array of process parameter combina-
tions and a meander scanning strategy. In particular, critical processing parameters, including
the laser power, the scan speed, and the hatch distance were varied over a large range of val-
ues. Several complementary characterization techniques were then utilized to assess the defect
structure, the fraction of amorphous material, and the (micro)structure of the crystalline regions
of the printed parts. The latter was then related to the corresponding magnetic properties, in-
cluding the saturation magnetization and the coercivity. The associated electrical losses are also

discussed. This study aims to provide guidelines to leverage LPBF AM methods to produce
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soft magnetic Fe-based BMG components.

4.2. Methods

4.2.1. LPBF processing parameters

Simple prism samples of 8 X 8 x 9.5 mm?® in size were fabricated in two different print-
ing campaigns to study the relationship between the processing parameters, the generated (mi-
cro)structure and the corresponding soft magnetic properties. The selected scanning strategy
was always meander, with a rotation in the scanning direction of 67° between subsequent lay-
ers. The first LPBF processing campaign (Print 1) was aimed at studying the influence of P
and v while all other parameters were kept constant. The hatch distance was fixed at 80 pm
and ¢ at 30 um (equivalent to the Ds, particle size). P was varied between 20 and 60 W. Due
to the pulsed nature of the laser, v was modified by keeping pd fixed at 80 um and varying
the exposure time (foy) between 350 and 650 mm/s. The processing parameter combinations
probed in Print 1 are depicted in Fig. 4.1 and are summarized in Table 4.1. A total of 14 LPBF
parameter sets (samples KS1-KS14) were explored. The volumetric energy density (VED) is
also included in Table 4.1 for reference. The second LPBF processing campaign (Print 2) was
aimed at investigating the influence of 4. In particular, four parameter sets including the ex-
treme P and v values of Print 1 (KS1 (20 W, 350 mmy/s, VED = 23 J/mm?), KS3 (20 W, 650
mm/s, VED = 12 J/mm?®), KS11 (50 W, 350 mm/s, VED = 59 J/mm?), and KS13 (50 W, 650
mm/s, VED = 32 J/mm?), were selected, and, for each of them, h was varied between 50, 70,
and 90 um. Since KS3 lead to a combination of extremely low VED, the highest h value (90
um) was not attempted on this combination of parameters. Fig. 4.1b-d depicts the parameter
sets that were probed in Print 2, which are also summarized in Table 4.1. A total of 11 LPBF

parameter combinations (KS15-KS25) were tested in the second campaign.
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Figure 4.1. Processing parameter combinations corresponding to (a) print 1 (KS1-KS14) and (b-d) print
2 (KS15-K25).

Table 4.1. Relative density, area fraction of different defect types, and amorphous fraction of Kuamet
6B2 additively manufactured samples.

Sample P v h VED Relative ~ Small Large Cracks AM
Name (W) (mm/s) (um) (J/mm?®) Density voids Voids (%) Y%
(%) (%) (%) (%)
Print 1
KS1 20 350 80 23 88.8 0.9 7.7 2.6 17
KS2 20 500 80 16 85.6 1.0 10.6 2.8 25
KS3 20 650 80 12 74.3 0.8 23.0 1.8 35
KS4 30 350 80 35 88.5 1.3 7.5 2.7 18
KS5 30 500 80 25 80.5 1.4 15.6 3.0 32
KS6 30 650 80 19 68.8 1.0 27.6 2.6 42
KS7 40 350 80 47 88.1 0.9 8.4 2.6 11
KS8 40 500 80 33 82.9 0.9 3.8 2.3 30
KS9 40 650 80 25 73.7 1.0 23.1 2.3 46
KS10 60 500 80 50 92.5 0.8 4.4 2.3 21
KS11 50 350 80 59 93.1 0.7 3.5 2.7 20
KS12 50 500 80 41 90.0 0.9 6.5 2.6 25
KS13 50 650 80 32 85.8 0.9 10.8 2.4 21
KS14 60 650 80 38 81.1 1.0 154 2.4 34
Print 2

KS15 20 350 50 38 90.8 0.6 6.5 2.1 10
KS16 20 350 70 27 91.1 0.7 5.8 2.4 14
KS17 20 350 90 21 89.4 0.9 7.4 2.2 24
KS18 20 650 50 26 85.2 0.8 12.1 2.0 27
KS19 20 650 70 19 75.2 0.7 22.2 1.8 36
KS20 50 350 50 95 91.8 0.6 54 2.2 3
KS21 50 350 70 68 92.0 0.6 5.1 2.3 11
KS22 50 350 90 53 92.9 0.7 4.0 2.4 18
KS23 50 650 50 67 87.1 0.8 9.9 2.2 24
KS24 50 650 70 48 81.4 1.0 15.7 2.0 36
KS25 50 650 90 37 76.6 1.0 20.6 1.7 42
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4.3. Results

4.3.1. Effect of LPBF processing parameters on the defect structure

Fig. 4.2 illustrates the defect structure along a cross-section parallel to BD in all samples
manufactured within prints 1 (KS1-KS14) and 2 (KS15-KS25). The corresponding density
values, along with the area fraction of small pores, large pores, and cracks, are included in
Table 4.1. The area fraction of small voids generated by trapped gas or by keyhole effects is
small (around 1 %) irrespective of the processing parameters. Conversely, the area fraction of
large voids, originated by lack of fusion of the feedstock powder, ranges from 3.5 to 27.6 % and
it depends strongly on the processing conditions. Finally, the area fraction of cracks ranges from
1.7 % to 3.0 % within the processing window investigated in the present study. Fig. 4.3 is a color
map illustrating the variation of the density of the LPBF manufactured parts with respect to the
processing parameters for samples manufactured within prints 1 (Fig. 4.3a) and 2 (Fig. 4.3b-
d). The actual measurements have been plotted using solid black dots and color coding has
been utilized to build the map by interpolation of the measured data. It can be seen that, for a
fixed value of the hatch distance, the density increases when using processing conditions that
combine high power and low scan speed. The difference between the maximum and minimum
density values obtained for each 4 increases with increasing hatch distance. Overall, the highest
density (93.1 %) was achieved in sample KS11 (P = 50 W, v = 350 mm/s, &2 = 80 um) and the
lowest (68.8 %) was detected in sample KS6 (P = 30 W, v = 650 mm/s, & = 80 um).

Fig. 4.4 illustrates the orientation of the cracks in sample KS1, measured using the im-
age analysis tool described in Fig. 3.4. The angle 6 represents the inclination of each crack
with respect to BD. Cracks lie preferentially at 6 angles that are symmetric with respect to the
build direction. In particular, higher frequencies of cracks appear at 6 values of approximately
+0°, £5°, £15°, £20°, £25°, +45°, £50°, +£70°, and 90°. Comparatively, the frequency of cracks
at said orientations is slightly higher for the negative 8 values than in their positive counterpart
with the exceptions of +5° and +20°, where the frequency is roughly the same on both sides of
the histogram. Examination of the crack orientation in all processed samples yielded identical

results.
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Figure 4.3. Color maps illustrating the variation of the density of the LPBF manufactured parts as a
function of the processing parameters. (a) Print 1; (b) print 2, 4 = 50 um; (c) print 2, 4 = 70 um; (d) print
2, h =90 pm. The solid black dots indicate the actual measurements. The maps have been constructed
by interpolation.
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Figure 4.4. Histogram representing the orientation of cracks with respect to the BD on sample KS1.

4.3.2. Effect of LPBF processing parameters on crystallization

Irrespective of the processing conditions, a two-phase (amorphous/crystalline) structure was
obtained following LPBF processing of the Kuamet 6B2 alloy under investigation. Fig. 4.5
compares the XRD patterns corresponding to all the samples processed using the conditions
included in prints 1 and 2 with that of a reference fully amorphous Kuamet 6B2 melt-spun
ribbon and with that of spinning water atomized powders with the same alloy composition. The
ribbon exhibits an amorphous hump at diffraction angles comprised between 40° and 50°, in the
absence of any distinct diffraction peaks. The powder pattern is formed by the superposition of
a very similar hump with a small intensity peak at 45°. The latter might be attributed to either
a-Fe or Fe;Si, as these two phases cannot be unambiguously distinguished by XRD [108]. The
XRD patterns from all printed samples, however, show a slight amorphous hump located at
the same diffraction angle as the ribbons and the powder, as well as pronounced superimposed
peaks, which may be attributed to the presence of the a-Fe/Fe;Si and Fe,B phases, which are
known to be formed during the solidification of Fe-Si-B MGs [108, 109]. The presence of an

amorphous/crystalline composite-like structure following LPBF of this alloy is consistent with
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earlier reports [88]. XRD did not reveal the presence of oxides.

o v a-Fe(Si)
" e Fe,Si
A}_ =~ e A Fe,B

mwwww - i it KS 25

v Ayl b M leftgh 4wmr-mw wmwv.qmmmm »WMwwwuﬂMw»amvaw KS24
A A e ottt b0 | (I TV A e et A Wt 1 AR by e ALt Vil bt T M s i) KS 23

> . S22
."5 \' : KS21
O R e e \“"f""ﬂ h \wawm.umwwﬁwm SO WWMmWMW‘#“VM‘*““’\ Mf‘d« et KS19

D) Pesnniaatmn bbb T ) P Y gV o n_-.--'-“- T T B bk A T Ty KS18
E i iy e M-u-wiim"*-'-'»é"‘-' $ "1¥ A N g, Ty A Ly B e P M iy \Ar\. A site  KS1T

f— KS16
KS15

D e g o oqg K813
e iy \“h\af b oo KS11

N e ks10

[ KS8 .

E KS7
= 1 KS6

(@] b \.” PRI TR Y1 | B «\-u»- i PP, o KSS
- KS4

S "W‘r* wmmwmm Wwwwwwﬂwmwhﬂww ww.r\w iy KS3

Y. gt Lol T o i ey e g T T ..th' Ks2 K&

,AMW\WMU Powder . .

i Ribbon
T T

30 3 40 45 50 55 60 65 70 75 80 8 90 95 100
26(°)

Figure 4.5. Comparison of the XRD patterns corresponding to the Kuamet 6B2 samples fabricated
using the parameter sets included in prints 1 (KS1-14) and 2 (KS15-25) with those of reference melt-
spun ribbons and of gas atomized powder with the same alloy composition.

The spatial distribution of the amorphous and crystalline phases is, qualitatively, similar for
all LPBF parameter combinations investigated (KS1-KS25). As an example, Fig. 4.6 provides a
qualitative view of the amorphous and crystalline regions in an etched cross-section parallel to
the BD in sample KS7. The amorphous phase appears with light contrast, while areas populated
by crystallites appear as brown regions, as they are selectively corroded during etching. The top
layer in Fig. 4.6 is populated by melt pools containing a much larger fraction of amorphous
phase than those present at the interior of the printed sample. This confirms that crystalliza-
tion does not take place preferentially during solidification but that it occurs on the HAZ as a
consequence of the overlap between neighboring tracks or between consecutive layers. Indeed,
it can be clearly seen in Fig. 4.6 that crystalline regions are predominantly located both at the
left-hand side of melt pools (HAZ of neighboring tracks) and at the bottom of melt pools (HAZ
of subsequent layers). The thickness of the corroded regions, i.e., the degree of crystallization,
was found to be highly dependent on the parameter combination used. Further quantification of

crystallization is provided below.
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Figure 4.6. Optical image of an etched cross-section parallel to the BD in sample KS7. The amorphous
phase appears with light contrast, while areas populated by crystallites appear as darker regions, as they
are selectively corroded during etching. In the top layer the tracks are perpendicular to the imaged cross-
section.

Fig. 4.7 includes several color maps illustrating the variation of the fraction of the amorphous
phase, measured by DSC, as a function of the processing parameters for samples processed
within prints 1 (Fig. 4.7a) and 2 (Fig. 4.7b-d). The actual measurements have been plotted
using solid black dots and color coding has been utilized to build the map by interpolation of
the measured data. The amorphous fraction values corresponding to each processing condition
investigated are listed in Table 4.1. For a fixed value of the hatch distance, the fraction of the
amorphous phase increases when using processing conditions that combine low power and high
scan speed. In particular, the largest value (46 %) was measured on sample KSO (P =40 W, v
= 650 mmy/s, & = 80 um) and the lowest value (3 %) was found on sample KS20 (P = 50 W,
v = 350 mm/s, & = 50 wm). The difference between the maximum and the minimum fractions
of amorphous phase obtained for each hatch distance increases as h increases from 50 to 90
um. Comparison of Figs. 4.3 and 4.7 reveals that amorphous fraction decreases when LPBF is
carried out under conditions for which the density increases. Such inverse relationship between
amorphous fraction and the relative density, which also applies to other BMGs processed by

LPBF [49-51], represents a critical challenge for LPBF process optimization of Kuamet 6B2.
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Figure 4.7. Color maps illustrating the variation of the amorphous fraction, measured by DSC, in the
LPBF-manufactured samples as a function of the processing parameters. (a) Print 1; (b) print 2, 7 = 50
um; (c) print 2, & = 70 wm; d) print 2, # = 90 um.
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In Fig. 4.8 the amorphous fraction values are related to the processing parameters (P,v,h)
for all samples manufactured within prints 1 (KS1-KS14) and 2 (KS16-KS26). The results are
grouped by hatch distance (black dashed rectangles with rounded corners). Yellow, orange,
and red squares correspond, respectively, to v = 350 mm/s, 500 mm/s, and 650 mm/s. Fig. 4.8
reveals that, irrespective of A, for a given v, changing P from 20 to 50-60 W has a relatively
small influence on amorphous fraction whereas for a fixed P, increasing v from 350 to 650
mm/s leads to a significant increase in amorphous fraction. As explained in Section 2.1.1, v was
modified by altering the laser exposure time while keeping the point distance constant. Thus,
the data of Fig. 4.8 reveal that altering the exposure time of the pulsed laser has a stronger

influence on amorphous fraction than changing P.
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Figure 4.8. Amorphous fraction of all samples processed within prints 1 (KS1-14) and 2 (KS15-25) as a
function of the LPBF processing parameters. The results are grouped by h (black dashed rectangles with
rounded corners). Yellow, orange, and red squares correspond, respectively, to v = 350 mm/s, 500 mm/s,
and 650 mmy/s.

The (micro)structure and the microtexture within crystalline regions were examined by SEM
and EBSD and were found to be similar for all processing conditions. As an example, Fig. 4.9
illustrates the (micro)structure of two samples processed with very different parameters: KS19,
with P =20 W, v = 650 mm/s, and VED = 10 J/mm? (Fig. 4.9a-c) and KS20, with P = 50 W, v
= 350 mm/s, and VED = 95 J/mm? Fig. 4.9d-f). Fig. 4.9a and Fig. 4.9d are SEM micrographs
obtained in the SE mode in which several cracks traversing melt pools can be appreciated.
Fig. 4.9b and Fig. 4.9¢ are EBSD phase maps in which a-Fe/Fe;Si crystallites are colored
in red, Fe,3B¢ grains are colored in blue, and Fe,B crystals are colored in green, while dark
areas are zero-solutions, associated to amorphous or nano-crystalline regions with sizes below
the instrument’s resolution. Finally, Fig. 4.9c and Fig. 4.9f are EBSD IPF maps in the BD
in which grains are colored following the color coding included as an inset. Fig. 4.9c and

Fig. 4.9f also contain the corresponding inverse pole figures illustrating the orientation of the
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BD. Fig. 4.9 confirmed, first, that crystalline regions are preferentially located at the perimeter
of melt pools, as was inferred from the etched optical micrograph of Fig. 4.6. Second, the EBSD
phase maps of Fig. 4.9b and Fig. 4.9d reveal that the largest fraction of crystallites corresponds
to the a-Fe/Fe;Si phases (colored in red), which can not be distinguished unambiguously by
this technique due to the similarity between the crystalline lattice parameters of the two phases
[108]. Third, the fraction of borides (colored in blue and green) seems to be higher in the
sample processed with a lower energy density (KS19) (Fig. 4.9b). Fourth, crystalline regions
are formed by randomly oriented, mostly equiaxed grains, with sizes under 4 um (Fig. 4.9¢c
and Fig. 4.9f). The largest grains are found at the bottom of melt-pools, while ultra-fine and
nanocrystalline grains with sizes under 1 um tend to be dispersed within amorphous regions at

the melt-pool cores.

FeyB¢ [T71:] [a-FelFe,Si :

Figure 4.9. (Micro)structure and microtexture within crystalline regions in LPBF processed Kuamet 6B2
KS19 (a-c) and KS20 (d-f) samples. a, d) Secondary electron SEM images; b, e) EBSD phase maps; c,
f) EBSD IPF maps in the BD and the corresponding inverse pole figures illustrating the direction of BD.

4.3.3. Magnetic properties

Room temperature hysteresis loops of all printed samples, of the feedstock powder and of
the melt-spun ribbon were measured. A representative selection of M(H,) curves is shown in
Fig. 4.10. The ribbon shows the typical M(H,) curve of a soft magnetic material character-
ized by a fully amorphous (micro)structure, i.e., a regime of full saturation achieved at a low
magnetic field that reverses in a narrow magnetic field range. As a result, a high magnetic sus-
ceptibility (the slope of M curve with increasing H,) and a very low coercive field (lower than
the sensitivity of VSM, as shown in the inset) are measured. Conversely, the magnetization re-

versal process of the M(H,) curves for the printed samples and for the powder takes place over
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a wider magnetic field interval with a reduce magnetic susceptibility. These characteristics are
compatible with the reduction of the amorphous fraction observed in these samples compared
to the as-quenched ribbon. The crystalline phase would hinder the movement of the domain
walls affecting both the magnetic field strength needed to reach saturation as well as the values
of saturation magnetization and coercivity (the latter is now detectable by VSM, as shown in
the inset). Finally, while the magnetization process measured in the powder displays almost the
same susceptibility value as the printed samples, the coercivity is lower due to the presence of

a higher fraction of the amorphous phase.
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Figure 4.10. Room-temperature hysteresis loops of selected printed samples, of the feedstock powder,
and of melt-spun ribbon. An enlarged view of the of M(H,) curves at low magnetic field is shown as an
inset.

Fig. 4.11a depicts the saturation mass magnetization, M;, of the samples manufactured
within prints 1 and 2 (blue squares) as a function of the amorphous fraction (estimated by DSC
measurements). The M, values corresponding to the feedstock powder (149 Am?/kg, yellow
triangle) and to a fully amorphous ribbon (147 Am?/kg, red circle) are included in the plot for
reference. M, decreases slightly as the amorphous fraction increases. As the Fe content is the
same in all samples independently on the synthesis process, the M, which is an intrinsic prop-
erty of the alloy, is expected to be the same in all measured samples. The reduction of M with
increasing amorphous fraction observed in Fig. 4.11a is ascribed to a lower magnetic moment
of the amorphous Fe-based alloy phases with respect to that of the Fe-based crystalline phases
[110]. Fig. 4.11b shows the coercive field (H.) of all samples processed within prints 1 and

2 as a function of the corresponding amorphous fraction (estimated by DSC measurements).
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The values corresponding to the feedstock powder (amorphous fraction of 82 %) and to a fully
amorphous ribbon are included in the plot for reference. It is evident that, overall, the coercivity
decreases as amorphous fraction increases. Indeed, the lowest coercive field (H, = 2.5 kA/m)
was measured on sample KS6, with one of the highest amorphous fractions (42 %), while the
highest coercive field (H, = 5.0 kA/m) was measured on sample KS21, in which the amorphous
fraction is rather low (11 %). Irrespective of the printing conditions, H, in the LPBF-processed
samples is three orders of magnitude higher than in the amorphous ribbon, which confirms that
crystallization severely hinders the soft magnetic response. Microstructural parameters such as

the average grain size do not appear to have a significant influence on H..
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Figure 4.11. (a) Saturation mass magnetization (M) and (b) coercive field (H.) as a function of the
amorphous fraction. Blue squares represent the LPBF manufactured samples (prints 1 and 2). The
values corresponding to the feedstock powder (yellow triangle) and melt-spun, fully amorphous, ribbon
(red circle) of the same composition are included as a reference.

In Fig. 4.12 the H, values are related to the processing parameters (P,v,h) for all samples
manufactured within prints 1 (KS1-KS14) and 2 (KS15-KS25). The results are grouped by
hatch distance (black dashed rectangles). Yellow, orange, and red squares correspond, respec-
tively, to v = 350 mm/s, 500 mm/s, and 650 mm/s. The H, value of a fully amorphous melt-spun
ribbon (6.2 A/m) has been added as a reference. It is apparent that, for a given v, changing P
from 20 to 50-60 W has a minor influence on H,, whereas for a fixed P, increasing v from 350
to 650 mm/s leads to a significant reduction of H.. Moreover, when h is increased from 50 to
90 um, the said impact of the scanning speed on H, is further accentuated. As explained in
Chapter 3, v was modified by altering the laser exposure time while keeping the point distance
constant. Thus, the data of Fig. 4.12 reveal that altering the exposure time of the pulsed laser
has a stronger influence on H, than changing P (within the ranges investigated). Comparison of
Fig. 4.12 with Fig. 4.8 confirms that the strong effect of v on H, can be directly related to the

similarly strong effect of v on the amorphous fraction.

50



PROCESSING, (MICRO)STRUCTURE, AND PROPERTIES OF THE COMMERCIAL
FE-SI-B-CR-C (KUAMET 6B2) ALLOY

h=50pm  h=70pm h =80 pm h =90 pm
5x10° | | agqmmis. 1 PLESRE 0 s
P sowll a0 sowii - H e@"“"-.
20w N . asommiS_--~77" 15 I ol
el B Hooow Voot m-F \ sow 20w
et "éso sy N, Hie-=TTT  — 40W 6OW i
W i \ ey % \ % '
---------------------- I 20 W . N K e
% : ‘-55910@-9-" . B 500 MAYE 2 - - - ==~ T ‘mii 650 mm/sH |
T 3x10° b R i B----—""""7% N __-m 850 mmisH ;
I . 650 mmiS__m- Y |
- TR
2x10° |-
L~
o L R e e e e e e e

INICIR NI "I«'Ia‘o‘aq’fo;b%"o‘o‘o%%l\q’ "\{er,o
{-%9{-‘5@’4-"4-"@45’*‘*‘*'**‘***** ~Lf°+"+°’~t-‘°~k9+‘°~13’

Figure 4.12. Coercive field (H,.) of all samples processed within prints 1 (KS1-14) and 2 (KS15-25) as
a function of the LPBF processing parameters. The results are grouped by hatch distance (black dashed
rectangles). Yellow, orange, and red squares correspond, respectively, to v= 350 mm/s, 500 mm/s, and
650 mm/s. The value corresponding to a fully amorphous melt-spun ribbon is presented as reference.

4.4. Discussion

4.4.1. Analysis of crack propagation

Optimization of LPBF of Fe-based BMGs for soft-magnetic applications requires a thorough
understanding of crack nucleation and propagation mechanisms. Earlier works on LPBF of Fe-
based BMGs have reported that crack nucleation takes place preferentially at pores [93], as
they act as stress concentration points, or at the junction of crystalline and amorphous regions
[79, 96] owing to the local stresses generated by the different volume shrinkage of the two
phases during solidification. Comparatively less work has been carried out on the analysis of
crack propagation paths. Our research shows that cracking is present in all the LPBF-processed
Kuamet 6B2 samples, irrespective of the processing conditions, and that the area fraction occu-
pied by cracks remains always between 1.8 and 3 % (Table 4.1). Fig. 4.4 shows that cracks prop-
agate preferentially at 6 values of approximately +0°, +5°, +15°, +20°, £25°, +45°, £50°, £70°,
and 90° with respect to BD. In Fig. 4.13 we relate the orientation of crack propagation paths to
the morphology of the crystalline regions. The latter is “quantified” by measuring the orienta-
tion of the directions perpendicular to the facets of crystalline/amorphous interfaces (normal di-
rections, NDs) as described in Fig. 4.13a-d. In particular, the distribution of inclination angles of
all the NDs with respect to BD (6") was analyzed by segmenting optical micrographs of etched
surfaces (Fig. 4.13a) into amorphous (Fig. 4.13b) and crystalline (Fig. 4.13c) as described in
Chapter 3. In Fig. 4.13d the facets along the crystalline/amorphous interfaces have been col-

ored according to their # angle following the color coding included in the inset. Fig. 4.13e com-
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pares the 6 (red bars, data from Fig. 4.4) and 6" (blue bars) distributions in sample KS1. Both
distributions are remarkably similar, with almost overlapping high frequency peaks, thereby
confirming that cracks propagate preferentially along directions that are perpendicular to the
crystalline/amorphous interfaces. Moreover, the amorphous/crystalline interfaces show higher
frequencies at positive angles than their negative counterparts, which is the opposite that was
observed for the crack orientations, further confirming that cracks preferentially grow perpen-
dicular to the crystalline/amorphous interfaces. The difference in frequency observed on both
sides of the histograms can be explained by the overlap of adjacent tracks, which generate crys-
talline HAZ’s that are asymmetric about the BD (Fig. 4.6 and Fig. 4.8). This phenomenon was
observed on several Kuamet 6B2 samples processed using widely different sets of LPBF pro-
cessing parameters (KS1, KS16-KS26). These results suggest that crack propagation is mainly
dependent on the melt pool geometry and on the degree of periodic overlap of crystalline regions

following LPBF processing [77, 79, 96].

Goodall et al. [111] have recently reported how altering crack propagation paths in a Fe-
Si steel processed by LPBF can be a very useful tool to increase the resistance in the planes
in which eddy currents circulate, thereby reducing energy losses. They succeeded to control
crack density and crack propagation paths by tuning the LPBF processing parameters and the
scanning strategy. Our data suggest that controlling melt pool shapes and sizes, and thus the
corresponding HAZ, may constitute a useful tool to design crack propagation paths in LPBF-

manufactured Fe-based BMGs.
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Figure 4.13. Schematic of the workflow followed to analyze the paths of preferential crack propaga-
tion by image analysis. (a) Etched optical micrograph illustrating, in brown contrast, crystalline re-
gions and in light contrast, amorphous regions; (b,c) binarized images highlighting amorphous (green,
b) and crystalline (gray, c) phases; (d) enlarged view of a region of (c) in which facets along the crys-
talline/amorphous interfaces have been colored according to the orientation of their normal direction
following the color coding included in the inset. (e) Histogram comparing the preferential orienta-
tions of cracks (red bars, 6) and of the directions perpendicular to the different facets along the crys-
talline/amorphous interphases (blue bars, 6’) in the LPBF manufactured Kuamet 6B2 KS1 sample.

4.4.2. Scan strategy as a tool to achieve high density levels and high amorphous fraction

simultaneously

The present work has shown the effect of some of the main LPBF processing parameters
on the fraction of internal defects, on the generated (micro)structure and on the corresponding
magnetic properties. For instance, high P, low v, and low & combinations give rise to high rel-
ative density and highly crystalline samples, endowed with high M, and high H.. On the other
hand, parameter sets including low P, high v, and high % lead to samples with lower relative
density and with higher amorphous fraction, which thus possess slightly smaller M, and a sig-
nificantly lower H.. Such findings are coherent with the few works published in the literature
on LPBF of similar Fe-based BMGs [78, 82, 84, 85, 89]. It therefore becomes clear that when
using a simple scanning strategy, such as the one adopted in the current study (meander), there
are no combinations of P, v, and A that will allow to manufacture samples with both the density

and the M, and H, values required for soft magnetic applications.

Several approaches to overcome the barriers to manufacture Kuamet BMG alloys with high
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densities and large amorphous fraction by LPBF have been reported recently [78, 85, 89]. Ta-
ble 4.2 compares the values of density, amorphous fraction, M, and H, corresponding to these
studies with those of the current work. The most successful approach, involving the use of
a two-pass scanning strategy, was reported by Zrodowski et al. [89] in 2019. The first pass,
in which the laser followed a chessboard strategy, would melt the powder once. During the
second pass, without depositing a new powder layer, the laser was programmed to follow a
“point-random strategy”’, which consisted on melting single points separate from each other in
a random fashion, until the full surface had been re-melted. This strategy yielded, simultane-
ously, an amorphous fraction of 90 % and a maximum relative density of 94 %. The material
used in this study was Kuamet 52, which has a slightly different composition (Fe7;S1,0B1CeCr,
[at. %]) from that of the Kuamet 6B2 used for the presented work. The drawbacks of this com-
plex scanning strategy are a considerable increase in build time and the difficulty to replicate it
with commercial LPBF systems. In 2020 Nam et al. [85] proposed a double scanning strategy
to manufacture Kuamet 6B2 by LPBF where the laser would first melt a powder layer following
a meander path and, without depositing a new layer, it would then re-melt the solid material
following a second meander path rotated 90° with respect to the previous scan. This yielded
an amorphous fraction up to 47 % in samples with a density of 96 %. Although this double-
pass approach is simpler than the point-random strategy, the main drawback continues to be
the considerable increase in production time. In 2022 Thorsson et al. [78] manufactured by
LPBF a record-large Kuamet 6B2 rotor prototype with an amorphous fraction of 70 % and with
a density of approximately 98 % using an advanced scanning strategy that was not disclosed.
Further efforts are required to devise advanced scanning strategies that allow to overcome the

"density/amorphous fraction” paradox without significantly compromising productivity.

4.4.3. Origin of the strong effect of the scanning speed on crystallization

A key finding of the present study is that, for a given hatch distance, v and, more specifically,
the laser exposure time, has a more significant effect on crystallization, and thus on H,, than P
Figs. 4.8 and 4.12, at least when these parameters are changed within the ranges investigated.
Since the investigated Fe-based MG is targeted for soft magnetic applications, for which achiev-
ing very low H, values is of paramount importance, understanding the origin of the dominant

effect of v is key to devise guidelines for LPBF process optimization.
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Table 4.2. Comparison of the relative density, amorphous fraction, and magnetic properties achieved in
this study with those reported in the literature for similar alloys [78, 85, 89].

Reference Material [at. %] Sample Density Amorphous M, H.
Geometry (%) Fraction (T) (A/m)
(%)
Zrodowski Fe;;SijoB1;CeCrs Discs (@5 94 90 1.30 397
2019 [89] mm x 1
mm)
Nam 2019 Fe73.7B118i11Cr2.3C2 Prisms (10 96 47 1.22 1600
[85] x 10 x 5
mm?)
Thorsson  Fe;3Si1;1B1;C5Cr;, Rotor 98 70 1.29 510
2022 [78] (60 mm
x 46 mm)
This work Fe73.7B118i11Cr2.3C2 Prisms (8 93 20 1.23*% 4697
KS11 x 8 x 95
mm?)
This work Fe;;,B{1S11;Cr,3C, Prisms (8 74 46 1.19% 2790
KS9 x 8 x 95
mm?)

On the other hand, our results also show (Fig. 4.6) that crystallization takes place pref-
erentially because of the heating resulting from the deposition of neighboring tracks and of
consecutive layers. For fixed hatch and layer thickness values, the overall volume of the HAZ
will, in general, increase with the melt pool size [112], as larger melt pools give rise to a higher
degree of overlap between neighboring tracks and between consecutive layers, respectively. In
the following, the effect of P and v on the melt pool dimensions is analyzed. Fig. 4.14 illustrates
the evolution of the average melt pool’s width (W) and depth (D) with v (Fig. 4.14a,c) and with
P (Fig. 4.14b,d) in samples manufactured within print 1 (2 = 80 um). Several observations can
be made from this figure. First, the fact that D/W < 1 for all conditions investigated, together
with the semi-circular shape of the melt pools (Fig. 4.6), evidences that LPBF processing was
carried out within the conduction mode [3, 6, 113—-118]. Second, W decreases with increasing v
(Fig. 4.14a) but remains invariant with changes in P (Fig. 4.14b). Third, D is basically indepen-
dent of v (Fig. 4.14c) and of P (Fig. 4.14d). Altogether, these data suggest that the average melt
pool’s cross-section and, thus, the HAZ, decreases with increasing v, while remaining almost

invariant with P.

In Fig. 4.15 the melt pool’s widths of samples KS1-KS25 are related to the corresponding

processing parameters (P, v, h). The results are grouped by hatch distance (black dashed rect-
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Figure 4.14. (a) Average melt pool width with respect to v; (b) average melt pool width with respect to
P; (c) average melt pool depth with respect to v; (d) average melt pool depth with respect to P. The error
bars represent the minimum and maximum averages among the samples of each parameter group.

angles). Yellow, orange, and red squares correspond, respectively, to v = 350 mm/s, 500 mm/s,
and 650 mmy/s. It is apparent that v has a more significant influence than P on the melt pool’s
width, at least within the parameter range investigated in the present study. Moreover, when
h is increased from 50 to 80 wm, the said impact of v on the melt pool’s width is further ac-
centuated. Comparison of Fig. 4.15 with Fig. 4.8 and Fig. 4.12 suggests that the origin of the
dominant effect of v on amorphous fraction (and therefore on H,) is, at least partially, related
to the stronger influence of v than of P on the melt pool size (and, thus, on the corresponding
HAZ). Therefore, optimizing v (by tuning the exposure time) might constitute a valuable tool
for the design of LPBF-manufactured Fe-based metallic glasses with reduced H,. and high M|

and thus to improve the soft magnetic behavior.
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Figure 4.15. Melt pool widths of all samples processed within prints 1 (KS1-15) and 2 (KS1-26) as a
function of the LPBF processing parameters. The results are grouped by hatch distance (black dashed
rectangles). Yellow, orange, and red squares correspond, respectively, to v = 350 mmy/s, 500 mm/s, and
650 mmy/s.

Although it is widely agreed that the melt pool size and, in particular, the melt pool width,
increase with the VED [12, 119-122], further efforts are needed to understand the effect of
isolated processing parameters such as P and v on melt pool geometry for each metallic alloy
class [116, 120, 121, 123—-125]. In the present work the prevalent influence of v on W described
above is not related to the overall VED level as, for example, within print 1, at P = 30 W,
increasing v between 350 to 650 mm/s leads to a decrease of VED between 35 and 19 J/mm?
(Table 4.1, AVED = -16 J/mm?®) and to a decrease of the melt pool width of 20 um while, at
v = 500 mmy/s, increasing P between 20 to 60 W leads to an increase of VED between 16 and
41 J/mm? (Table 4.1, AVED = 25 J/mm?) and to an increment of the melt pool size of only 4
um. That is, within a similar VED range, comparable changes in VED achieved by changing
either P or v led to larger variations of the melt pool geometry when altering v. This research,
thus, suggests, that, within the LPBF parameter ranges investigated, changes in v (by altering

the exposure time) have a stronger effect in heat conduction than altering P.

4.5. Conclusions

This study aims to establish a relationship between the LPBF processing parameters, the
(micro)structure, and the magnetic behavior of a Fe-based Kuamet 6B2 BMG for soft magnetic
applications. With that purpose, an extensive range of LPBF process parameter sets (P, v, and
h), a simple meander strategy, and a fixed layer thickness of 30 um, were utilized to manufacture
simple geometry specimens. The LPBF processing parameters were related to (micro)structural

features such as the density, the area fraction of pores and cracks, the fraction of amorphous and
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crystalline phases, and the (micro)structure of the crystalline regions. Finally, soft magnetic
properties such as M and H, were measured and related to the LPBF parameters and to the

(micro)structure. The following conclusions can be drawn from the present work.

1. Within the entire LPBF processability window the manufactured samples present composite-
like structures formed by crystalline and amorphous phases. Crystallization occurs pref-
erentially in the HAZs surrounding melt pools due to the melting of neighboring layers or
of consecutive passes. Crystalline regions are formed by a-Fe/Fe;Si, Fe,;B¢, and Fe,B
equiaxed grains with random orientations and sizes ranging from a few microns to the

nano regime.

2. In the conduction regime investigated here, the parameter sets giving rise to the highest
densities (high P, low v) caused the most crystallization and, in turn, settings leading to
high porosity (low P, high v) allowed the material to retain the highest amorphous fraction
after fabrication. In particular, the highest density (93.1 %) was achieved in a sample that
was 20 % amorphous, while the highest amorphous fraction (46 %) was achieved in a

sample with a density of 73.7 %.

3. Comparatively, for a fixed hatch distance, the scanning speed had a stronger effect than
the laser power in the resulting amorphous fraction. The origin of the potent effect of v
lies in its stronger influence on the melt pool size and, in turn, on the corresponding HAZ

volume.

4. The saturation magnetization and the coercive field of the LPBF processed samples are
both inversely related to the amorphous fraction, albeit the influence of the latter is much
stronger in H,.. In comparison with a fully amorphous ribbon of the same composition the
saturation magnetization obtained in printed samples is slightly larger due to the presence
of crystalline phases, but the lowest coercivity achieved is still three orders of magnitude

larger.

5. The preferential paths for crack propagation lie perpendicular to crystalline/amorphous
interfaces. Thus, altering the geometry of and spatial distribution of melt pools, and con-
sequently of the associated HAZs, might constitute a useful tool to design crack networks

leading to higher resistance to eddy currents and, in turn, to lower energy losses.
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5.1. Background

The previous chapter established the fundamental relationships between processing param-
eters, defects, (micro)structure and soft magnetic properties of a commercial Fe-based glass-
forming, Kuamet 6B2. It was shown that, regardless of the combination of processing param-
eters, samples exhibited some degree of internal defects such as LoF voids and highly oriented
cracks. While most published works on this alloy focused on the evaluation of the magnetic
behavior of the material [78, 85-87, 89], which is of primary interest for industrial applications,
the ever-present internal defects are expected to influence the mechanical properties, which are
also relevant for electro-mechanical applications. In particular, the effect of persistent highly
oriented defects on the micromechanical behavior of LPBF-processed samples, as well as the
size effects must be understood. Furthermore, the mechanical properties at the microscale have
not been studied on this alloy, where the range of microstructural features reported in Chapter 4
is expected to yield heterogeneous micromechanical properties. A deeper understanding of the
interplay between said internal defects, (micro)structure, and mechanical properties is essential

for the successful adoption of this material in highly efficient electrical machines.

This chapter aims to contribute to filling this gap in the understanding of the LPBF-processed
Kuamet 6B2 alloy by presenting the first investigation on the effect of the defect structure and of
the (micro)structure on the multi-scale mechanical performance of specimens of different sizes.
With that goal, a combined macro- and micromechanical testing campaign was put in place,
and the results are related to the presence of voids, cracks and (micro)structural features in the

manufactured samples.
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5.2. Methods

5.2.1. LPBF processing parameters

The results from Chapter 4 were taken as reference to produce uniaxial compression speci-
mens for the present study. The combination of parameters previously referred to as KS7 was
selected to ensure sufficient mechanical stability for testing. In particular, specimens were pro-
cessed with P of 40 W, ¢ of 30 um, £ of 80 um, oy of 220 us, and pd of 80 wm, which yielded
approximately a v value of 363 mm/s. This combination of parameters was shown to yield a
relatively high density (88 % in 8 x 8 x 9.5 mm?® prisms) and to cause severe devitrification,
resulting in an amorphous fraction of only 11 % in the cuboids. A meander scanning strategy

with a 67° rotation between successive layers was applied.

Cuboidal specimens with nominal side lengths (S) of 4, 6, and 8 mm were thus manufactured.
The actual edge lengths, measured with a caliper after fabrication, averaged 4.17 mm, 6.13
mm, and 8.09 mm, respectively. In total, 30 cuboids were produced, with 10 specimens of
each size. Out of these, 2 of each size were reserved for defect and microstructural analysis,
while the remaining 8 were used for uniaxial compression tests along two perpendicular loading

directions.

5.2.2. Mechanical properties

Room temperature uniaxial compression tests were conducted both parallel and perpendic-
ular to the build direction (BD) in an Instron 3384 electromechanical system furnished with a
150 kN load cell at room temperature. Samples were placed between two plates that moved at
a constant crosshead speed equivalent to an initial strain rate of 5 x 107s~!. A minimum of
three tests were performed for each testing condition. The displacement of the load plates was
measured using an Instron dynamic extensometer with 12.5 mm gauge length and £2.5 mm
travel. The Young’s modulus (E), the maximum stress (0 ,,,) and the uniform strain (e,) were

recorded for each testing condition.
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5.3. Results and Discussion

5.3.1. Density and analysis of the defect structure

Fig. 5.1 illustrates the variation of the density, measured by the Archimedes method, with
size (S) for all the LPBF manufactured cuboids. Despite the relatively wide scatter in the data,
this figure reveals that there is a decrease in density with increasing S. The average density in the
printed samples amounted to 6.99 g/cm? (4 mm), 6.96 g/cm® (6 mm), and 6.89 g/cm? (8 mm).
These values are naturally lower than the density of a cast Kuamet 6B2 sample (7.14 g/cm?).
Consistently, estimation of the relative area density from optical micrographs by image analysis
yielded values of 92.41 %, 90.63 %, and 90.92 % for 4-, 6-, and 8-mm cuboids, respectively.

The average density data are summarized in Table 5.1.

Irrespective of their size, all LPBF-manufactured cuboids exhibited the same three types of
defects: voids, internal cracks, and surface cracks. Fig. 5.2a shows a representative optical
micrograph of a cross-section parallel to BD of an 8-mm cuboid, where the three types of
defects are isolated (see insets 1, 2, and 3, respectively). The porosity observed in all samples
corresponds to lack-of-fusion (LoF) defects, which is known to arise from insufficient input
energy to fully melt the feedstock powder and typically appear as elongated pores oriented
perpendicular to the BD [3]. The total fraction of voids was calculated including those with
areas larger than 2500 pixels. Such voids, named hereafter “type-1 voids”, are highlighted in
black as an example in region (1) of Fig. 5.2a. The area fraction of type-1 voids in cuboids with
4-, 6-, and 8-mm sides amount to 5.01 %, 7.80 %, and 7.48 %, respectively (Table 5.1). The
observed reduction of the area fraction of LoF voids as the sample’s cross-section decreases is
attributed to the smaller associated rescan times. Indeed, shorter hatch tracks lead to an increase
in the basal temperature of the material which leads to higher temperatures during the heating
cycles of newly scanned tracks [126—129]. Such heat accumulation within the sample and
consequently enhance fusion between powder particles, ultimately yielding denser parts [130].
The average type-1 void length (a;, measured perpendicularly to BD), width (b, measured in
parallel to BD) and the aspect ratio (a;/b,) are summarized in Table 5.1 and the variation al
with respect to the sample size is represented in Fig. 5.2b. A minor increase in a; is noted when
the specimen size increases from 4 mm to 6 and 8 mm. Specifically, a, increases from 145 pm

to 170 um and 162 um, respectively. Moreover, all samples show type-1 voids which are mainly
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elongated in the perpendicular direction to BD (a; > by).

Since it is expected that the largest pores are preferential crack initiation sites [22] and that
they are likely to have a dominant influence on the mechanical response, a subset of type-1
voids with areas larger than 20000 pixels was isolated. Such voids, hereafter termed as type-2,
are highlighted in region (1) of Fig. 5.2a and their main characteristics (area fraction, length
(ay), width (b,), and aspect ratio (a,/b,)) are summarized in Table 5.1. The area corresponding
to type-2 voids also increases with increasing specimen size, from 2.29 % in 4 mm cuboids to
4.95 % and 4.45 % in 6- and 8-mm cuboids, respectively. The aspect ratio of type-2 voids is
larger than that of type-1 voids. Fig. 5.2b illustrates the variation of a, with specimen size. It
can be seen that a, increases from 279 pm (4 mm) to 351 um (6 mm), and 344 um (8 mm),
respectively. The aspect ratio of type-2 voids is larger than that of type-1 voids, indicating a

more pronounced elongation perpendicularly to the BD.

Figure 5.1. Archimedes density with respect to sample size (S).

Internal and surface cracks have been observed in additively manufactured Fe-based metal-
lic glass parts [82, 84, 95]. These defects are formed as a result of the thermal stresses orig-
inated from the solidification of consecutive tracks and/or layers [95], which cannot be sus-
tained by brittle materials with high sensitivity to temperature gradients [82, 84]. Table 5.1
summarizes the area fraction and the average length (a3) of internal cracks. Internal cracks
are homogeneously distributed throughout the sample interior and their area fraction is signifi-
cantly higher in the 4 mm samples than in larger cuboids (2.59 % (4 mm) vs. 1.57 % (6 mm),

and 1.60 % (8 mm), respectively. As shown in Fig. 5.2b, internal cracks are longest in the 4
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mm sample (45 um) and virtually equally long in the 6 mm and 8 mm specimens (31 and 29

um, respectively). These cracks are preferentially tilted at +0°, £5°, +15°, £20°, £25°, +45° +

50°, £70°, £75°, +£85°, and +90° angles with respect to BD, consistent with the observations

presented in Chapter 4.

Finally, surface cracks were observed to propagate perpendicular to BD, extending into the

interior of the manufactured samples. The average crack length (a4) is summarized in Table 5.1

and plotted in Fig. 5.2b as a function of specimen size. The measured values were 318 wm, 321

um, and 306 um for the 4-, 6-, and 8-mm cuboids, respectively, indicating a slightly smaller

average length in the largest specimens. The area fraction of surface cracks was not quantified

due to the irregularity of the sample surfaces, which prevented an accurate image analysis.

Table 5.1. Summary of the density and defect characteristics for the three sample sizes studied.

4 mm 6 mm 8 mm
Arquimedes density (g/cm?) 6.99 6.96 6.89
Relative area density (from OM) (%) 92.41 90.63 90.92
Number (-) 51 141 267
Area fraction (%) 4.30 7.07 6.63
Type-1 voids > 2500 pixels i:i Zl Eti; 133 12(8) igé
Avg. a1 /by (-) 1.14 1.23 1.19
Avg. ai/S (-) 0.035 0.027 0.020
Number (-) 11 36 62
Area fraction (%) 2.29 4.95 4.45
Type-2 voids > 20000 pixels gi: Zi Etg ;g? ;g; ;:g
Avg. az/b; (-) 1.38 1.48 1.37
Avg. ar/S (-) 0.067 0.057 0.043
Number (-)) 6040 3458 1237
Internal cracks Area fraction (%) 2.59 1.57 1.60
Avg. a3 (wm) 45 29 31
Avg. a3/S (-) 0.011 0.005 0.004
Number (-) 10 21 26
Area fraction (%) N/A N/A N/A
Surface cracks Ave. a4 (um) 318 321 306
Avg. a4/S (-) 0.076 0.052 0.038
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Figure 5.2. (a) Optical micrograph of a cross-section parallel to BD of an 8 mm sample. The insets
highlight the different classes of defects: (1) lack of fusion pores, (2) internal cracks, and (3) surface
cracks. (b) Variation of the defect length (ai) with respect to the sample size (S).

5.3.2. Macromechanical behavior

Fig. 5.3a-c illustrate the room temperature engineering stress-strain curves corresponding to
the LPBF-manufactured 4-, 6-, and 8-mm cuboids. For each specimen size, tests performed
with the compression axis parallel to BD (||BD, black lines) and perpendicular to BD (LBD,
red lines) are compared. Three tests were performed for each condition. Irrespective of the
specimen size, failure occurs at strains approximately equal or smaller than 2 %. Fig. 5.3d
and Fig. 5.3e illustrate the fracture surface of a representative 6 mm ||BD specimen, which ex-
hibit typical features of brittle failures in MGs, including shear bands (highlighted with yellow

arrows) and smooth facets [27, 62].
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Figure 5.3. (a-c) Uniaxial compression engineering stress-strain curves corresponding to 4-, 6-, and 8-
mm cuboids. The black curves correspond to tests performed with the compression axis parallel to BD
(IIBD) and the red curves correspond to tests conducted with the compression axis perpendicular to BD
(LBD). (d,e) Representative SEM images of the fractured surface of a 6 mm sample tested along the BD.
Yellow arrows are used to mark the appearance of shear bands.

Fig. 5.4 summarizes the variation of E, 0., and e, with the sample size. Fig. 5.4a shows
that there is no perceptible relationship between the sample size and the Young’s modulus.
However, the average value of Young’s Modulus for |[BD samples is smaller than that of BD
samples (33 GPa and 44 GPa, respectively). It is well known that the presence of significant
fractions of defects have a notable influence in E. For instance, porosity values between 3 %
and 7 % have been reported to reduce E by 16 %, following a negative exponential law, when
LPBF-processed AMZ4 alloy, a widely studied metallic glass composition, was tested under
tension [131]. Furthermore, in numerical studies [132], crack densities of 1.5 % have been
reported to decrease the Young’s modulus by up to 70 %. In the present study, results of image
analysis indicated that samples’ porosity due to type-1 voids ranges between 4.3 % and 7.1
% and crack density ranged between 1.6 % and 2.6%. Moreover, type-1 and type-2 voids are
elongated perpendicular to the BD, which increases compliance along the BD and is consistent

with the lower Young’s modulus measured in samples tested parallel to the BD.

Fig. 5.4b and Fig. 5.4c evidence that the maximum stress and the uniform deformation ex-
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hibit opposite trends with sample size for the two investigated loading directions. In the ||[BD
samples, both 0, and e, decrease as the sample size increases, while in LBD samples, 0,
and e, increase with increasing sample size. In particular, as the specimen size increases from
4 mm to 8 mm, 0, in ||BD samples decreases from 660 to 400 MPa (8 mm), while in LBD
samples it increases from 520 to 780 MPa. Conversely, for the same range of specimen sizes,
e, in ||BD samples decreases from 2.0 to 1.4 % and in LBD samples it increases slightly from

1.5t0 1.6 %.
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Figure 5.4. Variation of (a) the Young’s modulus, (b) the maximum stress, and (c) the uniform deforma-
tion with respect to the sample size (S) and to the compression loading mode.

In the following we correlate the variations in the maximum stress reported in Fig. 5.4b with
the defect structure described in Section 5.3.1. Internal cracks will not be considered in this
analysis because, as shown in Table 5.1 and Fig. 5.2, their area fraction is significantly smaller
than that of type-1 (and even type-2) voids and their average length is considerably shorter than
that of type-2 voids and surface cracks. Therefore, they are not expected to exert a dominant

influence on the mechanical behavior.

Fig. 5.5 schematically illustrates the orientation of type-2 voids (Fig. 5.5a) and surface cracks
(Fig. 5.5b) with respect to the loading axis for both |[BD and LBD specimens. Under |[BD
loading, the compression axis is perpendicular to the longer dimension of these two types of
defects, which therefore tend to close or decrease in width during testing. This leads to denser
specimens in which strength scales with density, which itself increases with decreasing sample
size (Fig. 5.1 and Table 5.1). In contrast, under L BD loading the compression axis is parallel to
the longer dimension of voids and surface cracks, promoting stress localization at pore and crack

tips. The stress intensity factor (SIF) at the tip of an elongated pore or crack is proportional to
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the corresponding a;/S ratio [133, 134], which is reported in Table 5.1 for voids and surface
cracks. Type-2 voids exhibit a,/S ratios of 0.067, 0.057, and 0.043 in cuboids with 4-, 6-, and
8-mm sides respectively. In turn, surface cracks exhibit a4/S$ ratios of 0.076, 0.052, and 0.038,
respectively. In both cases the a;/S ratios decrease with increasing sample size, leading to a

lower SIF, suppression of crack propagation and, consequently, higher o, and e,.
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Figure 5.5. Schematic illustrating the stress state and the orientation of (a) voids and (b) surface cracks
for tests where the compression axis lies parallel (||[BD) and perpendicular (LBD) to BD.

5.3.3. Micromechanical behavior

Fig. 5.6 depicts the local (micro)structure and the corresponding variation of the Young’s
modulus and of the microhardness in an area free of defects in a representative 8 mm Kuamet
6B2 cuboid. Fig. 5.6a presents an EBSD band contrast map where gray areas denote crystalline
regions and black areas correspond to regions containing amorphous phase or crystallites with
sizes that are below the resolution of the measurement (approximately 240 nm). Fig. 5.6b illus-

trates an inverse pole figure (IPF) map in the BD, where the orientations of crystallites are col-
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ored according to the color key included in the inset. In agreement with EBSD work presented
in Chapter 4 and similar work [90], both maps confirm that crystallites are mostly present in the
heat affected zone (HAZ) surrounding the melt pools (MP), have a random crystallographic tex-
ture, and grain sizes that decrease gradually with the distance to the MP. Fig. 5.6¢ and Fig. 5.6d
depict the corresponding Young’s modulus and nanohardness (H) maps. Amorphous regions
exhibit the lowest Young’s modulus and the lowest hardness, with E values ranging between
approximately 190 and 220 GPa and hardness value between 11 and 12.5 GPa. The crystalline
regions are characterized by a higher Young’s modulus, ranging between 230 and 290 GPa,
and a higher hardness, comprised between 13 and 16 GPa. The variations in E and H in the
crystalline regions are likely attributed to differences in the Fe(Si) grain size and to the hetero-
geneous spatial distributions of Fe,B and Fe,;B¢ [135, 136]. While grain size differences and
phase spatial arrangement clearly influence micro-mechanical properties. It must be noted that
the Young’s modulus measured by nanoindentation is as much as 6 times higher than the bulk
value measured from the macromechanical compression tests (Fig. 5.4a). Such large deviation

is attributed to the presence of defects, which leads to a significantly higher compliance.
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Figure 5.6. Local (micro)structure and nanoindentation data corresponding to a representative 8§ mm
Kuamet 6B2 cuboid processed by LPBF. (a) EBSD band contrast map. Crystalline and amorphous
regions are colored in gray and black, respectively; (b) EBSD IPF map in the BD; (c) Young’s modulus
map; (d) hardness map.
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5.4. Conclusions

In summary, a significant fraction of highly oriented defects was found on Kuamet 6B2
specimens of different sizes processed by laser powder bed fusion. These results are consistent
with those of Chapter 4. Regardless of the processing parameters or scanning strategy, internal
defects and local devitrification have never been fully avoided on Kuamet 6B2. More impor-
tantly, the consequences of such defects and crystalline features on the mechanical response of
the material had not been thoroughly studied in this composition. The present work provides
an understanding of the effect of typically observed voids, cracks and crystallites resulting from
devitrification of the previously deposited amorphous layers on the mechanical properties at
different length scales. However, it is expected that the complexity of said relationships will
increase for intricate print geometries. Hence, future work in the field should aim to eliminate
the aforementioned undesired features by means of alloy design or through advanced LPBF
processing control. Until then, the following findings must be considered during the design and

production of Kuamet 6B2 components using LPBF:

1. Irrespective of the sample size, three main kinds of highly oriented defects were identified
in the Kuamet 6B2 LPBF manufactured samples: large LoF pores elongated perpendic-
ularly to the BD, oblique internal cracks preferentially propagated at specific angles rel-
ative to the BD, and large surface cracks perpendicular to the BD. The presence of these

defects has a strong influence on the mechanical behavior.

2. The Young’s modulus of the LPBF manufactured samples is as much as six times smaller
than that of the bulk alloy due to the presence of voids and cracks. Moreover, E is smaller
when testing parallel to BD than when testing along a direction perpendicular to BD, as
in the former case voids and surface cracks tend to close during testing, thus enhancing

compliance.

3. When testing ||BD, the maximum stress and uniform deformation exhibit an inverse cor-
relation with sample size. This trend is attributed to the higher density achieved in smaller

specimens.

4. When testing L BD, the maximum stress and uniform deformation exhibit a positive cor-

relation with sample size. This behavior is attributed to the decrease in the ai/S ratios,
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and consequently in the stress intensity factor, with increasing size, which enhances the

suppression of crack propagation.
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6. LPBF OF FE-SI-B-CR-C (KUAMET 6B2) USING TIME DELAYS

6.1. Background

Chapters 4 and 5 have established the fundamental relationships between LPBF processing
parameters, internal defects, (micro)structure and mechanical and soft magnetic properties of
a commercial Fe-based glass-forming alloy. A simple scanning strategy was used to facilitate
the reproducibility of results in the scientific community. However, due to the low GFA of this
system, the processing parameters that yield dense parts also result in severe devitrification,
producing glassy-crystalline composites [76—79, 82, 84-86, 90, 93]. Chapter 4 evidenced that
the degree of crystallization generated by the combinations of parameters and scanning strategy
used severely hindered the magnetic properties of the alloy. Hence, a breakthrough in LPBF
processing of Fe-based BMGs involving advanced scanning strategies would be required to
manufacture reliably complex geometry components with dense and fully amorphous structures
that would enable a new generation of highly efficient motors with a drastic reduction of energy

losses.

Sohrabi et al. [128] recently reported that the density and the amorphous fraction of an
LPBF-manufactured Zr-based BMG could be simultaneously increased using conventional par-
allel single scanning strategies by the introduction of time delays (i.e., pre-defined time periods
during which the laser is switched off) after each scan track. This approach reportedly miti-
gates crystallization at the turning points of the laser, where the dwell time is accumulated by
the solidified material at high temperature peaks [137]. Studies on direct energy deposition
(DED) of MGs have also shown that the implementation of time delays between printing tracks
is a promising approach to reduce the temperature throughout the sample [138—140]. Finally,
in LPBF of crystalline metals, time delays between layers [141] and at the turning points of
printed tracks [142] have been used to homogenize the thermal profiles throughout the sample.
To date, the introduction of time delays in LPBF manufacturing of Fe-based metallic glasses

has not been explored.

The aim of this work is to investigate whether the introduction of time delays after each scan

track would enable LPBF manufacturing of dense and amorphous Fe-based BMGs using a me-

71



LPBF OF FE-SI-B-CR-C (KUAMET 6B2) USING TIME DELAYS

ander scanning strategy. To that end, LPBF is carried out using pulsed wave emission and a wide
range of complementary characterization techniques is utilized to relate the defect structure, the
fraction of amorphous phase, and magnetic coercive field (H,) to the processing parameters on
a commercial Kuamet 6B2 Fe-based soft magnetic MG alloy. Additionally, multiphysics finite
element (FE) modeling is utilized to simulate the local temperature evolution and crystalliza-
tion for different combinations of parameters. This combined experimental/numerical approach
will provide guidelines for the manufacturing of Fe-based BMGs with high density and high
amorphous fractions, thus contributing to enhance their potential as enablers of energy efficient

electric mobility solutions.

6.2. Methods

6.2.1. LPBF processing parameters

A total of 28 prisms with dimensions 8x8x5.4 mm?® were printed with different combinations
of parameters, which are summarized in Table 6.1. The layer thickness was maintained at 30
um, & and pd were both set at 80 um, which is the approximate size of the laser’s spot diameter.
LPBF processing was carried out using two values of laser power (P = 120 and 160 W) and two
values of laser exposure time (fgy = 80 and 120 us). The corresponding scan speed values (v =
888 and 615 mm/s, respectively), are also reported in Table 6.1. For each P and v combination,
one sample was printed using a conventional meander strategy with 67° rotation between layers
and with the minimum default delay time (zorr) at the end of each scan track (1 ms) and six
additional prisms were manufactured with zorr values of 50, 100, 150, 200, 250, 300 ms. The
associated increases in build time for one single sample when introducing these delays are,
respectively, 56 %, 116 %, 175 %, 234 %, 294 %, 353 %. A schematic representation of this
modified meander scanning strategy is displayed on Fig. 6.1, where areas with different degrees
of heat accumulation are qualitatively depicted using a color code. As shown in Fig. 6.1, the
introduction of time delays is aimed at reducing heat accumulation in the printed sample. The
28 LPBF-manufactured samples have been divided into 4 groups (A to D), each with common
P and v values, and with different forr times (A (160 W, 615 mm/s); B (160 W, 888 mm/s); C
(120 W, 615 mmy/s); D (120 W, 888 mm/s)).
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Figure 6.1. Schematic representing the influence of time delays on heat accumulation.

Table 6.1. LPBF processing parameters and normalized volumetric energy density.

Group Sample ID P (W) ton (Us) torr (MS) v (mm/s) E*
S1 160 120 1 615 7.08
S2 160 120 50 615 5.61
S3 160 120 100 615 5.59
Group A S4 160 120 150 615 5.59
S5 160 120 200 615 5.58
S6 160 120 250 615 5.58
S7 160 120 300 615 5.58
S8 160 80 1 888 4.45
S9 160 80 50 888 3.87
S10 160 80 100 888 3.86
Group B S11 160 80 150 888 3.86
S12 160 80 200 888 3.86
S13 160 80 250 888 3.86
S14 160 80 300 888 3.85
S15 120 120 1 615 4.97
S16 120 120 50 615 4.20
S17 120 120 100 615 4.19
Group C S18 120 120 150 615 4.19
S19 120 120 200 615 4.19
S20 120 120 250 615 4.18
S21 120 120 300 615 4.18
S22 120 80 1 888 3.21
S23 120 80 50 888 2.90
S24 120 80 100 888 2.89
Group D S25 120 80 150 888 2.89
S26 120 80 200 888 2.89
S27 120 80 250 888 2.89
S28 120 80 300 888 2.89

6.2.2. Simulated LPBF processing conditions and validation

To elucidate the influence of time delays on crystallization, the thermo-metallurgical FEM-
based model was utilized to simulate laser melting of a single track processed using P = 160 W

and v = 615 mm/s (group A) and of double tracks manufactured with the same P and v, with a
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hatch distance of 80 wm, and with time delays (#orfr) of 1, 50, and 300 ms (as in samples S1, S2,
and S7). The laser spot size was taken as 80 um. The model validation campaign included laser
melting of single and double tracks with the processing parameters utilized for the simulations
and using the Renishaw RenAMS500Q Flex system on top of a fully amorphous Kuamet 6B2
plate. The latter was produced by copper mold suction casting with a thickness of approximately
120 um, which is close to the critical casting thickness for this alloy. The absence of crystalline
phases in the substrate prior to laser melting was verified by synchrotron X-ray diffraction at
the Deutsches Elektronen-Synchrotron (DESY, Germany). The corresponding XRD pattern
exhibited two broad halos around 26 = 45° and 80°. Before laser melting the amorphous plate
was fixed to a 316L steel substrate within the RBV using double-sided copper tape and the stage
position was adjusted to place the top surface of the amorphous plate at the focal plane of the
laser. cross-sections of the single track and double track melt-pools perpendicular to the scan
direction (SD) were prepared for EBSD examination. With that purpose, the substrate plate
was held by pins and mounted in conductive resin with the lasered surface perpendicular to
the bottom plane, such that the cross-section of the melt pools generated by the melted tracks
would be visible after grinding and polishing using the procedures described for EBSD sample

preparation in Chapter 3.

6.3. Results

6.3.1. Influence of time delays on processability

All samples in groups A to D exhibited good dimensional stability, with the exception of
sample S1 (group A), with the highest E* (7.08), where severe warping and delamination ef-
fects were observed. However, as shown in Fig. 6.2, the introduction of time delays led to
improved processability and excellent dimensional stability in group A samples. Fig. 6.2 illus-
trates the outer appearance of samples S1 (fprr = 1 ms, which is the minimum default time
delay, Fig. 6.2a) and S7 (torr = 300 ms, Fig. 6.2b). It can be clearly seen that, while sample
S1 experienced severe warping effects, sample S7 retained its original shape. To elucidate the
origin of the improved processability with the introduction of time delays, the infrared melt-
pool emission during LPBF processing of samples S1 and S7 was measured in-operando using
a spectrometer installed at the RenAMS500Q system. Measurements were performed at two

representative layers (46 and 66) where the direction of the scan tracks is oriented along the
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square cross-section’s diagonal. The results are shown in Fig. 6.2. In the absence of time delays
(sample S1, Fig. 6.2a), significant heat accumulation is observed at the corners, where the scan
path is very short. However, switching off the laser after each track for 300 ms (sample S7,
Fig. 6.2b) enables sample cooling before the next track is melted, limiting heat accumulation,

and hence homogenizing the temperature across the printed layer.
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Figure 6.2. Normalized infrared melt pool emission measured in-operando in the RenAMS500Q LPBF
system during processing of group A samples (a) S1 (P = 160 W, v = 615 mm/s, torr = 1 ms) and (b)
S7 (P =160 W, v =615 mm/s, torr = 300 ms) at two representative layers (46 and 66).

6.3.2. Influence of time delays on density and melt-pool geometry

Fig. 6.3 illustrates the influence of the time delay on the density for samples belonging to
groups A, B, C, and D. All samples have a relative density above 90 %. Despite the evident
scatter within each group, it can be concluded from Fig. 6.3 that group B and C samples, with
intermediate E* values (between 3.85 and 4.97), have on average the highest density, while
group A and D samples, with E* values above 5.58 and below 3.21, respectively, possess a
higher fraction of porosity. In samples belonging to groups A, B, and C, the increase in topr
from 1 ms to 300 ms has a small and/or positive effect on the density. However, most notably,
in samples belonging to group D, which have the lowest E*, an increase in the time delay leads
clearly to a notable decrease in density. Fig. 6.4 depicts several optical micrographs illustrating

the defect structure in cross-sections parallel to the build direction (BD) of two samples from
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each group (A to D) with, respectively, 1 and 300 ms delay. In agreement with Fig. 6.3, it can
be seen that increasing the time delay in groups B and C samples (Fig. 6.4c,d and Fig. 6.4e.f,
respectively) leads to a moderate increase in density. However, in group A samples (Fig. 6.4a,b)
increasing the time delay does not eliminate excessive melting porosity, and in group D samples
(Fig. 6.4g,h) time delays introduce a large fraction of lack of fusion defects. Cracks are present
in all the manufactured samples, in agreement with Section 4.4.1, and the crack area fraction

(around 2 %) appears to be fairly independent of the processing conditions.
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Figure 6.3. Influence of the time delay on the density of the LPBF manufactured prisms. The dotted
lines are first-degree exponential decay fits for groups A to D.

Fig. 6.5 illustrates the influence of time delays on the geometry of the melt-pools belonging
to all sample groups (A to D). In particular, the effect of the time delay on the melt-pool width
(Fig. 6.5a), depth (Fig. 6.5b), and depth to width ratio (Fig. 6.5c), measured at the top layer,
is shown. Fig. 6.5a and Fig. 6.5b reveal that both W and D, but especially W, decrease for all
sample groups when a time delay of 50 ms is introduced, and then both W and D remain fairly
stable for higher time delays. As shown in Fig. 6.5c, the D/W ratio increases slightly with
the time delay for groups A and B and it remains stable for groups C and D. For all samples,
the D/W ratio ranges between 0.35 and 0.6, suggesting a transition melting mode, where both
conduction and keyhole melting are present [143]. Indeed, a close look at the geometry of
melt pools at the top layer of samples manufactured with a time delay of 50 ms in groups A
(Fig. 6.5d), B (Fig. 6.5¢e), C (Fig. 6.5f), and D (Fig. 6.5g) reveals the presence of melt-pools with
tear-drop shape, characteristic of keyhole mode melting, intermingled with others that resemble

a half-moon, which are more typical of conduction melting.
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Figure 6.4. Optical micrographs illustrating the defect structure in the following samples: (a) group A
S1 (1 ms), (b) group A S7 (300 ms), (c) group B S8 (1 ms), (d) group B S14 (300 ms), (e) group C
S15 (1 ms), (f) group C S21 (300 ms), (g) group D S22 (1 ms), (h) group D S28 (300 ms). The imaged
cross-sections are parallel to BD.

6.3.3. Influence of time delays on the amorphous fraction

Fig. 6.6 illustrates the influence of time delays in the volume fraction of the amorphous phase
(AM %) measured by DSC in all manufactured samples. The highest amorphous fractions,
ranging between 60 and 70 %, are obtained in groups C and D, while group A specimens
exhibit the lowest AM % due to the excessive energy input. In general, the introduction of time
delays leads to an increase in AM % in the LPBF manufactured prisms. The largest variation
of AM % is observed for a time delay of 50 ms, and then the increase in AM % is smoother
for larger delay times. In particular, the increase in AM % achieved when introducing a time
delay of 50 ms in groups A to D amounts to +15 %, +25 %, +41 %, and +33 %, respectively.
Also, the increase in AM % achieved when introducing a time delay of 300 ms in groups A to

D amounts to +33 %, +40 %, +50 %, and +48 %, respectively.
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Figure 6.5. Influence of the time delay on (a) the average melt pool width, (b) the average melt pool
depth, and (c) the depth to width ratio for samples belonging to groups A to D; (d-g) optical micrographs
of etched LPBF samples showing the morphology of melt pools at the top layer for samples manufactured
with a time delay of 50 ms in groups (d) A (S2), (e) B (S89), (f) C (S16) and (g) D (S23).
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Figure 6.6. Influence of time delay on the fraction of the amorphous phase measured by DSC. The
dotted lines are logarithmic fits for groups A to D.

In order to understand the effect of time delays in AM %, the thermo-metallurgical FEM-
based model described in Section 3.3.1 is utilized to simulate laser melting of a single track
processed using P = 160 W, v = 615 mm/s (i.e., with laser parameters equivalent to those of

group A specimens) and of double tracks manufactured with the same P and v, with a hatch
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distance of 80 wm, and with topf of 1, 50, and 300 ms (as in group A samples S1, S2, and
S7). The map of Fig. 6.7a illustrates as an example the temperature distribution during one of
the double track simulations. The node from where the temperature readings were captured is
located 0.5 mm away from the edge of the simulated volume (Fig. 6.7a) at a location around the
center of the melt pool of the first track, and within the heat affected zone (HAZ) of the second
track, as indicated by the star symbol in Fig. 6.7b and Fig. 6.7c¢, respectively. Fig. 6.7d illustrates
the temperature profiles corresponding to the simulated single and double tracks. While the first
temperature peaks of all three conditions are identical, the maximum temperature of the second
peak decreases from 1166 °C when forr = 1 ms to 976 °C when torr = 50 ms, and to 943
°C when torr = 300 ms. Most importantly, the temperature at the selected location when the
second track is printed (7)) decreases from 242 °C when torr = 1 ms to 64 °C when tgpr = 50

ms, and to 41 °C when torr = 300 ms.
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Figure 6.7. (a) A representative image of the FEM-simulated temperature distribution during a double
track simulation. (b,c) cross-sections of simulated melt pools perpendicular to the scan direction (SD)
during the (b) first and (c) second tracks. The red semicircles indicate the liquid material during scan-
ning and the yellow star marks the location of the node where temperature profiles were evaluated. (d)
Simulated temperature evolution during double track experiments using group A conditions with torp =
1, 50, and 300 ms. The temperature profiles correspond to a location 0.5 mm away from the edge of the
simulated volume.

Single and double tracks were laser melted over an amorphous Kuamet 6B2 substrate with
the same manufacturing conditions used in the simulations. Fig. 6.8 compares EBSD band con-
trast maps of cross-sections perpendicular to the scan direction of the single track (Fig. 6.8a)
and of the double tracks (Fig. 6.8c,e,g) with the corresponding FEM-simulated maps illustrat-
ing 7, the computed weighted time that the material remains at a temperature between 7, and

Ts (Fig. 6.8b,d,f,h). In the EBSD band contrast maps of Fig. 6.8a,c,e,g the gray areas corre-
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spond to crystalline regions while the black areas represent regions where the amorphous phase
dominates. Comparison of experiments and simulations prove that there is a direct proportion-
ality between the proposed residencetime, 7 and the crystalline volume fraction. Fig. 6.8a and
Fig. 6.8b suggest, furthermore, that devitrification during laser melting of single tracks is com-
paratively limited, even when high E* conditions (group A) are used. However, as shown in
Fig. 6.8c and Fig. 6.8d, when a second track is melted adjacently with the minimum default
delay time (1 ms) devitrification takes place within a significantly large region within the HAZ.
The devitrified region has been pointed with arrows in Fig. 6.10c. Increasing the time delay to
50 (Fig. 6.8e,f) and 300 ms (Fig. 6.8g,h) reduces progressively the size of the devitrified region

in the overlap of the two tracks.

In summary, the increase in AM % with the introduction of time delays (Fig. 6.6) is driven by
the reduction of 7, in the amorphous regions solidified during the first pass (Fig. 6.7d), an effect
that becomes more pronounced as the delay time increases. Consequently, during the second
laser pass, the amorphous regions with lower Ty within the HAZ spend less time at temperatures

between Tx and T, leading to a lower degree of devitrification (Fig. 6.8e,f,g,h).

Figure 6.8. (a,c,e,g) EBSD band contrast maps illustrating cross-sections perpendicular to the scan
direction of group A (a) single track and (c,e,g) double tracks with (c) torr = 1 ms, (e) torr = 50 ms,
and (g) torr = 300 ms; (b,d,f,h) FEM-simulated T maps corresponding to (b) the single track, and (d,f,h)
the double tracks with (d) torr = 1 ms, (f) topr = 50 ms (h) torr = 300 ms.
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Figure 6.9. EBSD maps of two LPBF processed Kuamet 6B2 specimens processed with a time delay
of 50 ms and two extreme E* values: (a and c) sample S2 (group A, E* = 5.61, AM % = 19 %) and (b
and d) sample S23 (group D, E* =2.90, AM % = 55 %). (a, b) Band contrast maps showing in gray the
crystalline regions and in black the amorphous regions, where the presence of nano-crystals smaller than
the EBSD detection limit cannot be ruled out; (c, d) inverse pole figure maps illustrating the orientation
of the build direction.

Fig. 6.9 illustrates several EBSD maps corresponding to the LPBF-manufactured Kuamet
6B2 samples S2 (group A, E* = 5.61, AM % = 19 %) (Fig. 6.9a,c) and S23 (group D, E* =
2.90, AM % = 55 %) (Fig. 6.9b,d). In the band contrast maps of Fig. 6.9a,b the crystalline
regions are depicted in gray and the amorphous regions are colored in black. The step size used
to measure these maps was 120 nm and thus the presence of smaller nanocrystals within the
amorphous regions cannot be ruled out. Most importantly, Fig. 6.9a and Fig. 6.9b evidence
that, in both specimens, crystallization takes place along the melt pool boundaries and that
higher E* values result in wider crystalline regions, in agreement with Fig. 6.6. The inverse
pole figure maps of Fig. 6.9c and Fig. 6.9d, which illustrate the orientation of the build direction
(BD), reveal that, irrespective of E*, crystallites do not have any preferred orientation and are
endowed with a relatively equiaxed shape. The grain size is, in both cases, below 4 um, with
the largest grains located close to the melt-pool boundary and a gradient of decreasing sizes
with increasing distance from the melt-pool. The dominant phase is Fe;Si, in agreement with

Section 4.3.2.
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6.3.4. Influence of time delays on the coercivity

Fig. 6.10 illustrates the evolution of the coercive field (H,) with the time delay for LPBF-
manufactured Kuamet 6B2 specimens belonging to groups A to D. In general, the introduction
of time delays leads to a decrease in H, in the LPBF manufactured prisms. The largest variation
of H. is observed for a time delay of 50 ms, and for larger time delays the coercivity decreases
more smoothly, tending towards a stable value. In particular, the reduction in H, achieved
when introducing a time delay of 50 ms in groups A to D amounts to -900 A/m (-16.9 %),
-2260 A/m (-46.1 %), -1730 A/m (-36.7 %), and -2170 A/m (-56.7 %), respectively. The total
reduction in H, achieved when introducing a time delay of 300 ms in groups A to D amounts to
-2580 A/m (-48.6 %), -3130 A/m (-63.9 %), -2610 A/m (-55.4 %), and -2800 A/m (-73.1 %),
respectively. The lowest H, values, approaching 1000 A/m, are obtained in D specimens, which

were processed with the lowest energy input.
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Figure 6.10. Effect of the introduction of time delays on the coercive field of the LPBF-manufactured
Kuamet 6B2 prisms. The dashed lines are exponential decay fits corresponding to samples from groups
AtoD.

6.4. Discussion

6.4.1. Time delays as a tool to overcome the density-amorphous fraction paradox

Previous works on LPBF of Fe-based metallic glasses, which are endowed with very low
GFA, have reported an inverse relationship between the relative part density and the amorphous
fraction of printed parts [76-79, 82, 84-86, 90, 93, 97] . High energy LPBF conditions report-

edly give rise to high density but low amorphous fractions, and low energy LPBF conditions
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result in higher amorphous fractions but introduce lack of fusion defects. Since soft magnetic
applications require dense and highly amorphous components, this “density-amorphous fraction

paradox” poses critical challenges to the fabrication of Fe-based components by LPBF.

Significant efforts have been made in the BMG community to overcome this processability
issue. For instance, Nam et al. [85] used an LPBF remelting strategy on Kuamet 6B2 to first
consolidate the powder into a solid layer that was subsequently remelted. This approach yielded
samples with relative densities of up to 96 % and amorphous fractions of 47 %. Zrodowski et
al. [89] also implemented an LPBF double scanning strategy on Kuamet 6B2, where remelting
was performed following a so-called “point-random” sequence, in which consecutive exposure
points are chosen randomly at distances larger than 1 mm within the sample to avoid heat
accumulation. Reportedly, such separation gives a longer time for exposed areas to cool down
before an adjacent region is melted, hence minimizing devitrification. While this approach
yielded samples with simultaneously high densities (94 %) and high AM % (90 %), the use of
double scanning leads to very long manufacturing times, and the point-random strategy is not
feasible in most commercial LPBF manufacturing systems. Additionally, this strategy presents

reproducibility challenges when manufacturing complex-geometry parts.
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Figure 6.11. Variation of the density with the fraction of the amorphous phase in LPBF manufactured
Kuamet 6B2 samples belonging to groups A to D.

In this work, a conventional meander scan strategy, with 67° interlayer rotations, which can
be easily replicated in most LPBF systems, has been modified by the introduction of time delays
at the end of each scan track. Fig. 6.11 illustrates the variation of the density with respect to AM
% for all the Kuamet 6B2 samples manufactured within the present study. It can be seen that

the use of time delays allows to improve the amorphous fraction while retaining high density
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values in samples within groups A, B, and C. In group D samples, which were processed with
the lowest normalized volumetric energy density, an increase in AM % of 50 % is accompanied
by a decrease in density of approximately 5.5 % due to the increase in lack of fusion defects
with the introduction of time delays. Even in these samples, however, the decrease in density
is comparatively much smaller than that observed in earlier studies for smaller increases in AM

% (Section 4.4.3).

In summary, this study demonstrates, for the first time, that a decoupling of the variations of
the density and of the amorphous fraction can be achieved in Fe-based metallic glasses using a
simple scanning strategy and varying only one single processing parameter (torr). The intro-
duction of time delays can be put forward as an effective tool to break the density/amorphous

fraction paradox in these materials.

6.4.2. Understanding the relationship between the fraction of amorphous phase and H.

In soft magnetic Fe-based alloys, coercivity is closely dependent on the amorphous fraction,
grain size, and alloy composition. A higher amorphous fraction minimizes domain wall pinning
by reducing grain boundaries, while nanocrystalline structures with grain sizes below 10 nm
further lower coercivity due to reduced magnetocrystalline anisotropy and enhanced magnetic
coupling through the amorphous matrix [57]. Additionally, compositional tuning, such as the
inclusion of elements like Sn or B, can improve magnetic properties by optimizing internal

stresses and magnetoelastic anisotropy [57].

Coercivity does not always decrease with an increasing amorphous fraction in Fe-based soft
magnetic alloys due to the complex interplay of magnetoelastic anisotropy, internal stresses,
and structural defects inherent in the amorphous matrix. While a fully amorphous structure
eliminates grain boundaries that typically act as domain wall pinning centers, it introduces
other sources of anisotropy, such as stress-induced magnetoelastic effects, which can hinder
domain wall motion. Additionally, the absence of magnetic coupling between nanocrystals
(as described by the Random Anisotropy Model) in a fully amorphous state prevents the av-
eraging out of magnetocrystalline anisotropy, which is key to achieving ultra-low coercivity in

nanocrystalline systems [144].

Fig. 6.12 shows the variation of the coercive field with respect to AM % in the Kuamet

6B2 LPBF-manufactured specimens belonging to groups A to D. The data corresponding to a
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SWAP-atomized powder and to a melt-spun ribbon of the same composition are plotted as a
reference. In general, an inverse linear dependency between H. and AM %, with a slope of -71
A/m, is observed when AM % < 45 %, in agreement with Section 4.3.2. This AM % range
includes all samples within groups A and B and the samples processed with 1 and 50 ms time
delay from groups C and D. For processing conditions where AM % > 45 %, however, H.
becomes less dependent on AM %. This AM % range includes samples from groups C and
D with time delays higher than 50 ms. In these samples, increases in AM % from around 50
to 70 % lead only to comparatively minor variations of H.. Additionally, samples from group
D are characterized by coercivity values stabilizing around 1 kA/m. This behavior may arise
from multiple factors that are beyond the scope of the present work. Notably, all samples still
exhibit a relatively high crystalline fraction (not less than 30 %), mostly dominated by the Fe;Si
phase as shown in Section 4.3.2, and which may also contain a minor presence of boride phases
such as FeB, Fe,B, and Fe,B. These phases are known to significantly influence the magnetic
properties of Fe-based soft magnetic alloys by increasing coercivity and reducing permeability
[144], which likely accounts for the absence of further coercivity reduction beyond the observed

plateau at 1 kA/m.
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Figure 6.12. Variation of the coercive field with respect to the amorphous fraction in the Kuamet 6B2
LPBF-manufactured specimens. The data corresponding to a SWAP-atomized powder and a melt-spun
ribbon of the same composition are plotted as a reference.

6.5. Conclusions

The aim of this study is to investigate the impact of introducing time delays (laser switch-

off times) after each scan track of an LPBF meander scanning strategy on the processability,
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density, crystallinity, and coercive field of Fe-based Kuamet 6B2 specimens. With that goal,

LPBF is performed using two laser power levels (120 W and 160 W), two scan speeds (615

mm/s and 888 mmy/s), and time delays ranging from 50 to 300 ms. Multiphysics FEM simula-

tions are utilized to rationalize the influence of time delays on the temperature evolution and on

crystallization during LPBF. The following conclusions can be drawn from this work:
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. Introducing time delays improves processability and dimensional accuracy in the samples

manufactured with the highest normalized energy density (group A, with P = 160 W and

v = 615 mm/s), reducing warping and delamination effects.

. Glass/crystalline composites were obtained for all investigated LPBF conditions. The

addition of time delays increases the amorphous fraction in the LPBF manufactured sam-
ples without compromising density. The most pronounced increases in the amorphous

fraction are observed for time delays as short as 50 ms.

. The introduction of time delays results in a lower 7 in the solidified amorphous regions

which, in turn, experience a lower degree of devitrification during subsequent laser passes.
Although increasing time delays lead to progressively lower degrees of devitrification, the
most pronounced change in the fraction of devitrified material occurs for time delays as

short as 50 ms.

. A strong inverse linear dependency exists between H,. and the amorphous fraction when

the latter is smaller than 45 %; for higher fractions the dependency is significantly less

pronounced.

. The introduction of time delays is presented as a strategy with high potential to resolve the

"density/amorphous fraction" paradox in Fe-based MGs, providing guidelines for LPBF

manufacturing of these alloys for soft magnetic applications.



7. LPBF OF THE FE-SI-B-NB-NI ALLOY, A MG SYSTEM WITH
ENHANCED GLASS-FORMING ABILITY

7.1. Background

Chapter 6 presented a the implementation of time delays as a tool with a double purpose: to
improve the amorphous fraction retained after printing without compromising the part density
while simultaneously improve the print stability of Kuamet 6B2 specimens. As discussed,
Kuamet 6B2 is a commercial glass-forming composition with excellent soft magnetic properties
in the fully amorphous state. However, due to its poor GFA, devitrification is unavoidable
during LPBF processing, making the lowest H, three orders of magnitude higher than that of
fully amorphous ribbons of the same composition. It is evident that a better glass former is

needed to achieve the full potential of soft magnetic metallic glasses.

This work presents the first LPBF parameter study on a recently patented Fe-based system,
which possesses a d. of > 1 mm, an order of magnitude higher than Kuamet 6B2 (d. = 120 um)
and similar commercially available alloys, without the use of P, Co or rare earth elements as
alloying elements. Three approaches were taken: (i) the exploration of changes of laser power
and scan speed, (ii) the consecutive remelting of the upper layer and (iii) the implementation
of time delays. The influence of variations in processing parameters or scan strategies on the
internal defects, (micro)structure and magnetic properties were studied. The aim of processing
this alloy with LPBF is to begin to explore its viability as a substitute for soft magnetic materials
currently used in electric motors, since the combination of material properties presented by the
alloy and the flexibility of additive manufacturing opens the door to producing highly efficient

electrical machines.

7.2. Methods

In this chapter, the of the feedstock powder employed was an Fe-Si-B-Nb-Ni alloy and the
RenAMS00Q Flex system was used for LPBF manufacturing. Three sets of processing pa-

rameters (termed hereafter S, R, and J-series) were used to fabricate 8 X 8 x 5.4 mm? cuboid
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specimens. Fig. 7.1 shows a schematic of the different series of samples and Table 7.1 details
the parameters used for each sample. For all three groups, constant values were assigned to the
layer thickness (¢ = 30 wm), hatch distance (A = 80 wum) and point distance (pd = 80 um). The
S-Series P and 7oy values ranging from 100-180 W and 80-120 us, respectively. torr was fixed
at 50 ms, as it was shown in Chapter 6 that this parameter contributes towards reducing warping
and delamination at combinations of high power and low exposure time on Kuamet 6B2. In
the R-series a double scanning strategy was used, where the power was fixed at 140 W and
the exposure time at 100 us for both scans, and the direction of the remelting scan tracks was
rotated by 0°, 30°, 45° and 90° with respect to the first scan tracks. This angle will be hereafter
referred to as the re-scan angle. Finally, in the J-series the power and the exposure time were
also fixed at 140 W and 100 us, respectively, and a time delay was introduced at the end of each

track within the range of 20 ms to 200 ms.
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Figure 7.1. Schematic of printing strategy for each sample group.
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Table 7.1. Summary of processing parameters varied during S-, R- and J-series.

Sample P (W) toy (um) v (mmy/s) Re-scan  fopp (ms)
offset (°)
S1 180 120 615 - 50
S2 180 100 730 - 50
S3 180 80 890 - 50
S4 140 120 615 — 50
S5 140 100 730 — 50
S6 140 80 890 - 50
S7 100 120 615 - 50
S8 100 100 730 - 50
R1 140 100 730 0 50
R2 140 100 730 30 50
R3 140 100 730 45 50
R4 140 100 730 90 50
J1 140 100 730 — 20
12 140 100 730 - 30
I3 140 100 730 — 40
J4 140 100 730 - 50
J5 140 100 730 - 75
J6 140 100 730 — 200

7.3. Results

7.3.1. Internal Defects

Fig. 7.2 contains optical micrographs of cross-sections parallel to BD of all manufactured
samples, and it provides a two-dimensional view of the internal defect structure. The values of
the density and of the area fraction of pores and cracks, calculated by image analysis of these
micrographs, are compiled in Table 7.2. Fig. 7.3 shows the variation of the area fraction of
porosity with P and v (Fig. 7.3a, S-series), with the rotation angle (Fig. 7.3b, R-series), and with
the delay time (Fig. 7.3c, J-series). In the S-series, as displayed on Fig. 7.3a, the highest porosity
(7.6 %) resulted from the lowest energy combinations of parameters (P = 100 W and toy = 80
us). As the values for both parameters increased, the porosity was progressively reduced, with
the exception of the combinations of highest power input of P = 180 W and medium or high
exposure times of zoy = 100 us (S2) and tpy = 120 us (S1), where samples present large,
sparsely distributed voids with irregular shapes (Fig. 7.2). As displayed on Fig. 7.3b, in the R-
series the smallest porosity (1.5 %) was found when the directions of the first and second laser

scans were perpendicular (re-scan angle = 90°), and the highest porosity (4.5 %) was measured
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when they were parallel (re-scan angle = 0°). Fig. 7.3c shows an increase of porosity in the
J-series prints as a function of 7prp, from 2.1 % when toy = 20 ms to 6.4 % when toy = 200
ms. All samples contain a relatively high number of cracks, oriented mostly at low angles with
respect to the BD. The crack area fraction measurements performed on OM images showed a
small variation between processing parameter and scan strategy combinations. The lowest (0.5
%) was measured in sample J5, processed with one of the highest delay times explored in this
study. Conversely, the highest crack area fraction (1.5 %) was measured in sample R4, which
was processed with a 90° angle between the first and second scan. Internal cracks presented

lengths below 300 wm, regardless of the processing conditions.

Figure 7.2. Optical micrographs along planar cross-sections of all the Fe-Si-B-Nb-Ni samples pro-
cessed by LPBF. The vertical axis of all micrographs corresponds to the build direction (BD). Images
corresponding to samples manufactured with different conditions are highlighted with different colors:
S-series (blue), R-series (green), J-series (yellow).

A 3D quantification of the defect structure was carried out in samples J1 and J6 by XCT.
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Figure 7.3. Area fraction of porosity, measured by image analysis of the optical micrographs of Fig. 7.2,
as a function of (a) P and tgy (S-series), (b) the re-scan angle between the first and second laser scans
(R-series), and (c) the time delays (J-series).

Table 7.2. Density and area fraction of different defect-types, measured by image analysis of OM images,
of samples belonging to the S-, J- and R-series.

Sample  Porosity ~ Crack Volume  Relative Density

(%) (%) (%)
S1 4.8 1.0 94.3
S2 3.0 0.8 96.2
S3 1.9 1.0 97.1
S4 3.1 1.0 96.0
S5 29 1.1 96.0
S6 3.6 1.2 95.3
S7 53 1.1 93.7
S8 7.6 1.7 90.8
R1 4.5 1.5 93.9
R2 3.1 1.3 95.7
R3 3.7 1.5 94.8
R4 2.5 1.5 96.0
J1 2.1 0.9 97.0
J2 29 0.8 96.3
J3 32 0.9 95.9
J4 3.0 0.6 96.5
J5 5.2 0.5 94.3
J6 6.4 1.0 92.6

These samples were selected as they were processed, respectively, with the minimum and max-
imum delay times within the J-series, exhibiting widely differing values of the area fraction of
porosity (Fig. 7.3). Figs. 7.4 and 7.5 illustrate 2 X 2 x 1 mm? segmented volumes corresponding
to bulk material, colored semi-transparent gray, voids, colored blue and cracks, colored red in

samples J1 and J6, respectively. Fig. 7.4a,b and Fig. 7.5a,b include the three features overlayed
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in the same volume while Fig. 7.4c and Fig. 7.5c present the isolated voids and Fig. 7.4d and
Fig. 7.5d show the network of internal cracks for each sample. It can be seen that the porosity
increases significantly as the time delay increases (Fig. 7.4a-c and Fig. 7.5a-c). As shown on
Fig. 7.4c, small voids are sparsely distributed throughout sample J1, while voids with a wider
size distribution are present in sample J6. The corresponding volume fractions, 0.1 % and 5.1
%, respectively, are lower than the fractions measured from OM micrographs (2.1 % and 6.4 %,
respectively). Fig. 7.4d and Fig. 7.5d confirm that the morphology and distribution of internal
cracks is similar on both samples. The corresponding volume fractions, 7.4 % and 4.8 %, re-
spectively, are significantly higher than the area fractions measured from OM micrographs (0.9
% and 1.0 %). While the vertical length of cracks in the 2D OM images appeared to be mostly
smaller than 300 wm (i.e. approximately the height of 10 layers), 3D XCT data confirms that in

the direction perpendicular to the BD cracks may exceed 2 mm in length (Fig. 7.4a).

(b)

Figure 7.4. 3D defect structure corresponding to the J1 sample. The build direction is labeled as BD.
Voids are colored in blue, cracks are colored in red, and the bulk material is colored in semi-transparent
gray. (a) Top view; (b) 3D view; (c) segmented pores; (d) segmented cracks.
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Figure 7.5. 3D defect structure corresponding to the J6 sample. The build direction is labeled as BD.
Voids are colored in blue, cracks are colored in red, and the bulk material is colored in semi-transparent
gray. (a) Top view; (b) 3D view; (c) segmented pores; (d) segmented cracks.

The difference in the measured 2D and 3D void fractions might be attributed to the detach-
ment of solid pieces from the surface during sample grinding due to the high concentration of
internal cracks, leading to artificially enhanced porosity in optical micrographs. On the other
hand, cracks in 2D measurements were grossly underestimated. It is believed that the limited
resolution of OM methods, in combination with sample preparation, affected the visibility of

micro-cracks.

7.3.2. (Micro)structure

Several complementary measurements were performed to examine the (micro)structure of
the manufactured samples and to detect the potential presence of grains at different length
scales. Fig. 7.6 displays the XRD patterns corresponding to samples belonging to the S-series
(Fig. 7.6a), R-series (Fig. 7.6b), and J-series (Fig. 7.6c). Samples belonging to the R-series
(Fig. 7.6b) exhibit a single wide hump at 45°, and they can thus be considered XRD amorphous.
S-series samples (Fig. 7.6a), with the exception of S8, which is also XRD amorphous, and J-
series specimens (Fig. 7.6c), exhibit a superposition at 45° of a wide hump and a Fe(Si) sharp

crystalline peak, revealing the presence of a crystalline/amorphous composite. The crystalline
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peak in the J-series samples decreases in intensity with increasing time delay.

The DSC up-scans presented on Fig. 7.7 for all manufactured samples, as well as for the
atomized powder and for a melt-spun ribbon of the same composition, provide a macroscopic
measurement of the heat flow upon heating for each set of conditions. A deep and narrow en-
dothermic peak is present in the scans of all printed samples, whereas the reference feedstock
powder and melt-spun ribbon of the same material exhibit a wider and shallower peak. In par-
ticular, the ribbon’s curve has a shoulder to the right of the main crystallization peak, indicating
a secondary crystallization event. This makes the quantification of the crystallization enthalpy
(AH.,), and thereby of the amorphous fraction, non-trivial, as the baseline of the ribbon’s curve
is not completely flat. The value of AH,, and the AM % estimated with respect to the ribbon are
reported in Table 7.3 for all manufactured samples. The presence of values higher than 100 %
for some conditions results from the difficulty in estimating the enthalpy corresponding to the
ribbon due to the presence of a double crystallization peak. In any case, this estimation reveals,

qualitatively, that the amorphous fraction is in all cases very large.

94



LPBF OF THE FE-SI-B-NB-NI ALLOY, A MG SYSTEM WITH ENHANCED

GLASS-FORMING ABILITY

b Rt e A A AT A e 4

R—— " AN NS A AR YA e S5

Normalized Intensity

- S6
s7
S8

I —
95 100

MM bbbl o e ibading L
i ol A A s

Ll
.M\f'.'-""" ™,

M.H\.m‘w-p,ww-hwn-cw-fmam_. R3w

Normalized Intensity

R4

1 ' 0 [ [ 0 1 [ 1 ' 0 [

95 100

ol N o AP, paid iipenst e | ]
[ e i g S T s B R g e ’

SO WP LT i ] D
-J3
J4
J5

Jé

L 1 L 1 L 1 1 L 1 1 1 1 1

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
20(°)

Normalized Intensity

Figure 7.6. X-ray diffraction patterns correspond-
ing to all printed samples. (a) S-series; (b)
R-series; (c) J-series. All samples exhibit an
amorphous hump at 45°, and some samples have
an overlaid peak corresponding to the crystalline
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Table 7.3. Crystallization enthalpy along with the corresponding estimated amorphous fractions corre-
sponding to samples belonging to S-, J- and R-series.

Sample  Cryst. Enthalpy  Estimated AM (%)

(J/g atom) (Ribbon as ref.)
S1 3100 + 200 899 +5
S2 3700 + 200 1072 5
S3 3700 + 200 1072 £5
S4 3050 + 200 88.4+5
S5 3050 + 200 88.4+5
S6 3350 + 200 97.1+5
S7 3000 + 200 87.0+5
S8 3250 + 200 942 +5
R1 3450 + 200 100.0 £ 5
R2 3350 + 200 97.1+5
R3 3350 + 200 97.1+5
R4 3300 + 200 95.7+5
J1 3150 + 200 91.3+5
2 3150 + 200 91.3+5
I3 3550 + 200 1029 £ 5
J4 3400 + 200 98.6 5
J5 3350 + 200 97.1+5
J6 3100 + 200 899 +5
Powder 3250 + 200 942 +5
Ribbon 3450 + 200 -

A detailed multiscale (micro)structural characterization was carried out in samples S5 and
R1 with the aim of exploring the potential presence of ultrafine and nanocrystallites. These
two samples were manufactured using the same LPBF parameters but in S5 a single scan was
carried out in each layer whereas R1 was processed using the remelting strategy with a re-scan
angle of 0° between the first and second laser passes. Fig. 7.8 illustrates EBSD band contrast
(Fig. 7.8a,c,e-h) and inverse pole figure maps (Fig. 7.8c,d,g,h) for samples S5 (Fig. 7.8a,c, e-h)
and R1 (Fig. 7.8b,d). The maps on Fig. 7.8a-d were acquired at representative centrally located
regions of the two investigated samples; the maps on Fig. 7.8e-h were acquired at a border
region of sample S5 at different magnifications. This border area has been explored in more
detail because of the highest likelihood of devitrification as the time between consecutive laser
passes is very small. The resolution limit is approximately 360 nm for the low magnification
images (Fig. 7.8a-e,g) and 90 nm for the high magnification images (Fig. 7.8f,h). No trace of
crystalline phases was found on any of the examined regions, as can be inferred from the black

band contrast maps and the virtually-zero indexed IPF maps.

96



LPBF OF THE FE-SI-B-NB-NI ALLOY, A MG SYSTEM WITH ENHANCED
GLASS-FORMING ABILITY

[}
- |
4144
| 20pm] 101

S5 (edge)

001

Figure 7.8. EBSD examination of (a,c,e-h) S5 and (b,d) R1 samples: (a,b,e,f) band contrast maps and
(c,d,g,h) IPF maps of the build direction (BD). The light regions in (e,f) correspond to the edge of the
sample.
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Transmission electron microscopy was also carried out at different magnifications on the
same samples that were examined by EBSD (S5 and R1, Fig. 7.9). Both lamellae exhibited
Cu contamination in the bottom edge (dark contrast in Fig. 7.9a,b) due to unwanted deposition
during the last stages of FIB thinning. The high concentration of Cu in the lower edge of both
lamellae was confirmed by TEM-EDX and these regions were therefore excluded from further
analysis. In all other areas of both lamellae no signs of crystalline features were found. FFT
transforms of the high-resolution images of Fig. 7.9¢,d (included as insets) exhibited only the
diffuse halo characteristic of a disordered atomic structure, in the absence of any bright spots,

which would have indicated the presence of long-range atomic ordering.
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Figure 7.9. Bright field transmission electron microscopy images at different magnifications of lamellae
corresponding to (a,c) S5 and (b,d) R1 samples. Insets in (c,d) are fast Fourier transform patterns from
their corresponding image.

To further investigate the presence or absence of a compositional segregation or nano-scale
phases at the near-atomic scale APT analysis was conducted for samples S5 and R1. Fig. 7.10
shows APT reconstructions from sample S5 (Fig. 7.10a) and R1 (Fig. 7.10b). All elements
followed the binomial distribution, which indicates that they are randomly arranged within the
material. This is further confirmed by the Pearson coefficient, u, which is given in Table 7.4,
which is used to reveal statistical deviation from randomness. The Pearson coefficient is indi-
cated with values between 0 and 1, where O represents a random distribution and 1 reveals a
statistical compositional segregation. It is evident that for all the elements the distribution is

random.
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Figure 7.10. APT reconstructions of selected elements (Fe, Ni, B) from (a) S5 and (b) R1 samples.

Table 7.4. Pearson coefficients (u) for Fe, Si, B, Nb, and Ni as calculated from the APT elemental
distributions for the samples S5 and R1.

Element S5 sample R1 sample
Fe 0.0291 0.0263
Si 0.0160 0.0149
B 0.0638 0.0576
Nb 0.0072 0.0098
Ni 0.0094 0.0082

The absence of any grains or clustering of elements in the S5 regions examined by EBSD,
TEM and APT suggests that the grains that were detected by XRD in this specimen (Fig. 7.6)
are not homogeneously distributed throughout the sample. It is suspected that the crystalline
regions in samples like S5 are located at the edges of the cube, as this is the turning point of
the laser and more heat is accumulated during fabrication. Regardless of the location, the size
of said crystals must be below the resolution limit of the EBSD technique (< 90 nm) and their

composition is a-Fe(Si) or Fe;Si, according to the XRD results.

7.3.3. Mechanical Properties

The local mechanical behavior of the same two selected samples (S5 and R1) was also in-
vestigated via nanoindentation in order to establish a connection between the processing pa-
rameters, the (micro)structure, and structural properties such as the Young’s modulus and the
hardness. Fig. 7.11 illustrates the hardness (Fig. 7.11a,b) and Young’s modulus (Fig. 7.11c,d)
maps corresponding to samples S5 (Fig. 7.11a,c) and R1 (Fig. 7.11b,d). Sample S5 shows
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a comparatively more heterogeneous hardness and Young’s modulus distribution, with average
values of 11.6 + 4.6 GPa and 198.6 + 63.5 GPa, respectively. The homogeneous spatial distribu-
tion of local maxima and minima in the hardness (Fig. 7.11a) and Young’s modulus (Fig. 7.11c¢)
maps reveals that the observed scatter cannot be attributed to devitrification at the heat affected
zones surrounding the solidified melt pools, as was the case with Kuamet 6B2 (see Chapter 5,
Fig. 5.6). Instead, it is likely that it can be attributed to a heterogeneous distribution of internal
stresses in the as-built condition. In contrast, sample R1, which was processed using the same P
and 7oy conditions, but with the described re-melting approach, exhibits a more homogeneous
hardness and Young’s modulus distribution, with average values of 12.0 + 2.5 GPa and 201.1
+ 29.3 GPa, respectively. It is our contention that the smaller scatter in R1 might be attributed
to the partial relief of residual stresses during the remelting step, as reported earlier for other

materials [17, 145].
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Figure 7.11. Hardness and Young’s modulus maps from nanoindentation experiments on two selected
samples: (a,c) S5 and (b,d) R1.

7.3.4. Magnetic Properties

Fig. 7.12 presents the magnetic hysteresis loops obtained from vibrating sample magnetome-
ter measurements, under quasi-dynamic conditions. The magnetic properties obtained from

such curves are summarized in Table 7.5. The coercive field is similar for all samples, being
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lowest for sample J1, which had the lowest applied time delay (forr = 30 ms). It is worth noting
that the measured coercivity values are close to the sensitivity limit of the VSM instrument. The
saturation magnetization was found to be very similar among all samples, between 122 Am?/kg
and 126 Am?/kg. The magnetic permeability has not been calculated due to the variability in
sample shape and the complexity of deriving the demagnetizing factor. However, the steepest
slopes in the hysteresis loops, which are directly proportional to the permeability, correspond to

S1, S2, R1 and J1, which are also the samples with lowest H,. within each series.

Table 7.5. Magnetic properties of Fe-Si-B-Nb-Ni samples processed by LPBF.

Sample Coercive field Saturation
(A/m) magnetization
(Am?/kg)
S1 52 124
S2 49 125
S3 54 125
S4 63 126
S5 58 125
S6 65 125
S7 62 125
S8 65 125
R1 62 122
R2 63 122
R3 77 122
R4 67 122
J1 44 126
J2 56 125
J3 52 125
J4 60 124
J5 61 123
J6 72 123
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Figure 7.12. Room-temperature magnetic hysteresis loops measured by VSM: (a) S-series, (b) J-series
and (c) R-series. Insets on each plot show a magnified view of the intersection of the magnetization curve
with the vertical axis around the origin, providing a clearer view of H..

7.4. Discussion

7.4.1. Influence of time delays

Chapter 4 and similar works on LPBF of commercial Fe-based MG compositions have re-
ported that, when AM % is smaller than 50 %, the presence of crystalline phases in the printed
samples was the main contributor towards the increase of the coercive field [85, 86]. Fig. 7.13
presents the evolution of the coercive field, the amorphous fraction, and the area fraction of
porosity with increasing time delay in the J-series samples. It can be seen, first, that, while the

coercive field and the porosity increase with increasing time delay, this trend is not observed in
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the amorphous fraction. Thus, our results reveal that, once very large AM % values are reached,
the magnetic domain wall movement might be controlled by other factors, such as the internal
defects [86]. It must be mentioned here that other factors that have not been measured in this
work are also capable of domain wall pinning, including residual stresses and magnetostriction
[65]. Indeed, work on melt-spun ribbons of the same composition has shown that heat treat-
ment at temperatures below the crystallization temperature (7,) of the alloy can relieve residual
stresses without causing devitrification and further decrease H, [146—148]. Studying the effect
of different annealing treatments in LPBF-manufactured samples is a relevant and promising

area for future research.
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Figure 7.13. Coercivity (black axis, circles) of printed samples measured by VSM and porosity (red axis,
triangles) measured by optical microscopy and image analysis as a function of time delays. Logarithmic
fits have been included as dashed lines.

7.4.2. Progress in additive manufacturing of soft magnetic materials

Fig. 7.14 compares the H, values of the Fe-Si-B-Nb-Ni LPBF-manufactured samples of this
study with those of other soft magnetic materials processed using different additive manufac-
turing methods. The reviewed works include four alloy groups: crystalline systems based on
Fe-Co [149-151], on Fe-Ni [152-155], and on Fe-Si [156-158], and Fe-based glass-forming
alloys [78, 85-87, 89, 90] without P, Co or rare earths. Kustas et al. [150] and Yang et al. [149,
151] processed coarse-grained Fe-Co alloys by laser-based direct energy deposition (DED) with
minimum H, of 1000 A/m due to the precipitation of Fe;B phase [151] and a M| as high as 220
Am?/ kg [150]. Mikler et al. [154] and Li et al. [155] manufactured Fe-Ni specimens by LPBF
and DED with coercivities of 390 A/m and 200 A/m, respectively. However, such improvement
in H, with respect to Fe-Co alloys typically comes at the expense of the saturation magnetiza-

tion values, which were reported to be 82 Am?/ kg [154] and 60 Am?/ kg [155] due to the lower
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Fe content. Fe-Si alloys processed by additive manufacturing have shown lower H,. values than
Fe-Ni systems without compromising the saturation magnetization. Goll et al. [156] reported
H, values for these systems as low as 100 A/m in the as-printed state with saturation magneti-
zation values of 149 Am?/kg. Post-processing can further enhance the magnetic properties and
in a recent study by Lamichhane et al. [159], hot isostatic pressing, annealing and electrical
discharge machining, enabled the fabrication of a laminated motor stator with H. = 40 A/m and

M, =232 Am?/kg.
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Figure 7.14. Comparison of (a) H. and (b) M; values reported in Chapter 4, in Chapter 6 and in the
literature for different alloy systems and AM manufacturing techniques [78, 85, 86, 89, 90, 149-154,
156-158] to those obtained in the LPBF-manufactured Fe-Si-B-Nb-Ni alloy investigated in this chapter.
The reported values include only as built material for comparison with this work.

The alloy presented in this work, when processed by LPBF, has shown coercive field values
as low as 44 A/m, an unprecedented level for additively manufactured Fe-based metallic glasses
(Fig. 7.14a). This value is two orders of magnitude lower than that reported in Chapter 4,
Chapter 6 and other works on commercial Fe-based alloys when simple scanning strategies
were used [86, 87, 90], and one order of magnitude lower than those reported for complex
scanning strategies [78, 85, 89]. Such improvement is mainly attributable to the relatively high
GFA of the alloy (approaching 1 mm), which increased the resistance to devitrification and, in
particular, avoided the formation of boride phases, which can pin the magnetic domain wall
movement [144]. However, this comes at the expense of the saturation magnetization, which is
lower than that of the Fe-Co, Fe-Ni, and Fe-Si crystalline alloys, as well as of the commercial

Fe-based Mg alloys, due to the lower Fe content, as depicted in Fig. 7.14b.

Finally, another widely used soft magnetic material, not included in Fig. 7.14, are soft fer-

rites. Mn-Zn ferrites exhibit extremely low H, values (H. < 20 A/m) and are thus suitable
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for high-frequency power supplies [160]. Nevertheless, they typically have a low saturation
magnetization (Ms < 85 Am?/kg), which makes them unsuitable for many other applications.
Additive manufacturing of ferrites was attempted to gain flexibility in design [161] and to tune
the magnetic properties [161, 162]. However, the processed samples possessed relatively high

H._ values (H, > 1900 A/m).

7.5. Conclusions

Most works on LPBF of Fe-based metallic glasses free of P, Co or rare earths to date have
reported magnetic coercivity values as low as 1110 A/m using simple scanning strategies [87]
and 397 A/m using complex ones [89]. This study explores for the first time the processing-
defect structure-(micro)structure-property relationship for LPBF of a newly designed Fe-Si-B-
Nb-Ni glass-forming alloy with superior GFA. Several scanning strategies, including the use
of time delays at the end of laser tracks in a meander path, and remelting steps, as well as
a thorough multiscale characterization effort are put in place to achieve this goal. The key

findings from this study are summarized as follows:

1. Irrespective of the LPBF processing conditions the improved GFA of the investigated
alloy facilitated the manufacturing of dense samples with very high amorphous fractions.
In particular, density values exceeding 90 % and AM % higher than 88 % were obtained

in all cases.

2. The minimum coercive field achieved within the processing conditions investigated, 44
A/m, is lower than the levels reported for additively manufactured commercial Fe-based
metallic glasses by at least an order of magnitude and it is also lower than those reported

on any AM-processed as-built crystalline soft magnetic material.

3. Nanoindentation tests revealed that remelting strategies are beneficial to reduce the local
scatter in the hardness and Young’s modulus distributions, and this is attributed to an

homogeneization of the internal stress fields.

4. At such high amorphous fraction levels (AM % > 88 %), the variation of the coercivity
cannot be directly correlated with the concentration of crystalline phases. Instead, H.

might be more influenced by the internal porosity. The effect of other factors, such as the
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local distribution of internal stresses and the magnetoelastic anisotropy, which have not

been accounted for in the present study, can also not be neglected.
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8. CONCLUSIONS

This thesis investigated the process—structure—property relationships governing the laser
powder bed fusion of two Fe-based glass-forming alloys, Kuamet 6B2 and Fe-Si-B-Nb-Ni,
with the aim of identifying processing conditions capable of fabricating large components with
the soft magnetic properties sought after in energy-conversion applications such as electric mo-
tors, generators and transformers. By combining experimental process optimization, multiscale
microstructural characterization, magnetic and mechanical testing, and finite-element simula-
tions, this work provides new insight into the mechanisms underlying defect formation and
devitrification, and clarifies how these features affect to mechanical and magnetic performance.
Collectively, the results underscore both the potential and the persistent challenges associated

with processing Fe-based metallic glasses manufactured by LPBEF.

LPBF processing of Kuamet 6B2, a commercial alloy with limited glass-forming ability,
revealed a narrow processabiliy window. The material showed a persistent tendency toward
lack of fusion porosity, both internal and external cracking, and severe devitrification in the
heat affected zones. The relative part density and amorphous fraction were strongly but in-
versely influenced by the scanning speed. Thermal accumulation was found to be a critical
limitation: the absence of sufficient cooling time between successive tracks or layers promoted
devitrification. Finite-element simulations provided a mechanistic context for the experimen-
tal observations by quantifying thermal gradients under different processing conditions. The
simulations established that the HAZs are highly susceptible to devitrification, especially in the
overlapping regions of neighboring tracks due to excessive heat accumulation. Introducing time
delays after each scan track effectively mitigated this issue by prolonging cooling periods and
reducing the incubation times at high temperatures, thereby reducing crystallization and local-
izing HAZs. These findings indicate that thermal management is a decisive factor in controlling

microstructural stability during LPBF of Fe-based metallic glasses.

A considerably different response was observed for Fe-Si-B-Nb-Ni, a newly designed com-
position with higher glass-forming ability. The evaluation of this alloy’s LPBF trials revealed
substantially lower crystallization, reaching full amorphicity in several cases. Lower porosity

levels were observed across a broader parameter space, while internal cracks persisted. In this
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alloy, high energy input combinations yielded high relative density and a mainly amorphous
structure. The results from Fe-Si-B-Nb-Ni illustrate that, provided sufficient intrinsic GFA,
conduction-mode LPBF can indeed preserve amorphous structure to a significant extent when

thermal accumulation is adequately controlled.

Mechanical characterization across multiple length scales highlighted the dominant influ-
ence of defects on the strength and on the stiffness of the LPBF-processed Kuamet 6B2. Mi-
cromechanical testing of individual phases showed that the crystalline constituents exhibited
higher elastic moduli and hardness relative to the amorphous matrix, consistent with their
more ordered atomic structure. However, these intrinsic differences were overshadowed at the
macroscale by process-induced defects. Porosity, crack density, and their orientation relative
to the build direction governed performance under uniaxial compression. Specimens aligned
such that cracks or elongated pores intersected the loading axis failed at substantially lower
stresses, underscoring the structural consequences of non-uniform thermal gradients during
fabrication. These results collectively show that mechanical performance in LPBF-processed
metallic glasses is controlled less by their intrinsic (micro)structural properties and more by the

heterogeneous defect structure generated during processing.

The magnetic properties exhibited a strong sensitivity to microstructural features in Kuamet
6B2 parts. Magnetic coercivity showed a clear inverse correlation with the amorphous frac-
tion, when the later was in the range of 0-70 %. This reflecting the role of structural disorder
and the suppression of diamagnetic crystalline phases like borides in enabling efficient domain
wall motion. The saturation magnetization, by contrast, was comparatively robust to processing
variations and changed only moderately with crystallization, indicating that M is less sensitive
than H. to local structural heterogeneity and rather related to the Fe content of the part. Fe-Si-
B-Nb-Ni again outperformed Kuamet 6B2, reaching coercivity values two orders of magnitude
lower, while maintaining a high saturation magnetization across a wide processing range. Hav-
ing eliminated the formation of boride phases in Fe-Si-B-Nb-Ni samples, internal porosity was
shown to hinder soft magnetic properties. These results, achieved through alloy design and
processing strategy selection, allow to address additional factors such as residual stresses or

magneto-elasticity, to further enhance the soft magnetic properties.

In summary, this thesis combined multi-scale experimental investigation with numerical

simulations to expand the community’s understanding of the intricate phenomena involved in
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LPBF processing of Fe-based metallic glasses. The Kuamet 6B2 work provides a deeper un-
derstanding on the effect of the most relevant processing parameters on the internal defects,
(micro)structure and properties, putting forward thermal management tools to suppress devitri-
fication, though some limitations persist. When such findings and methodology were applied to
the processing of an alloy with sufficiently high GFA, such as Fe-Si-B-Nb-Ni, unprecedented
combinations of fully amorphous content, high relative density, low coercivity and high mag-
netic saturation were achieved. Ultimately, this work aims to offer practical guidelines to enable
the adoption of soft magnetic amorphous metals in the energy and transportation sectors, where
they can be used to reduce energy losses of electrical machines, contributing towards a sustain-
able technological development. Beyond the specific alloys examined here, it is our contention
that the approaches developed in this work might be applicable to the additive manufacturing

of a wide range of glass-forming alloys.
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9. FUTURE WORK

The findings presented in this work have contributed towards filling several gaps in the liter-
ature, providing necessary knowledge for integration of additively soft magnetic manufactured
metallic glass parts in commercial components. However, several key topics in this field remain

underexplored and must be further investigated.

9.1. Mitigation of internal cracks

Regardless of the processing parameter combination or scanning strategy selected on all the
alloys studied in this thesis, internal cracking was not observed to degrease significantly. In
Chapter 5, compression tests revealed that internal defects such as voids and cracks dominated
and severely hindered the mechanical response of the material. It is therefore essential to control
or mitigate the generation of internal cracks by gaining a deep understanding of their origin and
propagation. Residual stress measurements can give valuable insight in this regard. Moreover,
the multi-scale combination of characterization methods presented in this work can be used
to locally study the (micro)structure around internal cracks. Approaches like pre-heating of
the build substrate, beam shaping or dual-laser scanning have been used on other alloys to
prevent cracking. Typically, these approaches are typically avoided when working with metallic
glasses, as they reduce the cooling rates achieved in the manufacturing process. However,
with new compositions with a higher GFA, better thermal stability and therefore a wider super-
cooled liquid region, may enable the manufacturing of samples with close to 100 % amorphous

fractions and reduced internal cracking.

9.2. Further reduction of magnetic coercivity

This work has shown how the newly designed Fe-Si-B-Nb-Ni composition, in combination
with the most favorable processing parameters and scanning strategy significantly enhanced the
soft magnetic behavior of LPBF-processed parts, in comparison to the performance of the com-
mercial alloy. Nevertheless, the magnetic coercivity remained one order of magnitude higher

than that of the fully amorphous melt-spun ribbons. It is evident, based on the findings presented
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in Chapter 7, that the residual coercivity is affected by factors beyond the (micro)structure,
which must be better understood. Stress-relief heat treatments below the crystallization temper-
ature can be performed on LPBF-manufactured samples to relieve stresses and magnetoelastic
anisotropy. Finding the combination of heat treatment conditions leading to optimum soft mag-
netic behavior in new alloys like the Fe-Si-B-Nb-Ni system used in Chapter 7 requires a thor-
ough understanding of the time-temperature-dependent properties of the specific alloy, which is

currently missing.

9.3. Fabrication of complex geometries

Finally, the entirety of the samples fabricated in this doctoral thesis had simple cubic geome-
tries. It is well known in the metal additive manufacturing community that parameter optimiza-
tion becomes non-trivial for geometries of increased complexity. Additional studies should be
carried out by gradually increasing the complexity from cubes to thin walls, tilted surfaces, thin
rods or components which are bulky in the top and narrow at the base. The challenge here is
the uneven thermal distribution caused by variable scan track lengths and re-scan times. In or-
der to control this, advanced scanning strategies must be developed to locally manage the heat
accumulation and avoid devitrification in the regions with poor heat dissipation. This thesis has
demonstrated how the use of time delays and re-scan strategies can be used to mitigate devitri-
fication in simple geometries, and can serve as a starting point for further studies on complex

geometries.
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