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Abstract

Fe-based amorphous and nano-crystalline alloys have emerged as promising
substitutes for silicon steel in power electronics and electrical machines due to their
lower coercivity (Hc) and significantly reduced core loss. Nevertheless, these
amorphous/nano-crystalline materials still exhibit a lower saturation flux density (Bs)
compared to silicon steel. Enhancing the power density and efficiency of advanced
electronic devices relies on the development of Fe-based nanocrystalline alloys with
high Bs and low core loss. However, the production of application-sized parts from
Fe-based nanocrystalline alloys with high Bs faces challenges due to their low glass-
forming ability. This limits the manufacturability of such alloys, making
nanocrystallization a difficult process. Utilising high cooling rates during laser
powder bed fusion (LPBF) process presents a favourable opportunity for fabricating
Fe-based amorphous/nanocrystalline alloys with intricate geometries. This work
demonstrated an extensive process optimization for Fe-based nanocrystalline alloys

to produce parts with high bulk density and soft-magnetic behaviour.

The optimization of process parameters in the LPBF technique has been examined by
considering the volumetric energy input (E), which encompasses key build
parameters such as laser power (P), scan speed (v), layer thickness (t), and hatch
spacing (h). This investigation focused on understanding the impact of these major
process parameters on the physical and magnetic properties of Fe-based
amorphous/nanocrystalline composites ((Fes73sSiss5B254Cr246Co.77, mass %)) fabricated
through LPBF. Various combinations of process parameters involving P and v were
applied while considering t and h.

The magnetic properties exhibit notable variations attributed to the amorphous phase
content and the presence of nanocrystalline phases within the microstructure, and
their size is greatly influenced by the process parameters. The microstructure
undergoes transformation during the laser scanning process, resulting in the
formation of molten pools (MP) and heat-affected zones (HAZ) due to the significant
thermal gradient between laser tracks. The molten pools primarily consisted of «-
Fe(Si) nanograins, while the heat-affected zones typically contained clusters of
nanocrystalline Fe:B and FesSi. The size and quantity of these nanocrystallites played
a crucial role in determining the magnetic properties. For this reason, the detailed
microstructural analysis was performed to comprehend the change in the soft-

magnetic behaviour, depending on the process parameters.
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Chapter 1 - Introduction

1. Introduction

Electrical machines and power electronics are crucial components in various
industries and daily activities. However, the widely utilized soft-magnetic material,
silicon steel, possess limitations such as inferior magnetic softness and higher core
loss. Hence, researchers are working to find alternatives to silicon steel. Fe-based
amorphous and nano-crystalline alloys have emerged as promising replacements for
silicon steel in power electronics and electrical machines due to their lower coercivity
(Hc) and significantly lower core loss [1]. Nonetheless, their saturation flux density (Bs)
is still lower than that of silicon steel. Consequently, increasing the Bs of these
amorphous/nano-crystalline materials has become a major research focus in recent

years [1-3].

Amorphous alloys, also known as metallic glasses, are a type of metal-based material
that exhibits short-range ordered structure on an atomic scale [4-8]. Unlike
conventional crystalline alloys, amorphous alloys lack grains and grain boundaries in
their microstructure, resulting in a more uniform composition. These alloys are
manufactured using the rapid solidification technique, which involves heating
materials from a solid to a liquid state [9-12], then quenching them to form the
amorphous solid. Nanocrystalline soft magnetic alloys can be produced through two
primary methods: direct grain refinement and amorphous crystallization. Direct grain
refinement involves melting crystals and rapidly solidifying them at such a cooling
rate to prevent their growth, resulting in small nanocrystalline particles. On the other
hand, the amorphous crystallization method uses external control factors such as
heating, light, radiation, current, magnetic fields, etc. to induce the nucleation and
growth of small nanocrystalline particles in an amorphous matrix from the parent
amorphous alloy precursor. Fe-based nanocrystalline soft magnetic materials are
typically fabricated through the amorphous crystallization method, where nano-sized
a-Fe grains are formed in the amorphous matrix following the crystallization of an
amorphous quenched ribbon [4, 13-15]. Resulting from their low core loss, high
electrical resistivity, high mechanical strength, fracture toughness, high saturation
magnetization, high permeability, short production process, and environmental
friendliness, these materials are well-suited for fabricating switching power supplies,
pulse transformer, differential mode inductance and reactor cores, transformers,

magnetic amplifiers and peak suppressors [16].

To create a nanoscale nano-crystalline microstructure, several reported alloys have

high concentrations of non-magnetic elements [6, 17-19]. This reduces substantially
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the magnetization and increases raw material costs [20]. In Fe-based nano-crystalline
materials, for the direct grain refinement, mostly Cu, Nb along with the elements like
Ag, Ni, Pt, Zr, Mo and Hf are added to facilitate hetero-nucleation, refine the nano-
crystallite size, and stabilize the amorphous phase [6, 20, 21]. The presence of Cu in
Finemet alloys results in the formation of Cu-rich clusters due to its positive mixing-
enthalpy and immiscibility with Fe [21]. These clusters promote the precipitation of
a-Fe grains by lowering the activation energy [18, 22]. Meanwhile, the Nb, with its big
atom size and slow diffusion rate, enhances the glass forming ability (GFA) of the
ribbon precursors and refines the grain structure, preventing the formation of hard
magnetic phases [18, 20, 21, 23]. Nevertheless, these heavy metal elements often cause
lower Bs in the Finemet and Nanoperm alloys [20, 21]. Although the Nanomet alloys
possess higher Bs, their difficult to control nucleation-growth processes have hindered
their industrialization [17, 24, 25]. Thus, there is a trade-off between magnetic
properties and manufacturability, which continue to be a significant challenge
according to the nucleation and grain growth mechanism of the glassy phase [21].

To overcome this challenge, a potential solution is to develop new alloys with a lower
content of metalloids and a high concentration of Fe similar to industrial silicon steel
(which contains Fe content higher than 95%) [26]. However, this unconventional
approach requires addressing several issues, including the precursor production
under industrial conditions, the refinement of nano-crystallites and the precipitations
of the single a-Fe phase over a broad temperature range [20, 21, 27]. It is crucial to
develop high Bs nano-crystalline alloys (HBNAs) that do not include traditional
nucleation promoting and diffusion hindering elements, to enable novel

compositional design approaches and fabrication mechanisms [28].

The remarkable technological significance of Fe-based amorphous/nanocrystalline
alloys in terms of their soft magnetic properties is predominantly hindered by the
existing technical challenges associated with the absence of viable industrial methods
for producing large-sized and complex-shaped metallic components. At present, these
alloys find their primary application in low-power applications where they vie with
permalloys in the manufacturing of specialized small devices, primarily for sensing
and switching. Additionally, they serve as transformers in certain high-power

applications [1].

Devices are constructed using thin ribbons or wires of glassy alloys, typically
measuring about 50 mm in thickness. These are obtained through rapid cooling
techniques, such as melt-spinning or immersing a stream of molten alloy into a water

bath. To improve their soft magnetic characteristics, these ribbons undergo a post-heat

2
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treatment to partially crystallize them into nanocrystalline mixtures [29]. The
microstructure of the partially nanocrystallized matrix is hard to control precisely and
largely depends on heterogeneous nucleation processes. A more significant drawback
lies in the manufacture of components with these materials, which involves stacking,

winding, or cutting exceedingly thin and fragile laminations or wires, making it a

(b)

challenging and costly process.

(@)

I cm

Figure 1.1: (a) The photograph of the LBPF-processed electric motor-rotor, still attached to the building
platform and (b) the image showing the intricate internal configuration of the rotor when viewed in a

vertical cross-sectional plane, aligned with the building direction [30].

This study represents a significant advancement, as it involved the process
optimization of laser additive manufacturing (LAM) to allow the creation of a large
soft magnetic material rotor with a complex 3D inner design that cannot be achieved
through conventional methods like casting or injection moulding. The innovative
internal design approach considered in the work of Thorsson et al. [30] paves the way
for a departure from current laminated structures, which are designed to manage and
minimize eddy currents, towards more integrated, monolithic structures. The
optimization of laser powder bed fusion (LPBF) process was required so that the
electric motor rotor with the intricate inner design can be produced having excellent
soft-magnetic behaviour. For this purpose, a commercial amorphous powder
composed of Fe, Si, Cr, B and C elements (similar to HBNAs (FeSiBPC)), known for its
accessibility and sustainability, was utilized as it excludes elements like Co and rare
earth elements such as Nd. The conventional techniques to fabricate them have size
limitations, thermal stability issues and, needs post-processing (annealing to control

microstructure), increasing production time, energy, and cost. While powder
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consolidation and thermal pressure-sintering can overcome the dimensional

limitations, LAM remains an appealing option due to the following reasons:

1. LAM allows for the fabrication of complex shapes, including lattice structures,
that would otherwise be much more difficult or impossible to make using

conventional techniques.

2. The use of complicated moulds and tools, which is required by traditional
techniques, can be avoided with LAM. This is particularly significant for low

volume manufactured parts to decrease initial costs.

3. LAM enables the creation of compositionally and functionally graded
materials. Varying the LAM process parameters can result in bulk metallic
glass (BMG) nanocomposites with a gradient in microstructure and thus
properties, even for the same BMG composition. Conventional processes do not
offer the capability to fabricate compositionally graded materials in the same

and easier way as LAM [10].

The most commonly utilized LAM techniques are typically classified into two
categories: direct energy deposition (DED) and laser powder bed fusion (LPBF). The
DED technique involves the feeding of powders (or wire) into a laser or electron beam
that melts them, enabling the printing of desired parts in layer-by-layer fashion. On
the other hand, the LPBF technique spreads a thin layer of powder particles (20-100
mm) onto a platform, and the laser or electron beam melts the powder layer. The
process is repeated with a new powder layer until the desired 3D part is built. LPBF
technique provides superior dimensional accuracy, is more cost-effective and is
particularly suitable for manufacturing intricate components. Additional information
regarding the engineering aspects of LAM processes can be obtained from these
highly informative review articles [31-35].

The utilization of LPBF technique for BMGs has been more prevalent [10, 12]. Yet, a
small proportion of recent research has been dedicated to optimizing the LPBF process
for Fe-based BMGs to reduce the defects such as cracking and porosity [36],
developing improved scanning strategies [37, 38] and investigating the level of
amorphization [39], mechanical [40, 41] and magnetic properties of Fe-based BMGs
[30, 42, 43]. Nevertheless, those studies did not address nano-crystallinity in Fe-based
amorphous alloys processed with LPBF and its effect on their magnetic properties.
This work presents an extensive experimental study on the LPBF process optimization
in the aim to obtain Fe-based amorphous/nanocrystalline 3D bulk parts having high

bulk density and soft-magnetic behaviour, i.e., high saturation magnetization (Ms) and
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low coercivity (Hc). This is so that low volume manufactured components with
intricate design can be produced with LPBF technique in order to increase the
efficiency of the parts by adding the complexity to their design, as well as reducing
production time, cost, and energy. Hence, the main aim of this PhD project is to
fabricate parts with high bulk density (> 99%), high M; (> 200 Am?/kg) and low H-. (<
100 A/m) by optimizing the LPBF process, which will be accomplished by the

following objectives;

i.  Toidentify the major laser process parameters affecting the final properties.
ii. Toinvestigate the effect of different combination of the process parameters on
the final properties.
iii.  To examine the effect of the individual process parameters on final properties.
iv.  To comprehend the microstructural change with different process parameters.
v.  Tounderstand how microstructural change affect the magnetic properties.
vi.  To define the controlling laser process parameters for each final property.

vii.  To develop new scanning strategies to obtain superior material properties.

1.1. Thesis Outline

The following is the structure of this thesis, which consists of seven chapters:

Chapter 2 provides an introduction to the basics of magnetism and magnetic
materials, as well as an overview of the various magnetic energies (magnetostatic,
magnetocrystalline anisotropy, exchange, and Zeeman energies) that explains the
occurrence of the magnetic domain structures. Additionally, the random anisotropy
model is discussed, along with its dependence on grain (crystallite) size to

comprehend the magnetic behaviour of nanocrystalline materials.

Chapter 3 presents an extensive review of the previous research on the laser additive
manufacturing of Fe-based amorphous/nanocrystalline soft-magnetic alloys. It
includes studies conducted on the properties of Fe-based amorphous/nanocrystalline

materials produced with laser powder bed fusion and directed energy deposition.

This chapter was published as a review paper in the “Magnetochemistry” journal. Its
detail is as follows:

Laser Additive Manufacturing of Fe-based magnetic amorphous alloys
Merve G. Ozden, Nicola A. Morley Magnetochemistry 2021, 7(2), 20.

https://doi.org/10.3390/magnetochemistry7020020
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Chapter 4 covers the optimization of laser process parameters in the laser powder bed
fusion (LPBF) technique for Fe-based amorphous/nanocrystalline soft-magnetic alloys
using the volumetric energy input (E), which includes the major build parameters;
laser power (P), scan speed (v), layer thickness () and hatch spacing (h). It investigates
how the major process parameters influence the physical and magnetic properties of

LPBF-processed Fe-based amorphous/nanocrystalline composites.

This chapter of the thesis was published in the “Journal of Alloys and Compounds” as a

research paper. The details are as follows;

Optimizing Laser Additive Manufacturing Process for Fe-based Nanocrystalline
Soft-Magnetic Materials

Merve G. Ozden, Nicola A. Morley Journal of Alloys and Compounds 2023, 960, 170644.
https://doi.org/10.1016/j.jallcom.2023.170644

Chapter 5 addresses the issue of controlling the microstructure during the LPBF
process to comprehend how microstructural development influences magnetic
properties of Fe-based alloys as well as how bulk density changes with different
process parameters. To do this, all major process parameters were considered: laser
power (P), laser scan speed (v), hatch spacing () and layer thickness (t). Researchers
have generally investigated the effects of laser power and laser scan speed on the
properties of Fe-based amorphous/nanocrystalline soft-magnetic composite materials.
This work provides a comprehensive experimental study to optimize the LPBF
process for the differing process parameters (P, v, h and t).

This chapter of the thesis was published in the “Advanced Engineering Materials” as a

research paper. The details are as follows;

Soft-Magnetic Behaviour of Fe-Based Nanocrystalline Alloys Produced Using Laser
Powder Bed Fusion

Merve G. Ozden, Felicity SHB Freeman, Nicola A. Morley Advanced Engineering
Materials 2023, 25(19), 2300597.

https://doi.org/10.1002/adem.202300597

Chapter 6 introduces a novel scanning technique for the LPBF of Fe-based
nanocrystalline alloys, which have low glass forming ability to improve soft-magnetic
behaviour as well as bulk density. Additionally, to comprehend microstructural
change, amorphous phase content and particle size distribution of the a-Fe(Si) phase

(main phase in the microstructure) were measured.

6
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This chapter also was published in the “Advanced Engineering Materials” as a research

paper. The details are as follows;

Enhancing soft-magnetic properties of Fe-based nanocrystalline materials with a
novel double-scanning technique

Merve G. Ozden, Nicola A. Morley Advanced Engineering Materials 2023, 2300700.
https://doi.org/10.1002/adem.202300700

Chapter 7 provides a summary of the findings and draws conclusions from the

research. It also discusses potential future research directions.

The review paper (Chapter 3) contained the working principle and details of laser
powder bed fusion technique (LPBF). Similarly, the material characterization
techniques utilized in this thesis were explained in the experimental procedure part
of each research paper (Chapter 4, 5 and 6). For the methodology of the thesis, it is

recommended to refer to those chapters.
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2. Theoretical Background

2.1 Fundamentals of Magnetism

Magnets have been known to humans for centuries, initially as permanent magnets.
Later on, they were used for navigation purposes as compass needles since magnets
have a natural tendency to align themselves in the north-south direction, with the

earth magnetic field.

Classical electrodynamics attributes the origin of magnetism to electric current. The
two types of electric charges, called "positive" and "negative," that are present in
nature and exhibit attraction and repulsion. Similarly, magnetic poles with the same
polarity repel while those with opposite polarity attract each other. One of the
fundamental distinctions between electric charges and magnetic poles is that electric
charges can be isolated as positive or negative charges, while the same cannot be done
with magnetic poles. In a single magnet, one end is its north pole, and the other end
is its south pole. If a magnet is broken, it generates two smaller magnets, each having
both a north pole and a south pole. Therefore, the term magnetic "dipole" is used to

describe a magnet [1].

When an electric charge is in motion through a wire, it creates an electric current. It
has been observed that these currents generate magnetic forces. A basic magnet can
be envisioned as a flat coil carrying a current, which is referred to as a magnetic dipole.
The north and south poles of the magnet are positioned in the opposite planes of the
coil and are determined by the direction of the current. The direction of the current
can be determined using the right-hand rule, where the fingers of the right-hand point
in the direction of the current, and the thumb shows the north pole (Figure 2.1(a)). The
magnetic field created by this dipole emerges from the axis of the coil from the north
pole. This idea of magnetic fields can be generalized, and it is not always necessary to
refer to a single dipole. A magnetic field can also be created by a single straight
current-carrying wire. In such a case, the wire will produce a magnetic field around
itself (as shown in Fig. 2.1(b)) [2, 3].
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Figure 2.1: The figures depicted in (a) and (b) demonstrate the flow of electric current in a solenoid and

a wire carrying current, respectively, and the corresponding magnetic fields generated [4].

At the atomic level, the majority of magnetic dipoles are created by electrons.
Quantum mechanically, electrons possess two types of angular momenta. The first is
orbital angular momentum, which can be envisioned classically as their movement
around the nucleus, similar to how the Earth orbits around the sun. This produces a
magnetic field much like a coil carrying current. The second source of atomic
magnetism is the intrinsic property of electrons known as "spin." In a simplified
classical sense, spin can be conceptualized as a particle, such as an electron, which
rotates around an axis that passes through its centre of mass, much like the rotation of
the Earth around its own axis. Additionally, this spin generates its own magnetic field,

which is related to an angular momentum (Figure 2.2) [5].
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Electron

Figure 2.2: The Diagram illustrating the movements of an electron for both spin and orbital moments
(H is magnetic field) [6].

When considering an atom, its magnetic property can be attributed to the net angular
momentum of all the electrons, which includes both their spin and orbital
contributions. If the net angular momentum of all the electrons is not zero, it would
result in the atom behaving like a tiny magnet with a magnetic moment, which is a
quantity that depends on the value of the net angular momentum. This magnetic
moment determines the force between the gradient of the magnetic field and the tiny
magnet. Alternatively, the magnetic moment (m) of a current loop carrying a current

I and having an area A can be defined as:
m=]A (2.1)

The SI (Systeme international) unit of m is the Am? (electromagnetic units) whereas in

cgs (centimetre gram second) unit, m is in emu [7, 8].

2.2 Magnetization and Magnetic Materials

2.2.1 Magnetic Induction and magnetization

The effect of a magnetic field, H, on a substance is referred to as its magnetic induction,
B. The relationship between B and H depends on the material's characteristics. B may
be a linear function of H in some materials, including free space. However, in most
cases, it is a lot more complex, and the relationship may be multi-valued. The equation

describing the relationship between B and H, in cgs units, is as follows:

B =H +4nM (2.2)
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where M is the magnetization, described as the magnetic moment per unit volume

(cgs unit (M): emu/cm?, cgs unit (H): Oersted and cgs unit (B): Gauss),
m
M= (2.3)

Magnetization is a material’s property influenced by the magnetic moments of the
constituent atoms, ions, or molecules, as well as by the way these dipole moments

interact with one another.
The relationship among B, H and M in SI units can be expressed as:
B = py(H+ M) (2.4)

Where o is the permeability of free space and weber/Am or henry/m in SI units. M
and H have the same unit as A/m. Therefore, B is expressed as tesla (T) or weber/m?
in SI units [9].

2.2.2 Flux Density
The magnetic induction (B), also known as the magnetic flux density, is related to the

magnetic flux (¢) within the medium.

<

B =- = Mpy (inside the material, where H = 0) (2.5)
H= % (in free space) (2.6)
Generally, the magnetic flux density within a material differs from that of outside. In
fact, magnetic materials can be categorized based on the disparity between their
internal and external flux. If the flux density inside the material is lower than the
outside, the material is classified as diamagnetic such as bismuth and helium. These
materials have a tendency to repel or resist the magnetic field from entering their
interior. It is well-known that the atoms or ions that constitute diamagnetic materials
possess zero magnetic dipole moment. When the flux density within the material is
marginally greater than the external flux density, the material is categorized as either
paramagnetic like Na and Al or antiferromagnetic like MnO and FeO. In several
paramagnetic and antiferromagnetic materials, the individual ions or atoms possess a
magnetic dipole moment. For paramagnets, the magnetic dipole moments of
constituent atoms or ions are oriented randomly (Figure 2.3(a)), while in
antiferromagnets, they are aligned antiparallel to each other (Figure 2.3 (b). As a result,
the net magnetization of both types of materials is zero. Lastly, if the magnetic flux
density inside a material is significantly greater than that outside, the material is
classified as either ferromagnetic or ferrimagnetic. Ferromagnetic materials have their

constituent atoms' magnetic dipole moments aligned in the same direction (Figure
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2.3(c)), leading to a significantly large net magnetic moment. Ferrimagnets are akin to
antiferromagnets in that their dipoles align in opposite directions, but the magnitudes
of some dipole moments are greater than others (Figure 2.3(d)), leading to a resultant
net magnetic moment. Ferromagnets and ferrimagnets have a tendency to confine

magnetic flux to their interiors [7, §, 10, 11].

N [
\/\//\/ HTITH
J\f// A

Paramagnetic Antiferromagnetic

(c) T (d)
| ] Mﬁtr

SO

Ferromagnetic Ferrimagnetic

Figure 2.3: The magnetic dipole ordering in the different type of magnetic materials: (a) paramagnetic,

(b) antiferromagnetic, (c) ferromagnetic and (d) ferrimagnetic materials [7].

2.2.3 Susceptibility and permeability
The characteristics of a material are determined not just by its magnetic induction or
magnetization, but also by the manner in which these values change in response to a

magnetic field.

The measure of how easily a material reacts to an externally applied magnetic field is

represented by the susceptibility (X), defined as the ratio of M to H;

X = E( emu ) (2_7)

H \cm3 Oe

The permeability (u), on the other hand, refers to the material’s ability to allow
magnetic fields to pass through it, defined as the ratio of B to H;

=3 (65 =
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A material with a high permeability tends to concentrate a significant amount of flux

density within its interior. Using equation 2.2 provides the relationship between X and
.
u=1+4nX (2.9)

It should be noted that in SI units, X is a dimensionless quantity, whereas u is
measured in the unit of henry/metre. The relationship between them in SI units can be
expressed as:

E-1+% (2.10)

Ho

The graphs depicting the relationship between M or B and H are commonly referred

to as magnetization curves, which are unique to each material [12].

Figure 2.4(a) displays schematic plots of the magnetization (M) of diamagnetic,
paramagnetic, and antiferromagnetic materials as a function of the applied field (H).
Linear M-H curves characterize those materials. A significant amount of applied field
is necessary to produce slight changes in magnetization, and no residual
magnetization is present when the applied field is removed. Diamagnetic materials
have negative slopes on their M-H curves, leading to small negative susceptibility and
slightly less than 1 permeability values. On the other hand, paramagnetic and
antiferromagnetic materials have positive slopes and small positive susceptibility and

slightly greater than 1 permeability values [4, 5, 8].

The magnetization curves for ferrimagnets and ferromagnets are presented in Figure
2.4(b). It's important to note that the scales on the axes are entirely different from those
in Figure 2.4(a). In this case, a much smaller external field produces a significantly
larger magnetization. Additionally, the magnetization reaches a saturation point,
meaning that a further increase in field results in a very slight increase in
magnetization. The susceptibility and permeability are large and positive, and they
both depend on the applied field. Furthermore, even after the field is reduced to zero,
the magnetization does not drop to zero. The occurrence known as hysteresis is of
great significance in technological fields. For instance, the ability of ferromagnetic and
ferrimagnetic materials to preserve their magnetization in the absence of an external

tield makes them ideal for permanent magnet production [8].
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Figure 2.4: The magnetization curves for (a) diamagnets, paramagnets and antiferromagnets, and (b)

ferrimagnets and ferromagnets [7, 8].

2.2.4 The ferromagnetic hysteresis loops

A crucial practical aspect of any ferromagnetic material is its non-linear and
irreversible response to a magnetic field (H), as seen in the change in magnetization
(M). This behaviour can be represented by the hysteresis loop. The material reacts to
the applied magnetic field H, not to the magnetic flux density (internal field) B. The
originators of the B-field include: (1) electric currents that flow through conductors;
(2) charges in motion, which comprise an electric current; and (3) magnetic moments,
which are comparable to current loops. On the other hand, H is generated by
conduction currents and external magnets. For this reason, in the magnetization
process, H is typically considered as the independent variable. The magnetization, M,
is then plotted against H, and the magnetic flux density B is calculated using Equation
(2.4). To trace a hysteresis loop, the magnitude of the applied field must be comparable
to that of the magnetization so that the applied field reveals the pre-existing
spontaneous ferromagnetic order at the level of microscopic domains. The schematic
of the hysteresis loop shown in Figure 2.5 illustrates those domain structures. When
an external magnetic field H is applied to a ferromagnetic material, it affects and
eliminates the microstructure of ferromagnetic domains that were magnetized in
different directions, ultimately revealing the saturation (spontaneous) magnetization
(Ms). After the external field is removed, a remanence magnetization (M), remains
within the material. The amount of reverse field required to reduce the magnetization

to zero is called the coercivity or coercive field (Hc) [13, 14].
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¢
g

Figure 2.5: The schematic illustration of a typical ferromagnetic hysteresis loop [13].

Hard magnetic materials exhibit broad, square-shaped M-H loops and are ideal for
producing permanent magnets as they maintain their magnetized state even after the
applied field is removed, once magnetized with an applied external field (H). Soft
magnetic materials are characterized by very narrow M-H loops, making them
temporary magnets. As soon as the magnetic field is removed, they lose their

magnetization.

The hysteresis loop is a fundamental concept in the field of magnetism and has
significant importance in technology. Physicists strive to provide a theoretical
explanation for it, material scientists work towards enhancing it, and engineers utilize
it for practical applications. The hysteresis loop provides information about both
intrinsic and extrinsic magnetic properties. The intrinsic property is the saturation
magnetization (M) that exists within a domain of a ferromagnet, while the properties
of remanence (M) and coercivity (H.) are considered extrinsic, as they rely on external
factors such as the shape of the sample, the roughness of its surface, any microscopic
defects, its thermal history, and the speed at which the field is swept in order to trace
the loop [9, 13-16].
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2.2.4.1 Soft and hard magnetic materials

Ferromagnetic materials can be broadly categorized as soft or hard based on their
magnetization response to an applied field. The terms "soft" and "hard" refer to their
magnetic properties, not their mechanical properties. Soft magnetic materials are
ferromagnets that can be fully magnetized or demagnetized with relatively low
magnetic fields (< 1500 kA/m). Their M-H loop would indicate a low H. (< 1kA/m) and
M, resulting in a smaller loop area. Examples of such well-known materials are pure
iron, steel, Fe-6.5 wt.%Si and permalloy. Soft magnetic materials are useful in high-
frequency applications such as transformers, electromagnets and write heads because
they have a high M: and consume less energy (core loss) during magnetization and
demagnetization cycles. However, losses resulting from eddy currents need to be
minimized, which is accomplished by the usage of lamination or an insulating
magnetic materials like ferrites. Soft ferromagnets do not produce a magnetic field
around them as they possess significantly low M: and are susceptible to
demagnetization with little effort, making them unsuitable as permanent magnets [16-
19].

On the contrary, hard magnetic materials possess a higher coercivity and remanence.
This implies that they require a stronger magnetic field to saturate or demagnetize
them. Due to their higher remanence, they can generate a significant magnetic field
around them. In general, hard magnetic materials are preferred for permanent magnet
applications such as motors, speakers, and refrigerator magnets, as they can retain
their magnetization and produce a magnetic field. The maximum value of B-H in the
second quadrant of the hysteresis loop is referred to as the energy product, and it is
commonly measured in MGOe (cgs unit). The energy product can be used to
determine the hardness of a ferromagnet. In the past, materials such as Barium or
Strontium ferrites, as well as AINiCo, were utilized as permanent magnets. However,
in recent years, hard magnets such as SmCo and NdFeB have become more prevalent,
due to their much larger energy products [20-22].

2.2.5 Curie temperature

The saturation (spontaneous) magnetization (Ms) resulting from the alignment of
atomic magnetic moments is temperature-dependent and decreases sharply to zero
when the Curie temperature (T¢) is reached. The magnetic ordering represents a
thermodynamic phase transition that occurs continuously and is characterized by a A-
shaped anomaly in specific heat. This anomaly is attributed to the disorganization of
the atomic dipole moment. At temperatures higher than T, Ms becomes zero, while at

temperatures lower than T, M is reversible [4, 11].
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Fe, Co, and Ni are main ferromagnetic metals with T of 1044 K, 1388 K, and 628 K,
respectively. Among them, cobalt has the highest T known. Magnetite (Fe3Oa), on the
other hand, has a T: of 856 K [13]. For applications, a Tc > 800 K is preferred.

2.2.6 Various forms of energy within magnetic materials
This section outlines various energies that are present in a magnetic material.
Understanding these energies is crucial for comprehending the behaviour of magnetic

materials, such as their M-H loops and the occurrence of magnetic domains.

2.2.6.1 Magnetostatic energy

When a block of ferromagnetic material is magnetized and contains only one domain,
it has a magnetization at the macroscopic level. This magnetization leads the block to
act as a permanent magnet, producing a magnetic field around it. Figure 2.6(a) shows
an illustration of a magnetized block and its corresponding external field. It is obvious
that the field acts in the opposite direction to magnetize the block from its own
magnetization. Due to this phenomenon, this field known as the demagnetizing field

(Ha). The magnetostatic energy (Ews), is quantified using the following equation;
Ems =5 toHaM (211)

where M refers to the magnetization and Hu is the demagnetized field generated by
M;

where Nu is the magnetization factor, which relies on the sample’s shape and
geometry. Its value can be less than or equal to 1 for any type of sample geometry.

This energy is responsible for enabling the block to perform tasks like lifting another
ferromagnet against the gravitational force. By dividing the block into domains, as
depicted in Fig. 2.6(b), the external demagnetizing field can be decreased, thereby
reducing the magnetostatic energy. In this case, the external field is reduced, which
results in the block being able to perform less work and storing less magnetostatic
energy. However, the formation of domains leads to the magnetic moments at the
boundary between the domains not being able to align parallel. As a result, the
exchange energy of the block is increased as the principles of quantum mechanics
generate an exchange energy that drives the alignment of electron spins and their
magnetic dipole moments in parallel to each other [4, 14, 23-25].
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Figure 2.6: Formation of domains in a ferromagnet to decrease the magnetostatic energy [23].

In order to completely eliminate the magnetostatic energy, it is necessary to establish
a domain pattern that doesn't result in any magnetic poles on the surface of the block.
A possible solution for this is presented in Figure 2.6(c). However, before we can
assess the feasibility of this domain pattern, it's important to have some understanding
of the magneto-crystalline anisotropy energy contribution.

2.2.6.2 Magneto-crystalline anisotropy energy

Ferromagnetic crystals tend to have certain crystallographic directions where the
magnetization aligns in a preferred manner. These preferred directions are referred to
as the "easy" axes, since it's easier to magnetize a demagnetized sample to saturation
if the external field is applied along these axes. Figure 2.7(a) depicts a graph showing
the magnetization curves for a ferromagnetic single crystal when the external field is
applied along the easy and hard axes. In either scenario, the ferromagnetic single
crystal reaches the same saturation magnetization. However, the field applied along
the hard axis requires a much greater magnitude to achieve saturation compared to

the easy axis.

Each material has its own set of easy axes, which are the preferred crystallographic
directions for magnetization. a-Fe (body-centred cubic (bcc)-iron) has the (100)
direction (i.e., the cube edge) as its easy axis, which is equivalent for all six cube edge
orientations as it is a cubic crystal. The body diagonal is identified as the hard axis of
magnetization in a-Fe, whereas other directions like the face diagonal are considered

to be intermediate.
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In contrast, the preferred direction for magnetization in face-centred cubic (fcc) nickel,
is the (111) body diagonal, while in hexagonal close-packed (hcp) cobalt, it is the
(0001) direction. For cubic crystals such as nickel and iron, the magneto-crystalline

anisotropy energy (Enc) is calculated from;
Epme = Ko + Ky (@?a2 + a5a3 + a?a?) + Ky(a?aia?) + - (2.13)

where a1, a2 and asrepresent the direction cosines in three-dimensional space of the

magnetization vector (M), whereas K, K1 and K: are the cubic anisotropy constants.
For the uniaxial crystals such as Co-hcp structure, Enc is given by;
Epme = Ky + Ky15in%0 + K,sin*0 + - (2.14)

Where 6 represents the angle formed between the magnetization direction and the

easy axis. Ku, Ku1 and Kz refer to the uniaxial anisotropy constants.
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Figure 2.7: The schematics showing (a) the magnetization curves depicted for a ferromagnetic material
with the magnetic field aligned along both the hard and easy directions, and (b) the hard, medium and

easy magnetization directions in the unit cell of a-Fe (bcc-iron) [23].

The reason why magnetization aligns along certain crystallographic directions is due
to the magnetocrystalline anisotropy, which increases when the magnetization is
aligned along the hard direction as compared to the easy direction The difference in
energy per unit volume between samples that are magnetized along the easy and hard
directions is known as the magnetocrystalline anisotropy energy. It can be determined
by calculating the area between the hard and easy magnetization curves, such as the

ones shown in Figure 2.7(a).

To minimize the energy associated with magnetocrystalline anisotropy, domains will
form in a way that their magnetizations align along the easy crystallographic
directions. In the case of bcc iron, a cube edge corresponds to the "vertical” axis in

Figure 2.6. As a-Fe has cubic symmetry, the horizontal direction is an easy axis as well.
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Consequently, the domain pattern presented in Figure 2.6(c) has a low

magnetocrystalline energy.

In Figure 2.6(c), the horizontal domains that appear at the top and bottom of the crystal
are referred to as "domains of closure." These domains form easily in materials that
have perpendicular easy axes. This configuration is especially advantageous because
it eliminates the demagnetizing field and the magnetostatic energy, without

increasing the magnetocrystalline anisotropy energy.

It is worth noting that the structure of domain boundaries is influenced by the
magnetocrystalline energy. Within the domain boundary region, the magnetization
direction changes and is not able to be aligned along the preferred crystallographic
direction. Therefore, similar to the exchange energy, the magnetocrystalline energy
tavours larger domains with fewer boundaries [4, 5, 23, 26].

2.2.6.3 Exchange Energy

As explained earlier, the exchange interaction in a ferromagnetic material strives to
align the atomic moments in parallel to each other. Therefore, any alteration in the
direction of the magnetic moments of neighbouring atoms must occur at the expense
of the exchange energy. To reduce energy consumption, the magnetic moments
usually remain aligned in the same direction, and any alteration in their direction
occurs gradually and smoothly. The exchange energy is an extra form of energy per
magnetic moment, which results in the alignment of magnetic moments within a
domain [4, 27].

When two adjacent electrons have spins (S: and Sj), the exchange energy (E«) is defined

as;
Eex = =2JexS." S} = —2JexSiSj c0s i (2.15)

Where | is the exchange constant and ¢, ; refers to the angle between Sﬁ and 57 If Jex is
positive, Eex attains its minimum value when the spins are parallel (¢;; = 0°), which
is observed in ferromagnetic materials. Conversely, if the two spins are aligned
antiparallel (¢;; = 180°), Ex reaches its maximum value. In the case where Ju is
negative, the minimum Ee is observed when the spins are antiparallel, which is the

characteristic of antiferromagnetic materials.

Creating smaller magnetic domains leads to the formation of more domain walls,
which results in increased exchange and magnetostatic energy. To reduce the overall
energy, a domain arrangement such as the one illustrated in Figure 2.8 is adopted as

a compromise [23].

24



Chapter 2 — Theoretical Background

N - S - N -
~ - \\ // ~ -
~ ~ s
I T I
I I I
I I I
I I I
I I I
I I I
I I I

‘ I I ‘ I
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| ' | I ‘
| | |
| | |
| | |
| | |
| | |
| | |
/I\ /l‘\ /‘\
'l ~ - ~ rd ~
o, -_-— o . , —-—

Figure 2.8: A domain configuration that minimizes the combined energy from exchange, magnetostatic,

magnetocrystalline, and domain-wall effects [23].

2.2.6.4 Zeeman Energy

The magnetic moment of electrons is due to their charge and angular momentum,
which is similar to the magnetic moment produced by a current of charged particles
flowing in a wire loop. By observing the change in the atomic absorption spectrum in
the presence of an external magnetic field, the direct evidence of that magnetic
moment can be obtained. When a magnetic field is present, the energy of an electron
in an atomic orbital with non-zero orbital angular momentum changes proportionally
to the strength of the applied field and the orbital angular momentum. This occurrence
is called the normal Zeeman effect and is observable in the absorption spectra of
specific atoms, like calcium and magnesium. The Zeeman energy (E:) can be calculated

from;
E, = —u,MH cos 0 (2.16)

Where the angle 6 represents the deviation between the direction of an externally
applied magnetic field and the magnetization orientation of the material. It should be
noted that when there is no external magnetic field applied and no demagnetizing
tield present, the Zeeman energy is equal to zero [11, 28-30].
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2.2.7 Random anisotropy model

When a continuous magnetic material has spins that are exchange-coupled and
experience a local magnetic anisotropy with random orientation, two significant
effects take place. Firstly, when the length scale of the microstructure is smaller than
the exchange length (L.x), the magnetization experiences an anisotropy that is reduced
from its local value (Kj,.) due to exchange averaging over the random local
anisotropy:

K) ~ Kioe () 217)

The second effect that occurs is that the magnetization exhibits alignment consistency
over a distance of L (=L.x) and can span from the length scale of the random anisotropy
(I) to significantly larger values. This range is determined by the ratio of the exchange
stiffness (A) to the magnitude of the local anisotropy (Kic).

16A2
2
9KZ 13

L~Ly, = (2.18)

In the current scenario, the random local anisotropy refers to that of each single
domain nanoparticle. When nanocrystalline particles are included in a composite,
their behaviour is influenced not only by their particle size and anisotropy but also by
the characteristics of the inter-granular phase. If the inter-granular material is non-
magnetic, the nanocrystals behave similar to single domain particles, interacting only
through their weak magnetic dipole fields, resulting in a weak local anisotropy. When
the inter-granular phase is magnetic (which is the case for nanocrystalline magnetic
alloys; the inter-granular phase is the amorphous phase embedded in the matrix), the
behaviour is determined by Equations (2.17) and (2.18). The resulting magnetism can
be either hard or soft, and it depends on various factors, including the strength of the
magnetic anisotropy, the particle size, and the strength of the exchange coupling

among them. In this case, the magnitude of the local anisotropy is strong [31-33].

2.2.7.1 Random anisotropy model in nanocrystalline alloys

The significance of exchange couplings between ferromagnetic-ferromagnetic or
antiferromagnetic-ferromagnetic in nanostructured materials cannot be overstated.
The strength and even the sign of the coupling between the spins in magnetic particles
or layers of different materials can vary based on their exchange interaction, material

properties, and thickness.

In situations where there is random anisotropy, the effective anisotropy is decreased
by averaging Kic over Lex of the magnetic moments, as shown in Equation (2.17). For

nanocrystalline materials, Kic is applicable over the entire nanocrystal volume, and
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the suitable length scale for the random anisotropy change (I) is determined by the
size of the inter-particle layer. If Ki. is significantly stronger than the anisotropy of the
inter-granular amorphous matrix (Kwx), the change in the direction of magnetization
occurs across the inter-granular phase between the surfaces of the particles.

Alternatively, if Kio is similar to Kan, then the change occurs over a larger length [31].

Herzer [34] proposed that the expression for the exchange length (Equation 2.18)
should incorporate the average anisotropy of a nanocrystalline material ((K)) instead
of the local anisotropy (Ki). This is because the exchange length is mostly defined in
the amorphous matrix between the nanocrystalline particles, where the direction of
magnetization changes the most, rather than in the interior of the particles where Ko
is uniform. Herzer [35] also discovered that the exchange-averaged anisotropy of a
nanostructured material, which governs the magnetic properties, particularly the

coercivity, varies as the sixth power of the size of the inter-particle layer (/).
(K) ~ 0.32 (55) 10 (2.19)

The coercivity of nanostructured materials is restricted by a particular equation, H, <

21\(41(), leading to a variety of coercivities that depend on the microstructure length scale.

N

The sixth-power relationship with the microstructure length scale controls the
magnetic properties, particularly the coercivity, of nanostructured materials. This
relationship explains the sharp increase in coercivity observed in a nanostructured
system with variable length scale. In this system, the steep line follows D¢, which is
consistent with the assumption that [ is proportional to D. Therefore, the coercivities
of nanostructured materials are much lower than those of microcrystalline samples
composed of the same crystallite, depending on the scale (/) of the nanostructure [36-
39].

a. Magneto-crystalline anisotropy for Fe-based nanocrystalline alloys
The magneto-crystalline anisotropy constant (K:) of the a-FeSi 20 at.%, the constituent
phase, remains relatively high at approximately 8 kJ/m? [40]. However, this value
alone cannot account for the observed low coercivity and high initial permeability in
the nanocrystalline material. The key to comprehension lies in acknowledging that the
size of the grains is smaller than the length associated with ferromagnetic exchange
[41];

2= ()" (220

Ky
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LY, value of 35 nm represents the minimum range (for Fe-based nanocrystalline alloys)
within which the magnetic moments are compelled to align in parallel due to
exchange interaction. As a result, the magnetization cannot align with the randomly
oriented easy axis of each individual grain. Consequently, the effective anisotropy is
a result of averaging the anisotropy values from multiple grains, resulting in a
reduction in magnitude. The random anisotropy model provides an explanation for
how the magneto-crystalline anisotropy is averaged out in the material. This leads to
the determination of the average anisotropy (K) that is relevant to the magnetization
process, which is expressed as follows;

) ~ K, (2) = K2 (221)

0
Lex

As long as the grain size (D) remains smaller than the ferromagnetic exchange length
(35 nm), the average anisotropy (K) is expected to be negligible. For example, for grain
sizes of 10 nm, the estimated average anisotropy is approximately 4 J/m? which is
significantly lower than the local magneto-crystalline anisotropy 8000 J/m?3 [42]. The
use of high-resolution Kerr-effect studies on nanocrystalline FezsCuiNbsSiizsBs has
provided valuable insights [43]. These studies have demonstrated the presence of
exceptionally wide domain walls, approximately 2 um in thickness. This observation

serves as a clear indication of the material's low effective anisotropy.

The dependence of (K) on grain size (D) is clearly evident in the coercivity data for
grain sizes smaller than approximately 40 nm (Figure 2.9). The initial permeability, in
turn, exhibits an inverse relationship with (K), indicating a 1/D°¢ dependence [44]. The
coercivity's dependence on the 1/D for larger grain sizes demonstrates the
conventional understanding that excellent soft magnetic properties are achieved with
larger grains (D> 100 pm). As a result, reducing the particle size to the scale of the
domain wall width leads to an increase in coercivity (Hc) up to a maximum value,

which is influenced by the existing anisotropies [45].
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Figure 2.9: The relationship between coercivity (Hc) and grain size (D) investigated for different soft
magnetic metallic alloys [38].

2.2.8 Effect of oxygen content on the soft-magnetic performance of
amorphous/nanocrystalline materials

The materials' purity and the vacuum conditions in industrial settings do not meet the
high standards observed in laboratories. This limitation hinders the widespread
industrialization of research findings, with metallic glasses (MGs) serving as a prime
example. MGs have garnered significant research interest [46, 47] since their initial
synthesis in 1967 due to their exceptional soft magnetic [48], mechanical, and chemical
properties [49-51], as well as their relatively cost-effective production [52].
Laboratories have developed numerous large-sized MGs following the discovery of
bulk metallic glasses (BMGs) in 1995 [53], with expectations of their potential

applications in structural and surface coating materials [54, 55].

Nevertheless, the actual number of BMGs suitable for industrial manufacturing
remains highly limited, and their applications, especially in structural roles, are rarely
documented. The demanding processing requirements for producing BMGs, which
involve operating under high vacuum conditions and using high purity feedstock

materials to mitigate the adverse effects of oxygen and unwanted inclusions, result in
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increased production costs and pose a significant obstacle to the industrialization of
the BMGs [56].

The detrimental impact of inclusions on the final properties of BMGs is well-known
as these inclusions promote heterogeneous nucleation and degrade the mechanical,
chemical, and soft magnetic performance of the BMGs [57, 58]. However, the role of
oxygen in the formation of MGs has been a subject of controversy for over two decades
[59-62]. Johnson et al. [63] discovered that oxygen has an adverse effect on glass
formation because it promotes the evolution of harmful oxides and metastable phases
acting as sites for heterogeneous nucleation. Meanwhile, Gebert et al. [64] proposed
that the presence of oxide impurities alters the crystallization process from a single
stage to a multi-stage process, consequently reducing the supercooled liquid region.
In contrast, several studies demonstrated that a certain amount of oxygen content can
actually facilitate the glass formation [65-68]. Furthermore, it's worth noting that the
oxygen levels can exhibit considerable variation among samples, even when they have
similar compositions [69]. For instance, Ponnambalam et al. [70] measured oxygen
concentrations as low as 50 parts per million (ppm) or less in the FessCrisMo14Y2CisBe
glassy alloy. This level is approximately 20 to 50 times lower than the oxygen content
observed in similar MGs developed by Lu et al. [71].

Although there is a controversy regarding the effect of oxide inclusions on the glass
formation, their influence on magnetic properties of the glassy alloys is relatively well-
established. It was suggested that a minimal oxygen content can lead to an increase
in the complexity of atomic clusters' composition, consequently elevating the system's
configuration entropy. Oxygen has the capacity to enhance resistance to
crystallization by inhibiting the formation of competing phases and stabilizing the
liquid state through the reduction of the liquidus temperature [66]. In this case, the
produced part becomes fully amorphous, which causes the magnetic properties to
remain unaffected from the oxygen concentration [72]. On the other hand, dissolved
oxygen in liquid alloy tends to bond with other elements and forming oxides, which
are considered as impurities in the microstructure. The reduction in coercivity (Hc)
and the rise in effective permeability in BMGs with low oxygen content, when
contrasted with those containing high oxygen levels, can be readily comprehended.
In glassy alloys with high oxygen content, heterogeneous crystallization significantly
increases magnetic anisotropy, while impurities serve as pinning centres for magnetic
domains, resulting in an increase of coercive field [73-77]. Furthermore, an increase in
Curie temperature (T¢c) and a marginal decrease in saturation magnetization (Ms) were

observed in BMGs having lower oxygen concentration [78, 79].
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2.3 Additive Manufacturing of Soft Magnetic Materials

Additive manufacturing (AM) is in a state of constant evolution, driven by
advancements in printing technologies. However, achieving a one-step fabrication of
electrical machines remains a challenging goal due to the need for the usage of both
hard and soft magnetic materials, along with the incorporation of copper wire. One
clear advantage that AM brings is the streamlining of production processes, resulting
in significantly faster core fabrication times for these machines. To illustrate,
manufacturing a stator plate through conventional machining, electrical discharge
machining (EDM), and milling processes is estimated to take over 4 months, whereas
3D printing can produce the same component within just 1 week, as depicted in Figure
2.10 [80]. The elimination of traditional tooling and processes is anticipated to lead to

substantial cost reductions in fabrication.

AM provides the capability to easily build thin-walled hollow structures using novel
materials having high electrical resistivity. This opens up significant opportunities for
reducing core losses [81]. Even intricate core designs, such as those involving
continuous skewing and complex flux paths integrated with cooling channels [82], can
be realized, leading to more efficient designs that offer considerable cost and weight
gain while also minimizing the wastage of critical materials. Moreover, AM's ability
to combine different metal powders, higher-quality alloys, and binding agents allows
for the enhancement of material properties by precisely controlling grain orientation
and the quality of soft magnetic materials in specific sections of machine components
[83].

Concept A - Stator Plates Concept B - Stator toncepn B -Scatar

WaniCaEattdranalion Plates from Cirlex Plates from Ultem1010

Fabrication Method Machine/EDM Machine/Mill

Fabrication Time 4+ months 3 months
Fabrication Costs $21,400 $19, 870
Material Costs $600 $330
Total Costs $22,000 $20,200

Figure 2.10: NASA's assessment of the time and expenses associated with manufacturing a stator plate
[80].

Soft magnetic materials (SMMs) offer a broad spectrum of choices, each with

significantly varying performance characteristics. Table 2.1 provides a comprehensive
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overview of diverse SMMs, including Fe-Si, Fe-Ni, Fe-Co, soft magnetic composites
(SMCs), soft ferrites and amorphous/nanocrystalline SMMs, along with their relevant
magnetic properties crucial for industrial applications, such as saturation
magnetization (M), relative permeability (ur), and core resistivity (r). These materials
can be fabricated in different forms through AM techniques like laser powder bed
tusion (LPBF), directed energy deposition (DED), fused deposition modelling (FDM)
and/or binder jetting technology (BJT). The information presented in this table
provides invaluable information for comprehending the distinctions in properties
among different soft magnetic materials, aiding in the suitable selection for the design

and production of electromagnetic devices.

Table 2.1: Key magnetic properties of the SMMs featured in the reviewed articles, along with the
corresponding AM methods employed.

SMMs M: (T) Yr r (uQcm) AM Ref.
. LPBF, BJT, FDM
Fe-(2.9-3.7) Si 21,11 25 20-50 [84-97]
and DED
. LPBF, EBPBF,
Fe-(6.5-6.9) Si 1.9 11000 85 [96, 98-111]
DED and BJT
) LPBF, DED and
Fe-Ni 0.6-1.1 8000-100000 - [112-130]
FDM
Fe-Co 2.4-25 20000-60000 45 LPBF and DED [131-139]
LPBF, FDM and
SMCs 0.5-1.3 6000-100000 120-130 [140-146]
DED
] UV-assisted 3D
Soft Ferrites 0.32-0.545 350-20000 107- 10° o [127, 147-149]
printing and FDM

2.3.1 Fe-Si alloys

Within the family of engineering soft magnetic alloys, Fe-Si holds a significant and well-
established position in both technical and market domains. It finds extensive use in
applications such as transformers, particularly when utilizing the grain-oriented class,
as well as in industrial motors and generators, often referred to as non-grain oriented
electrical steel. The success of Fe-Si in these applications can be attributed to its
exceptional combination of high electrical resistivity, ease of processing, and cost-
effectiveness [150]. At present, the Fe-3.2Si alloy with low silicon content can be
processed using a conventional cold rolling technique and accounts for nearly 90% of
low-frequency electric machines. However, to make the high-silicon content Fe-Si
alloy suitable for high-frequency electrical machines, it must exhibit high permeability
and electrical resistivity. Increasing the silicon content in the alloy offers an advantage

in terms of mass density, but this advantage is counterbalanced by a reduction in
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saturation magnetization and an increase in brittleness due to the formation of
chemically ordered phases (B: and D0s) during slow cooling. To prevent these issues,
melt-spinning and rapid quenching of Fe-Si ribbons have been employed, which also
enhance the properties of high-silicon (approximately 6.5 at.%) steel [151, 152]. Up to
this point, expensive processes such as chemical vapour deposition and diffusion
siliconizing, involving annealing, have been used to prevent the formation of these
phases in the conventional manufacturing process and to avoid cracking during cold
rolling [153].

Additive manufacturing (AM) offers a solution to these challenges by enabling the
production of electrical machine cores through the printing of atomized, amorphous
Fe-Si alloy powder. Subsequently, the printed component can be annealed at a lower
temperature to prevent the formation of unwanted phases. Some of the initial
experiments in additive manufacturing (AM) of Fe-Si components were conducted by
Garibaldi et al. [99], who conducted a series of investigations into the 3D printing of
Fe-Si alloy with a 6.9 wt.% silicon content using LPBF. In one of these works, the effect
of laser energy input on the microstructures, and the magnetic properties of the Fe-Si
alloy was studied. The printing process took place under an argon atmosphere (with
oxygen levels below 0.4%) on a heated platform at 473 K, which helped minimise
thermal expansion gradients. The best magnetic properties were obtained with a
maximum relative permeability of 5300, a coercivity of 49 A/m, and power losses of 4
W/kg (measured at 50 Hz and 1 T) for the sample processed using a laser power of 70
W, alaser scan speed of 250 mm/s, and thermally treated in an argon environment at
973 K. This thermal treatment step induced modifications in the magnetization curve

due to stress relief.

Employing LPBF under pre-established conditions, nearly fully dense components
were achieved, typically exhibiting elongated grains along the build direction, likely
due to heat extraction. The produced specimens predominantly consisted of a single
ferritic phase, lacking phase ordering, with a crystallographic <001> fibre texture that
was discernible in pole figures. It was found that increasing the laser energy input can
transform this <001> fibre texture into a cube texture [98]. After annealing at 1423 K,

recrystallized microstructure possessed a great majority of equiaxed grains [100].

Most recently, electron beam powder bed fusion (EBPBF) [109, 111] and BJT [90, 110]
have been employed to overcome the brittleness issue and prevent crack formation.
It is proposed that the low preheating temperature during the LPBF process resulted
in crack formation in 3D printed FessSiss (wt.%) alloys, leading to a deterioration in

both mechanical and magnetic properties [83, 108]. Elevating the processing
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temperature in the EBPBF method is effective in mitigating thermal stresses and
preventing crack formation in the specimens. Yang et al. [109] have previously shown
the successful production of dense FessSics (wt.%) components without cracks,
achieving a remarkable relative density of up to 99.99% through EBPBF. Furthermore,
EBPBF is deemed well-suited for the fabrication of fragile FesssSiss (wt.%) components
with intricate geometries, delivering excellent magnetic performance across various
frequency ranges [83, 154]. In another study [111], two hatching techniques, namely
'radial hatching' and 'circle hatching,' were utilized to EBPBF-process toroidal FesssSies
(wt.%) parts. The samples produced with circle hatching exhibited higher relative
permeability (964 at 50 Hz), lower coercivity (11.95 A/m at 50 Hz), resulting in a higher
maximum magnetic flux density (0.603 T at 50 Hz) and reduced hysteresis losses, thus
leading to lower power losses (0.03 W/kg at 50 Hz). This favourable outcome is
attributed to the ideal alignment between the circular pattern generated by the circle
hatching approach and the magnetic field lines' path in the shape of enclosed circles.

This alignment facilitates the magnetization-demagnetization process.

Alternatively, nearly 99% dense near-net shape Fe-6Si parts with no cracks was
fabricated via BJT with M of 1.83 T, Hc of 31.83 A/m, electrical resistivity of 98 pQ.cm
and an ultimate tensile strength of 434 MPa [110]. BJT was also utilized to investigate
the influence of sintering temperature variation, change in Si content and B addition
as a sintering additive on magnetic properties [90]. It was concluded that at a sintering
temperature of 1200 °C, Fe-5wt.%Si alloy with the addition of 0.25% boron
demonstrated a significantly larger grain size, enhanced bulk density, and the
presence of ordered phases. This combination yielded the most appealing results in
terms of He (69.6 A/m) and permeability (reaching 3475 H/m) among all the tested

samples.

2.3.2 Fe-Ni alloys

In the 1910s, Gustav Elmen identified a nickel-rich alloy known as permalloy, with a
nickel concentration of 78.5%. Permalloys are renowned for their excellent soft
magnetic properties, including low losses, high initial permeability (6,000 — 10,000),
and a favourable response to magnetic field annealing [155]. However, they have a
lower saturation induction compared to silicon steels and are generally more
expensive. The maximum permeability (in the range of 40,000 — 120,000) is achieved
within a relatively narrow range, typically around 75% to 80% nickel, leading most
commercial permalloys to adhere to this composition. Attaining the maximum
permeability in permalloys is also dependent upon suitable heat treatment, which

necessitates precise cooling within appropriate temperature ranges at the designated
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rates. Another notable group of Fe-Ni alloys includes the 'supermalloys,'
distinguished by their high nickel content at approximately 78%, alongside 5.0%
molybdenum, iron, and a minor manganese component. These alloys also exhibit
remarkable soft magnetic characteristics, encompassing exceptional initial
permeability (50,000 — 150,000), low losses, and a strong response to magnetic field
annealing. Achieving the maximum permeability (from 600,000 to 1,200,000) with
supermalloys also requires precise heat treatment, involving specific temperature
ranges and controlled cooling rates. While supermalloys may entail a higher cost
compared to permalloys and silicon steels, their exceptional properties position them

as a promising substitute for high-frequency electrical machines [125, 156-158].

Permalloys, owing to their remarkable permeability, have been successfully produced
with various AM techniques for magnetic shielding structures, microwave
applications, and power electronics. One of these AM methods, known as directed
energy deposition (DED), distinguishes itself by not requiring a powder bed, in
contrast to other conventional powder-based AM techniques. Mikler et al. effectively
employed DED to fabricate diverse permalloys with 30% iron content, using a blend
of elemental powders as feedstock without the need for pre-alloying [116]. Permalloys
have also been generated with a powder blend of nickel and iron using LPBF by
Schonrath et al. [157]. The raw materials in the form of powders were commercially
available, high-purity substances that had not undergone pre-alloying. These
powders adhered to the standard 78.5% nickel composition, with particle sizes
ranging from 5 to 55 pum. These powders were mixed using the Turbula principle at
30 revolutions per minute for 30 minutes, ensuring homogeneity as confirmed by
energy-dispersive X-ray analysis. Although feedstock processing and the creation of
electrical cores and conductive windings were carried out using FDM, it's worth
noting that the feedstock's relative permeability (10-20 up to 10 MHz) was
significantly low [127-130].

2.3.3 Fe-Co alloys

Fe-Co alloys are renowned for their highest maximum saturation magnetization (2.43
T at room temperature for FessCoss alloy) and Curie temperature (1000 - 1500 K [159])
among all soft magnetic families. These materials excel in applications requiring high
magnetic moments and elevated Curie temperatures. However, owing to the presence
of Co, their higher cost restricts their predominant use to specialized applications and
low mass-production, such as in aerospace applications, justifying their expense due
to the lighter weight they offer [160-162].
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Fe-Co alloys, with their notably higher maximum flux density compared to other soft
magnetic materials, enable the design of electrical machines whose size and weight
can be greatly lowered. The most famous commercially available forms are
Permendur [163], Supermendur [164], and Hiperco [131] with a composition closely

approximating 49% iron, 49% cobalt, and 2% vanadium.

Fewer instances of AM-processed Fe-Co-based soft magnetic alloys can be found in
the literature (Table 2.1). A recent study by Babuska et al. [165] reported the LPBF
processing of a ductile FesoCoso binary alloy, which exhibited a remarkable 250% to
300% increase in yield strength and high ductility (35%) in tension. A substantial
enhancement in mechanical properties was also observed in the DED-processed
samples with the unique multiscale microstructures. Kustas et al. [131] indicated the
DED producibility of an alloy equivalent to Hiperco. Fine equiaxed columnar grains
were found in the microstructures of as-built samples. These transformed into a
heterogeneous, bimodal grained microstructure when the as-built samples were
subjected to annealing at 1111 K for 2 hours. This helped to reduce the coercivity (Hc)
from 995 A/m to 401 A/m, increase the maximum permeability (tme) from 518 to 1615
and enhance the full-field induction (Bw) to 2.29 T, which was comparable to those
fabricated through traditional powder metallurgy (He= 90-200 A/m, pma = 4000-8000
and B« = 2.2-2.3 T [166, 167, 132]). In the work, gas-atomized and pre-alloyed Fe-Co-
1.5V was utilized as the feedstock powder to produce both thick-walled and thin-
walled concentric cylinders. In another study, Kustas et al. [137] established that it was
possible to suppress the formation of the chemically ordered B: phase with the help
of well-controlled cooling rate during DED processing. This was achieved by
changing the main process parameters: laser power, build speed and interlayer
interval time. Geng et al. [168] also used DED to synthesize Fe1xCox bulk samples and
performed high throughput characterization to investigate structural and magnetic
properties. The Curie temperature, saturation magnetization, and magnetocrystalline
anisotropy were found to be dependent on the concentration of cobalt (Co). With high

Co concentrations, the Curie temperature rises to its maximum value of 1120°C.

2.3.4 Soft Magnetic Composites (SMCs)

Soft magnetic composites (SMCs) consist of insulated magnetic particles and are often
formed into desired geometrical shapes through high-pressure consolidation. The
term 'SMCs' covers amorphous soft magnets, magnetic wires, and powder-based
magnets [169]. These materials have played a pivotal role in the manufacturing of
near-net-shaped electrical cores using traditional methods [170]. The uniform

distribution of magnetic particles in soft magnetic electrical cores results in
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mechanically smooth torque without ripples. The insulation coating improves the
electrical resistance of the laminates, thereby reducing losses caused by eddy currents.
However, it does come at the cost of diminishing the mechanical and magnetization
strength of the electrical components. In addition to providing insulation, the
compacted particles create enclosed air gaps, significantly increasing electrical
resistivity. SMCs need ideally to be manufactured using high-magnetic materials such
as Fe, FesP, Fe-Si, and Fe-Co alloys [171]. One notable advantage of employing AM to
SMCs is the ability to obtain more intricate and complex geometries compared to

conventional methods.

To illustrate, Khatri et al. [144] employed a unique approach in the creation of soft
magnets. Instead of directly 3D-printing the soft magnetic powder, the researchers
initially blended ABS with approximately 40% by volume of stainless-steel filler with
a micrometre-scale particle size distribution. Subsequently, a laser was utilized to melt
the polymer, forming intricate soft magnetic shapes. While the magnetic filler
enhanced the magnetic properties, it simultaneously led to a decrease in mechanical
performance. Despite this unideal combination of polymer and magnetic powder, it
could serve as an initial foundation for the further improvement of complex-shaped
soft magnets, especially for applications in sensing. Additional examples encompass
composite transformers [142], magnetic composites incorporating magnetic
nanoparticles and photopolymers [145], as well as composites manufactured through
Fused Deposition Modelling (FDM) for radar wave-absorbing structures [146].

Another example of such an alloy is FINEMET alloys [172], as mentioned in Chapter
1, they exhibit excellent soft magnetic properties such as extremely high permeability
(ranging from 40,000 to 100,000), and notably high electrical resistivity. Considerable
effort has been dedicated to the DED processing of Fe-Si-B-Cu-Nb soft magnetic
alloys, with a focus on achieving a uniform chemical composition throughout the
entire part or creating functionally graded soft magnetic materials. Borkar et al. and
Conteri et al. successfully produced solid net-shaped parts by using DED [140, 141].
Their research revealed that, for those alloys, the printing speed has a more
pronounced impact on the magnetic properties compared to laser power; this trend is
observed in other soft magnetic materials as well. Furthermore, their work indicated
the feasibility of attaining semi-hard magnetic characteristics in Fe-Si-B-Cu-Nb alloys
by controlling the printing parameters. This capability to fabricate functionally graded
magnetic materials holds the potential for the applications like high-power and signal

transformers.
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2.3.5 Soft Ferrites

Soft magnetic ferrites are mostly low coercivity ceramics with crystalline spinel
structures, compromising magnetite (FesOs) and elements such as nickel-zinc (NiZn),
manganese-zinc (MnZn), or cobalt-zinc (CoZn) [173]. These materials were recognized
as promising soft magnetic substances with high electrical resistivity in the late 1940s.
Due to their elevated resistivity, ferrites have proven to be highly valuable in high-
frequency electrical components, including transformer cores and inductive toroidal

cores for antennas [171].

While soft magnetic ferrites offer numerous advantages, their processability can
possess challenges due to their brittleness, limitations in achieving intricate shapes,
dimensional tolerances, and constraints in terms of size and density [174, 175].
Nevertheless, progress in AM techniques have unlocked new possibilities for their
effortless processing and subsequent utilization in electric machines. This is evident
in the work of Liu et al. [147, 148], who created a UV-curable Ni-Zn paste and
employed a direct-extrusion 3D printer to build parts. Their relative permeability was
in the range of 63 and 103 and their resonance frequency exceeded 30 MHz, which are
nearly the same as those of commercial Ni-Zn ferrite cores. Furthermore, Andrews et
al. [176] processed a toroid using Ni-Zn-Cu/Fe-oxide ceramic powder through LPBF
and obtained notably high permeability values in the resulting samples. Their study
also underscored the critical importance of parameter selection, heat treatment and
the weight percentage of ferrite in lowering porosity content and enhancing magnetic

properties.

2.4 Additive Manufacturing of Amorphous Alloys

The amorphous systems that have been most extensively studied include those based
on Fe [177-179], Zr [180-183], Cu [184], Ti [185], A1 [186, 187], and the results regarding
vitrification are somewhat inconsistent. Before delving into the specifics, it's beneficial
to examine the key process parameters in additive manufacturing (AM). Chapter 3
provides an explanation of laser additive manufacturing (LAM) processes; LPBF and
DED. The critical experimental parameters in LPBF are namely laser power (P), laser
scan speed (v), hatch spacing (1), and layer thickness (t) [188]. The volumetric energy
density (E) combines all these parameters into Equation (2.22) [189].

E=2L (2.22)

vht

E signifies the heat introduced into the powder bed, and a higher E results in

improved densification of a LPBF-processed part.
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The cooling rate during the solidification of a small melt volume is described by
Equation (2.23), which is derived from the Rosenthal equation for a moving point heat
source [190, 191].

dT _ 2mkv
dt = aP

(T — To)? (2.23)

Here, the instantaneous cooling rate (d1/dt) is determined by factors such as thermal
conductivity (k), laser scan speed (v), laser power (P), laser absorption coefficient («),

and the melting temperature (T) alongside the ambient temperature (To).

It's important to highlight the significance of &, as it influences both the cooling rate
and the efficiency of LAM processes. A material having a lower a necessitates a higher
energy density (E), assuming other factors are constant, to attain an equivalent level
of densification. Consequently, this lowers the efficiency of the LAM process. « is
contingent on the material, the laser wavelength, and the laser intensity employed
[192].

Analysing Equations (2.22) and (2.23) indicates that, for a specific material, from the
process parameters P and v exert contrasting effects on both E and dT/dt. A higher P/v
ratio brings about an increase in E and a reduction in the cooling rate. Nevertheless,
the small melt volume can result in solidification occurring at relatively rapid cooling
rates (~10° —10* K/s). This speed is generally adequate for achieving vitrification in
alloys with good glass forming ability (GFA), given their lower critical cooling rate
(Rc), which is less than 10° K/s [180, 190, 193]. Only alloys having poor GFA may
require a higher cooling rate.

In contrast to findings in early works conducted using Fe-based BMGs [45, 57],
research on a Zrs2sCui79NineAlioTis glassy alloy revealed that E not only influences
densification but also plays a role in vitrification [189]. Higher E facilitates
densification, but when E exceeds 15 J/mm?, the increased heat input tends to promote
crystallization in the microstructure. It was also shown that at the same E, bulk density
varies with different P. Consequently, while E is commonly utilized as a parameter, it
alone is not enough to fully characterize the final properties of a LAM-processed
component. The laser power itself impacts densification for a specified E, as

highlighted in research on crystalline Al-Si alloys by Eckert's team [194].

Pauly et al. [189] propose that an elevated E causes the overheating of the molten
material, lowering in the cooling rate and hence, promoting partial crystallization.
Indeed, a certain level of superheat was observed to impede vitrification, potentially

due to a decrease in the actual cooling rate or an increase in the dissolved oxygen
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concentration in the molten alloy, thereby diminishing GFA itself [195]. Notably,
crystallization takes place non-uniformly, with samples containing fully amorphous
pockets encircled with regions that are partially crystalline [189]. A similar non-
uniform crystallization phenomenon was also reported in Zr-Ti-Cu-Ni-Al and Zr-Cu-
Ni-Al amorphous alloys. Current views suggest that a sample produced using LPBF
consists of two distinct regions: melt-pool zone and heat-affected zone (HAZ) [182,
183, 196-199]. As explained in detail in Chapter 4, the cooling rate in the melt-pools is
sufficiently high to enable vitrification, whereas the HAZ exhibit partial crystallinity,
stemming from the reheating of the pre-existing amorphous phase when the laser

beam scans an adjacent area on the powder bed [197, 198].

Intriguingly, not all amorphous alloys undergo crystallization in the HAZ, and fully
glassy alloys have been successfully fabricated through LPBF, as seen in Fe-based
[200], Zr-based [201, 202], and Ti-based [185] alloys. This raises the issue about which
factors control the microstructural development during the LPBF process. It can be
answered with the heating cycles and its relationship to the Time-Temperature-
Transformation (TTT) diagram for the supercooled liquid. Figure 2.11 illustrates a
schematic TTT diagram having three overlaid curves. Curve A, corresponding to the
critical cooling rate (Rc), symbolizes the solidification process in the melt-pool zone,
occurring rapidly enough to prevent crystallization. Curve B represents a reheating
cycle in the HAZ, where the pre-existing amorphous phase does not intersect the TTT
curves, thereby suppressing crystallization in the HAZ. Lastly, curve C shows a

heating cycle crossing the TTT curve, resulting in a partially crystalline HAZ [203].
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Figure 2.11: An illustrative Time-Temperature-Transformation (TTT) diagram detailing the

crystallization process of a BMG [203].

Another factor that can decrease thermal stability during reheating, even in an alloy
possessing high GFA, is the separation of the supercooled liquid into two unstable

amorphous phases, each with compositions less resistant to crystallization [204].

Additionally, it is well-established that oxygen contamination significantly decreases
the GFA of Ti-, Zr- and Hf-based BMGs [59, 60, 193]. Oxygen exerts this effect by
lowering the thermal stability of Zr-based BMGs through forming phases including
the 'big-cube phase,’ which develops with a low nucleation barrier [205]. As reported
in Reference [193], the starting powders used in LAM tend to react with oxygen during
the production process. As a result, the produced BMGs may contain a higher oxygen
content than the feedstock powders, making the HAZs in processed BMGs more
prone to crystallization. The impact of oxygen content is likely dependent on the
reactivity of the glassy alloy; for instance, Zr-based BMGs exhibit greater
susceptibility compared to Fe-based amorphous alloys [68]. This discrepancy could
elucidate the presence of crystalline HAZs in Zr-based BMGs [189] beyond a critical
value of E, while Fe-based amorphous alloys can remain entirely amorphous across
the wide range of E values applied [206]. Yavari et al. [207] have demonstrated that
the development of equilibrium phases during devitrification can be preceded by the
formation of readily nucleating metastable crystalline phases. This might not occur

during the rapid quenching process, which implies that low-temperature metastable
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phases with a minimal nucleation barrier might make a leftward shift in the TTT

curve, causing the formation of a crystalline HAZ in LAM-processed BMGs.

2.5 Future Trends and Challenges

In general, defects (cracks and pores), impurities such as oxides, and residual stresses
present in the microstructure hinders the rotation of magnetic domains, leading to a
reduction the saturation magnetization (M:) and an increase in coercivity (Hc) of Fe-
and Co-based amorphous alloys [38]. Both the Curie temperature (Tc) and M; of a
glassy alloy depend on the chemical composition and the number of Bohr magnetons
in the parts. The development of structural defects resulting from AM processes like
microcracks and micropores serves to not only restrict the rotation and movement of
magnetic domain walls but also lowers the number of Bohr magnetons per unit
volume. This brings about a decline in magnetostriction, introducing stress-induced

magnetic anisotropy and consequently decreasing Ms and increasing H. [206].

Although certain soft magnetic amorphous/nanocrystalline alloys, including the
commercially available FeSiBCuNb alloys (FINEMET™), demonstrate excellent soft
magnetic behaviour, either amorphous or nanocrystalline alloys produced through
additive manufacturing are not yet commercially available, as they are still on the
research level [141]. Substantial crystallization and the segregation of alloying
elements in AM pose significant challenges in producing BMGs using conventional
alloying systems currently available, particularly those exhibiting low glass-forming
ability (GFA) [140, 141]. Zrodowski et al. [208] succeeded to achieve 89.6% amorphous
content of LPBF-processed FeSiBCrC alloy with low GFA by using a novel scanning
strategy. Also, relatively low coercivity (238 A/m) was obtained after employing
stress-relief annealing to the as-printed samples, despite the low bulk density (94%).
Most recently, a “record-large” amorphous rotor with a complex 3D geometry was
successfully manufactured via LPBF process by using the same alloy system
(FeSiBCrC) [209]. It possesses good magnetic properties (Ms: 1.29 T, He: 510 A/m,
magnetic susceptibility: 9.17) as well as high hardness (877 HV) and electrical
resistivity (178.2 uQd.cm). In addition, the amorphization degree was moderate (70%).
Therefore, LAM holds great promise as a future technology for producing large-scale

amorphous soft-magnetic components.

Figure 2.12 outlines key aspects of the AM process for BMGs. Their thermal stability
and glass transition temperature are notably influenced by both chemical composition
and impurities. It is crucial to control impurities to ensure adherence to the desired
composition. Careful consideration and optimization of process parameters are

essential to achieve the necessary critical cooling rate, preventing crystallization and
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facilitating the formation of an amorphous structure. In general, decreasing the energy
density in the LPBF process for amorphous alloys can minimize the risk of heat
accumulation and enhance the cooling rate to prevent crystallization. Currently, the
majority of the research and development on LAM of BMGs is concentrated on Zr-
based metallic glasses due to their high Glass-Forming Ability (GFA) and intrinsic
ductility, which tends to tolerate any residual thermal stresses resulting from the
process. Nevertheless, most of the BMGs produced through LAM commonly
experience challenges such as microcracking and partial crystallization in the HAZ.
Employing a pulsed laser source instead of a continuous one or increasing the
duration between fusing the deposited layer and the subsequent layer is an effective
strategy for elevating the cooling rate, thereby suppressing crystallization. It is
important to note, however, that this strategy is applicable only to alloys with high
GFA and thermal stability and they generally contain costly elements such as B and
Zr [210].
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Abstract

Fe-based amorphous materials offer new opportunities for magnetic sensors,
actuators, and magnetostrictive transducers due to their high saturation
magnetostriction (As = 2040 ppm) and low coercive field compared with
polycrystalline Fe-based alloys, which have high magnetostriction but large coercive
tields and Co-based amorphous alloys with small magnetostriction (As =-3 to -5 ppm).
Additive layer manufacturing (ALM) offers a new fabrication technique for more
complex net-shaping designs. This paper reviews the two different ALM techniques
that have been used to fabricate Fe-based amorphous magnetic materials, including
the structural and magnetic properties. Laser powder bed fusion (LPBF)—a powder-
bed fusion technique —and laser engineered net shaping (LENS)—a directed energy
deposition method —have both been utilised to fabricate amorphous alloys, owing to
their high availability and low cost within the literature. Two different scanning
strategies have been introduced by using the LPBF technique. The first strategy is a
double-scanning strategy, which gives rise to maximum relative density of 96% and
corresponding magnetic saturation of 1.22 T. It also improved the glassy phase content
by an order of magnitude of 47%, as well as improving magnetic properties
(decreasing coercivity to 1591.5 A/m and increasing magnetic permeability to around
100 at 100 Hz). The second is a novel scanning strategy, which involves two-step
melting: preliminary laser melting and short pulse amorphization. This increased the
amorphous phase fraction to a value of up to 89.6%, and relative density up to 94.1%,
and lowered coercivity to 238 A/m. On the other hand, the LENS technique has not
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been utilised as much as LPBF in the production of amorphous alloys owing to its
lower geometric accuracy (0.25 mm) and lower surface quality, despite its benefits
such as providing superior mechanical properties, controlled composition, and
microstructure. As a result, it has been commonly used for large parts with low
complexity and for repairing them, limiting the production of amorphous alloys
because of the size limitation. This paper provides a comprehensive review of these
techniques for Fe-based amorphous magnetic materials.

Keywords: Laser powder bed fusion; laser engineered net shaping; 3D printing;

magnetic glassy alloys; bulk metallic glasses.

3.1 Introduction

Functional magnetic materials (FMMs) have gained considerable interest for
advanced engineering devices owing to their technical benefits for energy conversion,
harvesting, transmission, sensing/actuation [1], and more recently for magnetic
refrigeration applications, based on their magnetocaloric effects [2]. Fe-based soft
magnetic materials are of great importance for sensors, transformers, and inductive
devices because of their superior magnetic properties such as outstanding magnetic

permeability, low coercivity, and good corrosion resistance [3-6].

In general, Fe-based soft magnetic alloys are used in two distinct categories of
applications:

i For producing and utilising electromagnetic energy: due to their low cost
and ecological reasons, the usage of soft magnetic materials comprises an
important part of these applications because they have high magnetic
permeability, low energy losses and high magnetic saturation. Fe-Si-based
alloys are considered as the most representative materials for this area.

ii. For signal processing: Fe-Ni-based alloys are usually used in informatics,
electronics, transducers, magnetic recording heads, microwave installations
and so on [7].

In the last two decades, significant progress has been achieved in the understanding
of alloy design in an attempt to enhance the glass forming ability (GFA) of soft
magnetic amorphous materials [8]. Therefore, many new bulk amorphous alloys with
large GFA and good magnetic properties have been reported [9-14]. Casting methods
including injection moulding have been used for the production of magnetic bulk
metallic glasses (BMG). Zhang et al. utilised casting technique to fabricate glassy
toroidal cores having good magnetic properties [15]. They consisted of

FessC010M035P10C4B4sSi2s BMG with an outer diameter of 10 mm and inner diameter of
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6 mm and showed low coercivity (1.0 A/m), high maximum magnetic permeability
(450,000), low core loss (0.4 W/kg at 50 Hz) and maximum magnetic flux density (1 T)
[15]. Nevertheless, dimensional limitations and poor mechanical properties restrict
the use of casting techniques in the production of bulk metallic alloys.

Alternatively, to manufacture three-dimensional (3D) amorphous magnetic parts,
powder metallurgy (PM), especially hot pressing and spark plasma sintering, has been
extensively exploited [16-18]. To reduce the possibility of the deterioration of magnetic
softness because of partial crystallisation in the amorphous matrix, it is necessary that
consolidation behaviour and thermal stability of the glassy structure at elevated
temperatures is controlled [19]. It is promising that the limitations of conventional
techniques can be overcome by using additive manufacturing (AM) in the production
of glassy magnetic alloys, which is discussed in detail in Section 3.3. This section also
mentions the use of powder-bed fusion and directed energy deposition techniques in
the fabrication of amorphous magnetic Fe-based alloys, and the effects of process
parameters on the final magnetic and mechanical properties. To emphasise the
importance of the amorphous magnetic materials, their properties are analysed and

compared with those of polycrystalline materials in Section 3.2.

3.2 Amorphous Fe-Based Magnetic Alloys

Amorphous alloys for soft magnetic applications are often fabricated by rapid
solidification of the melt [20, 21]. They are generally prepared with the nearly 20%
addition of metalloids (Si, B, Al, C and P) for Fe-based and Co-based alloys [7]. Si and
B are important metalloids for glass formation and the amorphous structure
stabilisation [21, 22]. Typical chemical compositions are such that the combined
compositions of Fe, Co, Ni elements are 70-85 atomic (at.) % and those of Si and B are
15-30 at. % in total. However, magnetic glassy alloys have a wide variety of
compositions. This allows for a large range of soft magnetic properties to be achieved,
which depend upon the demands of the application [23].

In magnetic amorphous alloys, the microstructure lacks atomic long-range order and
only exhibits short-range order, which is essentially random atomic arrangement of
the liquid melt solidified at a cooling rate of 10° — 10° K/s. As a result, there are no
crystallite-related defects including grain boundaries and dislocations, leading to a

decrease in coercivity (see Figure 3.1) [24].
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Figure 3.1: Comparison of the magnetic properties of soft magnetic materials (reprinted with the

permission from [23], Elsevier, 2013).

Amorphous Fe-based alloys, based on inexpensive raw materials, have relatively high
saturation magnetisation (see Figure 3.1) and high magnetostriction [23], which makes
them promising candidates for sensors and actuators [25-29].

A nanocrystalline structure with favourable soft magnetic properties typically
develops when the amorphous state undergoes primary crystallization of bcc-Fe
phase (Crystallization temperature (Tx) = 773 K and melting temperature (Tw) = 1773
K), also known as a-Fe, before the formation of intermetallic phases including FesB (Tx
= 823 K, Tw = 1420 K) or Fe:B (T» = 1013 K, T = 1662 K). Two typical binary phase
diagrams of Fe-5i-B alloy system are given in Figure 3.2. Achieving a microstructure
on the nanoscale requires an exceptionally high nucleation rate and slow growth of
the bec-Fe crystallite precipitates. The originally proposed and minimally altered
optimal alloy composition is FezssCuiNbsSiissBs (at. %), which can be regarded as a
typical Fe-Si—B metallic glass composition with small additions of Cu and Nb (or other
group IV-VI elements). The combined inclusion of Cu and Nb plays a crucial role in
shaping the distinct nanocrystalline structure: Cu promotes the nucleation of bcc-Fe
nanograins, while Nb hinders their coarsening and concurrently restrains the

formation of boride compounds [11, 23].
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and (b) the iron mole fraction of 0.80 [30].
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Figure 3.3 illustrates the relationship between the saturation magnetostriction
constant and Si content for the FeCuNDbSiB alloy system. The saturation
magnetostriction (As) has the highest value and is virtually independent of Si
composition for the amorphous structure, different from the nanocrystalline state
where magnetostriction is significantly dependent on the Si concentration and its

maximum value is as nearly half that of the amorphous structure.
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Figure 3.3: The saturation magnetostriction constant (As) of Fess-2CuiNbsSixBzx alloys as a function of Si
content for the amorphous and nanocrystalline states (reprinted with the permission from [23], Elsevier,
2013).

Figure 3.4 indicates the change in the saturation polarisation (Js) and the
magnetostriction constant (As) of amorphous magnetic alloys as a function of Fe, Ni

and Co content. Fe-rich alloys possess the highest saturation polarisation and
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saturation magnetisation constant, decreasing as Co and Ni concentration increases. Js
for amorphous materials is usually lower than polycrystalline ones (Figure 3.1)
because of the addition of nonmagnetic metalloids (Si and B) required for glass
formation [23].

40 T T T T T T

A_(ppm)

Fe,, NiB,
-10 I I I I I I
0 20 40 60 80 0 20 40 60 80
XNi (at%) Xeo (at%)

Figure 3.4: Saturation magnetisation Js (dashed lines) and saturation magnetostriction As (full lines) of
amorphous Fe-Ni-based and Fe-Co-based alloys with changing Ni and Co content, respectively
(reprinted with the permission from [23], Elsevier, 2013).

The saturation magnetostriction of Fe-based amorphous alloys is typically positive, =
20-40 ppm, on the other hand for Co-based amorphous alloys, it is typically negative,
= -5 to -3 ppm. The increase in As with lowering Ni concentration is linked to a
concurrent increase in Js (|4s| « J2). Therefore, near zero As at high Ni concentrations
only occur as the system becomes paramagnetic [23].

Fe-B alloys with a saturation flux density higher than 1.5 T were the first metallic glass
developed for the fabrication of distribution transformers. The addition of Si gave a
higher thermal stability without any reduction in the saturation flux density,
producing the ternary alloy Fes:B12Sis. However, this is prone to material oxidation
due to air pockets forming during the production process, lowering magnetic flux
density, and increasing total losses. Fesi1sB1355i3C2 was developed to overcome these
limitations [7].

Fe-5i-B glassy alloys possess six times fewer energy losses than traditional Fe-Si alloys
at industrial frequencies. In fact, FexB1Sis has a higher Curie temperature without

changing core losses and flux density, compared with Fe-3%S5i alloys in the fabrication
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of power transformers [7]. Therefore, they are competitive for applications where Fe-
Si alloys are traditionally used.

After rapidly quenching amorphous alloys, internal residual stresses are developed in
the structure, altering the magnetic behaviour (increasing coercivity and reducing
permeability) due to the emergence of magnetocrystalline anisotropy. Strain relief
annealing has been employed below the crystallisation temperature not only to
achieve higher permeability, lower energy losses and smaller coercivity (see Table
3.1), but also to improve mechanical properties by allowing atomic arrangement over
a short distance. Table 3.1 clearly shows that although as-cast alloys exhibit very soft
magnetic behaviour, strain relief annealing considerably allows the enhancement of
magnetic properties (reducing coercivity, increasing permeability) by reliving the
internal residual strains. Amorphous alloys with a wide variety of magnetic properties

can be fabricated by annealing in the existence of an applied magnetic field [31].

Table 3.1: Magnetic properties of amorphous alloys under direct current (DC) applications (reprinted
with the permission from [31], CRC Press, 2016).

As cast Annealed

Alloy Shape H:(A/m) M/Ms pmax(10®) Hc(A/m) MiJ/Ms  pimax (10%)
FesoB2o Toroid 6.4 0.51 100 3.2 0.77 300
Fe40NisoP14Be Toroid 4.8 0.45 58 1.6 0.71 275
Fe2NiuP1BeSi2  Toroid 4.6 0.54 46 0.88 0.70 310
Fes.7C07035i15B10 Strip 1.04 0.36 190 0.48 0.63 700
(FeosNio2)7sSisB1a  Strip 1.44 0.41 300 0.48 0.95 2000
FesoP16CsB Toroid 4.96 0.4 96 4.0 0.42 130

There are a few limitations of using amorphous magnetic materials in certain
applications. Firstly, their low saturation magnetisation restricts their usage in heavy
current density engineering. Secondly, their core losses start to rise rapidly at high
flux densities. For this reason, they have more use in low-power, low-current
applications, and specialised small-device applications where transformers are
required with moderate flux densities. In these applications, amorphous magnetic
materials can be used successfully instead of nickel-iron alloys including permalloy.
Amorphous magnetic materials, being manufactured in large quantities, have been
utilised in pulsed-power transformers, magnetic sensors, magnetostrictive

transducers and communication equipment [31].
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3.3 Additive Manufacturing of Amorphous Fe-Based Magnetic Alloys
Additive manufacturing (AM) includes a number of production techniques where
components with a variety of structures and complex geometries are manufactured in
a layer-by-layer manner directly from 3D model data [32-36]. The introduction of AM
has influenced the whole fabrication field by making the design easy and simplifying
the production process, enabling rapid production without needing major change in
the fabrication step [37, 38]. The economic advantage of AM is revealed especially in
low-volume production [38].

Several Fe-based magnetic materials produced by additive manufacturing have been
studied owing to their wide range of potential applicability in the energy area [39-45].
Additive manufacturing of amorphous Fe-based magnetic materials is focused on
within this review paper. From the range of AM techniques, powder-bed fusion and
direct energy deposition have been used for this purpose. This section reviews the AM
of amorphous magnetic materials for different laser-based AM techniques, including
the research carried out and the advantages and disadvantages of each method [1, 46-

50]. A summary table is given at the end of the section.

3.3.1. Powder Bed Fusion

In the powder-bed fusion process, a thin layer (typically 20-100 um) of very fine
powder (with particle size in the range of 20-50 um) [51] is spread closely packed on
a platform. This is where the powder is then fused together with a laser beam or an
electron beam. Once the fusion of one layer is completed, another layer of powder is
rolled on top of the previous layer and melted together till the targeted 3D part is
obtained (Figure 3.5). Powder size distribution and packing both influence
significantly the density of the printed component, thus are the most critical factors,
along with laser process parameters (laser scan speed, laser power, pulse duration and
spot diameter), to the efficiency of this technique [52]. Selective laser sintering (SLS),
used generally for various polymers and for some metals with the help of sacrificial
binder materials, and laser powder bed fusion (LPBF), utilised only for certain metals
are the two powder-bed fusion processes, which use a laser. In the SLS process, only
sintering occurs between powder particles once temperature is increased with a high-
power laser above the softening point of polymers. On the other hand, in LPBF
technique, a relatively higher-powered laser is exploited to fully melt metallic powder
instead of sintering it. Electron-beam melting (EBM) exploits an electron beam to melt
the metal powder. Unlike SLS, in the LPBF and EBM processes, the laser/electron
beams can fully melt the metal powder and fuse them together, leading to exceptional

mechanical properties [53].
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Figure 3.5: Schematic illustration of powder bed fusion [35].

In the literature, LPBF has been widely utilised to produce amorphous magnetic
materials due to their low cost and high availability. Different materials and
applications that exploit LPBF have been reviewed in detail [54]. It is indicated that
during LPBF processes, solidification takes place relatively fast with typical cooling
rates of 10° —10* K/s, fast enough to prevent crystallisation, [55, 56] even though the
cooling rate is dependent on the process parameters [57]. For this reason, LPBF is a
promising technique to produce bulk amorphous parts.

Fabrication of Fe-based bulk metallic glass with LPBF has been studied firstly by Jung
et al. [8]. Fees3Co9SizsBerPs7CrazMozsAlz1 (at. %) amorphous powder with different
sizes in the range of 75 um and 150 um was prepared using gas atomisation. The
cylindrical specimens with a diameter of 2 mm and height of 6 mm were built with
the LPBF technique. The microstructure of the final part was composed of a mixture
of amorphous and a-Fe, y-Fe and FexBs crystalline phases, which are associated with
impurities accidentally included in the master alloy. Also, the effect of the laser power
(P) and scan speed (v) on the density of the final part and magnetic properties were
examined in this study. It was concluded that at high scan speeds (v > 2500 mm/s),
bulk parts could not be generated because the powder bed did not have sufficient
energy input during the LPBF process, which resulted in incomplete melting and poor
inter-particle bonding [58-60]. At lower v and higher P, enhanced melting and
consolidation of powder brings about the formation of LPBF specimens having high
relative densities (Figure 3.6). To achieve relative densities higher than 99%, it is vital
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that v lowers to 1500 mmy/s and P is higher than 300 W. Moreover, hysteresis loops of
the atomised powder and LPBF specimens produced with different scan speeds
obtained are illustrated in Figure 3.7. It shows that the saturation magnetisation of all
three samples is nearly the same within experimental error. The intrinsic magnetic
properties including saturation magnetisation (M:) are dependent on the atomic
configuration and the composition of the soft amorphous magnetic materials [61],
indicating that amorphous structures of the LPBF specimens are identical to those of

the starting atomised powder in this study.
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Figure 3.6: Relative density map of the laser powder bed fusion (LPBF)-processed
Fees.3Co.9Si25B6.7Ps7Cr2sMo25Al21 specimens as a function of power and scan speed, the values of which
increase in the directions of the arrows. Figure taken from and reprinted with the permission from [8],
Elsevier, 2015 (Common Grading Scale (CGS) to The International System of Units (SI) conversion 1
emu/g =1 Am?/kg and 1 Oe =79.6 A/m).
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Figure 3.7: Hysteresis M-H loops of (a) parent atomised powder and LPBF-processed
Fees.3Co.95i25B6.7Ps7Cr27Mo25Al21 specimens generated with (b) v = 2500 mm/s and P =340 W and (c) v =
1500 mm/s and P = 340 W, reprinted with the permission from [8], Elsevier, 2015 (CGS to SI conversion
1 emu/g =1 Am%kg and 1 Oe =79.6 A/m).
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Mahbooba et al. tried to fabricate Fe-based BMG samples larger than critical casting
thickness with LPBF by using gas-atomised FeCrMoB powder with a nominal particle-
size distribution of 20-80 pum [62]. It was reported that the thicknesses of the produced
tully amorphous specimens (15 mm) were much more than the critical casting
thickness (1 mm) in all dimensions. In addition, it was found that the change in the
LPBF parameters was not enough to prevent stress-induced micro-cracking because
of rapid solidification and the brittle nature of BMGs. A low concentration of localised
and isotropic nanograins, as shown in Figure 3.8, was present in the microstructure of
the produced part due to mechanical stress-induced crystallisation. Furthermore, a
mechanical test revealed that the Young’s modulus of the LPBF bulk FeCrMoCB alloy
(220 GPa) was fairly close to the modulus of the cast amorphous alloys with similar
composition (190-220 GPa) [63]. This means that amorphous materials having larger
than their casting critical thickness can be fabricated using LPBF with mechanical

properties competing with those of cast amorphous alloys.
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Figure 3.8: Nanograin clusters in the cylinder: Electron backscatter diffraction (EBSD) micrograph
showing a nanograin cluster in the FeCrMoCB bulk cylinder (reprinted with the permission from [62],
Elsevier, 2018).

As mentioned in Section 3.2, Fe-Si-B BMGs have attracted much attention as
technological materials resulting from their outstanding soft ferromagnetic
properties, great amorphous phase forming ability (APFA) and exceptional
mechanical properties [64, 65]. Consequently, it is possible to use them as core
materials sensors [66], biosensors [67] and distribution transformers. Mostly, the high
APFA of Fe-B alloys enables the formation of the amorphous phase and Si makes
additional contribution to it. A fully amorphous phase is achieved within the range of
5-26 at. % B and 0-29 at. % Si [68]. Accordingly, Fes4Sis1Bas alloy was produced with
LPBF with a laser scan speed of 100-150 mm/s and laser power of 90 W by using gas-
atomised powder having particle sizes less than 30 pum, purchased from NANOVAL
company as FesSiz1Bss amorphous powder [69]. Nanocrystalline a-FeossSioos and
Fe2B phases in an amorphous &-FeSi type matrix were observed in the microstructure.
The immoderate number of impurity atoms in the interstitial sites is linked to the
formation of the amorphous e-FeSi type structure by distorting the crystal lattice
locally. The strong attraction between Fe and Si atoms indicates that APFA may be
comparatively high in the Si composition above 20 at. % Si [68]. Furthermore, the large
negative heat of mixing between constituents (-26 kJ/mol for Fe-Si and -38 k]/mol for
Fe-B alloys [70]) allows short-range order in the liquid upon laser melting. The
crystallite sizes of a-FeossSioos and Fe:B, retained from the starting powder, decreases
with increasing laser scan speed due to the high solidification rate (10°-108 K/s). Such
a fast solidification of droplets hinders the nucleation and growth of the crystallites,
bringing about the amorphous structure. On the other hand, it is found that lower
laser scan speeds of 100 mm/s and 400 mm/s enable denser microstructure, having

lower porosity.
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The change in the relative proportions of the phases as a function of laser scan speed
(Figure 3.9(a)) depicts the variation in composition during the LPBF process and
therefore the atomic motion between distinct phases for Fes.SiziBss alloys. The
relative ratios of e-FeSi type amorphous and a-FeossSioos phases show an antagonist
behaviour in which the maximum relative ratio of e-FeSi amorphous phase represents
a minimum fraction of a-Feo.sSioes phase in the sample produced by using laser scan
speed of 400 mm/s in this study. Consequently, it can be said that 400 mm/s is the
optimum laser scan speed considering the process parameters used in this study to
achieve both densification and high amorphous phase fractions for Fe-Si-B alloys.
Furthermore, hardness was measured by a Vickers microhardness tester with a load
of 100 gr. The high microhardness values (1654-2273 HV) were observed, linking to
the crystallite size refinement as well as the dissolution of boron into the amorphous
matrix. Those microhardness values are much higher than those of the FezSiiB2o
produced by the modified melt spinning technique (830-110 HV) [65].
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Figure 3.9: (a) Evolution of the relative proportions of the phases, (b) saturation magnetisation
alterations and (c) coercivity changes of the LPBF-processed Fex.4Siz1B4s specimens as a function of

laser scan speed, reprinted with the permission from [69], Springer, 2018 (CGS to SI conversion 1 emu/g
=1 Am?/kg and 1 Oe =79.6 A/m).
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In the case of the magnetic performance of the LPBF samples, it is observed that
saturation magnetisation has maximum value of 199 Am?/kg for the sample fabricated
with the laser scan speed of 700 mm/s and then decreases linearly to approximately
188 Am?/kg for that with 1500 mmy/s as can be seen in Figure 3.9(b)). The alteration in
the nearest neighbour configuration of Fe atoms with their substitution by
nonmagnetic Si atoms, causes a decrease in magnetic moment per atom, thus reducing
M. Still, the specimens fabricated by LPBF have much higher M values than FeSiB
coatings produced by using the same starting powder (30-40 Am?/kg) [71].

How the coercivity (Hc) change with respect with to laser scanning speed is depicted

in Figure 3.9(c). It is obvious that H. increases with increasing laser scanning speed up
to 400 mm/s and then levels off. Since H. is generally associated with the size, shape,
and the dispersion degree of the crystallites, including lattice distortion and internal
stresses, high values of coercivity are attributed to the structural defects, such as
vacancies and interstitials that originated from the laser melting process [69].

The study conducted by Ouyang et al. [72] confirms that the properties of LPBF-
processed parts strongly depend on the mechanism of the microstructural
development in amorphous alloys during the LPBF process. In this study, in order to
show the effect of LPBF parameters on the microstructural evolution of
Fe7C073Cr147Mo126Ci155B43Y 19 alloy, a map is made (Figure 3.10(a)). It indicates that
low laser power (P <200 W) and high laser scan speed (v > 700 mm/s) result in larger
amorphous phase fractions. The relationship (Equation 3.1) between amorphous
content and laser energy input is attained (Figure 3.10(b)) based on the laser energy

density equation, which is presented by:
P

4= (3.1)
where Eu is the energy input of energy density (J/mm?), P is the laser power (W), v is

the laser scan speed (mmy/s), h is the hatch distance (mm) and d is the thickness of the
powder layer (mm) [73-75]. It is obvious that there is a linear transition from a nearly
fully crystalline structure to a fully amorphous one as the E: decreases. This may be
because as energy density decreases, the cooling rate increases, leading to amorphous

structure [76].
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Figure 3.10: (a) Amorphous content of LPBF Feus7C075Cr147Mo126C155B13Y19 glassy alloys, 3D-printed
by using different laser powers and laser scan speeds. The data were interpolated between the
measured data points. (b) The graph compares the laser energy density and amorphous content of
LPBF specimens, reprinted with the permission from [72], Elsevier, 2018 (S1, S2 and S3 have the laser
energy densities of 36.8 J/mm?, 245.3 J/mm? and 343.3 J/mm?).
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A novel scanning strategy has been introduced for amorphization of Fe-based alloys
with low glass forming ability with LPBF as well as for ensuring enhanced magnetic
properties [77]. For this purpose, FenSiwB1iCeCr2 (at. %) was used. The strategy
comprises of (1) the preliminary laser melting the loose powder by using a checkboard
strategy, (2) second melting (remelting) by random pulses (point-random (P-R)
strategy) and (3) finally short-pulse amorphization as shown in Figure 3.11. In the
checkboard strategy, edge length of 1 mm and laser power of 20 W with 90° rotations
(a standard alternating scanning strategy) were used with an exposure time of 500 us.
In the P-R strategy, minimum distance of 1 mm between successive points and
maximum laser power of 120 W was exploited. Both melting processes were carried

out by using the same focal diameter of 40 pum.
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Figure 3.11: Production scheme of one layer of Fe715i10B11CéCr2 alloys with the novel scanning strategy
(a) loose powder, (b) preliminary laser melting of loose powder by using checkboard strategy (Sample
A), (c) re-melting with P-R strategy (Sample B) — numbers stand for scanning order, (d) completely re-
melted layer [77].
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It is reported that the novel scanning strategy has enabled the restoration of 89.6% of
the amorphous structure of the parent alloy in spite of its low glass-forming ability
and considerable crystallisation during the preliminary melting. After P-R scanning
(second melting), the amorphous phase appears as a continuous matrix, rather than
forming separate regions, as is observed in the specimens produced with a single
melting. In addition, second melting increases the density of the bulk sample from
78.2% to 94.1%.

It is assumed that if the amorphous phase is heated by a laser pulse to a maximum
temperature with a heating rate lower than the critical value, it devitrifies. In this
study the critical heating rate was calculated as 8.77 x 10° K/s, at which the
amorphous phase does not devitrify till the melting point of the material is reached.
The heating rate for the preliminary melting (pulse duration (exposure time) 500 us)
(Sample A) was estimated as 2.5 x 10° K/s, which is below the critical heating rate
value. The heating rate of the second melting (P-R remelting with the pulse duration
of 20 us) (Sample B) was approximated as 6.25 x 107 K/s, which is higher than the
critical heating rate [77].

It is indicated that this strategy has a positive effect on soft magnetic properties.
Coercivity was reduced substantially after the second melting (using P-R scanning) as
seen in Table 3.2. Stress relief annealing at 820 K provided further reduction in
coercivity. On the other hand, the M-H hysteresis loops (Figure 3.12) show that the
saturation magnetisation seems to be the same for all samples except sample A within
the margin of error.

Table 3.2: Coercivity of feedstock powder and melted samples of Fe71Si10B11CeCrz2 (at. %) alloy (reprinted
with the permission from [77], Elsevier, 2019).

Sample Coercivity (A/m)
Powder 99
Melted once 1032
Melted twice 397
Melted twice and annealed 238
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Figure 3.12: M-H hysteresis loops for Fe71Si10BuiCsCr2 parent powder, samples A (produced by melting

I
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each powder layer twice), and sample B after annealing, reprinted with the permission from [77],
Elsevier, 2019 (CGS to SI conversion 1 emu/g =1 Am?/kg and 1 Oe =79.6 A/m).

Most recently, Nam et al. have utilised a similar scanning technique as in Reference
[77], referred to as the double-scan strategy, to achieve full verification and
densification of Fe-based BMGs having high magnetic saturation [76]. In the double-
scan strategy, before the coating of a subsequent powder layer over the build area,
every FerssSinB11C2Crz22s amorphous powder layer was rescanned (remelted) with the
linear scan method using the same laser power and laser scan speed as the first laser
scanning. In this study, they compared the double-scanning strategy with a single scan
in terms of relative density (Figure 3.13(b)), transverse rupture strength (TRS) (Figure
3.13(c)) and magnetic properties as a function of laser energy density, calculated using
equation 3.1. It was found that double scanning enables effective shrinkage of voids
formed because of partial melting of powder (Figure 3.13(d)), resulting in a relative

density of maximum 96% and corresponding to the mechanical strength (TRS) of 75
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MPa. This was achieved at the highest E. of 37.5 J/mm? (high power of 90 W and low

scanning speed of 1200 mm/s) as it is shown in Figure 3.13(d)).
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Figure 3.13: The graph of (a) macroscopic photograph of 3D-printed FerssSinBuCzCrz2s alloys, (b)
relative density and (c) transverse rupture strength (TRS) versus laser energy density and (d) optic
microscope images of double-scanned alloys (reprinted with the permission from [76], Elsevier, 2020).

From the graphs in Figure 3.14, it is obvious that double scanning improves magnetic
properties significantly. Magnetic saturation has a linear dependence on the E: and a
maximum M; value of 1.22 T was attained with double scanning. Coercivity tends to
increase with increasing Es because higher E: provides enough time for crystals to
nucleate and grow, by lowering the cooling rate. This leads to a reduction in the
amorphous fraction (fan), which was found to be 47% for Ei of 29.2 J/mm?3. X-ray
powder diffraction (XRD) results (Figure 3.15) show that the intensity of the a-Fe
crystallite peak lowers as E: decreases, implying that the fraction of the crystallite

phase reduces.
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Figure 3.14: The graph of (a) magnetic saturation (Ms), (b) coercivity (in Oe), (c) core loss relativity and
(d) relative permeability, pir, taken as at 100 Hz frequency (@ 100 Hz) versus laser power density for 3D-
printed Fezs7Si11BuC2Cr2.2s alloys (reprinted with the permission from [76], Elsevier, 2020).
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Figure 3.15: X-ray powder diffraction (XRD) patterns of 3D-printed Fe7s7SinBuC2Crz22s alloys with
different laser energy density (reprinted with the permission from [76], Elsevier, 2020).

In conclusion, LPBF has been successfully used to produce Fe-based BMGs because it
provides high cooling rates 103-10* K/s [55] but depends strongly on the process
parameters used such as laser power and laser scan speed [57]. Low laser power and

high laser scan speed leads to low energy input onto the powder, causing high cooling
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rate. Although decreasing the energy input, enables an increase in the amorphous
fraction of the magnetic alloy, it adversely affects full densification, which requires a
high energy density. Hence, low energy input results in poor mechanical properties
(hardness and mechanical strength). It is crucial that optimum process parameters are
defined for both full densification and amorphous structure. The studies indicate that
double scanning (remelting) helps to increase the glassy phase content and relative

density and improve soft magnetic and mechanical properties [76].

3.3.2 Direct Energy Deposition

Direct energy deposition (DED) has been utilised for fabricating high-performance
super-alloys. It contains several techniques, which are laser-engineered net shaping
(LENS), laser solid forming (LSF), directed light fabrication (DLF), direct metal
deposition (DMD), electron-beam AM (EBAM), and wire and arc AM (WAAW). In
DED, laser or electron beams are used as a source of energy, which is directed onto a
specific location of the substrate and exploited to melt feedstock materials (wires or
powder) at the same time. Then, the molten materials are deposited and fused onto
the substrate. This process continues layer by layer until the 3D part is built (Figure
3.16) [78]. Differently from LPBF, DED has no powder bed, and the feedstock is
melted, then deposited into substrate in a layer-by-layer manner, enabling both

multiple materials and multiple axis deposition simultaneously.
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Figure 3.16: (a) The experimental setup and (b) the schematics of the laser-engineered net shaping

(LENS) process (reprinted with the permission from [79], Elsevier, 2020).

The LENS technique generally has been utilised to produce Fe-based BMGs because
it provides (i) a high cooling rate (10° -10° K/s) [80], (ii) less dilution at the substrate-
layer interface, restricting crystallisation and (iii) tailorable process parameters with

net shape production ability [81].
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To prevent crystallisation in BMGs during the LENS process, laser power, laser scan
speed and substrate temperature are the main parameters that can be controlled. The
total heat input per unit area, I, is utilised to combine first two parameters along with

the beam diameter as follows:
P

I=— (3.2)
where P is the laser power (W), v is the laser scanning speed (mmy/s), and D is the laser
beam diameter on the substrate (mm) [82]. It is obvious from Equation 3.2 that
reducing laser power and increasing laser scanning speed brings about a lower heat
input [83], similarly to the LPBF process as mentioned in Section 3.3.1. The lower the
heat input, the higher the cooling rate due to high thermal gradients, which restricts
crystallisation. Moreover, in order to maintain high cooling rates and obtain BMGs
with maximum amorphous content, it is crucial that substrate temperature is kept as
low as possible.

There are two ways to estimate the cooling rate during LENS processing. First one

includes the use of the following equation:

S =RG (3.3)
where dT/dt (K/s) is the cooling rate, R (mmy/s) is the solidification velocity and G
(K/mm) is the local thermal gradient [84]. Through experiments, it has been presented
that R is in the order of the laser scanning speed (v) [85], which is 20 mm/s in the study
by Balla et al. [81], and G is approximately 100 K/mm [80]. Hence, by using this study,
the cooling rate in the melt zone calculated using Equation (3.3) is approximated to be
2000 K/s, which is more than enough to produce an amorphous NSSHS7574 alloy with
a critical cooling rate of 610 K/s [86]. Still, in order to make better estimations of cooling
rates, it is necessary to take into consideration the substrate or prior deposit
temperature, temperature change in the melt zone, laser input and the thermal
conductivity of substrate and deposited alloys. Despite the complicated physics of
laser surface melting [87, 88], improved approximation of cooling rates during laser
surface melting can be achieved by using the Rosenthal solution for a mobile heat

source Equation 3.4, as presented by Steen [88].

= = —2nk (%) AT? (3.4)

where k is the thermal conductivity of the substrate (W/mm.K), v is the laser scan
speed (mm/s), Q is the laser power (W) and AT is the temperature range during
cooling (K). It confirms that reducing the laser power and increasing the laser scan
speed provides a higher cooling rate during laser-based additive manufacturing
processes (Equation 3.4). In addition, by using Equation 3.4, the cooling rates were

quantified for different substrate/prior deposit temperature, which indicates that the
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cooling rate increases when the prior deposit temperature decreases (Equation 3.4)
[81].

In the production of Fe-based amorphous alloys with LENS, the initial attempt was
made by Balla and Bandyopadhyay [81], who used a gas-atomised NanoSteel
NSSHS7574 glass-forming alloy powder of Cr<sMo<isW<10C<sMn<sSi<aB<sFevalance (at. %)
with a particle size in the range of 53 and 180 um. Laser power of 250 W and laser scan
speed of 20 mm/s were chosen to reduce heat input and to melt amorphous powder.
In addition, even though no direct technique exists to control substrate and prior
deposit temperature during the LENS process, in order to keep substrate
temperature/prior deposit temperature low, a five-seconds delay was inserted
between each successive layer with argon gas flowing through the powder delivery
nozzles.

In this study, the cooling rate for the NSSHS7574 alloy was approximated to be in the
range of 3.38 X 10° and 1.72 x 10*K/s using Equation 3.4, which is higher than the
critical cooling rate (610 K/s) required for complete amorphisation of NSSHS7574
alloy. Even though theoretically the process parameters used in this study are ideal to
obtain full amorphous alloys, XRD (Figure 3.17), differential scanning calorimetry
(DSC) (Figure 3.18) and microstructural analysis (Figure 3.19) of the 3D-printed alloy
exhibit partial crystallisation/incomplete amorphization. It is thought that the reason
for that is the coarse feedstock powder (53-108 um), only partially melted during
deposition because of the low heat input (14 J/mm?). Those partially melted particles
are found in the deposit with a melted and resolidified surface having amorphous
structure, surrounded with crystalline features as shown in Figure 3.19. It was
concluded that to obtain fully amorphous alloys with the help of the LENS technique,
the use of a finer starting powder would enable complete melting with the same
process parameters, or increasing the heat input would allow for melting particles
completely without influencing negatively the critical cooling rate needed to achieve

tull amorphization [81].
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Figure 3.17: XRD patterns of the top surface (15 mm for substrate) and near substrate (0.8 mm from
substrate) of LENS processed Fe-based BMGs compared to NSSHS7574 starting powder [81].
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Figure 3.18: Differential scanning calorimetry (DSC) curves of the feedstock powder and the 3D-printed
NSSHS7574 alloy, depicting three crystallisation peaks with three-stage crystallisation behaviour,
reprinted with the permission from [81], Elsevier, 2010 (Tg is glass transition temperature and Txi, T
and T are crystallisation temperatures, showing that the material undergoes a three-stage

crystallisation process upon heating).
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-

Figure 3.19: Cross-sectional SEM micrographs of 3D-printed NSSHS7574 alloy (a) demonstrating

exceptional interfacial bonding between substrate and the produced alloy (b) the microstructure at the
top region of the bulk specimen (reprinted with the permission from [81], Elsevier, 2010).

Borkar et al. produced a compositionally graded Fe-Si-B-Nb-Cu alloy with varying
Si/B ratios by using the LENS technique [5]. It was observed that dendrite formation
occurred in the amorphous matrix, which is associated with constitutional
supercooling because of the compositional differences between the crystal and
amorphous matrix [89-91]. The partitioning of Si at the interface of a-Fe/amorphous
matrix causes the constitutional supercooling, promoting the dendrite formation

owing to interfacial instability. Furthermore, it was found that Fe-Si-B-Nb-Cu alloy
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with a Si/B ratio of around 1.7 showed considerably low coercivity (1512 A/m) and
higher magnetic saturation (143 Am?/kg) compared with the other FeSiBNbCu
samples with different Si/B ratios.

The effect of laser process parameters on the hardness of Fe-based BMGs produced by
LENS was studied by Xie et al. [92], who used FesCorCrisMouCisBeY2 (at. %)
amorphous spherical powder and different laser energy densities. The variation in
hardness as a function of laser energy density (LED) is illustrated in Figure 3.20. It is
obvious that hardness increases as LED lowers. The use of the lowest energy density
of 30 J/mm led to the highest hardness of 1263.7 HV. This value is significantly close
to the hardness of cast FesCo7CrisMo1CisBsY2 amorphous alloy (1253 HV) [93], which

suggests that the printed specimen retained a certain amount of its amorphous phase.
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Figure 3.20: Hardness of the LENS-processed Fes1Co7CrisMo1:C1sBsY2 amorphous alloys as a function
of laser energy density (LED) (A, B, C, D, E and F denote FesCo7CrisMo014Ci5BsY2 samples that were
produced using different laser parameters, i.e., laser energy density (LED). A and E have the same LED;
however, for A, P=300 W and v =5 mm/s and for E, P =600 W and v = 10 mm/s, for B: P = 600W and v
=5 mm/s, for C: P =900 Wand v =5 mm/s, for D: P =300 Wand v = 10 mm/s and for F: P =900W and v
=10 mm/s) (reprinted with the permission from [92], Springer, 2019).
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In general, the LENS technique has not been much used in the production of magnetic
amorphous alloys because it has lower geometric accuracy (0.25 mm) and lower
surface quality, requiring post-processing [94] and can only fabricate less complicated
components compared with LPBF [78]. Consequently, LENS is commonly utilised for
large parts with low complexity [35] and for repairing them [95], which restricts the
fabrication of amorphous alloys by LENS due to their size limitation. All the
drawbacks aside, the benefit of using LENS is the ability to produce parts with
superior mechanical properties, controlled composition, and microstructure [35]. As
explained in this section, generating amorphous alloys with the LENS technique is
possible by lowering laser energy input (low laser power and high scan speed similar
to LPBF) and reducing substrate/prior deposit temperature.

Table 3.3 gives a summary of the different materials and AM techniques described in
this paper. It is observed that Fe-based magnetic alloys with various amorphous
content up to 100% can be produced by the LPBF technique by changing process
parameters. It can be said that even though both of the elemental compositions and
powder sizes of the feedstock powder in [76, 77] are quite similar to each other, the
LPBF processes alloys have different amorphous phase fractions and magnetic
properties due to the different process parameters and scanning strategy, as
mentioned in Section 3.3.1. This means that laser process parameters and scanning
strategy play critical roles in the production of amorphous alloys with laser additive
manufacturing. From the perspective of magnetic properties, while the produced
alloy in [8] possesses relatively low magnetic saturation and coercivity, the glassy
alloy in Ref. [69] has relatively high saturation magnetisation and coercivity. This may
be due to the different alloy design and composition, process parameters or problems
that occurred during the production, causing structural defects. It is indicated in Table
3.3 that LPBF-processed glassy alloy (Fez1SiiB11CsCr2 (at. %)) has the best soft magnetic
properties (that is, high saturation magnetisation and low coercivity) resulting from
the double scanning strategy (remelting) carried out during the LPBF process. The last
three rows in Table 3.3 represent the Fe-based amorphous materials produced by the
LENS technique. As stated before, the LENS technique has not been studied
extensively in fabricating amorphous alloys due to the process-related problems.
Considering the hardness values of the FeCrMoCB alloy produced by LPBF [62] and
the FenCo7CrisMouCisBeY:2 (at. %) alloy fabricated by LENS [92], it can be said that
LENS provides more mechanical strength than the LPBF technique.
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Table 3.3: Amorphous content, magnetic and mechanical properties of Fe-based alloys produced by laser additive manufacturing, also showing process

parameters and powder size of starting powder.

Process Parameters Magnetic Properties
Alloy SI;’:"(‘:::I) Technique P (W) v (m/s) ‘:‘;‘r‘l‘t’g:‘(‘f;‘f M He(A/m) HT;;‘;;SS Reference
Fess.3Co9 Siz5B67Ps7Cr2sMozsAlz <150 LPBF 340 15,25  Unknown  102.8,103.6 Am¥kg ;ZZ - 8]
FeCrMoCB <80 LPBF 80-200 0.8-5 100 - - 902 [62]
Fe2.4Sis.1Bss <30 LPBF 90 0.1-1.5 70-80 188.6-199 Am2kg  3485.5-5809.2  1654-2273 [69]
f;i;))co”'cr“’Mm2'6C15'5B4'3Y1'9 <33 LPBF 150-350 0.2-1 4.96-100 - - - [72]
FenSitnCeCr2 (at.%) ~245 LPBF Max 120 - 89.6 ~150 Am?/kg 238 - [77]
Fer7SitBiCaCraas ~25 LPBF 50, 70, 90 12,16 47 1.22T (kg/s2A)  1591.5-2387.3 - [76]
Fe-Si-B-Nb-Cu <150 LENS - - - 118-150 Am¥/kg ~ 1273.2-3819.7 - 5]
g:;:;[o“SW“°C<3Mn<SSi<ZB<5Fe"““C€ <180 LENS 250 0.02 - - - 1421+101 81]
FesnCorCrisMouCisBsY2 (at.%) - LENS 300,600,900 0.005,0.01 - - - 12637 [92]

2 According to the XRD analysis, the part is fully amorphous.
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3.4 Conclusions

This paper provides a review of laser additive manufacturing found in the literature
for Fe-based amorphous alloys. The literature demonstrates that laser additive
manufacturing, which contains directed energy deposition and powder-bed fusion, is
a promising process to produce Fe-based glassy alloys with good soft magnetic
properties. The LPBF technique from the powder-bed fusion category and the LENS
technique from the directed energy deposition category have been used for that
purpose within the literature, resulting from their high availability, low cost and being
less time-consuming compared with the conventional techniques that have been used
to produce amorphous alloys, such as casting. In both techniques, amorphous alloys
were manufactured by altering the process parameters. Generally, low energy input,
achieved via low laser power and high laser scanning speed, brings about increased
amorphous phase content due to a higher cooling rate, but decreases relative density
and deteriorates mechanical properties. To overcome this limitation, the double
scanning (remelting) strategy has been employed, which results in enhancing both
magnetic and mechanical properties. Additionally, in the LENS process, it is also
necessary to consider the substrate/prior deposit temperature, to ensure that it is kept
as low as possible to obtain a high cooling rate. LPBF has been utilised more than
LENS in the fabrication of Fe-based amorphous alloys, since LENS is not preferred for
the production of small parts because of low geometric accuracy and poor surface
quality. This contradicts with the size limitation of glassy alloys owing to their high

critical cooling rates.
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Chapter 4: Research Paper 1

This chapter contains the initial research step to optimize the laser powder bed fusion
technique for Fe-based nanocrystalline alloys. To obtain information about the process,
it investigates the effect of volumetric energy input to powder bed on the final
properties (bulk density, saturation magnetization and coercivity) as the energy input
combines the main process parameters: laser power, laser scan speed, hatch spacing
and layer thickness. To comprehend their influence, different combinations were used

to produce Fe-based nanocrystalline samples.
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Abstract

Fe-based amorphous magnetic alloys offer new opportunities for magnetic sensors,
actuators and magnetostrictive transducers due to their high saturation
magnetostriction (As = 20-40 ppm) compared with that of amorphous Co-based alloys
(As =-3 to -5 ppm). Due to the conventional production limitations of Fe-based glassy
alloys, including dimensional limitations and poor mechanical properties, this has led
to a search for novel fabrication techniques. Recently, the laser powder bed fusion
(LPBF) technique has attracted attention for the production of Fe-based magnetic bulk
metallic glasses (BMGs) as it provides high densification, which brings about excellent
mechanical properties, and high cooling rate during the process. Optimization of
process parameters in the LPBF technique have been studied using the volumetric
energy input (E), which includes the major build parameters; laser power (P), scan
speed (v), layer thickness (t) and hatch spacing (k). This study investigates how the

major process parameters influence the physical and magnetic properties of LPBEF-
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processed Fe-based amorphous/nanocrystalline composites ((Fes7.3sSie.s5B254Cr2.46Co.77
(mass %)). Various process parameter combinations with P (90, 100, 120 and 150 W)
and v (700, 1000 and 1300 mmy/s) were applied with t of 30, 50 and 70 um and & of 20,
30, 40, 50 and 60 pum. It was found that bulk density improves as P and t increases, v
and h decreases, i.e., high E is necessary, however, 99.45% of bulk density was achieved
with E of 61.22 J/mm? (P=150 W, v=700 mm/s, h=50 pm and =70 um), which indicates
the importance of understanding how parameters affect the specific materials. In
addition, the magnetic properties differ significantly due to the nanocrystalline phases
present in the microstructure, with their size depending on the process parameters
considerably. Owing to the laser scanning nature, the microstructure evolves as molten
pools (MP) and heat affected zones (HAZ) due to the high thermal gradient that
occurred between laser tracks. MP forms around the scans, containing «-Fe(Si)
nanograins mainly, whereas HAZ generally contains Fe2B and FesSi nanocrystalline
clusters. The size and quantities of those nanocrystallites determine the magnetic
properties. With the same E (60 J/mm?), v (1000 mm/s) and ¢ (50 pm), only changing P
and / caused samples to have different saturation magnetization; 206 emu/gr (P: 90 W
and h: 30 pm) and 150 emu/gr (P: 150 W and h: 50 pm). In general, the saturation
magnetisation, Ms of LPBF-processed samples changes between 130 and 206 emu/gr,
which is much higher than that of feedstock powder (102 emu/gr) due to their
nanocrystalline structures. The coercivity (Hc) is in the range of 14.55 and 34.68 Oe,
which is considered high for soft-magnetic behaviour (H:<12.5 Oe), resulting from the
larger crystallite size and the presence of defects (pores and cracks) in the
microstructure. The bivariate correlational analysis revealed that bulk density
demonstrated a significant correlation with P, v, h, and E, while M: and H. showed
significant correlations exclusively with v and P, respectively.

Keywords: Laser powder bed fusion, amorphous/nanocrystalline magnetic materials,

laser additive manufacturing process optimization.

4.1 Introduction

Laser Powder Bed Fusion (LPBF) is an additive manufacturing (AM) technique, which
has attracted significant attention due to its ability to produce components with
complex structures and high melting points in one go [1-5]. Conventional techniques
would need a series of fabrication processes, to achieve the same designs, which takes
excess material, time, and energy [6]. The LPBF process methodology is to build
components in a layer-by-layer fashion by selectively scanning/melting and
consolidating a thin layer of powder using a laser beam [6-8].

The major build parameters commonly studied to optimise the process are laser power

(P), scan speed (v), layer thickness (t) and hatch spacing (h) (Figure 4.1). Previous

108



Chapter 4 — Research Paper I

studies indicate that low laser power, high laser scan speed and large layer thickness
leads to insufficient energy during the melt process. This causes balling to occur during
LPBF, where molten metal creates spherical drops resulting from the inadequate
wetting of the molten pool with the previous layer [9]. This phenomenon prevents the
forming of continuous melt lines, creating rough surfaces and large pores within the
parts. Poor interlayer bonding along with thermal stresses also result in delamination,
which fractures the parts [10, 11]. On the other hand, high laser power and low scan
speed may cause substantial material evaporation and the keyhole effect [12].
Moreover, too large hatch spacing generally leads to a high amount of porosity in
printed components as neighbouring scan lines do not melt together completely [10].
Therefore, an optimised combination of laser power, laser scan speed, layer thickness
and hatch spacing is necessary for the LPBF process to successfully fabricate
components with near full density [9, 13].

Soft-magnetic properties of LPBF-processed Fe-based amorphous alloys have been
investigated by a few researchers. Recently, Sufiiarov et al. used different P from 90 W
to 120 W at constant laser v and & in producing FeSiB parts [14]. However, no change
in saturation magnetisation, Ms (195 emu/gr) and coercivity, H. (48 Oe) was observed.
The effect of v on the soft-magnetic behaviour of 3D-printed FeSiB [1] and
FeCSiBPCrMoAl alloys [3] was also studied. While changing v (from 1500 mm/s to
2500 m/s) did not show substantial difference in the soft-magnetic properties of FeSiB
alloy (Ms: 102.8, 103.6 emu/gr and H.: 0.35, 0.41 Oe; respectively) [1], laser scan speed
significantly influenced the magnetic properties of FeCSiBPCrMoAl alloy. The laser
scan speed between 100-1500 mm/s at constant P (90 W), i (40 um) and ¢ (50 um) were
used to explore its magnetic properties. Ms improved with increasing v till 700 mm/s
where it had the maximum value (199 emu/gr) due to the existence of strong magnetic
coupling between nanocrystalline grains and amorphous matrix. After that point, Ms
decreased linearly to 188 emu/gr (v=1500 mm/s). On the other hand, coercivity reached
its minimum ¢40 Oe) at v of 100 mm/s, then increases with v up to 400 mm/s and then
levels off to around 70 Oe. High Hcwas related to the ferromagnetic heterogeneity of
the system such as the presence of hard magnetic Fe:B phases, impeding the domain
wall movement and so increasing magneto-crystalline anisotropy.

It is crucial to note that laser additive manufacturing (LAM) provides isotropic
properties for Fe-based amorphous alloys in macro-scale even due to the nano-
equiaxed grains and amorphous phase in the microstructure despite the directionality
of the process. It is proven that LPBF-processed Fe-based glassy alloy possesses nearly
same coercivity (79 Oe), saturation magnetization (162 emu/gr) and microhardness
(900 HVo.) at both X (platform axes) and Z (building axes) directions [15].
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Researchers have tried different scanning techniques to enhance the properties of Fe-
based BMGs. Nam et al. utilised the double scan strategy where every powder layer is
rescanned using the same laser power and laser scan speed with the first scan before
spreading to the next powder layer [16]. The study also includes different laser power
(50, 70 and 90 W) and laser scan speed (1200 and 1600 mm/s) along with the volumetric
energy input (E), expressing the energy that the powder receives;

E== (4.1)
Where P is laser power, v is laser scan speed, t is layer thickness and / is hatch spacing
[17-19]. High E combined with double scanning improved significantly relative
density of 96%, Ms of140 emu/gr and mechanical strength of 76 MPa. While double
scanning reduced coercivity (20 Oe), core losses and increased permeability, these
properties were not affected by energy input substantially. Despite the good results
obtained in this research, the amorphous phase fraction was low (47%). To maximise
it and ensure soft-magnetic properties, a novel scanning strategy, containing two-step
scanning (preliminary laser melting followed by short-pulse amorphization) was
introduced [20]. The first scanning (preliminary laser melting) was performed using
the checkboard strategy with the laser power of 20 W and in the second melting (short-
pulse amorphization), the Point-Random (P-R) strategy with the laser power of 120 W
was applied on every layer after the first melting. This strategy increased the
amorphous phase content from 3.5% (after first scan) to 89.6% and relative density
from 78.2% to 94.1%. Coercivity was also reduced to 5 Oe. However, the strategy did
not change the saturation magnetization (150 emu/gr). Furthermore, it was shown that
low E (low P and high v) can be used to increase glassy phase content since low E
provides high cooling rate [21].

It was shown that the energy input significantly influences the microstructure and
porosity level of the parts [22-24]. Even though researchers were able to produce Fe-
based nanocrystalline alloys with good properties, the bulk density and saturation
magnetization need to be improved without compromising coercivity by investigating
the effects of all major build parameters; P, v, h and t. As mentioned above, the
researchers focused on only laser power and laser scan speed to study the magnetic
and physical properties of Fe-based amorphous alloys. However, this study includes
the effects of i and t as well as P and v. The main aim is to optimise the process
parameters to fabricate almost fully dense parts having high saturation magnetization
(Ms) and low coercivity (Hc), which was achieved by the formations of nanocrystallites
with a small quality of an amorphous phase. For this purpose, different laser power
(90, 100, 120 and 150 W), laser scan speed (700, 1000 and 1300 mmy/s), layer thickness
(30, 50 and 70 pm) and hatch spacing (20, 30, 40, 50 and 60 pm) were explored.
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Figure 4.1: The studied processing parameters of LPBF process [13].
4.2 Material and Methods

4.2.1 Powder characterization

The amorphous soft-magnetic powder, KUAMET 6B2 (Fes7.3s5i6.85B25¢Cr246Co7 (mass
%)) containing 570 ppm by mass of oxygen content, was provided by Epson Atmix
Corporation, Japan. Before being used in the LPBF process, the powder was
characterised. This included determining the powder particle size distribution using a
Mastersizer machine, the morphology via INSPECT F50 high-resolution field emission
scanning electron microscope (HR-SEM), x-ray diffraction (XRD), PANalytical X'pert
diffractometer), differential scanning calorimetry (DSC) analysis with a TA instrument
SDT Q600 and the magnetisation hysteresis (M-H) loop at 300 K using a QD MPMS-3
magnetometer. It should be noted that all the characterization techniques were
performed before powder-sieving. The results are shown in Figure 4.2. As presented
in Figure 4.2(a), the powder particles exhibit near-spherical shape, which is crucial for
superior flowability and spreadability over the powder bed. Furthermore, they have a
narrow particle size distribution (Figure 4.2(b)) with D10, D50 and D90, indicating the
sizes below which 10%, 50% and 90% of all powder particles are present, of 9.49, 23.4
and 47.5 um, respectively. Only one broad peak in the XRD spectrum (Figure 4.2(b)) is
observed, suggesting that the parent alloy is completely amorphous. The M-H loop in
Figure 4.2(c) shows that the alloy has excellent soft-magnetic characteristics with M; of
102 emu/gr and H. of 28.51 Oe. The DSC curve in Figure 4.2(d) is composed of two
consecutive exothermic and three consecutive endothermic peaks, resulting from

multi-stage crystallisation and melting, respectively.
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Figure 4.2: Powder characterization: (a) cumulative particle size distribution and SEM micrograph
(morphology), (b) XRD pattern and (c) M-H loop and (d) DSC curve (exothermic peaks are up) of
KUAMET6B2 powder (Tx1 and Tx are the crystallization temperatures, and Twi, Tm2 and Tws are the
melting temperatures).
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4.2.2 Laser Powder Bed Fusion (LPBF) process

Before starting to print, the powder was sieved with a 53 um mesh-size sieve to
eliminate the larger powder particles and to ensure that the particle size range is 10-53
um. This is a necessity for optimal layer deposition during the LPBF process. To
produce the cylindrical samples with dimensions of 6 mm in diameter and 8 mm in
height, the Aconity Mini machine was utilised. Various process parameter
combinations with P of 90, 100, 120 and 150 W and v of 700, 1000 and 1300 mm/s were
applied with the layer thickness of 30, 50 and 70 pum and the hatch spacing of 20, 30,
40, 50 and 60 pm. The hatch filling type was utilised with a hatch style rotation of 70°
and starting angle of 22.5°. To prevent oxidation, the chamber was filled using Argon

gas to keep the residual oxygen content below 0.01%.

4.2.3 Characterization of printed samples

After printing, the densities of all the samples were measured three times using the
Archimedes method with distilled water and the mean density of every sample was
determined. The bulk density percent of the printed specimens was calculated by
using the mean densities and the theoretical density of the master alloy.

To obtain micrographs, firstly the samples were mounted in bakelite, ground and
polished. Then, the polished samples were subjected to etching with 2% nital solution
(98 ml HNO:s and 2 ml ethanol) for 3 min. Then, the microstructural characterization
was performed by Nikon optical microscope and INSPECT F50 HR-SEM. The
transmission electron microscope (TEM) micrographs were taken at the voltage of 300
kV and the nominal magnification of X6000 by using JEOL R005 Cs Corrected
TEM/STEM machine after the sample was produced with FEI Helios NanoLab G3 UC
focused Ion beam (FIB) machine.

Phase analysis of the produced samples was conducted by using PANalytical X'pert
diffractometer with Cu radiation (A = 1,541 A). DSC analysis was carried out with a
heating rate of 20 °C/min up to 1400 °C by TA instruments SDT Q600 in order to
measure the crystallisation enthalpies of the samples (AH.ry). The amorphous content
(=AHey of LPBFed alloy/AH.r, of starting powder) then was calculated by using the
method described in these papers [16, 20, 25]. A SQUID magnetometer MPMS3 from
Quantum Design was used to obtain magnetization hysteresis (M-H) loops at 300 K
and examine the magnetic properties, such as saturation magnetization (Ms) and
coercivity (Hc) of the as-printed alloys.

For the Design of Experiment (DoE), a bivariate correlational analysis was conducted
to examine the connections among the five process parameters (E, P, v, h and t) and

the three outcome variables (Bulk density, Ms and H.).
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4.3 Results and Discussion

The phase development during the LPBF process is a complicated occurrence that has
to be investigated directly. Therefore, with the help of the DSC curve of the powder
(Figure 4.2(d)), the crystallisation characteristics were analysed. Previous work has
shown that the crystallisation of Fe-Si-B based systems generally happens in two steps,
the first stage relating to the development of a-Fe solid solution followed by the
decomposition of the amorphous matrix into boride, ferrite, and silicide phases [26].
The DSC curve (Figure 4.2(d)) indicates that the amorphous powder experiences a
two-stage crystallisation mechanism while heating from 820 K to 960 K with a heating
rate of 20 K/min. The first one (T« = 840 K) is associated with the a-Fe(5Si) bcc phase
and the second one (Tx2 = 910 K) with the evolution of Fe:B phase. Between 1300 K and
1500 K, the powder undergoes multiple melting transformations. The first
endothermic peak (Tw1) at around 1330 K corresponds to the melting of a-Fe/Fe:B
mixture and the subsequent peak (Tw2) at 1380 K is linked to the melting of Fe:2B [27].
The last one (Tws) at 1440 K can be attributed to the melting of Fe carbides having the
highest melting point [28].

Figure 4.3 gives the XRD patterns of different LPBF printed samples with different
energy densities. It is observed that bcc a-Fe(Si) and the ordered FesSi phases are found
together with a proportion of stable Fe:B phase in all the samples. Low amorphous
content (<10%) suggests that the amorphous phase is only present within the matrix,
being retained from the parent powder. The sharp diffraction peaks represent the a-
Fe(Si) phase. Owing to its large size (300-500 nm) and high amount in the
microstructure, its crystallisation peaks can be seen distinctively in the XRD patterns.
On the other hand, the other phase peaks are lost in the noisy background, which may
be associated with small crystallite sizes and the irregularities in the polished surface
such as cracks and pores.

Research conducted by Zrodowski and his team [20] pointed out that during the
devitrification of Fen15i10BuiCeCr2 (at. %) amorphous powder, initially the ordered FesSi
phase and metastable FesB phases were formed, after further heating, the metastable
phases were transformed into a stable boride Fe:B. Also, in that study, it was noted
that the a-Fe(5i) phase evolves while the liquid solidifies (liquid to crystal), on the
other hand, the ordered FesSi phase forms while the glass phase devitrifies (glass to
crystal). This explains why «-Fe(Si) and FesSi phases are present together in the XRD
patterns for the printed samples (Figure 4.3).

The XRD patterns suggest that all the samples produced with varying energy densities
(between 48-85.71 J/mm?) possess a mixture of a-Fe(Si)/FesSi and Fe2B phases. It should
be noted that there was no considerable shift of the peak positions (+ 0.23%), which
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indicates no change in lattice parameters (no lattice expansion or contraction). Ouyang
et al. [21] and Nam et al. [16] proposed that lower energy densities (low laser power
and high scanning speed) lead to higher amorphous content of 3D printed Fe-based
amorphous alloys. In this study, the XRD results indicate there is a tendency to
decrease amorphous content with increasing energy density, except for the sample
with 85.71 J/mm? where relatively higher amorphous content was observed. This may
be due to the low laser power (90 W) as stated in the other studies. Consequently,
evidence suggests that low laser power and energy density can improve amorphous

content.
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Figure 4.3: XRD patterns of the samples produced with different energy densities.

In the sample notations, P is laser power in Watt, v is laser scan speed in mm/s, h is
hatch spacing in um, t is layer thickness in um, E is laser energy density in J/mm?® and
AC represents the amorphous content.

The microstructural evolution of bulk metallic glasses (BMGs) during the LPBF
process is a complex event, owing to the heterogeneous nature of the complicated
thermal treatments, which develop during the printing process. The microstructure
generally contains two different regions; molten pools (MP) and heat affected zone
(HAZ), both of which experience a highly different cooling rate and therefore, possess
different microstructure (Figure 4.4) [29]. The cooling rate decreases from the molten
pool region through the HAZ due to high thermal gradients formed during laser
scanning whose tracks can clearly be observed in the microstructure (Figure 4.5(a)). It
is well-established that the ordered FesSi phase grows as dendrites whereas the
disordered a-Fe(Si) phase is observed as equiaxial grains [20] and the growth of the
Fe2B is needle-like [30]. Hence, in the MP zone, the a-Fe(Si) nanograins in the size range
between 300 and 500 nm were observed (Figure 4.5(f)), whereas the HAZ contains
mainly FesSi nanocrystalline clusters with sizes between 30-100 nm (Figure 4.5(c)) and
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Fe2B nano-phases with the sizes of 400-600 nm (Figure 4.5(d)). The MP zone provides
more supercooling than the HAZ region to nucleate and grow the disordered a-Fe(5i)
phase. It was observed that in the MP zone, the grains are coarser than the HAZ region
(Figure 4.5) because at high undercooling, nucleation rates decrease and the growth
velocity of nucleus increases resulting from the high driving force for atomic diffusion

process, that is, high supercooling [31]. This leads to the grain coarsening.

Laser beam

Layer-by-layer
structures

um

Figure 4.4: (a) Complex thermal interaction between laser beam and amorphous powder and (b)

hierarchical microstructures in LPBF-processed amorphous alloys [29].
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Figure 4.5: SEM micrographs of LPBF processed samples showing (a) laser scan tracks on the microstructure, (b)
melt pool zone (MPZ) and heat affected zone (HAZ), (c) and (d) the microstructure in HAZ, (e) and (f) the
microstructure in MPZ. In the sample notations, P is laser power in Watt, v is laser scan speed in mm/s, h is hatch

spacing in um, t is layer thickness in pm, E is laser energy density in J/mm?.
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Figure 4.6: Bright-Field TEM cross-sectional micrographs of the sample produced with P of 90 W, v of
1000 mm/s, i of 20 um and ¢ of 50 pum,(a) a composite image from the uppermost surface of the sample
illustrating the interface between the MPZ and HAZ regions, (b) detail of the spherulitic crystal growth
observed in the lower HAZ region and (c) a high resolution image from the HAZ region displaying

atomic lattice structure indicative of a crystalline structure.

Cross sectional TEM imaging of the LPBF-processed sample supports the
microstructure observed in the SEM images shown in Figure 4.5. Figure 4.6(a)
illustrates the interface between the MPZ and under-lying HAZ region. Figure 4.6(b)
shows the presence of spherulitic-like crystal growth in the lower HAZ region while
the high-resolution lattice image, Figure 4.6(c), confirms the crystalline nature of this
region.

Figure 4.7 illustrates how the bulk densities of the sample changes as a function of
energy density. The bulk density has tendency to increase with rising energy density
till around 55 J/mm3. After this, the bulk density fluctuates between 97 % and 99 %.
Less than 55 J/mm?, there are a large number of pores in the microstructures because
of the insufficient energy inputted to the powder bed. At the same energy densities,
different bulk densities were obtained, implying that energy density is not a reliable

parameter to control the porosity level in the parts. In addition, some parts printed
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with varying energy densities failed during printing or fractured heavily. It was
observed that high laser power of 150 W (facilitating large crack formation), high laser
scan speed of 1300 mm/s (leading to balling effect) and large hatch spacing of 60 um
(insufficient overlapping between melt pools) commonly caused the failure in
printing. Although utilising laser energy density to combine all major process
parameters is a good way to start, their effect on the final properties should be
investigated individually. Detailed discussion on the reliability of energy density as a
parameter can be found elsewhere [32].

For convenience, the samples were categorised into three groups: high density (higher
than 99%), moderate density (between 97% and 99%) and low density (lower than
97%). It was inferred that high bulk density was achieved only with increased layer
thickness (50 and 70 pum). Thinner layer thickness resulted in the crack formation
between the layers as the previous layer is subjected to too much energy. At t =50 um,
low laser power (90 and 120 W) brings about high density, on the other hand, at t =70
um, high laser power (150 W) causes high density. It can be said that all these
parameters are related to each other to obtain a low amount of porosity and cracks.
For example, at the large layer thickness (=70 um), if the laser power is increased, it is

a good idea to use large hatch spacing and low scan speed to achieve high density.
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Figure 4.7: The graph of bulk density of samples as a function of different energy densities.

Figure 4.8 illustrates the variation in the bulk density as a function of P, v, h and t. In
general, bulk density improves as P (Figure 4.8(a)) and ¢ (Figure 4.8(d)) increases; v
(Figure 4.8(b)) and h (Figure 4.8(c)) decreases, i.e., high E is necessary. However,
99.45% of bulk density was achieved with the E of 61.22 J/mm? (P=150 W, v=700 mm/s,
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h=50 um and #=70 pm), its microstructure is in Figure 4.8(d). It seems that individual
process parameters greatly influence the microstructure and bulk densities. Common
defects observed in the LPDF process are pores (metallurgical and key-hole pores) and
cracks. Cracks are generally formed in the HAZ region and through the melt pool
because of the excessive heat applied to melt the powders. The first microstructure in
Figure 4.8(d) contains relatively large cracks mainly resulting from the higher E and
higher P. In addition, it was observed that pore concentration affects the crack density
significantly because cracks originating from pores or outer surface of the samples, act
as stress concentration points. Cracks present in the microstructure are mostly cold
cracks, which is a type of solid-state cracks. They typically occur when processed
components undergo cooling to reach room temperature. Irregular shrinkage, a
consequence of inconsistent cooling rates and high thermal gradient during the
cooling, and the poor plasticity of Fe-based BMGs leads to the accumulated residual
thermal stresses in the microstructure. When these stresses exceed a threshold, these
cracks tend to nucleate using free surfaces like pores and propagate through long
distances. These cracks are often notable for their considerable size. The crack density
was nearly the same 17+2 cracks per 3 mm, except for the samples produced with high
scan speed (= 1000 mm/s) and high hatch spacing (= 50 um). The crack density then
went up to 28+1 cracks per 3 mm since high v and & increases porosity content owing
to low E. Up to now, there are no Fe-based BMGs fabricated by laser additive
manufacturing in a crack-free condition [2, 3, 33]. The problem is the high energy input
and the brittle nature of metallic glasses, which is beyond the scope of this study and
will be investigated further later. Moreover, this microstructure had a few nearly
spherical pores instead of irregularly shaped metallurgical pores. They can be related
to the gas bubbles produced by the vaporisation of constituents having low melting
point (B and C) in the alloy [17]. These bubbles generally are formed in the lower
region of the melt pool and cannot escape from the surface due to the high
solidification rate. Therefore, they remain at the bottom of the melt pool after
solidification [19, 34]. However, at high P, increasing t (lowering E) has significantly
improved the microstructure Figure 4.8(d), there are relatively thin cracks and
irregular shape pores, which are due to process instability such as insufficient gas flow
and laser power fluctuations [17].

As P decreases to 90 W (other parameters held constant), the porosity content increases
due to the weak sintering and unstable melt, as shown in Figure 4.8(a). At low laser
power, the powder does not receive sufficient energy during the LPBF process,
resulting in incomplete melting and poor inter-particle bonding [3]. Processing at

higher scan speed (v=1300 mm/s) brings about a balling effect as mentioned in Section
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4.1. It generally occurs when the length (L) to diameter (D) ratio of the melt pool rises
to 2:1, which breaks the molten alloy into small drops rather than a continuous melt
line and destabilises the melt pool [35]. Thus, low scan speed (v = 700 mm/s) led to
improved sintering and consolidation of the powder, allowing the fabricated samples
to have approximately 99 % density (Figure 4.8(b)).

It was also observed that high hatch spacing results in low bulk density because of the
large metallurgical (process-related) pores evolving in the microstructure (Figure
4.8(c)). Increasing h may cause an un-melted powder gap between layers due to the
lack of melt pool overlap (high L/D ratio of the melt pool) [17]. This increases the
porosity content of the LPDF samples resulting from the unstable melt pool and un-
melted powder particles. For this reason, when the hatch spacing increases, the layer
thickness should be decreased to close the powder gap. In Figure 4.7(d), at high P (=
150 W), the bulk density increased by over 4% and the crack size was reduced
substantially from 11.94 + 0.69 um to 2.58 + 0.16 um when t was increased from 50 um
to 70 um. In general, the crack size was 5.71 + 0.79 um.

100

98.5
[ J
z Z 3
£ I = \
S 98 . S 9% 1l
8 M L3 [a] Bl
~ i o % . A
=3
@
@ e
975 b e 90 A
85 95 105 115 (a) 500 700 900 1100 1300
Laser Scan Speed (mm/s) (b)
100 100
L \ e | [
— \ Lo
< ° X 991 A o L J
2 - Y . ot AL N
S =~ L Nl Y T
.‘i. x 'E P .")'\\"i \ X
4] ANy c 98 T ot T e v
= P Q F i
Bos c s DSl M
o °
» Y. 9 &
R | L ‘
lm { Lo B Y 9 -
90 —_— 95 s
25 35 45 55 40 50 60 70
Hatch Spacing (um) (c) Layer Thickness (um) (d)

Figure 4.8: The graphs showing bulk densities of specimens fabricated by using different (a) laser power
(The other parameters are constant; v = 1000 mm/s, ¢ = 30 um and # = 50 pm), (b) laser scan speed (The
other parameters are constant; P = 120 W, t = 50 um and # = 50 pum), (c) hatch spacing (The other
parameters are constant; P = 120 W, v = 1000 mm/s and ¢ = 50 um) and (d) layer thickness (The other
parameters are constant; P =150 W, v =700 mm/s and & =50 um).
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Bulk Density variations can be seen more clearly as functions of E, P, v, h and t in Figure
4.9. Since laser power and energy density directly influence the melt-pool size and heat
input to the powder bed, at low E, high P and at high E, low P provides high bulk
density (Figure 4.9(a)). At high E, low P prevents excessive energy input and at low E,
high P increases melt pool area to enhance overlapping between MPs. There has not
been found any direct effects of E and v on bulk density (Figure 4.9(b)). High bulk
density can be obtained for any v at E larger than 55 J/mm?®. Likewise, if E is higher
than 60 J/mm?, at least 80% of bulk density can be achieved using / in the range of 20-
50 um (Figure 4.8(c)). Low h (<40 um) brings about better results in reducing porosity.
In addition, ¢ strongly affected bulk density at E of 55-80 J/mm?, increasing t from 30
to 70 um increased bulk density from 97.7% to 99.4%.

(a) Bulk Density (%) (b) Bulk Density (%)

Energy Density (J/mm?)
Energy Density (J/mm?)
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Figure 4.9: Bulk Density values of Fe-based BMG samples 3D printed by using different (a) laser power,
(b) laser scan speed, (c) hatch spacing and (d) layer thickness (The bulk density values with uncertainties
is presented in Appendix A).

The saturation magnetization values of the printed samples vary between 139 and 207
emu/gr (Figure 4.10), which is a lot higher than that of powder (102 emu/gr) due to the
presence of nanocrystalline phases in the produced samples. As shown in Figure 4.10,

there is no obvious relation between Ms and E because in soft-magnetic nanocrystalline
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alloys, M; is strongly influenced by the fraction of crystalline and amorphous phases,
the structure of crystalline phases and the composition of the alloy. The most dominant
factor that affects the M: considerably is the amount of magnetic transition metals (Fe,
Co, and Ni) in the alloy [37]. Since the alloy composition is the same in all LPBF-
processed samples, the amount, and the distribution of the nanocrystalline phases
throughout the samples changes the M value.

In general, Fe-based nanocrystalline alloys, which are composed of fine 10-15 nm a-
Fe(Si) nano-crystallites in an amorphous matrix, separated by 1-2 nm allowing for
exchange interaction, exhibit excellent soft-magnetic properties (Hc: 0.4-8 A/m, Ms: 1.3
T) [38]. In this study, magnetic saturation can go up to 1.9 T. The reason for this is
thought to be the large crystallite size of the bcc-Fe(Si) phase (311.79-557.99 nm) and
high exchange interaction among the magnetic phases in the microstructure (Ms
(FesSi): 133.5 emu/gr (1.1 T) [39], Ms (Fe2B): 174 emu/gr (1.3 T) [40, 41] and M (a-Fe(Si)):
2.1 T [42]) and small amorphous phase. In this study, it was observed that as the
thickness of the MP zone decreases, M: increases, due to a short MP region creating a
more homogenous microstructure (Figure 4.10). This facilitates exchange interaction
between the magnetic phases at a shorter distance, so increasing M. Therefore, to
increase saturation magnetization, one should aim to obtain homogenous
microstructure for enhanced exchange interaction as well as decreasing the
amorphous content. Figure 4.11 indicates that generally high E (> 80 J/mm?) leads to
high Ms (> 200 emu/gr) because high E promotes crystallization, whereas low E
increases amorphous content [21], which in turn, lowers M. In addition, based on the
measurements of the MP zone, high E and P; and low v, t and h lower the thickness of
MP zone and increase Ms. By looking at Figure 4.11, it can be said that M has a strong
dependency on P and t. Increasing E and P simultaneously till P =130 W improves Ms
(Figure 4.11(a)). While v and & do not seem to be controlling parameters for Ms. It was
observed that the only substantial difference in M; exists at high E (Figure 4.11(b)). At
high E (= 75 J/mm?®), high v leads to low M: because of the large MP zone thickness.
Moreover, between & of 20 and 50 pm, it is possible to obtain high M: (> 180 emu/gr)
when E is higher than 80 J/mm? (Figure 4.11(c)). At low E (<70 J/mm?3), layer thickness
in the range of 50 and 70 um provides enhanced M: (Figure 4.11(d)).
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Figure 4.10: The saturation magnetization values of LPBF-processed samples as a function of the
thickness of the MP zone (All of the micrographs are in the same scale with the scale bar of 500 um and
lighter and darker areas represent MP and HAZ zones, respectively).
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Figure 4.11: Saturation magnetization values of Fe-based amorphous samples LPBF-processed by using
different (a) laser power, (b) laser scan speed, (c) hatch spacing and (d) layer thickness (The saturation

magnetization values with uncertainties is presented in Appendix B).

Coercivity (Hc) is an extrinsic property (if the anisotropy is neglected due to the
isotropic nature of nano features in the microstructure), which means it is affected by
process-related defects (pore and cracks), impurities (oxide inclusions) and nano
crystallite size. In theory, given that the maximum crystallite size (300 nm) in this
study, the coercivity should be approximately 25 Oe [43]. Thus, it can be concluded
that H.is controlled by the crystallite size, as it varies between 14.55 and 34.68 Oe with
porosity (Figure 4.12) and different energy densities (Figure 4.13), which is much
higher than Fe-based amorphous ribbons (~0.04 Oe) [44, 45]. This is due to the presence
of large nanocrystallites and impurities in the microstructure. As mentioned in
Chapter 2, powders tend to react with oxygen during processing. Also, there is a small
amount of oxygen (57 X 107> wt. %) in the feedstock powder composition. This causes
the formation of oxide inclusions in the microstructure during printing, leading to
deteriorating the magnetic properties (decreasing M, increasing H.). For details, one

can refer to Section 2.2.7.
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Conventional techniques like strip casting and melt spinning provide a high cooling
rate throughout the whole ribbons resulting from their small thickness (< 100 pum). As
a result, fully amorphous alloys are produced, minimising coercivity. On the other
hand, due to the laser scanning nature causing high thermal gradient, it is hard to
maintain a high cooling rate throughout the whole microstructure. Thus, inevitably
crystallites occur in the HAZ region during the LPBF process, increasing coercivity.
Although Zrodowski et al. reduced the crystallisation by nearly 90%, coercivity was
still as high as 3 Oe [20].

H.is nearly the same as the feedstock powder (28.51 Oe), implying that powder might
have nanocrystalline phase in the microstructure. Furthermore, the microstructures of
the samples with high coercivity (Figure 4.12(a)) and low coercivity (Figure 4.12(b)) do
not show any difference in terms of cracks and pores. If the effects of energy density
and individual process parameters on H. are considered (Figure 4.13), generally low
coercivity occurs from low E when P is lower than 100 W (Figure 4.13(a)) and / is
shorter than 35 pum (Figure 4.13(c)). As stated earlier, high E increases the
crystallisation rate during the LPBF process [21], which in turn brings about a high
number of crystallites in the microstructure thus this increases H.. It seems that v alone
does not have a significant effect on coercivity (Figure 4.13(b)) as at the same E (= 65
J/mm?3), He is nearly the same with varying v. Similarly, t did not affect the coercivity,
since H. is in the range of 20-29 Oe for the layer thicknesses between 30-70 um (Figure
4.13(d)). Additionally, no direct relation between E and Hc was found in Figure 4.14. It
can be said that energy density alone is not a determining factor for coercivity as at the

same E, different coercivity values can be observed.
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Figure 4.12: The graphs of coercivity as a function of porosity, colour-coded according to (a) laser power,
(b) laser scan speed, (c) hatch spacing and (d) layer thickness.
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Figure 4.13: Coercivity values of Fe-based BMGs produced utilising different (a) laser power, (b) laser
scan speed, (c) hatch spacing and (d) layer thickness (The coercivity values with uncertainties is
presented in Appendix C).
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Figure 4.14: The graph showing the relationship between coercivity and energy density of LPBF-

processed samples.

Table 4.1 lists the properties of the LPBF-processed Fe-based BMGs from the literature
that have a similar composition with the alloy studied in this work. It is obvious that

this study achieved the highest bulk density and saturation magnetization because

previous researchers generally focused on the laser power and laser scan speed,

whereas in this study, all major parameters were studied together. In terms of

coercivity, Zrodowski et al. [20] introduced a novel scanning strategy involving a

different hatching style (checkerboard pattern) to obtain the best result.
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Table 4.1: The magnetic properties and bulk densities of Fe-based amorphous alloys processed with
LPBF.

Bulk
Material M:s (emu/gr)  Hc(Oe) Density Phases Reference
(%)
. a-Fe(Si), FesSi, FeB
FevatanceSis-10B12-15Cr2-3C13(wt. %)  162.24,162.7  79.1,78.8 - [15]
and Fe:B
. a-Fe(Si),  a-FeossSios
Fe924Sis1B4s 188.6-199 43.8-73 98.4-98.8 [1]
and Fe2B
. 2.99- a-Fe(Si), FesSi and
FenSi1oB11CeCr2 (at. %) ~150 78.1-94.1 [20]
12.97 Fe2B
a-Fe and intermetallic
Fe7375i11B11C2Cr2.28 0.75-1.22 T 20-37 65-96 crystallites (FeSix and [16]
FeCy)
Fes7.38Si6.85B254Cr246Co77  (mass  139.2-207.27 14.55- 92.4-9945  o-Fe(Si), FesSi and This
%) (1.26-1.89 T) 34.68 FesB study

4.3.1. Design of Experiment

The strength of correlation is determined by the magnitude of the Pearson correlation
coefficient (r). Guidelines provided by Cohen [48] offer a general assessment of the
strength of association, suggesting that if .1 < | r | <.3, the association is considered
small; if 3 < | r | < .5, the association is medium; and if | | > .5, the association is
strong. Table 4.2 illustrates the relationship between the five process parameters and
the three material properties. A significant small correlation was observed between
bulk density and the four process parameters: laser power (r = .22), laser scan speed (r
= .14), hatch spacing (r = .16), and energy density (r = .18). The relationship between
bulk density and laser power, hatch speed, and energy density was positive, indicating
that an increase in any of these parameters led to an increase in bulk density.
Conversely, the relationship between bulk density and laser scan speed was negative,
indicating that an increase in laser scan speed resulted in a decrease in bulk density.
Concerning the relationship between the five process parameters and saturation
magnetization, a significant small correlation was observed only between saturation
magnetization and laser scan speed (r = .24). This negative relationship indicates that
an increase in laser scan speed led to a decrease in saturation magnetization (M) and
vice versa. Finally, a significant small correlation was found between coercivity (H.)
and laser power (r = .14). This negative relationship suggests that an increase in laser
power led to a decrease in coercivity and vice versa. There was no significant

correlation between the remaining four process parameters and coercivity.
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Table 4.2: Relationship between the process parameters and outcome variables

Pearson’s Correlations (r)

Bulk density (%) M (Am?/kg) H: (kA/m)
Laser power (W) 221%* -.057 -.138*
Laser scan speed (mm/s) -.141* -237%* -117
Hatch spacing (mm) .163* -.015 .063
Layer thickness (mm) -.070 077 -127
Energy density (J/mm?) 179% 042 -.045

Note: * p < .05; ** p < .01 (one -tailed).

Pearson's correlation was employed to establish the relationship between the primary
laser process parameters and the resulting properties. It was observed that bulk
density is significantly influenced by all process parameters except layer thickness (t).
The finding that increasing laser power (P) and decreasing laser scan speed (v) lead to
higher bulk density aligns with the experimental results mentioned before. However,
these results indicated that increased hatch spacing (1) adversely affected bulk density
when other process parameters remained constant. The statistical outcome of
increased bulk density with rising & may be attributed to its dependence on other
process parameters, particularly P, despite their theoretical independence. It was
suggested that the optimal / value should be determined based on melt-pool size,
primarily influenced by P and marginally by v as stated in Chapter 5. Like 4, t is also
influenced by P and v, potentially explaining the lack of a statistically significant
relationship between t and the final properties.

Additionally, a significant negative correlation between saturation magnetization (M)
and v was observed, as expected, as high v results in a high cooling rate, increasing
amorphous content and reducing M as reported in Chapter 5. Conversely, a
significant negative relationship between coercivity (Hc) and P was found instead of a
positive one. Since magnetic properties (Ms and H:) depend significantly on
microstructure, including impurities, porosities, and phase presence, considering
other process conditions such as chamber oxygen level and parent powder oxygen
content may be crucial to understanding changes in magnetic properties. Although
this study suggested that statistically, M is only influenced by v and H. is only affected
by P, the impact of other laser process parameters cannot be dismissed. All process

conditions, in conjunction with P, v, h, and ¢, must be collectively considered to analyse
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changes in microstructure and, consequently, magnetic behaviour. Energy density,
treated as an independent variable, showed a significant correlation only with bulk

density. This positive correlation complies with the experimental results.

4.4 Conclusion

In this study, Fes7.3sSiessB254Cr246Co7z samples were produced using LPBF-process,
using a variety of laser power, laser scan speed, layer thickness and hatch spacing. It
was determined that due to the laser scanning, nanocrystalline alloys composed of
metastable Fe:B nanophase, a-Fe(Si) and FesSi nanocrystalline clusters with a small
(<10%) amorphous phase were produced. The samples with the highest density were
achieved at the highest layer thicknesses (70 um), along with high laser power (120,
150 W) and low hatch spacing (20, 30 um). It was also determined that to achieve high
saturation magnetization and bulk density, a high energy density was required. This
was accomplished by having high supercooling in the melt pool zone, which facilitated
the formation of the disordered a-Fe nanograins with high magnetization. For the
coercivity, it was found that it was mainly influenced by the crystallite size, rather than
the pores and cracks within the sample. To achieve a low coercivity, the energy density
had to be low, which decreased the crystallisation rate. Further it was determined that
to obtain both high bulk density and superior soft magnetic properties (high Ms and
low H.), a layer thickness greater than 50 um was required.

The bivariate correlational analysis revealed that bulk density exhibits a significant
correlation with laser power (P), laser scan speed (v), hatch spacing (h), and energy
density (E), whereas saturation magnetization (Ms) and coercivity (Hc) show significant
correlations only with laser scan speed (v) and laser power (P), respectively. This
discrepancy may arise from the fact that magnetic properties are heavily dependent
on microstructure, and the evolution of microstructure is influenced not only by the
laser process parameters examined in this study but also by other process conditions
such as the oxygen level in the building chamber. Furthermore, statistically, bulk
density increases with rising values of P, h, and E, and decreases with increasing v.
Conversely, in the case of magnetic properties, high M can be achieved by low v, and
low Hc results from high P. It was concluded that laser power (P) and laser scan speed
(v) are the primary laser process parameters, upon which hatch spacing (h), and layer
thickness (t) depend due to the control exerted by P and v on the melt-pool size.
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Chapter 5: Research Paper 2

The previous chapter revealed that the soft-magnetic behaviour of Fe-based
nanocrystalline alloys strongly depended on their microstructure, and energy density
was not a reliable parameter to optimize their soft magnetic behaviour. For this reason,
this chapter presents an investigation of the individual influences of the major process
parameters (laser power, laser scan speed, hatch spacing and layer thickness) on the
bulk density, microstructural evolution, saturation magnetization and coercivity of Fe-
based nanocrystalline alloys. Also, how their microstructural change affects their

saturation magnetization and coercivity was studied in this chapter.
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Abstract

In this paper, an extensive experimental study is presented on the influence of the
major process parameters of the Laser Powder Bed Fusion (LPBF) technique on the
bulk density and soft-magnetic properties of Fe-based bulk metallic glasses (BMGs).
For this purpose, 81 samples were manufactured by using the combinations of
different process parameters, i.e., layer thickness (t: 50-70 um), laser power (P: 70-130
W), laser scan speed (v: 900-1100 mmy/s) and hatch spacing (h: 20-40 um). High bulk
density (= 99%) was achieved utilising low P and v combined with low h and t in order
to decrease energy input to the powder, preventing cracks associated with the brittle

nature of BMGs. Furthermore, it was indicated that # = 30 um and v = 1000 mm/s play
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a determining role in acquiring high saturation magnetization (=200 Am?/kg) resulting
from their influence on the thermal gradient that occurred between the two laser scans.
Due to the laser scanning nature of the process, two distinct microstructures evolve,
melt-pool (MP) and heat affected zone (HAZ). While MP is mainly composed of a-
Fe(Si) phase, HAZ contains nanocrystalline phases (Fe:B and FesSi) in an amorphous
matrix. The experimental results demonstrated that saturation magnetization (M) was
considerably affected by the amorphous content and the quantity of nanocrystalline

phases present in the microstructure.

5.1 Introduction

Ferromagnetic metallic glasses (MGs) have been studied extensively owing to their
lack of crystalline defects, resulting in superior soft-magnetic properties. Crystalline-
related imperfections lead to anisotropy, which in turn increases the coercive field
within the material. Thus, low coercivity is achieved with a fully amorphous phase
present in the material [1]. Introducing nanocrystalline phases into an amorphous
matrix provides higher saturation magnetization and higher permeability (Figure 5.1),
especially in Fe-based ferromagnets [2]. Their exceptional soft-magnetic properties
allow them to be utilised as a magnetic core material in electromagnetic systems in
order to increase their efficiency by lowering the energy losses considerably for eddy
currents [3]. Recently, Thorsson et al. managed to produce a Fe-based nanocrystalline
complex-shaped electric motor rotor with a 6 cm diameter by selective laser melting
[4], enabling its users to build 3D complicated shapes in one-production step without
the need of post-processing [5]. The 3D printed electric motor rotor possessed high
electrical resistivity (178.2 pQ.cm), high magnetic susceptibility (9.17), relatively high
saturation magnetization (1.29 T) and relatively small coercivity (0.51 kA/m), which
are the key factors for electric motors. Moreover, the electric motor rotor was fabricated
with much larger than critical casting thickness (6 cm) due to the high cooling rate
evolving in the whole part [4]. This can only be achieved by using laser additive
manufacturing (LAM).

Laser Powder Bed Fusion (LPBF), as one of the LAM techniques, has been exploited
widely for Fe-based amorphous/nanocrystalline ferromagnetic materials. LPBF, also
known as selective laser melting (SLM), manufactures dense metallic components in a
layer-by-layer fashion by using a focused laser beam, scanning each powder layer [6].
Figure 5.2(a) shows the main process parameters of LPBF technique. Optimization of
those parameters play an important role in producing Fe-based
amorphous/nanocrystalline alloys as changing parameters affects the microstructural

evolution, which is complex and heterogeneous as shown in Figure 5.2(b), (c) and (d).
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Because of the laser scanning nature of the LPBF process, the microstructure usually
contains two distinct regions, melt pool (MP) and heat affected zones (HAZ), both of
which experience different cooling rates [7]. One of the main challenges in LPBF
technique is process optimization to control the microstructure of Fe-based
amorphous/nanocrystalline ferromagnets in order to enhance their soft-magnetic
properties.

This paper addresses this issue to comprehend how microstructural development
influences magnetic properties of Fe-based alloys as well as how bulk density changes
with different process parameters. To do this, all major process parameters were
considered: laser power (P), laser scan speed (v), hatch spacing (/) and layer thickness
(). Researchers have generally investigated the effects of laser power and laser scan
speed on the properties of Fe-based MGs [3, 8-11]. This work provides a
comprehensive experimental study to optimise the LPBF process for the differing

process parameters (P, v, h and ¢).
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Figure 5.1: Relative permeability and saturation magnetization of soft-magnetic materials.
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Figure 5.2: (a) The studied process parameters of LPBF technique [12], (b) the SEM microstructure of
the MP and HAZ regions of the LPBF-processed FeCrMoCWMnSi amorphous alloy, (c) the HAZ

microstructure of the same sample taken at higher magnification and (d) the schematic illustrations of

microstructural development of BMGs during LPBF process [13].
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5.2 Experimental Procedure

5.2.1 Material

The amorphous ferromagnetic powder (KUAMET 6B2 (Fes7.3sSi6.85B254Cr246Co77 (mass
%))), provided by Epson Atmix Corporation, Japan, was chosen for this study. This
was because the elements within the Fe-5i-B-Cr-C system are widely available and
more sustainable than its competitive materials, containing Co or rare earth materials
such as Nd and Dy. The only expensive element in the alloy is boron, however with a
smaller quantity (2.54%) compared to other amorphous alloys. The powder
characterization results can be found in our previous work [14] (Chapter 4). According
to the results, the amorphous spherical powder has a narrow particle size distribution
with D10, D50 and D90 of 9.49, 23.4 and 47.5 um, respectively. In addition, it shows
soft-magnetic behaviour with saturation magnetization of 102 Am?/kg and coercivity
of 2.27 kA/m.

5.2.2 Methods

Firstly, powder sieving was carried out using a 53 pum mesh-size sieve to narrow the
particle size distribution down for better spreadability and flowability over the
powder bed. An Aconity Mini machine was used to print the cylindrical samples with
the dimensions of 6 mm in diameter and 5 mm in height. Different combinations of
process parameters were applied to study their individual effect on the properties
(Appendix A). For all layer thicknesses, t (50, 60 and 70 um), the same hatch spacing,
h (20, 30 and 40 um) and laser scan speed, v (900, 1000, 1100 mm/s) values were
maintained, however, with the increasing layer thickness, it was necessary to increase
laser power to obtain bulk dense parts, as stated in our previous work [14] (Chapter
4). Therefore, at t =50 um, P =70, 80 and 90 W (Table j in Appendix D); at t =60 um, P
=90, 100, 110 W (Table k in Appendix D) and at t = 70 pym, P = 110, 120 and 130 W
(Table 1in Appendix D) were used. All the samples were printed using the hatch filling
type with a starting angle of 22.5° and rotation of 70° after each layer and the residual
oxygen content of the chamber was kept below 0.01% to prevent oxidation.

After the production of the samples, their densities were measured with an
Archimedes technique set-up three times. The bulk density percentage was quantified
using the mean density and the theoretical density (7.294 gr/cm?®) for every sample.
Moreover, the micrographs of the samples were taken by INSPECT F50 HR-SEM after
they were ground, polished and subjected to etching for 3 min with 2% nital solution
(98 ml HNOs and 2 ml ethanol). The crystallite sizes were calculated from those
micrographs using the ImageJ program. Differential scanning calorimetry (DSC) (TA
instruments SDT Q600 machine) was utilised by heating the samples with a rate of 20
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K/min up to 1673 K to obtain their crystallisation enthalpies. Then, the amorphous
content was quantified by using the technique, described in these articles [3, 10, 15].
Finally, the magnetic properties (saturation magnetization and coercivity) were
determined from magnetization hysteresis (M-H) loops, which were obtained using a
SQUID magnetometer MPMS3 from Quantum Design at 300 K and fields up to 160
kA/m.

5.3 Results and Discussion

As stated in our previous work [14], due to the high thermal gradients evolved
between two hatches, the cooling rate significantly differs so that four phases develop
in the distance of hatch spacing (Figure 5.3). The a-Fe(Si) phase mainly evolves in the
melt pool (MP) region (Figure 5.3(a) and 5.3(b)) whereas FesSi nanoclusters and Fe2B
crystallites exist in the heat-affected zone (HAZ) region (Figure 5.3(f)). In the HAZ
region, the presence of the ordered Fe:B phase implies that HAZ has the equilibrium
condition (slower cooling rate). Small amount of the amorphous phase content (< 30%)
suggested that it was embedded in the matrix, retained from the parent powder. Phase
identification (XRD, TEM and DSC analysis) was performed in the previous study [14],
where it was shown that the disordered a-Fe(Si), the ordered FesSi and the stable Fe:B
phases grow as equiaxed, dendritic (star-like) and needle-like, respectively. Moreover,
the size of the a-Fe(Si) phase increases from MP to the end of HAZ region (Figure 5.3(a)
and (b)), which means this phase has a variety of sizes within the same MP region. For
this reason, its grain size was represented as particle size distribution in the form of
histogram graph in this study, where the effect of process parameters on the particle
size distribution of the a-Fe(5i) phase was investigated. The thermal gradient mostly
influences its amorphous content and grain size in the MP region, which in turn affects
the soft-magnetic properties.

There are two types of cracks in the microstructure, based on the crack size: macro
cracks (Figure 5.3(c)) and micro cracks (Figure 5.3(d)). Bigger cracks, also known as
cold or crisscross cracks, occur irregular shrinkage and residual thermal stresses
caused by rapid cooling, high thermal gradient, and poor ductility of BMGs [16, 17].
Microcracks generally form due to near lack of fusion (LoF) pores and/or un-melted
powders at the end of melt-pool, as shown in Figure 5.3(d) [18]. The occurrence of
micro-segregation during rapid solidification has been identified as a potential
contributor to microcracking [19]. Micro-segregation has the capacity to expand the
solidification temperature range, consequently heightening the vulnerability to

solidification microcracking [20].
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Figure 5.3: SEM micrographs of LPBF processed samples showing (a) and (b) the microstructures in
melt pool zone (MP) containing «-Fe(Si) grains; (c) and (d) MP and HAZ regions at higher
magnification; (e) and (f) the microstructures in heat affected zone (HAZ) composed of FesSi and Fe2B
nano-phases.
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Elemental analysis showed the Fe content in the samples is around 82 wt.%. The only
noteworthy differences between MP and HAZ regions are that the Fe content is higher
in the MP (due to amorphous and a-Fe phases) and the B content is higher in the HAZ
region, because of Fe2B phases (Table 5.1). While EDS gives the general idea about
elemental compositions for comparison, it is worth mentioning that it is not reliable to
investigate exact compositions resulting from the presence of B and C in the sample.
Additionally, since Fe, Si and Cr possess relatively lower boiling points of 3135 K, 2628
K and 2945 K, respectively; they might evaporate during processing. This may cause a

change in elemental compositions as well.

Table 5.1: EDS results of the LPBF-processed samples and their MP and HAZ regions in their

microstructure.

Wt. % General MP HAZ
Fe 81.9+0.4 83.0+0.9 80.8+0.8
Si 6.0+0.1 6.1+0.1 5.9+0.1
B 3.1+0.5 1.8+1.0 3.9+1.0
Cr 2.5+0.1 2.6+0.1 2.4+0.1
C 6.5+0.1 6.5+0.2 7.0+0.3

Before starting to investigate the change in magnetic properties with different process
parameters, it is worth noting that in general, the saturation magnetization, M; is
influenced dominantly by the amount of magnetic transition metals (Fe, Co and Ni)
because of their high magnetic moments [21]. In literature, amorphous ferromagnets
containing 82 wt.% of Fe possess a saturation magnetization of 180 Am?/kg [22] (1.6 T
[23, 24]). Nevertheless, it was well-established that their saturation magnetization can
be enhanced considerably by nucleating nanometre-sized phases in an amorphous
matrix [25-28]. However, as the grain size reaches to 100 nm, the coercive field can be
10-50 kA/m resulting from increase in the length of grain boundaries, which are crystal
lattice defects [29]. It was proven that coercivity has the lowest value for the grain sizes
that are either less than 40 nm or more than 100 um [30, 31]. Considering the crystallite
sizes of bce-Fe phases (50-1000 nm), the coercivity has a dependence of 1/D on the grain
size (D), rather than D¢ This means as the grain size increases, magneto-crystalline
anisotropy decreases in the macroscopic scale due to the reduction in grain boundary
area. Fe:B tetragonal structure has much higher magneto-crystalline anisotropy
(anisotropy constant (Kz: 100 kJ/m?) than bec-Fe phase (Ki: 8 k]/m?). Nevertheless, since
the Fe:B phase is in a small quantity in the microstructure and its size does not change
considerably with different process parameters, its effect on coercivity was ignored in

this study. However, to minimise the coercivity, one might consider preventing the
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formation of Fe:B phase in the microstructure. The amorphous content also changes
the magnetic properties, i.e., a higher content is expected to reduce the saturation
magnetization (Ms) and coercivity (Hc).

Laser power (P) is the most dominant parameter to vary the thermal profile between
two laser scans. While laser power and laser scan speed (v) mainly affect cooling rate,
layer thickness (t) and hatch spacing (h) influence thermal gradient. In cooling rate,
temperature and time depends on P and v, respectively. Maximum nucleation rate
occurs at just above the glass transition temperature and lowers quickly with
increasing temperature, whereas the growth rate continues to increase, reaching its
maximum at much higher temperature [32]. For this reason, low initial temperature
associated with low laser power promotes nucleation while high initial temperature
related to high laser power increases growth rate (grains are bigger in size, rather than
increase in number). Increasing P from 90 W to 100 W increases the nucleation rate, on
the other hand at P=110 W, growth of the nucleus is dominant (Figure 5.4(a)). At low
P (=90 W), there are a few smaller a-Fe(Si) grains (narrow particle size distribution) in
the MP region (Figure 5.4(a)), which implies high cooling rate, i.e., high amorphous
content, leading to low saturation magnetization (Ms) (Figure 5.4(b)). Coercivity (H.) is
affected by not only magnetic anisotropy, but also defects in the parts. High laser
power (100 W) improves the sintering of powders, lowering the porosity content and
eventually decreases H. (Figure 5.4(c)). High coercivity at P=110 W could be resulting
from low amorphous content (Figure 5.4(b)), bigger grains (< 1000 nm) and wider
particle size distribution (50-1000 nm) (Figure 5.4(a)).

Laser scan speed (v) impacts the time parameter in the cooling rate expression. Low v
provides a long time between laser scan tracks, lowering the cooling rate and
increasing the crystallisation rate at constant temperature [33]. That is why the
crystallite size decreases, when the v increases from 900 mmy/s (100-700 nm) to 1100
mmy/s (100-600 nm) (Figure 5.5(a)). Also, decreasing the cooling rate (at v = 900mmy/s)
leads to the low amorphous content, which brings about high Ms (Figure 5.5(b)). When
other parameters are constant and moderate, increasing v brings about the balling
effect (this phenomenon generally occurs at high v or large i due to unstable melt.
More detailed information can be found elsewhere [34]), leading to high porosity
content. Even though the crystallite size is smaller, and the amorphous content is
higher at high v (=1100 mm/s) (Figure 5.5(b)), high coercivity is observed at this
parameter, implying that the high porosity level increases the coercivity (Figure 5.5(c)).
Hatch Spacing (h) and layer thickness (t) have a major effect on the thermal gradient
from the MP through to the HAZ. High h and t increase the thermal gradient, lowering

the cooling rate and temperature in both MP and HAZ regions. This makes nucleation
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dominant overgrowth of crystallites from the crystallisation kinetics point of view. At
increasing h (Figure 5.6(a)) and t (Figure 5.7(a)), the number of crystallites increases in
the MP, causing high M: despite high amorphous content (Figure 5.6(b) and 5.7(b)).
Although layer thickness does not have substantial effect on the porosity and
coercivity (Figure 5.7(c)), high hatch spacing lowers the bulk density by 1 % due to the
balling effect (Figure 5.6(c)).
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Figure 5.4: The characterization results demonstrate the effect of laser power on the microstructural and
magnetic properties of 3D printed samples by using different laser power (90, 100 and 110 W) (other
parameters kept constant; v=900 mm/s, /=30 pm, =60 pm): (a) The histogram graphs showing a-Fe(5i)
crystallite size distribution and the graphs illustrating (b) saturation magnetization and amorphous

content, (c) coercivity and porosity values as a function of laser power.
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Figure 5.5: The characterization results demonstrate the effect of laser scan speed on the microstructural
and magnetic properties of 3D printed samples by using different laser scan speed (900, 1000 and 1100
mm/s) (other parameters kept constant; P=100 mm/s, h=30 pum, =60 pm): (a) The histogram graphs
showing a-Fe(Si) crystallite size distribution and the graphs illustrating (b) saturation magnetization

and amorphous content, (¢) coercivity and porosity values as a function of laser scan speed.
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Figure 5.6: The characterization results demonstrate the effect of hatch spacing on the microstructural
and magnetic properties of 3D printed samples by using different hatch spacing (20, 30 and 40 pum)
(other parameters kept constant; v=900 mm/s, P=100 W, t=60 um): (a) The histogram graphs showing a-
Fe(Si) crystallite size distribution and the graphs illustrating (b) saturation magnetization and

amorphous content, (c) coercivity and porosity values as a function of hatch spacing.
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Figure 5.7: The characterization results demonstrate the effect of layer thickness on the microstructural
and magnetic properties of 3D printed samples by using different layer thickness (50, 60 and 70 pm)
(other parameters kept constant; v=1000 mm/s, P=90 W, h=20 pum): (a) The histogram graphs showing a-
Fe(Si) crystallite size distribution and the graphs illustrating (b) saturation magnetization and

amorphous content, (c) coercivity and porosity values as a function of layer thickness.

While investigating the laser process parameters individually gives great insight about
thermal and crystallisation characteristics of the LPBF process, this is not enough in
order to achieve desirable properties. All of the major process parameters must be
taken into account together since they are dependent on each other.

The graphs showing the bulk density variations as a function of laser scan speed and
laser power at different hatch spacing and layer thickness are presented in Figure 5.8.
Black regions demonstrate low density (< 96%). In general, high laser power creates
cracks due to the brittle nature of metallic glasses, especially at high laser power (=120
W) and low hatch spacing (= 20 um). In addition, the combination of laser scan speed
(v), hatch spacing (h) and low laser power (P) creates an extensive balling effect
resulting from the small areas of melt pools and large distances between them. This
eventually leads to large metallurgical pores in the microstructure, decreasing the bulk
density. However, low P brings about high bulk density (red regions) when it is used
with low v, h. High v and low P provides high cooling rate, leading to high internal
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thermal stresses generating cracks. They are generally formed around micropores
acting as thermal stress concentrations. Also, the combination of high v and low P does
not give enough heat input to the powder, resulting in incomplete melting and
interparticle bonding. This increases porosity. Nevertheless, rapid cooling rate (high
v) is a necessity for the development of the amorphous phase. Thus, to increase
amorphous content as well as bulk density, one should consider thermal annealing as
a post-process to get rid of the internal stresses or double scanning. It should contain

the first scan with high E (=P/(vth)) to improve sintering and a second scan with low E
to increase amorphous content.
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Figure 5.8: Colour-mapped graphs showing bulk density variations as a function of laser power and

laser scan speed at three different layer thickness (t) and hatch spacing (k) with the scale bar on top of
the graphs.
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When the process parameters were investigated individually, it was observed that as
P, t and h were increased and v was decreased, Ms values were enhanced. When the
different combinations of process parameters were examined (Figure 5.9), conflicting
results were obtained as the process parameters are intercorrelated with each other.
The most distinguishable difference is that at high i, Ms worsens. Previously, it was
mentioned that increasing h (at P =100 W, v = 900 mm/s and t = 60 um) improves Ms
due to the high number of crystallites. In general, high / reduces the volumetric energy
input to the powder, increasing amorphous content resulting from high cooling rate.
Also, it is clear that & and v are the controlling parameters for saturation magnetization
as the combination of h= 30 pm and v = 1000 mm/s gives the higher saturation
magnetization at different layer thicknesses and lower powers. The reason for this
could be that those parameters provide sufficient undercooling so that smaller
crystallites spread in amorphous matrix at a smaller distance, which improves
exchange interaction among them and increases M. In addition, too high v and h

destabilised the melt-pools, causing thermal fluctuations.
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Figure 5.9: Colour-mapped graphs showing saturation magnetization (Ms) variations as a function of
laser power and laser scan speed at three different layer thickness (t) and hatch spacing (k) with the
scale bar on top of the graphs.

In this study, coercivity (Hc) depends on the defects (pores and cracks), amorphous
content and crystallite size. As mentioned before, H. is reduced by increasing the
amount of amorphous phase and increasing the crystallite size, while decreasing the
magneto-crystalline anisotropy. At h =20 pm and 40 pum (Figure 5.10), Hc was mainly
affected by the porosity content, which means coercivity is higher where bulk density
values are lower. However, in order to comprehend better why coercivity changes
with different process parameters, detailed microstructural analysis should be
conducted for each sample and will be examined in another study in which coercivity

will be tried to be reduced by lowering P and v without compromising saturation
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magnetization. This is because despite high bulk density and M achieved in this

study, the coercivity is too high (1.35 - 2.72 kA/m) for soft-magnetic materials

applications.
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Figure 5.10: Colour-mapped graphs showing coercivity (H.) variations as a function of laser power and

laser scan speed at three different layer thickness (t) and hatch spacing (k) with the scale bar on top of

the graphs.

5.4 Conclusion

FeSiBCrC BMGs were LPBF-processed with the help of different laser process

parameters in the aim of obtaining high bulk density and excellent soft-magnetic

properties. The results can be summarised as follows:
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1. The thermal gradients evolved during laser scanning influences the

microstructure (the amorphous content and a-Fe(5i)), having significant effect
on the soft-magnetic properties. Ms increases with lowering the amorphous

content and the increased number of crystallites in the microstructure.

. Because of the brittle nature of the BMGs, high thermal internal stresses tend to

develop in the microstructures, leading to cracks. To prevent cracks formation,
rapid cooling rate (high v) and high energy input (high P) should be avoided.
Therefore, low P and v ought to be used along with low h and t to decrease

cracks and porosity.

. The controlling parameters for saturation magnetization are v and #,

influencing the size and distribution of nanocrystallites in the microstructure. 1
of 30 um and v of 1000 mm/s gives the highest Ms (= 200 Am?/kg) at low laser
power in this study. Those process parameters provided higher undercooling
(nucleation rate is dominant) such that a-Fe(Si) phases decreased in size and
were distributed at a smaller distance, facilitating exchange interaction among

them.
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APPENDIX D: The 3D-printed samples coded according to their laser process parameters.

Table j: The LPBF-processed samples by using layer thickness of 50 um, coded according to the process

parameters (laser power (P), laser scan speed (v), hatch spacing (h)).

h (um)

P (W)/v(mm/s 3 3 :

Sample 7 Sample 10 | Sample 13 | Sample 16 | Sample 19 | Sample22 | Sample 25

Sample 1 Sample 4

Sample 2 Sample 5 Sample 8 Sample 11 | Sample 14 | Sample 17 | Sample20 | Sample23 | Sample 26

Sample 3 Sample 6 Sample 9 Sample 12 | Sample 15 | Sample 18 | Sample21 | Sample24 | Sample 27

Table k: The LPBF-processed samples by using layer thickness of 60 puim, coded according to the process

parameters (laser power (P), laser scan speed (v), hatch spacing (h)).

h (um)

Sample 31 | Sample34 | Sample37 | Sample40 | Sample43 | Sample46 | Sample49 | Sample 52

Sample 29 | Sample32 | Sample35 | Sample38 | Sample41l | Sample44 | Sample47 | Sample50 | Sample 53

Sample 30 | Sample 33 | Sample36 | Sample39 | Sample42 | Sample45 | Sample48 | Sample 51 | Sample 54

Table 1: The LPBF-processed samples by using layer thickness of 70 um, coded according to the process

parameters (laser power (P), laser scan speed (v), hatch spacing (h)).

h (um) 20 30 40

P (W)/v (mm/s) 110 120 130 110 120 130 110 120 130

Sample 55 | Sample 58 | Sample 61 | Sample 64 | Sample 67 | Sample70 | Sample73 | Sample76 | Sample 79

Sample 56 | Sample 59 | Sample62 | Sample 65 | Sample 68 | Sample71 | Sample74 | Sample77 | Sample 80

Sample 57 | Sample 60 | Sample 63 | Sample 66 | Sample 69 | Sample72 | Sample75 | Sample78 | Sample 81
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Chapter 6: Research Paper 3

The preceding two works failed to provide substantial information regarding the
change in coercivity under various process parameters, and they did not contribute to
its applicability in soft-magnetic applications, where the coercivity should be less than
1kA/m. To enhance our comprehension of how different process parameters influence
coercivity, a comprehensive microstructural analysis of each sample was necessary.
The study in this chapter undertook such an analysis, aiming to reduce coercivity
while maintaining the high saturation magnetization and high bulk density. This was
achieved by lowering the laser power and scan speed, along with reducing the hatch
spacing. Furthermore, a novel scanning technique was introduced in this study.
Following the initial scan with higher energy density, a second scan was applied with
lower energy density to each powder layer before spreading the subsequent layer.
This was done to increase amorphous content, reduce the size of a-Fe(Si) crystallites,

and consequently decrease coercivity.
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Abstract

This paper presents a novel scanning technique for the laser powder bed fusion (LPBF)

of Fe-based soft-magnetic alloys, which have low glass forming ability, and
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microstructural change happened during LPBF process. This technique involves
double scanning where: (i) the first scan applied uses high energy density (E=P/vht,
where P is laser power, v is laser scan speed, / is hatch spacing and ¢ is layer thickness)
with different process parameters (P: 30, 40 and 50 W, v: 500, 600 and 700 mm/s, h: 20
and 30 um and ¢: 50 um) to achieve high density and (ii) the second scan employed
before the spreading subsequent powder layer, uses low E (= 20 J/mm3, P=20 W, v=
1000 mm/s, h= 20 um and #= 50 um) to refine the microstructure and thus reduce
coercivity. To comprehend microstructural change, amorphous phase content and
particle size distribution of the a-Fe(Si) phase (main phase in the microstructure) were
measured. The double scanning strategy refined the microstructure to finer crystallites
with a narrow particle size distribution within a higher percentage amorphous matrix.
This increased the saturation magnetization (M) to a maximum value of 226.81
Am?kg and reduced the coercivity (Hc) to a lowest value recorded (130 A/m).
Likewise, the bulk density (94.59% - 99.25%) was enhanced significantly with double
scanning, especially the samples produced using high P (50 W) resulting from the

relieving of the mechanical and thermal stress evolving during the process.

Keywords: Laser powder bed fusion, Fe-based nanocrystalline alloys, soft-magnetic

behaviour, bulk metallic glasses, laser additive manufacturing and energy density

6.1 Introduction

Soft-magnetic alloys have been playing a critical role in power generation,
transformation, and energy conversion, making them a significant engineering
material for both industry and academia [1-6]. The excellent efficiency and low core
loss demonstrated by Fe-based soft magnetic bulk metallic glasses (BMGs) have
generated immense interest in their use as core materials in power electronics and
industrial transformers [1, 7]. Soft magnetic BMGs lack crystal structures or long-
range orders, resulting in no magneto-crystalline anisotropy energy [8]. In contrast,
nano-crystalline soft magnetic alloys have reduced effective magneto-crystalline
anisotropy energy and thus low hysteresis loss [9-11]. They are typically produced
using planar flow casting techniques, with a thickness range of 15-30 um and
composed of fully or partially amorphous phases. These alloys are also referred to as
Metal Amorphous Nanocomposites (MANCs) [12]. Fe-based amorphous ribbons have
higher electrical resistivity of 1.0-1.3 pOm compared to silicon steels due to their lack
of long-range orders, contributing to lower eddy current loss [5]. Nevertheless, their
saturation polarization (Js) is relatively inferior in comparison to that of silicon steel.
Developing Fe-based BMGs with high Js and low core loss is crucial for enhancing the

power density and efficiency of advanced electronic devices [2]. Various approaches
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have been taken to increase the s of Fe-based BMGs, such as the modifying
compositions [13, 14] and nanocrystallization [15]. However, the composition
modulation by increasing Fe content and adjusting metalloid elements has limitations
due to the trade-off between J: and glass forming ability [16]. Co substitution has been
found to be effective in improving Js without reducing the glass forming ability [17,
18], but it can bring about increased magnetic anisotropy and Curie temperature (T¢),
along with worsening magnetic softness [19]. Nanocrystallization encounters
difficulties in the producibility as generally Fe-based nano-crystalline alloys having
high J; cannot be manufactured into application-level sized parts resulting from the
low glass forming ability [17, 20].

Fe-based soft magnetic nano-crystalline alloys, containing nanoscale phases
embedded in the amorphous matrix, offer various benefits: (i) the presence of the a-
Fe phase provides high saturation magnetization (M;) [16, 21] (ii) superior magnetic
softness contributes to low core loss (1/10-1/4 of the commercial silicon steels) [1, 22-
25] and (iii) the dual-phase coupling results in low magnetostriction and super-high
permeability (Figure 6.1) [6, 9, 26-28]. Furthermore, as the structural correlation length
of nano-crystalline alloys is less than the exchange correlation length of the magnetic
spins, the magneto-crystalline anisotropy (K1) is averaged out over the randomly
oriented grains, leading to a low coercivity (Hc) [29-32]. Fe-based nano-crystalline
alloys are typically produced upon crystallization from an amorphous matrix through
various methods, such as single roller spinning followed by annealing [3], or

consolidation (hot pressing) of mechanically alloyed powder [33].

The current techniques for producing Fe-based soft-magnetic alloys are limited by the
material's glass forming ability, dimensional limitations, and the geometric
complexity. Laser powder bed fusion (LPBF) technology, which uses a laser to
consolidate powders in a layer-by-layer manner, can overcome these limitations.
Achieving high cooling rates (up to 10°® K/s) during this process makes it a good
option for fabricating Fe-based amorphous/nano-crystalline alloys with complex
shapes [34-36]. However, controlling microstructure is challenging due to the complex
thermal nature of the process. Researchers are using various methods to improve the
quality of the LPBE-processed samples, such as optimizing process parameters and
using multi-scanning strategies. The degree of amorphization of the resulting material
is an important factor for Fe-based amorphous/nano-crystalline materials. To increase
the amorphous content and keep crystallite size of the a-Fe phase minimal (<20 nm),
crystallization must be suppressed during both the cooling of the molten metal and
the absorption of the melt’s heat by the previously solidified part [37]. For this
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purpose, researchers have utilized different scanning strategies to build 3D parts with
reduced crystallinity. The initial approach involved performing two laser scans to
each layer before spreading the subsequent layer, which allowed the scientists to
process Fe-based amorphous/nanocrystalline alloy with Ms of 1.22 T and high density
of 96% [38]. This method also increased the amorphization degree to 47% and
decreased the coercivity. Another approach involved a two-stage laser scanning
process: pre-laser melting followed by short-pulse laser treatment to induce
amorphization [39]. This strategy fabricated a sample with a maximum relative
density of 94.1% and an amorphous phase content of 89.6%. Although these works
succeeded in increasing the amorphous phase content, bulk density (> 99%) and soft-
magnetic properties (high M: (< 1.5 T) and low H: (< 1 kA/m)), it still needs
improvement. With this aim, a novel scanning strategy was introduced to LPBF-
process Fe-based nano-crystalline soft-magnetic alloys to control the microstructure

during the process.
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Figure 6.1: The graph showing the relations between effective permeability at 1kHz and saturation flux

density of soft-magnetic materials [40].
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6.2 Experimental Procedure

6.2.1 Materials

For this study, the commercial FeSiBCrC amorphous powder, provided by Epson
Atmix Corporation, Japan, was used with the elemental compositions of 87.38 (Fe),
6.85 (5i), 2.54 (B), 2.46 (Cr) and 0,77 (C) in mass %. The Fe-Si-B-Cr-C system is more
readily available and sustainable compared to other competitive materials, which
contain Co or rare earth materials such as Nd and Dy. The only high-priced element
is boron, which is present in a smaller quantity (2.54%) compared to other Fe-based
amorphous/nano-crystalline alloys. The powder characterization was presented in
our previous work [41], which indicated that the powder was fully amorphous,
spherical in shape and has a narrow particle size distribution with D10, D50, and D90
of 9.49, 23.4, and 47.5 um, respectively. Additionally, it exhibits soft-magnetic
behavior, with Ms of 102 Am?/kg and H. of 2.27 kA/m.

6.2.2 Methods
To begin with, the powder was sifted through a sieve with a mesh size of 53 um to
narrow the size distribution of the particles, which will aid in their spreadability and
flowability over the powder bed. A cylindrical sample with a diameter of 6 mm and a
height of 5 mm was then printed using an Aconity Mini machine. From the main laser
process parameters, low laser powers (P= 30, 40 and 50 W) were utilized to increase
cooling rate and inhibit crystallization. On the other hand, it was indicated in our
previous works [41, 42] that energy density (E= P/vht, where v is laser scan speed, & is
hatch spacing and ¢ is layer thickness) must be higher than 45 J/mm?to obtain high
bulk density (> 97%). In order to increase energy density, relatively low laser scan
speeds (v=500, 600 and 700 mm/s) and hatch spacing (=20 and 30 um) were exploited
with the layer thickness being kept constant at t = 50 um. For the first scan, a
combination of the different laser process parameters was used to achieve energy
density values within the range: 42.86-100 J/mm?, to build 3D parts with high density,
these are presented in Table 6.1. The second scan with a low energy density (E= 20
J/mm?, P=20 W, v= 1000 mm/s, h= 20 um and t= 50 um) was applied to each powder
layer before spreading the subsequent layer. The reasons for this were: (1) to provide
thermal stress relaxation, eliminating residual stress in the microstructure, (2) to
decrease the crack density in the microstructure (due to the brittle nature of the BMGs,
the formation of cracks during laser additive manufacturing is inevitable [43-45]) and
(3) to refine the microstructure by increasing amorphization degree and introducing
small-sized (<20 nm) a-Fe crystallites into amorphous matrix, which should

eventually increase the saturation magnetization (M) and lower the coercivity (Hc). It
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was shown that low energy density promotes amorphization during the LPBF process
[46, 47]. In addition, the specimens were produced using the meander scanning
strategy as illustrated in Figure 6.2, with a starting angle of 22.5° and a rotation of 67°
after each layer. The second laser scan followed the same path of the first scan. To

avoid oxidation, the residual oxygen content in the chamber was kept below 0.01%.

Table 6.1: The process parameters used in this study.

i h=20 um h =30 pym
E (J/mm?)

P=30W P=40W P=50W P=50W

v =500 mm/s 60 80 100 66.67

v =600 mm/s 50 66.67 83.33 55.56

v =700 mm/s 42.86 57.14 71.43 47.62

n layer n+1 layer
"\\o“ 6>
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Figure 6.2: Micrograph depicting the laser-melted track (top left) and the meandering scanning
technique (right) [48].

For characterization, the Archimedes technique was employed to measure the
densities of the printed samples thrice using distilled water. To determine the bulk
density percentage, the mean density and theoretical density (7.294 gr/cm®) were used
for each sample. For the microstructural imaging, each sample was subjected to
grinding, polishing, and etching for 3 minutes using a 2% nital solution (98 ml HNO:s
and 2 ml ethanol). The micrographs were captured using INSPECT F50 HR-SEM
(High Resolution-Scanning Electron Microscope). The crystallite sizes of a-Fe phases
were measured using the Image] program from the SEM-microstructures. Differential
scanning calorimetry (DSC) was utilized to quantity the crystallization enthalpies of
LPBF-processed samples by heating the samples at a rate of 20 °C/min to 1400 °C.
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Then, the amorphous phase content was calculated using a technique outlined in these
articles [39, 46, 49]. Finally, the soft-magnetic properties (Ms and H.) were determined
from the magnetization hysteresis (M-H) loops obtained via a SQUID magnetometer
MPMS3 from Quantum Design, with fields up to 160 kA/m at 300 K.

6.3 Results and Discussion

The development of the microstructure in Fe-based amorphous/nano-crystalline
alloys during the LPBF procedure is a complicated process due to the heterogeneous
nature of the thermal evolution. The microstructure can be divided into two regions:
molten pools (MP) and heat affected zone (HAZ), both of which experience different
cooling rates resulting in distinct microstructures (as shown in Figure 6.3(b)). The
cooling rate decreases from the MP region to the HAZ because of the formation of
high thermal gradients during laser scanning. It is well known that the growth of the
ordered FesSi phase is dendritic, whereas the disordered a-Fe(Si) phase appears as
equiaxial grains in the microstructure [39]. In addition, phase identification (XRD and
TEM analysis) was presented in our previous article [41]. In the MP region, a-Fe(Si)
nano-grains with varying sizes were observed (Figure 6.3(c) and (d)), while the HAZ
mainly contains FesSi nano-crystalline clusters with the average size of 30 nm in an
amorphous matrix (Figure 6.3(d)). The MP region provides more supercooling,
enabling the nucleation and growth of the disordered a-Fe(Si) phase. The grains in the
MP region were found to be coarser than those in the HAZ region (Figure 6.4(d)) due
to decreased nucleation rates and increased growth velocity resulting from a high
driving force for atomic diffusion [50]. This ultimately leads to grain coarsening.

In general, even though the cooling rate of the Fe-based BMGs in LPBF process is a lot
higher than their critical cooling rate, some regions in the microstructure will
experience low temperatures (< T; (glass transition temperature)) or very short
exposure time to heat input, leading to mechanical stress, contamination, prolonged
thermal exposure and thermal cycling, which are the major reasons that promote
nucleation [51, 52]. For this reason, in this study the crystallization was high as the
amorphous phase content was less than 16%, implying that amorphous phase was
retained from parent powder. As it can be seen in the microstructures (Figure 6.3), the
samples possess pores and cracks, acting as nucleation sites and facilitating
nucleation. Large metallurgical pores in Figure 6.3(a) can result from the combination
of low laser power (50 W) and high hatch spacing (30 pm), creating a gap between
melt-pools. The formation of perfectly shaped spherical small pore (Figure 6.3(b)), on
the other hand, is due to the trapped gas bubbles at the lower end of the melt-pool.

The intergranular pores (Figure 6.3(c)) are caused by the shrinkage of the grains
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during solidification. Cracks are inevitable in the BMGs. In LPBF samples, the cracks
generally originated from either the excessive heats between layers, so form in the
HAZ, then grow through the build axes (z axes, -z direction) or existing pores. All
these defects can be improved to an extent by post-processing such as stress-relief
annealing. In this study, double scanning was applied to eliminate those defects
during the printing without the need of any secondary processing. It improved the
bulk density significantly (Figure 6.4), especially at the relatively high laser power (P=
50 W) since high P creates more mechanical and thermal stress in the microstructure.
Furthermore, increasing P influences the bulk density more than laser scan speed
(v)and hatch spacing (), which did not change the porosity level enormously. This is
because the laser power is a critical parameter for complete melting and consolidation
of powder particles. Also, the energy density of the first scan may have an effect on
the consolidation behaviour as the bulk density improves the most (from 98.22% to
99.43%) at higher energy density (100 J/mm?) (Figure 6.5).
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Figure 6.3: The SEM micrographs of the sample produced with P of 50 W, v of 700 mm/s, h of 30 um

and f of 50 pum, taken in the building direction (cross-sectional view): (a) at low magnification and at
high magnifications showing (b) melt-pool (MP) region (lighter areas) and heat affected zone (HAZ)
(darker areas), (c) a-Fe(Si) phase with different size in MP region and (d) FesSi nanoclusters in HAZ

and a-Fe(Si) nano-phase in MP region.
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Figure 6.5: The graph showing the relationship between energy density and bulk density of both single-

scanned and double-scanned samples.

The saturation magnetization (Ms) values of the printed samples, ranging from 160 to
230 Am?*/kg (Figure 6.6), are substantially higher the parent powder (102 Am?kg) and
the other LPBF-processed Fe-based nano-crystalline materials (max. 199 Am?/kg) [39,
46, 53-55]. This can be attributed to the presence of the nanocrystalline phases in the
microstructure. Ms of soft-magnetic nanocrystalline alloys depends strongly on the

fraction of crystalline and amorphous phases, the crystalline phase amount and
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distribution, and the alloy composition with the amount of magnetic transition metals
(Fe, Co, and Ni) being the most influential factor [56]. In all 3D-printed samples, the
alloy composition is identical, and thus, the M; values differ based on the size and

distribution of the a-Fe(Si) phase throughout the samples.

Typically, Fe-based nanocrystalline alloys show superior soft-magnetic behaviour
when they contain fine «a-Fe nano-crystallites (10-15 nm) embedded into an
amorphous matrix, separated by 1-2 nm for exchange interaction, with Hc ranging
from 0.4 to 8 A/m, and M; values reaching up to 1.3 T (~1000 kA/m) [57]. In this study,
the saturation induction (Bs) can go up to 2 T (~1500 kA/m), probably owing to the
larger size of the a-Fe(Si) phases (< 1000 nm) and the high exchange interaction among
grains in the microstructure. Amorphous phase content (Figure 6.6) and particle size
distribution of a-Fe phase (Figure 6.7 and 6.8) were quantified for each sample in order
to understand how M (Figure 6.9) and H. (Figure 6.10) changes with different process

parameters.

It is obvious that the double scanning increases the amorphous phase content to 10%
- 16% (Figure 6.6), suggesting that the second scan with low E provides higher
supercooling, promoting amorphous phase formation. Moreover, generally low P and
high v increase the amorphization degree, which is influenced by low laser power
(low heat input providing temperature just above T) and exposure time to heat input
(not too short for high bulk density and not too long to avoid crystallization). These
parameters can depend on the material’s compositions, powder particle size and other
laser process parameters. The exposure time is determined from the combinations of
laser scan speed and hatch spacing. Increasing v and decreasing h reduces exposure

time, which in turn increases cooling rate.
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Figure 6.6: The graphs of amorphous content and laser scan speed. Left Image shows the effect of laser
power (30, 40 and 50 W) and double scan (hatch spacing is constant and 20 pm) whereas the right image
indicates the influence of hatch spacing (20 and 30 um) and double scan (laser power is constant and
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Despite the improvement in the bulk density amorphous content, double scanning
does not affect Ms notably, except at P=40 W, v=500 and 600 mm/s, at P=30 W, v=700
mmy/s and at P=50 W and /=30 um (Figure 6.9). Despite the high M; (225.64 Am?/kg)
of the sample processed with P= 30 W and v=700 mm/s with double scanning, its
porosity level is too high (%6) (Figure 6.5) to be characterized as bulk part. This is also
why the coercivity is also quite high (5.14 kA/m for single scan and 3.16 kA/m for
double scan) (Figure 6.10). The saturation magnetization depends on the a-Fe(5i)
particle size and distribution in this study as the amorphous phase content (<16%) is
so low that it does not affect the M substantially. It was found that a narrow particle
size distribution with the majority of particles in the range of 200-400 nm brought
about the high M, (>200 Am?/kg) whereas a wider particle size distribution led to low
M: (<160 Am?/kg). From theory, the soft-magnetic properties of small grains (35 nm -
100 pm) depend upon the interplay between the ferromagnetic exchange interaction
and the local magnetocrystalline anisotropy energy [30]. The coercivity is nearly the
same for all the samples studied, within the range of 1.5-2.5 kA/m (Figure 6.10), which
suggests that the exchange interaction dominates the magnetization process rather
than magnetic anisotropy energy. The exchange interaction causes the magnetic
moments to align parallel with eachother, hindering the magnetization that follows
the easy axis of each individual crystallite [30]. However, its dependence on the grain
size is still unclear in the crystallite size range of 35 nm — 100 um. In this work, it is
observed that a narrow size distribution with the mean size of around 300 nm
improves the Ms, which means a high deviation from the mean grain size reduces the

exchange interaction. The reason for low M;s at high v (=700 mm/s) may be due to the
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higher amorphous phase content and wider particle size distribution. Mostly, the
double scanning reduced the means crystallite size and most importantly the standard
deviation from the mean. This implies that it refines the microstructure to a finer grain

size.
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Figure 6.7: The histograms showing particle size distribution of a-Fe(Si) phase in the MP region with

different processing conditions; laser scan speeds = 500, 600 and 700 mm/s (P: laser power and h: hatch

spacing).

This work has successfully produced a LPBF-processed sample with the lowest
coercivity recorded (130 A/m) using a low laser power (30 W) and double scanning

(Figure 6.10). The reason for this is that the sample has a higher amorphous phase
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content, finer grain size with a narrow particle size distribution (191.01+72.15 nm)
compared with that of the single scan sample (348.55+176.44 nm). In addition, due to
the small grain size, Ms increased (173.18 Am?/kg).
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Figure 6.8: The histograms showing particle size distribution of a-Fe(Si) phase in the MP region with
different processing conditions (single scan and double scan). The sample was processed with laser
power of 30 W, hatch spacing of 20 um and laser scan speed of 500 mm/s.
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Figure 6.10: Coercivity values as a function of laser scan speed. Left Image shows the effect of laser
power (30, 40 and 50 W) and double scan (hatch spacing is constant and 20 pum) whereas the right image
indicates the influence of hatch spacing (20 and 30 um) and double scan (laser power is constant and
50 W).

6.4 Conclusion

This study introduced a newly developed scanning technique to improve the soft-
magnetic properties of LPBF-processed Fe-based amorphous/nanocrystalline alloys
with varying laser process parameters. This technique involved the first scan with
high E (the combination of different laser process parameters) to obtain the 3D parts
with high bulk density, followed by a second scan with low E before the spreading of
the subsequent powder layer. This was done to decrease the coercivity by increasing
the amorphous content and controlling the microstructure. With this new technique,

the lowest coercivity (130 A/m) was successfully achieved using the LPBF process. The
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double-scan technique also improved the bulk density (<99.5%), the amorphous phase
content (< 16%) and the saturation magnetization (<230 Am?/kg). The particle size
distribution of the «-Fe(Si) phase (main phase in the microstructure) was also
quantified to understand the magnetization mechanism that the 3D printed samples
undergo. It was found that double scanning with low E helped to refine the
microstructure to have finer crystallite size with a narrow particle size distribution.
This enhanced the soft-magnetic properties, including increasing M; (226.81 Am?/kg)
at high P (50 W) and & (30 um) and reducing the coercivity to the lowest recorded
value (130 A/m) at low P (30 W). Although the new technique has led to a higher M;,
bulk density and the lowest H. value (for the LPBF process), the amorphous content is
still relatively low. To further reduce coercivity, an increase in the amorphization
degree is likely to benefit, as for excellent soft-magnetic behaviour, H. is expected to
be lower than 100 A/m. Moreover, at low H, the Ms (173.18 Am?/kg) and bulk density
(97%) is relatively low. Employing three scans using low E (< 20 J/mm?) after the first
scan using high E (260 J/mm?) and low P (<30 W) could refine the microstructure
further (increase amorphous content, lowering particle size), which may achieve the
fabrication of high bulk density parts with the superior soft-magnetic properties via
the LPBF process. To reduce the particle size and increase the amorphous content, the
heat input to the powder layer (energy density) needs to be low, whereas achieving
high bulk density and M: needs a higher energy density. This study indicated that to
resolve that conflict, a multiple scanning mechanism is necessary to be applied such
as described above.
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7 Conclusions and Future Work

7.1 Conclusions

The primary aim of this thesis has been to advance the use of laser additive
manufacturing (LAM) for Fe-based amorphous/nanocrystalline soft-magnetic
composites due to its dimensional flexibility, allowing to build 3D parts with a high
degree of complexity in one go. This eliminated the need of post-processing,
decreasing energy, production time and cost. For this purpose, this thesis presented
an extensive experimental study on the laser powder bed fusion (LPBF) process
optimization to attain Fe-based amorphous/nanocrystalline 3D bulk parts with
superior soft-magnetic properties (high saturation magnetization (M) and low

coercivity (Hc)) as well as high bulk density.

Initially, the volumetric energy input (E) with the range of 37-90 J/mm? was utilized
because it contains all the major laser process parameters; laser power (P), laser scan
speed (v), hatch spacing (h) and layer thickness (¢) (Chapter 4). In order to have a
general idea about their effects on the properties of the sample, their different
combinations were employed, P (= 90, 100, 120 and 150 W), v (= 700, 1000 and 1300
mmy/s), ¢ (= 30, 50, 70 um) and / (= 20, 30, 40, 50 and 60 pum). As a result of the laser
scanning process, nanocrystalline alloys were created which consisted of a disordered
a-Fe(Si) and metastable Fe:B nanophases, along with FesSi nanocrystalline clusters,
accompanied by a small amorphous phase constituting less than 10%. Although
technically bulk density enhanced as P and t increases, v and / decreases (meaning
high E), the highest density (99.45%) was attained with relatively low E (= 61.22 J/mm?,
P=150 W, v=700 mm/s, h=50 um and =70 pum). This showed that the aforementioned
parameters are interdependent to achieve minimal porosity and cracks. In that case,
when dealing with a larger layer thickness of 70 um, it is advisable to utilize a high
laser power (150 W) in conjunction with wider hatch spacing (50 um) and lower scan
speed (700 mm/s), to obtain a greater level of density. In general, the use of high laser
power (forming the large cracks), high laser scan speed (resulting in the balling effect)
and high hatch spacing (leading to the insufficient overlapping between melt-pools)

caused the failure or fracture of the parts.

The bulk density of the printed parts tended to increase as the energy density was
increased, up to around 55 J/mm3. Beyond this point, the bulk density remained
between 97% and 99%. When the energy density is below 55 J/mm?, there are
numerous pores present in the microstructures due to insufficient energy being

inputted into the powder bed. At the same energy densities, different bulk densities
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were observed, indicating that energy density alone is not a reliable parameter to
regulate the porosity level in the printed parts. Additionally, When E, v, and t were
kept constant (at 60 J/mm?, 1000 mmy/s, and 50 pm, respectively), the M of the samples
differed depending on the values of P and h. The sample with P: 90 W and /: 30 um
had a saturation magnetization of 206 Am?/kg, whereas the sample with P: 150 W and
h: 50 um had a saturation magnetization of 150 Am?kg. Consequently, it is necessary
to individually investigate the effects of the primary process parameters on the final

properties, which was the main purpose of the study in Chapter 5.

Another reason to conduct the research in Chapter 5 was the strong microstructural
dependence of soft-magnetic behaviour. In Chapter 4, It was determined that the H.
(1.16-2.76 kA/m) is primarily affected by the size of the crystallites, rather than the
presence of pores and cracks in the sample. In addition, Ms changes between 130-206
Am?/kg, influenced by crystallite size and distribution in the microstructure.

The findings in Chapter 4 helped to define the process parameters used in Chapter 5.
To achieve high bulk density and M, layer thicknesses greater than 50 um (50, 60 and
70 pm) and low hatch spacing values (20, 30 and 40 um) were applied along with a
moderate scan speed (900, 1000, 1100 mmy/s). Also, as discussed in Chapter 4, to
achieve bulk dense parts with increasing ¢, it was imperative to increase the P. Thus,
for t =50 pm, P values of 70, 80, and 90 W were used, for ¢ = 60 um, P values of 90, 100,
and 110 W were employed, and for ¢ = 70 um, P values of 110, 120, and 130 W were
used. This study indicated that to minimize porosity (< 1%) and preventing cracks
formation, it was necessary to use the combination of low P, v, h and ¢, which decrease
energy input to the powder. Furthermore, the microstructure, which includes the
amorphous and a-Fe(Si) and FesSi phases, is affected by the thermal gradients that
arise during laser scanning. These thermal gradients have a significant impact on the
soft-magnetic properties. A decrease in the amorphous content and an increase in the
amount of a-Fe(5i) crystallites in the microstructure result in an increase in M. It was
found that using a hatch spacing of 30 pm and a scanning speed of 1000 mmy/s at low
laser power played an important role in obtaining high saturation magnetization (>
200 Am?*kg). The given process parameters resulted in increased undercooling which
primarily affected the nucleation rate. As a result, the a-Fe(Si) phases decreased in size
and were more closely distributed, promoting exchange interaction between them. On
the other hand, this work did neither give much valuable information about the
change in coercivity with different process parameters, nor reduce it (1.35-2.72 kA/m)

to be used in soft-magnetic applications, where H. is needed to be lower than 1 kA/m.
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The only thing can be said that the use of low P (70 W), low v (900 mm/s) with the
layer thickness of 50 um lowered the coercivity significantly to 1.35 kA/m.

In order to gain a better understanding of how different process parameters affect
coercivity, it was necessary to conduct a thorough microstructural analysis of each
sample. This analysis was performed in the following study (Chapter 6) where efforts
were made to decrease coercivity without compromising saturation magnetization
and bulk density, by reducing P (30, 40 and 50 W) and v (500, 600 and 700 mm/s) along
with low £ (20, 30 um) and ¢ (50 um). In addition to this, a newly designed scanning
technique was introduced in this study. After the first scan applied using the process
parameters mentioned above, the second scan was subjected with low E (=20 J/mm?3,
P= 20 W, v= 1000 mm/s, h= 20 pm and f= 50 um) to every powder layer before
spreading subsequent powder layer in order to increase amorphous content, decrease

a-Fe(Si) crystallite size, and so reduce H..

This double scanning technique resulted in an improvement in several key properties
of the printed parts, including bulk density (maximum of 99.5%), amorphous phase
content (less than 16%), and saturation magnetization (less than 230 Am?/kg). The
particle size distribution of the main phase in the microstructure, a-Fe(Si), was also
analysed to gain insight into the magnetization mechanism of the printed samples. By
utilizing this strategy, the microstructure was refined to have a finer crystallite size
and narrower particle size distribution. This led to an enhancement in the soft-
magnetic properties, such as an increase in saturation magnetization (226.81 Am?/kg)
at high P (50 W) and / (30 um) to the highest value recorded and a reduction in
coercivity at low P (30 W) to the lowest value ever recorded (130 A/m).

7.2 Future Work

While the new technique has yielded positive results, such as higher Ms, bulk density,
and the lowest H. value for the LPBF process, the amorphous content is still relatively
low. To further reduce coercivity and achieve excellent soft-magnetic behaviour, H.
should be lower than 100 A/m. However, at low H., Ms (173.18 Am2/kg) and bulk
density (97%) are relatively low. To refine the microstructure further, three scans using
low E (< 20 J/mm3) after the first scan using high E (= 60 J/mm3) and low P (< 30 W)
could be employed to increase the amorphous content and lower particle size,
potentially resulting in the fabrication of high bulk density parts with superior soft-
magnetic properties via the LPBF process. To reduce particle size and increase
amorphous content, the energy density needs to be low, while achieving high bulk
density and M requires a higher energy density. To address this conflict, a multiple

scanning mechanism, such as described above, is necessary.
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In this work, the process parameters were optimized to achieve high bulk density
along with good soft-magnetic behaviour. Hence, another approach can be to study
the powder spreadibility with various particle size distribution and/or to play with
alloy compositions in aim to increase glass forming ability. In the latter case, the
increasing B content or introducing a small radius element like P to the alloy system
as in the HBNAs would increase atomic size difference, causing an increase in glass
forming ability. The properties of the HBNAs and the other types of Fe-based
nanocrystalline alloys were discussed in the introduction part of the thesis (Chapter
1).

It was found that improving powder spreadability can be achieved by decreasing the
recoating velocity and increasing the layer thickness [1]. However, a lower recoating
velocity would result in longer manufacturing time, and higher layer thicknesses are
limited by the bonding between the layers. The quality of the powder bed is also
affected by the particle characteristics, such as the size distribution. A narrower size
distribution that lacks smaller particles can result in better powder spreadability [2,
3]. Despite multiple research efforts in this field, a universally accepted metric for
measuring spreadability in all powder-bed-based additive manufacturing processes
with varying process parameters is yet to be established. Hence, future research can
focus on defining a spreadability criterion that can accurately predict powder
spreadability without the need for experimental testing, especially for the Fe-based
soft-magnetic materials. Generally, the researchers that studied the powder
spreadability has concentrated on achieving high bulk density and mechanical
properties. There must be a work solely focused on the effect of powder spreadibility
and flowability on the magnetic properties as well as the bulk density of Fe-based

nanocrystalline alloys.
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