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Abstract

This thesis presents the first successful application of additive manufacturing (AM), specifically Laser
Metal Deposition (LMD), to fabricate high-silicon electrical steel (Fe-6.5 wt% Si) components for
electrical machine applications. The alloy is extremely difficult to process due to its brittleness and
high cracking tendency, making conventional manufacturing routes unsuitable. To address these
challenges, this research focuses on optimising the alloy’s metallurgical properties, microstructure,
and crystallographic texture to enhance its magnetic performance through the innovative use of LMD.

A systematic process window was developed by varying laser power (400-500 W), scanning speed
(360-440 mm/min), and powder feed rate (2.0 g/min) under controlled argon shielding. Porosity
analysis revealed values ranging from 0.1% to 1.3%, with sub-optimal parameters leading to lack-of-
fusion pores at low laser power and high scan speed, and to keyhole porosity and cracking at excessive
laser power. Optimised conditions consistently yielded dense builds with porosity below 0.2%, with
some samples entirely free of cracks.

Comprehensive microstructural analysis was performed using optical microscopy, scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD), and energy-dispersive X-ray spectroscopy
(EDS). The study identified processing conditions that promote a strong <001> crystallographic texture
while minimising the presence of undesirable <111> orientations—critical for optimising magnetic
properties. The influence of laser power, scan speed, scan strategies, energy density, grain size, grain
boundary characteristics, and kernel average misorientation (KAM) was examined, revealing how
optimised LMD settings reduce defects and enhance microstructural quality. Mechanical properties
were evaluated using Vickers hardness testing, which showed maximum values of 376-386 HV at
higher energy densities, attributed to improved fusion, reduced porosity, and the formation of
ordered phases (DOs, B;) that restrict dislocation movement.

The results confirm that LMD can produce FeSi 6.5 wt% components with minimal defects, good
hardness, and improved texture alignment. The developed process window enables consistent,
repeatable fabrication of core materials and other soft magnetic components for electric motors.
Additionally, the use of 316L austenitic steel as a foundation layer during LMD successfully resolved
the persistent cracking and bonding issues typically associated with direct FeSi deposition. By
optimising process parameters, the bonding quality was greatly improved, leading to enhanced
magnetic properties through the promotion of a strong <001> crystallographic orientation. This
alignment is crucial for maximising magnetic performance and overall efficiency in advanced
applications. Further geometric modifications strengthened the <001> texture, minimising residual
stresses and completely eliminating cracking, even without the need for a foundation layer. This
breakthrough demonstrates the potential of multi-material deposition and geometric design
optimisation in advancing the fabrication of magnetic components, paving the way for superior
performance in high-tech applications. Overall, this research provides pioneering insights into
optimising the crystallographic texture of electrical steel via LMD, enabling the fabrication of high-
performance components for electrical machines. Future work should explore novel stator designs,
such as Hilbert structures, and hybrid manufacturing approaches to fully harness the potential of AM
technologies in this field.
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Chapter 1

1 Manufacturing of non-grain oriented electrical steels: Literature Review

1.1 Introduction

A section of this chapter has been adapted from a paper previously published in the
International Journal of Advanced Manufacturing Technology, titled "Manufacturing of Non-
Grain-Oriented Electrical Steels: Critical Review". This paper provides an in-depth review of
the challenges and advancements in the manufacturing of electrical steels, with a particular
focus on non-grain-oriented electrical steels. By incorporating this work, this thesis
consolidates relevant background information, offering a comprehensive understanding of
the current state of research in this area and providing a foundation for the subsequent
discussions.

Many major countries have announced their ambitions to achieve NetZero greenhouse gas
emissions by 2050 as the world attempts to limit the rise in global temperature to below
1.5°C. Immediate actions need to be taken to meet this goal, reduce overall emissions, and
minimise energy consumption. Electrification has been identified as one of the means to help
reduce emissions, with a particular focus on the transportation sector, including automotive,
aerospace, and, more recently, the maritime industry. The manufacturing industry is a
significant global energy consumer, and a substantial portion of its energy consumption can
be attributed to the usage of industrial electrical motors. The electrical motor is crucial to the
electrification drive, and its wider adoption is seen as one of the key thrusts of the
decarbonisation movement [1].

Electrical motors consist of windings, cores (stator, rotor), permanent magnet materials and
shafts, frames (casing), and caps. Most of the electrical motors windings are constructed of
Cu and Al, whereas cores are formed of laminated electrical steel mainly due to their
magnetic properties [2]. Electrical steel is a soft magnetic material which can be found in
electrical motors, transformers, and generators [3]; it can be produced by several
manufacturing routes [4, 5]. Significant research has been undertaken on the improvement
of metallurgical characteristics of electrical steel through thermomechanical manufacturing
processes like hot rolling [6], cold rolling [4], and multistage annealing [7, 8]. These
manufacturing operations have a substantial impact on improving the mechanical and
magnetic properties of electrical steel, while the focus on increasing the efficiency of electrical
motor parts, such as laminated electrical steel sheets for magnetic purposes. It has also been
reported that electrical steel with a high content of Si can be fabricated through additive
manufacturing (AM) techniques [5, 9], which significantly improves the magnetic properties
of laminated electrical steel and enhances the performance of electrical machines. Magnetic
properties such as magnetic permeability, saturation magnetisation, hysteresis, and eddy
current losses can influence the performance of electrical machines, including energy losses,
power density, and efficiency [10-12]. In electrical machines such as motors and generators



energy losses occur due to various physical phenomena such as copper losses, iron losses,
mechanical losses [13], and stray load losses [14]. In soft magnetic materials, one of the major
energy losses is iron loss, which has been a recent focus for researchers [15-17]. More
importantly, reducing energy losses is key for enhancing the efficiency of electrical motors,
especially where energy consumption is a concern. Higher efficiency means lower operating
costs as well as reducing the heat generated by electrical machines, which prolongs the
lifespan of equipment [18]. Typical energy losses of a 50HP machine [19] can be seen in Figure
1. Further discussion on reducing losses in electrical machines and improving magnetic
properties will be provided in other sections with more detailed analysis.

Manufacturing electrical steels remains an evolving field with certain challenges and gaps in
its current progress. Despite recent advancements, some key areas such as processing
technology and material compositions require further development. For example,
maintaining consistent metallurgical properties across large-scale production [20] and
eliminating defect formation during the manufacture of high silicon steel [21] present
significant challenges. Another challenge is ensuring uniform grain orientation [22] and
controlling grain boundary properties [23], which are essential for optimising the
performance of electrical steel sheets and reducing energy losses, including eddy current and
hysteresis losses [24]. Addressing these challenges necessitates further advancements in
manufacturing techniques, materials design, optimising processing parameters, new
characterisation techniques, recycling technology. These aspects will be covered in detail in
subsequent chapters.

I Stator resistance
Rotor resistance

I Core losses

Stray load losses
Il Friction and windage losses

8%

38%

20%

22%

Figure 1. Typical energy losses in 50HP motor [19].

1.2 Scope of this review chapter

In this review chapter, the main focus is on the manufacturing of electrical steel,
encompassing both conventional production methods and novel alternative
thermomechanical processes. The impact of different manufacturing routes on
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microstructure, texture development, and magnetic performance is also examined.
Furthermore, an overview of various manufacturing process routes for electrical steel is
presented, highlighting existing research gaps and challenges faced in this field.

1.3 Electrical Steel

In the 20" century, the demand for electrical steel increased dramatically due to the
requirements for transportation and the generation of electrical energy [25]. Electrical steels
are also referred to as silicon steel and were developed by Robert A Hadfield at Sheffield in
1886. Hadfield designed soft magnetic materials by adding different alloying elements to iron
such as carbon, nickel, aluminium, and silicon. The results illustrated that most of the
elements were not suitable for magnetic applications except silicon. Silicon significantly
enhanced the magnetic permeability and electrical resistivity but it also could decrease the
coercivity [25]. Hadfield’s breakthroughs were investigated by other scientists, which
confirmed that, among all the different soft magnetic materials, silicon steels (Fe-Si systems)
could be the best candidate for magnetic applications. From a metallurgical perspective, there
are relationships between magnetic properties and the percentage of silicon, microalloying,
microstructure, and particular crystallographic textures. Based on the microstructure of
electrical steel and their applications, they are classified into two types; grain-oriented
electrical steel (GOES), and non-grain-oriented electrical steel (NGOES) as shown in Figure 2
[26]. The difference in grain structures arises from their processing: GOES undergoes a
carefully controlled thermo-mechanical process, including primary recrystallisation and
secondary recrystallisation, which produces large, elongated grains with a sharp Goss texture
{110}<001>. In contrast, NGOES is processed without such strong texture control, leading to
equiaxed grains with random crystallographic orientations, and therefore isotropic magnetic
behaviour in the sheet plane [27, 28].

Grain

MNGOES Sheet

TD

GOES Sheet

<001>

Goss Orientation
{110}<001>

Figure 2. A schematic diagram showing non-oriented electrical steel (NGOES) and grain-oriented
electrical steel (GOES) [29].



The GOES texture typically exhibits a distinct Goss texture {110} <001>, where the two easy
magnetisation directions, <001>, align parallel to the magnetic field direction. Appropriate
magnetic properties in GOES can be obtained in the rolling direction with high permeability
and low core loss which can be used in core materials, especially in transformers, in order to
increase the energy efficiency and improve performance [30].

In terms of quality, the iron core material must have good soft magnetic properties as well as
be fully recrystallised. The desirable texture for the core would be achievable by secondary
recrystallisation if the annealing temperature is high enough. Therefore, the elongated grains
in GOES are the result of abnormal grain growth during secondary recrystallisation, whereas
the equiaxed grains in NGOES arise from random orientations due to the absence of such
selective texture development [27, 28].

In contrast, NGOES contain random textures with the same magnetic properties in the sheet
plane. This type of electrical steel can be used in a variety of applications, such as rotating
electrical machine parts in the electric motor, stator cores, turbogenerator stator, generators
[6, 26, 31] and high-speed permanent magnet synchronous machine for an aircraft
application [32]. It is significant to note that core loss and magnetic induction play a crucial
role in NGOES. Core loss refers to the energy dissipated as heat in the magnetic core material
when it is subjected to alternating magnetisation. It consists mainly of hysteresis loss, caused
by repeated domain wall motion, and eddy current loss, induced by circulating currents within
the material [33, 34]. Core loss directly impacts motor efficiency, with higher efficiency
associated with lower core loss and magnetic induction is directly proportional to torque.
Developing products with lower core loss and high magnetic induction in practical
applications can be challenging [34].

The magnetic properties of the materials that are used in the construction of electrical
machines are critical in order to achieve the highest magnetic performance. The production
volumes of ferromagnetic materials increased in 2016, with NGOES accounting for almost
80%, while GOES and other soft magnetic materials contributed 16% and 3.9%, respectively
[35-38]. Considering the market demand to have electrical motors with higher performance
may create opportunities to develop new approaches. This requires the electrical steel
manufacturers to produce electrical steel with the higher silicon contents to improve
magnetic properties and thus take advantage of it. One of the methods used to improve
magnetic properties of NGOES is the secondary recrystallisation process. For example, NGOES
with a coarse grain structure and a pronounced rotating texture {100} <011> achieved
through this process. This process leads to an improvement in the magnetic properties of
NGOES due to an increase in grain size, as well as the obtaining of an appropriate final texture
such as a cube crystallographic orientation [39]. Another example to improve the texture of
NGOES during secondary recrystallisation was reported by [40]. The study focused on
optimisation the microstructure of NGOES produced by compact strip production in order to
improve magnetic performance. Having said that, secondary recrystallisation alone is not
sufficient to optimise all desirable magnetic properties of NGOES. Additional factors such as
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texture and microstructure optimisation, necessity content reduction need to be considered
which will be covered in other sections in more detail.

1.3.1 Industry- statistics

Electrical steel with silicon content ( >3.5%) is generally used in a variety of industrial
applications such as transportation. The transportation industry, which contributes
significantly to global pollution and climate change, especially motor vehicle emissions which
account for 22% of all CO; emissions worldwide [41]. Therefore, the automotive industry can
contribute to tackling climate change by producing more efficient motors in electric vehicles
[42]. Tata motor [43] , ThyssenKrupp [44], and Kawasaki Steel [45] all produce sustainable
electrical steel for automotive electrical components. These include electric motors, energy
storage systems, conversion systems, electrical power steering, and fuel pumps. A 2018
report on the global NGOES and GOES market [38] highlighted production and market trends
for these materials, estimating the industry’s value at more than 24 billion USD, with an
expected annual growth rate of 7.2% by the end of 2025 [37]. Moreover, the global market
reported for 2024 [46] illustrated that the market size of NGOES has grown strongly from
14.32 billion USD to 15.05 billion USD from 2023 to 2024, with an annual growth rate of 4.3%.
It also predicted that NGOES demand will contribute to further grow, with the market
projected to reach 17.81 billion USD by 2028. Additionally, major countries such as China,
Russia and Brazil are the leaders in silicon production with annual respective production
volumes of 5.4 million metric tons, 540,000 metric tons and 340,000 metric tons [47]. Just
over 5 million electric cars were purchased globally in 2018, and this number is anticipated to
reach 23 million by 2030 [37]. As a result, the need for producing electrical steel as core
materials in electrical motors for the mentioned applications is growing. In 2023 [48] alone,
electric car sales rose by 3.5 million from the previous year, a 35% increase, reaching over
250,000 new registrations per week. This demand surge highlights the growing need for
electrical steel, a core material in electric motors.

Conversely, in the case of electric aircraft applications, where the total weight of batteries
and the efficiency of electrical motors play a crucial role [49]. Improving battery and electrical
motor technologies is essential for reducing the environmental footprint in aviation, as these
factors have a significant impact on air pollution (approximately 2-3%) and climate change
[50]. Moreover, the electrification of flight plays a crucial role in the sustainability strategy
aimed at achieving NetZero carbon emissions in the UK by 2050 [51]. The major driving force
for growing electrification market is the collaboration between manufacturers such as Boeing
[52], Rolls-Royce [53], Airbus [54], and Safran [55]. However, to achieve these goals with the
current existing technologies is difficult. Nonetheless, recently, high-speed permanent
magnet synchronous motors for the high-lift system in electric aircraft have been
manufactured, as depicted in Figure 3. Fe-Si emerges as a promising candidate for future
electric motors in the aerospace sector [32]. Moreover, as suggested by [56], ultra-thin GOES
sheets show great promise for application in the propulsion systems of electric vehicles,
particularly in permanent magnet synchronous motors.



Generally, electric aircraft manufacturers use Co-Fe rather than Fe-Si due to better magnetic
induction, low core loss, and high permeability. The adoption of Fe-Si alloy in certain
applications has gained traction due to its advantageous properties and specific suitability for
various purposes. lts use has been prompted by considerations beyond solely technical
factors, including aspects related to supply chain stability and material availability compared
to Co-Fe [57]. However, the global production chain of NGOES faces various challenges,
including supply chain vulnerabilities restricting access to raw material storage [58], market
volatility [59], geopolitical tensions [60]. Additionally, there is a necessary need to comply
with strict environmental regulations in accordance with government policies, crucial for
promoting eco-friendly manufacturing practices and meeting emission standards [61, 62].
However, these challenges also present opportunities for NGOES production. This includes
embracing advanced industrial practices, promoting recycling of materials, and building
strong partnerships with stakeholders, research institutions, and suppliers. By effectively
navigating these challenges, the NGOES production chain can switch the industry towards
sustainable growth and align with evolving global market demands.

Power electronics Electric motor stator Compressor stator

Heatsink Electric motor rotor Compressor rotor

Figure 3. Illustrated high lift system powered electrically [63].

1.3.2 Research and academic publications- statistics
As can be seen from Figure 4, the number of publications on electrical steel in different areas
has steadily risen from 200 in 2000 to around 600 in 2022, suggesting increased interest in
this field [64]. There are several reasons that could support and explain why the publication
of electrical steel has increased significantly. For example, energy efficiency regulations
employed by governments across the globe aim to improve the efficiency of various industrial
applications [62]. Electrical steel is a key player in meeting these regulations by reducing
energy losses in generators, motors, and transformers [65]. Furthermore, advancements in
the manufacturing process of electrical steel enable researchers to enhance its magnetic
properties and reduce core losses. This leads to increased interest in electrical steel
development as well as investment [66]. Also, the demand for renewable energy
technologies, such as electric vehicles [34] and wind turbines [67], has increased dramatically,
acting as a driving force for more efficient generators and electrical motors used in these
devices. In the construction of generators and electric motors, electrical steel is a critical



component that can improve the efficiency of electrical motors and generators, thereby
maximising energy conversion. This indicates how dynamic this area is at the universities and
research, and these fields are rapidly expanding due to their environmental and industrial
impact.
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Figure 4.The number of electrical steel -related publications from 2000 to 2022 [64].

Figure 5 displays the number of publications in various areas related to electrical steel
technologies from 2000 to 2022. It is evident that the scientific community has placed the
highest focus on metallurgy, applied physics, and electrical engineering. These findings
suggest that there is a greater level of activity and interest in the fields of metallurgy and
physics compared to other areas. This occurs perhaps because these fields are at the forefront
of technological innovations in materials science and engineering, with numerous
applications of electrical steel in generators, transformers, electrical motors, transportation,
and electronics [29]. Additionally, research institutions may prioritise projects and funding in
metallurgy and physics due to their crucial role in advancing knowledge, as well as improving
properties of materials [68]. Overall, it can be said that the increase in publications related to
electrical steel in metallurgy and physics is driven by advancements in technology, industrial
applications, and available funding.
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Figure 5. Analysis of the number of electrical steel-related papers published in different disciplines
[64].

1.4 Metallurgy of electrical steel

Magnetic materials are generally classified into two types: soft magnetic and hard magnetic
materials. Hard magnetic materials are those materials which are difficult to magnetise and
demagnetise and have high hysteresis losses and coercivity, whereas soft magnetic materials
are recognised as the materials with high permeability and low energy loss. The soft magnetic
materials were developed early in the electrical application process and are considered as the
main sources for progress in the second industrial revolution. These magnetic materials can
be used in many different applications such as generators, transformer cores, automotive,
electrical motor, and other appliances [69]. From a metallurgical point of view, soft magnetic
materials can be categorised into several sub-classes for example: soft magnetic composite
[70], soft ferritic, Fe-Si steel [35], Ni-Fe [71], Co-Fe [72], amorphous soft magnetic [73].

Soft magnetic composites are typically produced by bonding iron powder particles coated
with electrically insulating layers, a process that minimises eddy current loss. In the
conventional route, the coated powders are compacted in a die and subsequently cured or
heat-treated to achieve the required mechanical and magnetic properties [74]. However,
other fabrication approaches, such as additive manufacturing and advanced compaction
techniques, are also being explored for soft magnetic materials hold great promise for
manufacturing electrical machine parts like stators [70, 75-77].

Although soft magnetic composites offer certain advantages, studies have shown that they
often display less favourable magnetic properties and reduced efficiency at higher operating
frequencies, which can result in higher costs when compared with conventional laminated
steels [78, 79]. On the other hand, these materials are easier to process, as they can be more



readily assembled, crushed, and separated for recycling [80]. In terms of market share, Fe—Si
alloys remain the dominant soft magnetic material, accounting for more than 97% of today’s
applications across different industries [81], whereas Co—Fe alloys are used only in
specialised, high-performance applications due to their limited availability and higher cost
[36].

1.5 Adding Si to electrical steels as alloying element

Generally, silicon is a crucial element in the production routes and can exhibit a variety of
beneficial characteristics. Silicon is the main alloying element for electrical steels (typically
ranging from 0.5 to 6.5 wt.%, depending on the application) which improves their magnetic
properties such as electrical resistivity, while as well as reducing saturation polarization which
can be seenin Figure 6. For NGOES commonly used in motors, generators, and electric vehicle
applications, the typical Si content is 0.5-3.5 wt.%, with saturation polarization ranging from
1.7-2.0 T and electrical resistivity from 20-50 uQ-cm. In contrast, for high-performance
applications such as advanced transformers or high-frequency devices where lower core
losses are prioritized, higher Si contents up to 6.5 wt.% are used, resulting in saturation
polarization around 1.5 T and electrical resistivity up to 80 uQ-cm. These variations optimise
the trade-off between magnetic performance and energy efficiency for specific uses. Figure 6
illustrated the trends in saturation polarization and electrical resistivity as silicon content
varies, highlighting the trade-offs critical to tailoring steel properties for diverse applications
[33, 82, 83].
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Figure 6. Influence of Si on magnetic properties of electrical steel [83].

Manufacturing high silicon electrical steel sheets (above 3.2%) presents challenges due to
lower formability and increased brittleness [84], leading to the formation of cracks in
electrical steel sheets during the process [85, 86]. The phase diagram of electrical steel, as
depicted in Figure 7, shows that an increase in the silicon percentage of approximately 5.3
wt.% results in B, structure ordering (FeSi type), while the formation of DOs ordering (FeSis
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type) begins when the Si concentration exceeds 6 wt.% and both phases are brittle. The
formation of these ordered phases can make electrical steel brittle (i.e. up to 600°C for Si 6
wt.%) [25]. The main reasons for the formation of these phases include factors such as atomic
arrangement, interatomic forces, thermodynamic stability, and phase transformation. For
example, changing the percentage of silicon could impact the atomic arrangement as well as
bonding, which promotes the formation of these phases. Also, the interaction between silicon
atoms and other elements in the alloy could affect the stability of the crystal structure as well
as interatomic forces, resulting in unfavourable brittle phases. Moreover, it can be said that
the B, phase may be more dynamically stable when a specific percentage of silicon is added
to the alloys, which could promote nucleation and growth of the B; phase. Although the B;
phase is thermodynamically stable and favourable, other factors such as temperature,
pressure, cooling rate [87], processing conditions, and thermal history could impact the
dynamics of phase transformation [88]. These phases could have a negative impact on
magnetic properties, which can be optimised, to some extent, by employing heat treatment
[89].
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Figure 7. FeSi phase diagram (a) and the crystal lattice (b) of electrical steel [25].

As a result of these brittle phases, forming of the alloy requires to be conducted at higher
temperatures however, this could be a challenge as cold rolling of electrical steel is a
necessary process to achieve the final thickness with appropriate surface quality and to
control the final microstructure. To overcome this limitation, approaches such as physical
vapor deposition (PVD) [90], chemical vapor deposition (CVD) [91], fast quenching rate [92]
and the direct powder rolling process [93] have been developed for obtaining high Si electrical
steel. The Japanese company JFE steel [94] has introduced a continuous process to produce
electrical steel as shown in Figure 8. The CVD technique is used to manufacture three different
types of high silicon electrical steel sheets (super core). The first step in this process is to
conduct cold rolling on a low silicon steel sheet (<4% Si) in order to obtain the desired
thickness and, after that, the sheet is coated with a reagent supplied in the form of gas such
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as SiCls under a non-oxidising environment. A high-temperature atmosphere caused the
reaction between Si and Fe on the surface of the silicon steel sheet and results in bonding
silicon to the silicon sheet. Through the diffusion time, the chemical reaction below occurs
[95].

SiCl4 + 5Fe —» Fe3Si + 2Fe(Cl2 (1)

Following that, when the soaking time at high temperature is completed, this allows
manufacturers to produce uniform high silicon content (6.5%) which provides superior
magnetic properties [94]. These methods, however, are both costly and complex, and the
laboratory-scale process is not environmentally friendly. Therefore, finding a suitable process
in terms of economy, energy efficiency and a non-complex method has been prioritised by
producers [96].

—l
INEX Core 6.5% Si E-steel
SiCl4  Siliconizing reaction  FeC1Z

\1\ /j@oct;) surface
Phaatt b tatast f__,;@\
2,8

Heating silicon sheet Siliconizing and diffusion treatment 5i (mass)

I |
e A

Low silicon sheet <4% Product sheet with high silicon 6.5%

Sheet thickness

After cooling then Coating is applied

Figure 8. Manufacturing process of electrical steel by CVD technique [94].

On the other hand, the chemical composition could affect the magnetic properties of the
electrical steel. For example, the existence of elements in the final product like titanium,
boron, carbon, nitrogen, oxygen or sulphur can reduce the electrical resistivity of these
materials, while silicon, aluminium, and manganese increase their electrical resistivity. For
example, sulphur (exceeding 20ppm) is detrimental to the magnetic properties by generating
a fine MnS precipitate and segregating the grain boundaries preventing the grain to grow.
These precipitates behave as a barrier and prevent the magnetic domain wall moves, causing
more iron loss. To compensate for magnetic losses, researchers recently applied manganese
oxide coating on the surface of NGOES 2.4wt% FeSi. The results illustrate that optimal
manganese diffusion occurs at 525°C, leading to a reduction in power losses such as eddy
current and hysteresis loss by 9% due to increased resistivity [97]. The addition of phosphorus
(0.14%) to NGOES sheet has been shown to decrease the undesirable {111} <112> component
while increasing the favourable texture {100} [98]. This change in composition also leads to a
finer grain size. Consequently, there is an increase in iron loss. However, the magnetic
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induction was increased by adding phosphorus (0.14%) due to inhibiting recrystallisation of
unfavourable texture such as {111} near the grain boundaries. Furthermore, the mechanical
properties such as yield strength and tensile strength are improved due to the refinement of
grain and solid solution strengthening mechanisms. Moreover, adding copper to NGOES can
also considerably reduce core loss and increase magnetic induction by improving the
recrystallisation texture due to the promotion of GOSS texture as well as hindering the hard
magnetisation {111} texture [99]. The iron loss can also be related to different shapes of oxide
inclusions. Oxides with an elongated shape prevent grains from growing, whereas spherical
oxides would be less likely to affect grain growth. It is noted that if the amount of sulphur
goes above a certain amount, this can cause a decrease in the grain size of the cold rolled
electrical steel sheets [35].

The addition of silicon to electrical steels significantly influences their processing behavior in
directed energy deposition (DED) techniques. Higher silicon content enhances the electrical
resistivity and magnetic properties of the steel but also increases its brittleness, posing
challenges during DED processing [100]. The increased brittleness can lead to issues such as
cracking and porosity during deposition, which can adversely affect the mechanical and
magnetic properties of the material. Additionally, the solidification rate during DED
processing can be influenced by the silicon content, affecting the microstructure and overall
quality of the deposited material [101].

1.6 The effect of grain size

The grain size is an important metallurgical factor which determines the magnetic properties
in NGOES. Generally, in metallic materials, the finer grain structure means a higher strength
and less ductility however, this is not ideal for Fe-Si due to the hindering motion of the domain
walls (boundaries between two domains) and the negative impact on the magnetic
performance Figure 9. The magnetic properties of NGOES are highly dependent on magnetic
domains, while the mechanical properties rely on microstructure [102]. The results illustrate
that some magnetic domains were compressed and fragmented, similar to grain deformation,
while others were reconstructed like dynamic recrystallisation processes. This study [102]
illustrates the complex relationship between magnetic domains, magnetic properties, and
deformation process.
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Figure 9. Demonstrated magnetic feature of GOES [102].

It is important to highlight that the effect of grain size on the magnetic properties of the
blanking process (cutting electrical steel sheets into desired shapes using a punch and die) of
NGOES (3.2wt.%Si) was also investigated by [103]. The results illustrated that blanking-related
iron losses for the FeSi sheet with a thickness of 0.5mm decreased with increasing grain size
(210 um), whereas for the FeSi sheet with a thickness of 0.25mm, the iron losses increased
with decreasing grain size (28 um). This suggests that the grain size of NGOES significantly
affects its magnetic properties and performance in electrical components. Therefore, to
optimise magnetic efficiency, it is necessary to understand and control the grain size through
appropriate processing technology. Recent evidence suggests the ideal grain size for magnetic
purposes of NGOES would range between 50 to 150 um [35]. Also, it was shown that the total
power loss (Wt) equal hysteresis loss (Wh), and eddy current losses (We), in NGOES would
decrease when the grain size reaches the optimum value of 150 um [31], as illustrated in
Figure 10. However, several studies have suggested that a larger grain size (e.g., 220 um) can
contribute to improving the magnetic properties of the NGOES [104]. This improvement is
attributed to the increase in magnetic domain size with grain growth, which reduces both
core and hysteresis losses. Also, smaller grain sizes lead to smaller magnetic domains,
resulting in an increased number of domain walls and greater hindrance to their motion. Both
mechanisms are key contributors to increased hysteresis losses in electrical steels [105].

The blanking process is not only a shaping operation but also a critical factor affecting
magnetic performance. Poor control of blanking parameters, such as punch and die clearance,
can introduce mechanical stresses, edge defects in the sheets, all of which increase local
energy losses during magnetisation. Therefore, understanding and optimising the blanking
process is essential to ensure high-quality electrical steel components with minimal losses.
This contextualises why grain size effects during blanking are significant for practical electrical
machine applications [106].
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Computer simulation and modelling can be used to evaluate the relationship between grain
size, microstructure, and texture to improve magnetic performance. These methods help
assess the impact of different processing parameters on final products. The crystal plasticity
finite-element method, for example, can predict the texture of cold-rolled NGOES sheets
[103]. Additionally, texture and grain size during annealing can be analysed to understand the
grain size development across the NGOES sheet [107]. In this study, based on simulation
models and laboratory experiments, a relationship between processing parameters and
magnetic properties was established for NGOES (3.16wt%Si). Simulation and modelling are
effective for predicting the microstructure of NGOES, allowing scientists to forecast how the
electrical steel microstructure and texture evolve during manufacturing processes such as
cold rolling, annealing, and cooling. This predictive capability helps optimise processing
parameters to obtain desirable microstructure properties such as grain size, crystal
orientation and ultimately improve the magnetic properties of NGOES.
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Figure 10. The effect of grain diameter on total power loss (Wt), hysteresis loss (Wh), and eddy
current losses (We) [31].

As noted by Fiorillo (2016), magnetic power losses are strongly dependent on excitation
frequency. At low frequencies (up to a few hundred Hz), hysteresis loss dominates, whereas
at higher frequencies eddy current and excess losses become increasingly significant. In this
context, the Steinmetz equation provides an empirical framework linking total core loss to
frequency and magnetic flux density, highlighting the transition from hysteresis-dominated
to dynamic loss-dominated regimes with increasing frequency. Consequently, for low-
frequency applications (approximately 200—-400 Hz), larger grain sizes are favourable, as
reduced grain boundary density lowers hysteresis losses and minimises total energy
dissipation. In contrast, for higher-frequency applications, smaller grain sizes are preferred,
as they restrict eddy current path lengths and reduce dynamic losses (Figure 11 ) [73]. This
behaviour is consistent with the Steinmetz-based loss separation approach, confirming the
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frequency-dependent relationship between grain size and energy loss in soft magnetic
materials [108]. However, this relationship is not linear, as magnetic losses are also influenced
by domain wall motion, domain structure, microstructure, crystallographic texture, and
intrinsic magnetic properties.
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Figure 11. The overall energy losses of NGOES (0.343mm thick) were shown with two distinct grain
sizes [73].

1.7 Crystallographic Texture

There is a significant number of research studies on how to improve the magnetic properties
of electrical steel through crystallographic texture modifications e.g. [25, 109]. Typical texture
components and crystallographic fibres in electrical steel with body centred cubic (BCC)
structure are illustrated in Figure 12. When a small or strong magnetic field is applied to a
specimen, the crystallite orientation may result in easy or hard magnetisation directions [26].
Recent studies reported that the hard and easy magnetisation axes in electrical steel are
<111> and <001>, respectively [6, 35]. The easy magnetisation axis results in the increase in
permeability and a decrease in energy losses in the transformer. Hence, the {110} <001>
texture component (also known as the Goss component) is an ideal texture in electrical steel
due to its <001> direction being parallel to the easy directions of the magnetic field [6, 110,
111].
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Figure 12. Common texture components and fibres in the BCC materials are demonstrated by using
ODFs (orientation distribution functions) on the ¢, = 0° and 45° sections (Bunge notation) [112].

In 1926, [113] recognised the magnetic anisotropy of iron, noting that the <100> direction
serves as the easy axis of magnetisation, while the <111> direction acts as the hard axis due
to differences in magnetocrystalline energy. This anisotropy is directly related to the atomic
packing directions in the body-cantered cubic (BCC) structure of iron, where the <100> axes
align with the cube edges for optimal magnetic stability, and the <111> axes, corresponding
to the body diagonals, present greater resistance to magnetisation [114].

These insights extend to electrical steel, where key textures such as Goss texture {110}<001>,
cube texture {100}<001>, and rotated cube texture, as depicted in Figure 13, are commonly
found. Hence, it can be claimed that the crystallographic texture plays a critical role in defining
the magnetic properties of electrical steel. On the other hand, in the core materials of rotating
machines (i.e., core materials in stators and rotors), the angles between the rolling direction
(RD) and the magnetisation field keep changing. Therefore, for rotating machines, the ideal
crystallographic orientations would be the texture containing a less hard magnetisation axis,
i.e., <111>. Hence, the (<100> // ND) fibre can be an ideal texture for NGOES as it has <001>
easy magnetisation directions in the sheet plane and with random angles to the RD. This
means that the sheet in its own plane will be isotropic to all possibilities in the rotation
positions [26]. It is noted that by increasing the Si content (6.5 wt.% Si) the magnetostriction
decreases along <100> but gradually increases <111> axes [91]. New methods have been
proposed to test electrical steel for how easily it can be magnetised in different directions. In
this study [115], the magnetic properties of GOES with 3 wt% Si were investigated using the
Barkhausen effect, with its time-frequency representation used as a non-destructive testing
tool. The Barkhausen effect refers to the series of voltage pulses produced when domain walls
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move in sudden jumps as they encounter obstacles such as grain boundaries or precipitates.
This phenomenon is important because it provides a direct link between microstructural
features and magnetic behaviour, which makes it highly suitable for evaluating stress, texture
and anisotropy in electrical steels. The results showed that this method is effective and has
great potential for understanding the complex relationship between time and frequency
characteristics in magnetic material behaviours. However, further improvements, such as the
development of measurement systems and multi-thread analysis, are still needed [116].
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Figure 13. Magnetisation curve of pure Fe [35].

The texture development of electrical steels through recrystallisation has been studied by
many researchers and this growing area contributes to improvements in understanding and
performance [117-119]. The magnetic performance of electrical steel is highly dependent on
the temperature of the final heat treatment annealing. For instance, when the electrical steel
(3% Si) is annealed at 1070 °C for 50 hours, this can improve magnetic induction and decrease
the minimum magnetic loss in the NGOES [120]. Additionally, a limited number of Goss grains
can also selectively grow in the NGOES [60]. Kestens et al [121] conducted two stages of cold-
rolling on the NGOES sheets. Random nucleation and subsequent selective growth can be
used to explain the annealing texture of the traditionally rolled sheet (70% reduction). The
latter is distinguished by the following physical characteristics: low angle grain boundaries
with low mobility and (110) plane carrying the most slip during the deformation processes,
and a small reduction in thickness of rolled sheet resulting in a low stored energy nucleation
rate in the sample. Computer models further revealed that in the lightly rolled sheet, low
stored energy nucleation is preferred [121].

1.8 The thermomechanical manufacturing process of electrical steel
The materials processing history such as casting, reheating, hot rolling, cold rolling, final
annealing treatment and skin pass conditions can play a significant role in impacting on the
mechanical and magnetic properties of electrical steel which can be seen in Figure 14 [6, 122,
123]. In conventional methods of manufacturing electrical steel, alloying elements are
typically added during the casting stage to precipitate as normal grain growth inhibitors which
determine the magnetic properties of the final product. During the reheating stage, the
inhibitor materials (such as AIN and MnS) dissolve at high temperatures up to 1400°C [124].
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During the high temperature slab pre-rolling can cause some surface areas of the slab to be
remelted and create a problem during rolling and annealing processes. The hot rolling process
in manufacturing electrical steel also promotes the production of finer precipitates of
inhibitor elements, especially in GOES [125], but also influences texture and can lead to larger
hot band grain sizes when finished at higher temperatures [126]. The main purpose of the
cold rolling of electrical steel is to reduce the thickness of the sheet (~60 to 80%) which is one
of the best ways to reduce core loss. After the cold rolling process, the decarbonisation
process usually takes place to reduce carbon content (0.005% or lower) and reduce the
magnetostriction effect [127]. By following that the annealing process conducted at ~700 up
to 800°C, where certain crystals are preferentially formed from the primary recrystallised
crystal with a desired magnetisation orientation. After passing through various stages in
conventional manufacturing, the electrical steel sheet undergoes a final step wherein it is
processed by a set of polishing rollers. This stage is crucial for smoothing the surface and
controlling the thickness of the sheet. This gentle reduction and surface refinement process
is known as the skin pass. During this stage, some deformation in the crystal structure can
occur, potentially altering the crystallographic texture and magnetic properties to some
extent. However, these changes are usually not as significant as those seen in other stages
like cold rolling and annealing. Following this, the electrical steel sheet undergoes thermal
compression and stamping for core fabrication [125]. However, internal or external
mechanical stress can be induced at this stage by applying excessive compression force and
tension during the shaping of laminations into a round shape and bending the electrical steel
sheet during the edge-cutting process. This can be almost resolved by stress relief annealing
treatment [128]. Following that the annealed thin sheet of electrical steel is usually subjected
to skin pass to achieve a certain surface roughness as well as strength [129].
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It is important to note that electromagnetic devices are subjected to mechanical and thermal
stresses during their operation. These stresses often arise from localised overheating, which
can result from factors such as the manufacturing process, inherent material properties, and
the conditions under which the device operates. Such stresses can significantly affect the
magnetic characteristics of electrical steel [131]. For example, when the material is exposed
to alternating magnetisation along different directions, such as the rolling direction and
transverse direction at 50 Hz, uniaxial stress alters both hysteresis behavior and core loss.
Specifically, tensile stress tends to reduce core loss along the RD, while increasing it along the
TD. This demonstrates the crucial influence of tensile stress on both the mechanical and
magnetic performance of electrical steel sheets [131].

One effective method to reduce internal stress impact is stress relief annealing treatment,
which depends on factors like the material type, stress level, annealing time, and temperature
and so on. For NGOES materials, annealing at 780°C for 2 hours has been found to effectively
reduce the density of dislocations and low-angle boundaries while refining the grain size. This
results in grain recrystallisation, enhancing the A fibre {001} <uvw> while weakening the fibre.
Consequently, this process leads to improvements in hysteresis losses and a reduction in
residual stress [128]. Moreover, annealing (in Ar) of cold-rolled FeSi with a 4.5 wt% variation
for 2 hours showed interesting results. As the annealing temperature increased from 600° to
800°C, the yield strength declined due to the recrystallisation process. Simultaneously, there
was a decrease in hardness, yet an increase in workability was noted. However, between 400°
and 500°C, the yield strength reached its maximum [132]. For a clearer understanding of the
impact of annealing on the mechanical properties of electrical steel, Table 1 provides a
concise overview of the effects of annealing treatments on yield strength, influenced by
annealing time, temperature, and silicon percentage.
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Table 1. Impact of annealing treatment on mechanical properties of electrical steel.

Electrical steel Annealing Annealing Yield
(Si%) time (hr) strength | Reference
temperature (MPa)
(°C)
0.57 700 25 165
0.57 850 2.5 135 [133]
0.57 1000 25 122
0.7 300 0.5 550
07 400 1 450 | [134]
0.7 500 1.5 390
4.5 550 2 750
4.5 600 2 650 [132]
6.5 700 5 200 135]
6.5 800 2 370 [136]

In recent years, there has been a rising tendency to improve the magnetic properties of
NGOES by using different types of thermomechanical processing. The magnetic characteristics
of electrical steel can be significantly impacted by the materials previous processing history
[137]. The microstructure characteristics obtained from thermomechanical processing can
affect the magnetic properties by varying the grain size, the orientation of the crystallographic
as well as defects [6, 122, 123]. These microstructure characteristics could act as a domain
wall, which determines the magnetisation performance and hysteresis losses when the
external magnetic fields are applied to materials. With respect to microstructure effects on
magnetic properties, the texture impact is also vital especially in the materials with a BCC
crystal structure because these materials exhibit various magnetisation performances with
different crystallographic orientations. For example, the A fibre texture (<001>//ND) is an
ideal texture for developing superior magnetic performance while the y fibre texture
(<111>//ND) becomes the adverse texture for magnetisation [138-140]. Moreover, the most
frequently observed fibre texture in electrical steel during the thermomechanical process (hot
and cold rolling) is &, a and y which are developed during these processes and are not
desirable in terms of improving magnetic properties due to having hard magnetisation in this
direction [141].
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Numerous studies have focused on the development of the texture of electrical steel. In this
context, experiments were conducted to improve the magnetic properties of electrical steel
containing 2.4 wt.% Fe-Si and to investigate the relationship between grain morphology,
texture, and process parameters [140]. Two sets of hot rolling parameters were applied for
the primary and secondary groups in this research. The primary groups had a finishing
temperature of 900°C and following that, all samples were cold rolled (0.50mm thickness),
subsequently annealed at around 950 °C for 45 seconds and then cooled down to 200°C for 5
minutes. The results illustrated that the primary groups with different set-up process
parameters in hot rolling led to the lowest y fibre and the highest intensity of rotate cube
component. These results are similar to those reported elsewhere [142] about the
recrystallisation process of ultra-low carbon steel.

On the other hand, secondary groups had a finishing temperature of 800°C, and fast cooling
from finishing temperature to 400 °C and cooled down to 200°C for 5 minutes could result in
a completely recrystallised structure close to the surface. In contrast, in analysing the hot
rolling microstructure of secondary groups, different texture intensities and microstructures
obtained across the thickness of secondary groups such as the highest strength of fibre 6 was
observed after the hot rolling processing and the low concentration of the Goss texture {110}
<001> and shear texture with the component of {112} <111> also seen at the surface [138,
140]. It was shown that the deformation region with high intensity of y and a fibres, in the
secondary groups was promoted to form a rotated cube orientation. Also, after the cold
rolling process, the magnetic properties increased in the central region as well as the
concentration of rotated cube components compared to the hot rolling process. Contrasting
the texture of Fe-Si 2.4% after the annealing treatment and the hot rolling process has shown
that if the temperature of the annealing process reached a maximum of 950°C, it resulted in
the lowest intensity of 8 fibre compared to that produced after the hot rolling process.
Therefore, decreasing the intensity of 8 fibre after annealing is not desirable for the magnetic
properties [140].

Studies have shown that reducing deformation and lowering the hot rolling temperature
during production can enhance the magnetic properties of NGOES [4, 141, 143, 144]. During
the cold rolling process, shear bands can form, particularly when the steel has a coarse hot
band grain structure without phase transformations. These shear bands serve as preferential
sites for Goss-oriented grains to nucleate and grow during subsequent annealing, which is
critical for minimising magnetic losses in electrical power transformers [4, 141]. Increasing
the cold plastic strain (i.e., greater thickness reduction during rolling) significantly affects the
development of final textures (y, n) in 3% Si NGOES and, consequently, their magnetic
properties. To achieve optimal magnetic characteristics, grains with favourable texture must
be nucleated, making shear band formation during cold rolling essential. In one study, the
optimal combination of B50, W15/60, and relative permeability (ur) was achieved when large-
grain samples were hot rolled at 1000°C to 1.4 mm thickness and subjected to 64.3% cold
strain [145].
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It is a widely held view that one of the key elements influencing a certain orientation's
behaviour during recrystallisation is the variation in the accumulated deformation energy in
different crystallographic orientations [39, 141, 146]. In the cold rolling process, it has been
proven that the nucleation of crystals starts at the grain boundaries and the deformation
areas obtained from this process contain highly stored energy near the grain boundaries
rather than the interior regions. This phenomenon occurred due to piling up the dislocation
at grain boundaries and acting like a barrier. Furthermore, the deformation stored energy
could be different for each grain with different orientations. For example, the deformation
stored energy of grain with {111} orientations are higher than those in the cube and rotated
cube {100} because these grains have the lowest crystal nucleation rate at grain boundaries
which illustrates a direct relationship between high deformation stored energy and crystal
nucleation. Consequently, the accumulation of stored energy can be a driving force for the
recrystallisation process, and the strength of this energy relies on individual grains
performance in crystallographic orientation and deformation history. It should be pointed out
that, in this mechanism, during the recrystallisation process the grains with the highest
density of dislocation would be recovered quickly and provide a suitable place for the
nucleation of new grains in the next stage of recrystallisation process [141, 147]. A high
heating rate during the recovery and recrystallisation process of NGOES has been shown to
be beneficial for developing a desirable microstructure for magnetic applications. This benefit
comes from rapid heating fostering a finer texture, enhancing magnetic permeability and
reducing core losses by limiting orientations [122]. However, the high heating rate led to a
decrease in the average grain size in both fine and coarse-grained samples which have a
negative impact on core losses. Overall, the results [141] imply a correlation between the hot
band texture and the crystallographic orientations observed following cold rolling.
Furthermore, the orientations and texture of the hot band after the recrystallisation
annealing treatment could result in improving the magnetic properties. It should be noted
that the higher stored energy grains are not magnetically favourable for electrical steel
because the recrystallisation process in electrical steel occurs in an area which has high stored
energy. This could produce the hardest magnetisation direction as well as high anisotropy
energy [141].

Xie et al. demonstrated that the improvement of textures in high Si electrical steel (6.5%) can
be achieved through secondary rolling and annealing at temperatures ranging from 1000° to
1300 °C [148]. Based on the experimental results, the best magnetic properties with low core
losses were achieved when the sheet was reduced in thickness to 30% by the secondary
rolling process and annealing temperature set at 1300 °C which would increase the texture
<001> from 34% to 44%, if the holding time at the annealing process increased from 1 hour
to 5 hours. Similarly, the volume fraction of Goss and cube texture increased by 23% and 21%,
respectively. Also, increasing the holding time during the annealing process could result in an
increase in the grain size more than is required (600 um) which has a negative impact on the
magnetic properties. Furthermore, these results suggested that the surface energy and grain
boundaries promote the growth of Goss and cube recrystallised grains [148].
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A two-stage cold rolling process with intermediate annealing has been widely studied for
NGOES [6]. To encourage the development of <001> crystallographic orientations, small
reductions are applied during each rolling pass, which allows microstructure evolution and
the formation of shear bands across the sheet thickness. Introducing an intermediate
annealing step between the rolling stages influences both the recrystallisation texture and
the final grain size (Figure 15).

In cold-rolled sheets, recrystallisation typically results in fewer shear bands and more grain
fragments; however, higher intermediate annealing temperatures promote significant grain
growth before the final rolling, enhancing shear band formation in the finished sheets. This is
magnetically favourable because shear bands facilitate the nucleation of recrystallised grains
with a preferred texture, aligning with the easy magnetisation direction, and help redistribute
defects, improving magnetic flux density. The refined texture, including strengthened Goss
and cube components and increased n fibre volume fraction, further boosts induction, while
the larger grain size reduces hysteresis losses, thus contributing to enhanced magnetic
performance, with induction reaching ~1.754 T and core losses as low as 2.9 W/kg [6].

These improvements are linked to enlarged grain size together with the development of A and
n fibre textures [6,148]. More recently, a three-stage cold rolling method has been proposed
for grain-oriented electrical steels (GOES, ~3.25 wt% Si). By applying two intermediate
annealing steps (870 °C for 3 minutes and 940 °C for 5 minutes), this technique not only
produced grains up to 15 mm in size but also enabled higher silicon content and thinner sheet
thickness, leading to reduced core losses [149]. Collectively, these findings highlight the
importance of carefully controlling cold rolling and annealing parameters to optimise the
texture, microstructure, and magnetic properties of electrical steels.

Molten steel One stage cold
/ rolling Cold-Rolling
Casting roller
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Figure 15. Schematic diagram of cold rolling steps of electrical steel [6].

1.9 Alternative thermomechanical manufacturing of electrical steel
Several alternative thermomechanical operations have been developed to improve the
magnetic performance of NGOES. These processes aim to optimise microstructure and

23



crystallographic texture by introducing controlled plastic deformation and recrystallisation
pathways. Key approaches include asymmetric rolling, repetitive bending under tension, cross
rolling, and skew rolling [96, 150-154].

1.9.1 Asymmetric rolling

Shear plastic deformation during cold rolling generates shear bands and high dislocation-
density zones in hot-rolled electrical steel, which provide favourable nucleation sites for
<001> grains during recrystallisation [155]. In asymmetric rolling (ASR), the circumferential
speeds of the upper and lower rolls differ, achieved by varying roll diameters, speeds, or
rotations (Figure 16). It has been shown in [156] that applying ASR on NGOES with 2.1% Si
promotes the development of <001> grains during final recrystallisation, while strengthening
the n fibre and slightly reducing the y fibre. This simultaneous improvement enhanced
magnetic induction (by ~0.011 T) and reduced iron loss (by ~0.50 W/kg). However, ASR can
introduce edge cracks and degrade surface quality due to increased friction, while also
accelerating roller wear, which raises maintenance costs.

Rolling direction
—_—

Roll diameters D1>D2
Friction conditions p1>u2

Circumferential speeds w1> w2

Figure 16. Schematic of asymmetric rolling [156].

1.9.2 Repetitive bending under tension

Repetitive bending under tension (R-BUT) induces cyclic bending and unbending of sheets
under tension (Figure 17), creating shear bands that enhance {001} textures while suppressing
unfavourable {111} orientations [112]. This technique has been applied to hot-band-annealed
1.8 wt.% Si NGOES, promoting desirable recrystallisation textures and extending the
formability limits of high-Si steels. Although effective in refining texture and improving
magnetic quality, R-BUT requires modifications to conventional production lines, limiting its
industrial adoption.
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pulling

Figure 17. The experimental configuration includes a visual representation of the R-BUT testing
setup, an illustration outlining the bending assembly [112].

1.9.3 Cross rolling
Cross rolling (CR) modifies texture by rotating the sheet 90° between rolling passes, thereby
changing strain conditions and reducing y-fibre formation during recrystallisation [157]. The
a-fibre <110>//RD remains stable, while a t-fibre <110>//TD develops. This produces a strong
cube-rotated texture {001}<110>, which improves isotropy and reduces mechanical
anisotropy [4,156]. Additional annealing stages after CR can further refine grain growth and
reduce hysteresis losses, although some studies reported increased core losses (by ~21.4%)
alongside higher induction (by ~2.84% at 50 A/cm) [4]. Despite these benefits, CR presents
cost and productivity drawbacks, since sheets must be cut and reoriented during processing.

1.9.4 Skew rolling

Skew rolling (SR) is similar to cross rolling but involves rotating the sheet by smaller angles
(e.g., 45°) between rolling stages [153]. This introduces different deformation modes due to
frictional forces acting along both rolling and transverse directions, resulting in modified
textures with higher intensity. SR suppresses unfavourable <111>//ND fibres while promoting
<113>//ND (0*) after annealing [158]. It also facilitates nucleation from shear bands, twin
boundaries, and triple junctions—sites linked to rapid grain growth [159]. The final
recrystallisation texture depends on orientation-selective growth, with <001>//ND grains
expanding faster due to higher boundary mobility and stored energy. While promising, SR
requires significant modification of rolling infrastructure, posing integration challenges [4].

1.9.5 Emerging approaches and limitations
While conventional rolling and annealing techniques remain central to the production of non-
oriented and grain-oriented electrical steels, several emerging approaches have been
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investigated to overcome the limitations of traditional processing and to further enhance
magnetic performance. Among these, asymmetric rolling, repetitive bending under tension,
cross rolling , and skew rolling have shown promising potential. In parallel, novel methods
such as additive manufacturing (AM) are beginning to receive increasing attention.

ASR and R-BUT both utilise shear strain as a means to disrupt unfavourable texture
components and promote <001>//ND orientations, which are highly desirable for improved
magnetic induction. ASR, achieved by imposing different circumferential speeds between the
upper and lower rolls, has demonstrated effectiveness in refining the microstructure and
suppressing y-fibre texture. However, the process can introduce surface quality issues, such
as edge cracking and roller wear, which pose practical challenges in industrial-scale
production [156]. Similarly, R-BUT facilitates the introduction of shear bands by cyclically
bending and unbending sheets under tensile load, significantly improving the recrystallisation
texture in high-Si steels. Nonetheless, its integration into conventional production lines would
require notable infrastructure modifications, limiting its near-term industrial application
[112].

Cross rolling and skew rolling provide alternative strategies by altering strain paths during
deformation. CR, which involves rotating the sheet by 90° between rolling passes, reduces the
stability of unfavourable y-fibres while promoting cube textures, thereby lowering anisotropic
mechanical behaviour. Despite improvements in texture and core loss, CR is disadvantaged
by productivity and cost drawbacks, as it requires cutting and reorientation of sheets during
processing [4]. SR, a variation of CR that rotates the sheet typically 45°, has shown particular
promise in modifying deformation modes and favourably transforming texture components.
However, the method also necessitates substantial modifications to conventional rolling
infrastructure, raising questions about cost-effectiveness and scalability [153].

Beyond rolling-based modifications, AM has emerged as a disruptive approach for fabricating
electrical steels with tailored compositions and microstructures. AM processes such as laser
powder bed fusion and laser metal deposition enable the direct production of sheets or
components with higher Si content (>6 wt.%), which is difficult to achieve by conventional
casting and rolling due to poor ductility. Despite this promise, AM still faces significant
limitations: defects such as porosity, cracking, residual stresses, and high anisotropy in
microstructure remain major challenges. Moreover, the slower production rates and higher
costs compared to established rolling methods hinder the widespread adoption of AM for
large-scale electrical steel manufacturing [160].

Although residual stress is often cited as a critical issue in additively manufactured metals, its
guantitative assessment remains challenging. In laser-based AM, residual stresses are highly
localised, anisotropic, and transient, arising from steep and continuously evolving thermal
gradients during layer-by-layer deposition. As a result, establishing robust correlations
between residual stress, alloy composition, or individual process parameters is difficult
without dedicated in-situ or full-field measurement techniques [161]. Furthermore, the use
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of substrate preheating, as discussed in Chapter 3 of this thesis and widely reported in the
literature, significantly reduces thermal gradients and cooling rates, leading to a substantial
reduction in residual stress levels [162]. Under these conditions, residual stress becomes a
less sensitive indicator of cracking behaviour. Instead, cracking susceptibility in brittle high-
FeSi steels is assessed using microstructural indicators such as crack morphology and grain-
scale damage, which more directly reflect the combined thermo-mechanical response of the
material. This contrasts with deformation-based routes such as asymmetric rolling and cross
rolling, where residual stresses are mechanically induced under relatively stable thermal
conditions and can be directly correlated with strain path, rolling direction, and reduction
ratio [163].

In summary, these emerging approaches illustrate the strong potential of thermomechanical
and novel manufacturing techniques to address the inherent challenges in electrical steel
production. However, their limitations—whether in terms of cost, productivity, or defect
control—highlight the need for continued optimisation and further research before large-
scale industrial implementation can be realised.

1.10 Additive manufacturing of soft magnetic materials

Additive manufacturing refers to a family of advanced fabrication processes in which three-
dimensional parts are produced directly from digital models by adding material layer by layer,
typically using a high-energy source such as a laser or electron beam. While AM has been
widely applied in aerospace, medical, and automotive industries, its application for producing
soft magnetic materials has only recently gained attention [164-166]. Conventional
processing routes for Fe-Si steels with more than 3 wt.% silicon are restricted by poor ductility
and embrittlement, which limit their formability during rolling [167]. AM offers an attractive
alternative pathway, as it can bypass some of these challenges and provide opportunities for
near-net-shape fabrication of silicon steels with controlled microstructures and textures that
are highly relevant for magnetic performance. Despite these advantages, AM of magnetic
materials remains challenging. Defects such as porosity, cracks, and lack of fusion between
layers are often observed and can severely affect both mechanical integrity and magnetic
properties [168].

Porosity, which can be detected using computer tomography (CT) scans, can be mitigated
through optimised process parameters, such as increased energy input, tailored scanning
strategies, or slower build rates that enhance layer bonding [169]. Furthermore, post-
processing techniques—such as hot isostatic pressing (HIP) [170] or heat treatments—not
only reduce porosity by consolidating the material and eliminating internal voids, but also
relieve residual stresses, promote recrystallisation, and improve soft magnetic behaviour,
leading to enhanced density and magnetic performance [171]. Furthermore, the properties
of AM-produced steels are strongly dependent on process parameters, particularly energy
input and scanning strategies, which directly affect solidification dynamics and grain
orientation [172].
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1.10.1 Laser powder bed fusion of Fe-Si Steels
The Laser powder bed fusion (L-PBF) process has been widely investigated for Fe-Si alloys. It
has been demonstrated that Fe-3.5 wt.% Si fabricated by this method develops strong A-fibre
(<100>//ND), cube {001}<001> and rotated cube {001}<110> textures, which are beneficial
for soft magnetic applications [173]. The influence of linear energy density (LED) [174],
expressed as in Equation 1:

LED= P/(v.h) (2)

where Pis laser power (W), vis scanning speed (mm/s), and h is hatch spacing (mm), has been
shown to be critical. At low energy density, un-melted powder and pores are observed,
whereas excessively high input promotes keyholing and crack formation. This highlights the
importance of optimising LED to achieve dense microstructures and desirable crystal
orientations [173].

Comparisons between L-PBF and 3D micro-extrusion showed that while L-PBF produced
textured structures, micro-extruded samples exhibited significantly lower core losses [175].
Further studies on Fe-3 wt.% and Fe-6.5 wt.% Si alloys confirmed the extremely narrow
process window, where high specific energy inputs (E=350J/m, V=0.5 m/s, P=175 W) resulted
in porosity and cracks, while optimised parameters (E= 250 J/m, V=1 m/s, P=250 W) yielded
99.99% relative density with fully columnar microstructures [172]. The Fe-Si 3wt.% alloy has
a strong <211> texture in the as-built condition, however following a heat treatment at 1150
°C, this texture transforms to a <001> cubic texture. As-built FeSi 6.5% metal has a cube
texture that changes to a <110> Goss texture when heat treated. In both alloys, the absence
of the hard magnetisation <111> direction in the samples' vertical and horizontal planes
resulted a desirable microstructure for magnetic applications. The magnetic behaviours of
both fabricated alloys are encouraging. Particularly, the FeSi 6.5 % steel which seems to have
a significant amount of potential because it showed less eddy current effects than FeSi 3%
and hence has a greater magnetisation capacity and more than 50% lower power losses [172].

Other investigations have shown that reducing energy density and laser power refines melt
pool morphology and transforms grain structures [174]. The results show that reducing linear
energy density (0.375 t0 0.125 J/mm) and laser power (150 to 50 W) changes the morphology
of the melt pool from large to small, resulting in a strong O-fibre texture with a random
distribution of grain orientations. Decreasing scanning speed (160 mm/s) and laser power (60
W) also transforms the melt pool shape to elliptical, yielding larger grains with fewer defects
such as pores and a higher area fraction of <001> in the building direction, along with strong
columnar grains that improve magnetic properties such as magnetic flux density and
permeability. However, exposure to external magnetisation results in higher power loss and
coercivity, possibly due to residual stress, defects, and high-density dislocation. Nevertheless,
this research yielded a relatively high porosity level, which is undesirable, and the magnetic
properties of the final products were not comparable to commercial products. Therefore,
further annealing is necessary to remove residual stress and promote recrystallisation,
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allowing for a better understanding of how the texture develops after these treatments.
Conversely, a different observation was reported by [176] where high FeSi content (6.5 wt%)
manufactured by LPBF at power 170 W and scan speed 400 mm/sec, using bidirectional
scanning, resulted in large columnar grains with an elongated shape exceeding 2mm in the
build direction. Additionally, these grains exhibited a preference for the <111> texture, which
is not desirable for magnetic properties. These studies highlight the delicate balance between
energy input, microstructure, and magnetic properties in L-PBF of Fe-Si steels. A further
parameter often discussed is the normalised energy density, defined as in Equation 1:

E= P/(v.h.t) (3)

where t is layer thickness (mm). This parameter enables consistent comparisons across
machines and studies, as it incorporates build layer thickness, and is particularly useful for
correlating porosity, microstructural evolution, and magnetic behaviour [177].

Manufacturing high silicon electrical steel (6.5wt%) and optimising the geometry of electrical
machine parts through the LPBF process is gaining attention from scientists [135, 178]. This
process offers a high cooling rate, which helps avoid the formation of brittle phases and
improves magnetic properties, such as permeability up to 30,000 [178]. The Hilbert pattern is
a specific geometric arrangement that can be used in constructing stators (FeSi 6.5wt%) for
electrical machines Figure 18. This pattern aims to reduce eddy current losses and decrease
the stator's weight by 34% compared to FeSi 3wt% (0.127mm laminations), while also
improving the torque density of the AM Hilbert stator by 13%. However, core losses for the
AM Hilbert stator at 1000 Hz are higher than for FeSi 3wt% (428 W, 0.35mm laminations).
Further work is needed to address these losses and optimise processing parameters in AM
Hilbert LPBF, as well as avoiding delamination and debonding during machining [179].
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Figure 18. Design of AM Hilbert stator for manufacturing by the LPBF process [179].
High silicon electrical steel 6.5 wt.% also can be manufactured by the laser beam melting
(LBM) process [180]. In this research, microstructure and magnetic characteristics are
investigated in relation to the impacts of the LBM machine settings. The results demonstrated
that the sample exhibits a columnar grain structure which is strongly correlated with the
normalised energy. In other words, as the energy increased the grains tend to grow and
become more coarser which improved magnetic properties especially coercivity value. Thus,
minimising the formation of small grain sizes in the LBM process could help to improve the
magnetic performance. However, the EBSD (electron backscatter diffraction) results showed
that there is a weak relationship between texture and the magneto-crystalline energy and
magnetic properties such as flux density. Based on the results, the authors suggest that for
fabricating high silicon electrical steel, future research should focus on post-treatment
processes such as the annealing process. This focus is necessary to produce a uniform coarse
grain and recrystallised microstructure, as these types of post-treatments could lead to
favourable crystallographic orientation and improved magnetic performance [180].

Selective laser melting (SLM) technology has been used to fabricate high silicon steels with a
6.9 wt.% Si content, revealing that SLM technology could be a potential manufacturing route
to produce grain-oriented electrical steel for magnetic function [5]. Also, it was shown that
the SLM has a potential to produce a near fully dense electrical steel at the higher energy of
the scanning laser. During the SLM process, the cooling rates were high and in the range of
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103to 10° K/s. This can be beneficial due to the suppression of two phases such B> and DOs to
form in Fe-Si 6.5w.t % system. These two phases make electrical steel more brittle and less
electrically conductive [8, 181, 182]. Additionally, the final microstructure produced by raising
the scanning speed from 140 to 280 J/m shifts from cube texture to long columnar <001>
grains. However, increasing the energy of the laser caused increased crack formation and
spherical porosities [5]. The main reason for the formation of spherical pores was the
protuberant melting pool shape due to the higher laser energy input used during
manufacturing process [183]. In addition to that, higher energy can be promoted to form
keyhole defects in samples due to the vaporisation of materials from the surface and then,
during solidification, these gas bubbles are trapped in the melting pool zone. Increasing the
laser beam energy can also result in the introduction of thermal stresses to the SLM samples,
which can lead to crack formation during the SLM process. Therefore, applying higher laser
energy for a short time could play a significant role in forming defects as well as determining
the effect of the thermal gradient and stress in the SLM samples [5].

Two distinct components with cubic and ring geometries were created to investigate the
microstructure and magnetic characteristics. Due to heat input and residual stress effects in
the ring shape sample, it was suggested that the laser energy density could not be higher than
420 J/m [184]. The analysis of performance loss in the ring sample revealed that with a further
increase in laser energy, both the remanence flux (Br) and the maximum magnetising force,
coercivity (Hc), gradually decreased. This effect was particularly observed when the laser
energy increased from 140 to 280 J/m. However, no significant impact was observed when
the laser energy increased from 280 to 420 J/m. Furthermore, the P50-1 analysis of total
power losses revealed a distinct non-monotonic pattern, with the minimum value observed
at E=280 J/m. Moreover, after stress relief treatment (5 hours at 700 °C), the magnetic
permeability increased considerably. The increase in magnetic properties tends to affirm the
efficacy of the heat-treatment implemented to diminish the internal stresses caused during
processing. However, high laser energy might be detrimental to magnetic characteristics due
to the formation of a cube texture. It has been suggested that post heat treatment is
necessary to increase grain size which can have a significant influence on the magnetic
properties [184].

The effects of the annealing treatment on microstructure features and magnetic properties
of Fe-Si steel parts (6.9 wt.%) made by the SLM process were also studied [185]. The findings
suggested that the rapid cooling rate during the SLM process could suppress the diffusion and
reaction to avoid the coarsening process. Annealing the SLM part at 1150 °C for one hour
could develop a recrystallised microstructure which is defined by mainly equiaxed grains
(£ 300um). The most significant aspect of this treatment was that annealing preserves the
SLM <001> texture along the building direction of the specimen, however, the texture
strength of annealed samples at 700° and 1150°C in the build direction (BD) at different
temperatures varied. The magnetic properties of the annealed ring were validated, revealing
a maximum permeability of 24000 H/m, coercivity of 16 A/m, and a notable 36.8% increase
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in flux density B10 (from 0.95 T to 1.3 T) subsequent to annealing at 700 °C. This is an
interesting finding because an elevated temperature in annealing can be conducted to the
built sample, and this can induce stress relief and grain development without degrading the
crystallographic texture obtained by the SLM process. This occurred because of grain growth
and stress relief which can decrease the lattice defects. This can also be compared to the
commercial high silicon laminate steel fabricated through the CVD process in terms of quality
[185].

1.10.2 Directed Energy Deposition

Directed energy deposition (DED) encompasses a family of AM processes in which focused
thermal energy is used to melt feedstock material as it is being deposited. Depending on the
energy source, DED can be classified into laser-based deposition (LMD), electron beam
additive manufacturing (EBAM), and arc-based processes such as wire arc additive
manufacturing (WAAM). In laser metal deposition (LMD), metal powders are delivered
coaxially or off-axis into a laser-induced melt pool and consolidated layer by layer to build
near-net-shape components [186-188].

Although no studies to date have specifically reported on the additive manufacturing of Fe—
Si steels by DED, the technique has been successfully applied to a wide range of metallic
systems, including nickel-based superalloys [189] , titanium alloys [190], and stainless steels
[191]. DED processes provide several potential advantages compared with L-PBF. These
include the capability to fabricate larger components, the ability to repair or remanufacture
existing parts, and operation within a wider processing window with reduced crack sensitivity.
In addition, the relatively lower cooling rates in DED compared with L-PBF may decrease
thermal stresses and reduce crack formation in brittle alloys such as Fe—6.5 wt.% Si, while still
enabling sufficient solidification control to influence grain morphology and crystallographic
texture. A further advantage of LMD is that components such as circular tubes can be built
without the need for internal support structures, which are often unavoidable in powder bed
fusion processes such as selective laser melting. These characteristics suggest that DED, and
in particular LMD, could represent a promising but as yet unexplored approach for the
processing of high-silicon electrical steels [192].

1.10.3 Other AM Routes for Fe-Si Steels
In addition to L-PBF and DED, other AM technologies have been explored for Fe-Si alloys.
Among the different processes of AM, the binder jetting (BJ) has recently been used to
manufacture high density Fe-Si (6.5wt.%) stators. The researchers have examined the effects
of magnetic and mechanical properties of the BJ silicon part [193]. The most noticeable result
emerged from the experiment was that a crack free, near net shape (99% dense Si part) can
be achieved when solid-state sintering is applied. Furthermore, different types of tests were
performed on the fabricated Fe-Si parts which resulted in a low coercivity, an ultimate tensile
strength of 434 MPa (similar to structure steel), a saturation magnetisation of 1.8T, and
electrical resistivity of 98 uQ cm as well as high relative magnetic permeability of 10.500 for
a sample with thickness of 1.02mm. These results would seem to suggest that this process
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can potentially replace the current CVD operation to fabricate 0.1 mm thickness 6.5 wt.% Si
electrical steels due to its cost effectiveness, reasonable mechanical and magnetic properties
[193]. In conclusion, AM provides a promising alternative to conventional methods for
processing Fe-Si steels, particularly at higher silicon contents where hot rolling becomes
unfeasible. L-PBF has demonstrated that dense components with tailored textures can be
achieved, although process optimisation is critical due to the narrow processing window. DED
represents an as yet unexplored but potentially valuable route for Fe-Si steels, offering
advantages in scalability and reduced crack sensitivity. Binder jetting and selective laser
melting have also demonstrated feasibility, although challenges such as porosity, residual
stresses, and crack formation remain. Overall, AM presents an important opportunity to
overcome the long-standing challenges associated with the processing of soft magnetic steels,
provided that process optimisation and post-treatment strategies are carefully employed.
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Chapter 2 Laser metal deposition process

2  Introduction

The previous chapter presented a detailed review of the manufacturing processes for non-
grain-oriented electrical steels, including various traditional methods. Additionally, an
introduction to several additive manufacturing techniques, such as laser powder bed fusion
(LPBF), selective laser melting (SLM), and binder jetting (BJ), was provided. This chapter
focuses specifically on laser metal deposition (LMD), the primary additive manufacturing
method used in this research, and its application in the production of electrical steels. To
better understand the LMD process and how it can be influenced by adjusting processing
parameters, other materials manufactured using LMD are also reviewed. Furthermore, other
directed energy deposition (DED) processes, including powder- and wire-fed systems, that
have been used to manufacture Fe-Si alloys are discussed. No previous studies have applied
LMD to manufacture Fe-Si electrical steels, making this the first attempt to do so.

Laser metal deposition is a technique for additive manufacturing that has been widely applied
in industries such as automotive [194], medical [195], and aerospace [196]. In addition to new
part fabrication, it is also reported for repair and remanufacturing applications due to its
precise heat control and relatively small heat-affected zone (HAZ). The original idea of this
technology was presented by Kratky (1937) [197] and Harter (1942) [198] and has since been
refined by numerous researchers. LMD belongs to the broader family of directed energy
deposition (DED) processes, which include powder- and wire-fed systems.

In recent years, directed energy deposition has emerged as a promising AM technique for
producing soft magnetic materials, notably Fe-Si alloys. DED offers several advantages over
traditional manufacturing methods, including the ability to fabricate complex geometries and
tailor microstructures to meet specific performance requirements. Studies have
demonstrated that laser-based DED enables near-net-shape production of Fe-6Si alloys,
where scan path strategy and subsequent heat treatment strongly influence the
microstructure, cracking behavior, and magnetic properties. Cross-hatch deposition
strategies have been shown to produce crack-free microstructures and quasi-single-crystal
grains after high-temperature annealing, highlighting the potential of DED to tailor
microstructures for improved magnetic efficiency [101].

Other work has shown that DED can extend the silicon solubility limits far beyond
conventional boundaries, successfully fabricating dense Fe-Si alloys with compositions up to
20 wt.% Si. The fabricated alloys exhibited significantly increased hardness, resistivity, yield
strength, and ultimate tensile strength, while maintaining competitive soft magnetic
performance. The high thermal gradients and rapid cooling rates in DED suppressed the
formation of brittle ordered phases (B, DO,), which typically hinder manufacturability at high
silicon levels. This demonstrates the capability of DED not only to reproduce existing alloy
chemistries but also to enable novel compositions unattainable by traditional methods [199].
Further research has focused on process optimisation for Fe-6.5 wt%Si using systematic
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design of experiments, correlating laser power, scan speed, and powder feed rate with bead
characteristics such as dilution, wetting angle, and powder efficiency. The resulting process
parameter map provides a reproducible processing window for high-quality DED fabrication
of electrical steels, which is essential for scaling the technique towards industrial applications
in high-performance soft magnetic components [200]. Together, these studies underline the
growing relevance of DED for advancing Fe-Si alloys: enabling near-net-shape fabrication,
tailoring of microstructure through scan strategies, suppression of brittle phases via rapid
solidification, and systematic parameter optimisation for industrial scalability. Rather than
being confined to repair applications, DED is increasingly positioned as a transformative
manufacturing route for developing high-performance bulk magnetic materials like FeSi,
directly aligning with the objectives of this research.

LMD is a direct energy deposition process where a laser beam creates a melt pool on the
surface of the metal substrate during the process in order to build a 3D component. In this
method, the wire feeders or powder feeding hoppers can be continuously used as a material
feedstock which is supplied to the laser focal region and, as soon as the laser beam hits the
surface of substance, creates a melt pool which then solidifies (Figure 19). The process of LMD
consists of five fundamental phases. The first stage is to develop a CAD file of the part. Second
stage is to convert CAD file to AM file or to standard triangulation language (STL) file. At the
stage three, the AM file sliced in 2D sections in order to define geometry of CAD file. In this
stage, the slicing also preferred to be in the building direction because it gives better stability
and reduce support structure of part during manufacturing process. The fourth stage is the
building process, where the laser melts the substrate material to create a melt pool, forming
a solid mass of a 2D profile. The laser then continues moving along the predefined path until
the construction process is complete and the 3D component is fully formed. The last step is
to remove the 3D part, support structure and clean it and perform any heat treatment process

if required [201].
Co-axial powder Lasz;;‘:ecr‘:‘s'ng
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Figure 19. Schematic of laser melting deposition process[201].
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2.1 Advantages of LMD and Solidification Mechanisms

There are also some advantages to the LMD process compared to conventional
manufacturing processes which can be highlighted here. The LMD process can be used to
repair, remanufacture, or manufacture a new component with better mechanical properties.
Another advantage of LMD is that in this process the materials join each other layer by layer
with better mechanical properties as compared to materials which are joining together by
welding or bolts and nuts. For example, in the welding joining points are faced to high stress
concentration, and it would be a place where the failure initiates, and this is can be eliminated
by using the LMD process [202]. The final product obtained from LMD has less weight, greater
materials utilisation, lower energy usage, and is generally more cost effective [201].
Furthermore, the flexibility of LMD, with its low heat input, allows manufacturers to create
complex parts that would be difficult or impossible to achieve using traditional manufacturing
methods. Despite all of these benefits, the LMD technique is fairly new, and this process in
terms of physics is not yet well understood. The characteristics and performance of the final
part is also not predictable and controllable due to many process variables. Furthermore, the
final product has a relatively poor surface finish and may require further post treatment. In
the LMD process the microstructure evolution is dependent on the solidification mechanism.
The solidification rate can be affected by the initial temperature of the substrate or previous
layer as well as the melt-pool. For example, if the initial temperature of substrate is low (cold)
then the solidification rate would be high due to the absorption of heat by the substrate
(which behaves like a heat sink) and its removal from the melt-pool towards the colder
substrate. In the LMD process if the scanning speed is high then the melt-pool size is smaller
resulting in less interaction time of the laser with the material and rapid solidification.
Conversely, a low scanning speed with high power laser energy can increase interaction time
between laser and powder which create a larger melt-pool and result in a slower solidification
rate which is ideal for this study. This slower rate promotes the formation of columnar grains,
enhancing the magnetic performance of electrical steel [201]. The solidification process is
started by the transformation of liquid to a solid which usually starts in the interface region
of liquid and solid. This interface region could be between the melt-pool and the substrate or
previous layers with the melt-pool. In the solidification process, the crystal will be nucleated
and grow with a crystalline structure at these interfaces. Also, this crystal growth with a
specific crystallographic orientation which is known as epitaxial grains. As the solidification
process progresses these grains grow towards the substrate in the opposite direction of the
heat flow. This type of behaviour of grains growth and characteristic structure could be seen
in the LMD process which is known as a columnar grain. In the heat affected zone, globular
grains can also be observed due to transforming heat from melt pool zone to the cross-
substrate. These grains near the melt pool grow larger due to the sufficient heat generated
by the laser. As the heat increases, the grains expand, and conversely, they shrink when the
heat decreases [201]

. The scanning velocity is correlated with the solidification rate. In other words, a high
scanning velocity results in a higher solidification rate, which could influence the
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microstructure [203]. For instance, columnar and globular grains with a small width and size
can be developed when a high scanning speed is applied. In most metals and alloys, due to
the high solidification rate, a martensitic microstructure can be formed, which is very hard
and also promotes an equiaxed microstructure [201]. Furthermore, at a low solidification rate
Widmastatten alpha pattern structure would appear. The cooling rate also can play a key role
in developing microstructure for example, coarser microstructure can be developed when the
cooling rate is low while, when the cooling rate is high then a finer microstructure can be
produced [203]. In the LMD as layers are added, the microstructure created will continue to
change, and this can lead to the formation of complex, heterogeneous, and anisotropic
microstructures that are completely unattainable in conventionally produced parts. This
demonstrates the crucial role that processing parameters play in producing the ideal
solidification rate, as well as the appropriate microstructure and, ultimately, the desired
characteristics [201]. Processing parameters in the LMD influence the microstructure
development, and the mechanical and physical properties of the parts produced. In LMD the
key processing parameters such as scanning speed, laser power, beam size, gas and powder
flow rate have a significant effect on materials properties. In addition to that, this process is
non-linear, and with a small adjustment in the process the properties of material can be
changed significantly [201, 204]. This indicates that there is a strong relationship between the
processing parameters, and some of them have a major impact on the properties of the
materials, which will be addressed in the next subsections.

2.2 Laser power in the LMD process

The amount of heat energy supplied by a laser to process materials is referred to as laser
power. Research [205, 206] shows that laser power significantly affects the properties of the
processed material, including surface finish and other physical characteristics. The
microstructural characteristics are greatly influenced by laser power during the LMD process;
thus, the laser power needs to be controlled. Excessive laser power can cause high dilution
between deposited materials and the substrate and might result in vaporisation or plasma
formation. Conversely, insufficient laser power can lead to incomplete melting and porosity.
Because of this, it is crucial to determine the ideal laser power in relation to other processing
factors for the material being processed. As the laser power increases, the surface roughness
of the final surface of alloys reduces in the LMD process [206]. This could be due to the high
laser power fully melting the deposited materials and the low solidification rate, allowing the
material to flow across the surface.

Similar research has also been conducted to investigate the effect of laser power on the melt
pool size and surface finish using the LMD process [207]. The results of the investigation
showed that a poor surface finish was caused by the adhesion of the unmelted or
incompletely melted powder particles on the surfaces of the deposited layer. It was also found
that increasing the melt-pool volumes, through higher laser power, assists in melting the
unmelted powder particles leading to improved surface quality. In the study [207], a
numerical model was created to forecast the surface quality, and the model was successfully
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tested in experiments with good agreement. In addition to this study, similar findings have
been reported, indicating that the surface finish can be improved in the LMD process [208].
Their results indicate that a smoother surface finish is achieved with higher laser power
density, which leads to complete melting of the deposited powder, a larger melt pool size,
and a lower solidification rate. This improvement can eliminate the need for secondary
surface finishing operations for certain components.

In Fe-Si alloys, laser power has been shown to directly influence cracking susceptibility, grain
morphology, and surface quality. During DED of Fe-6Si, higher laser power in concentric scan
strategies promoted elongated grains and increased cracking during subsequent annealing,
while optimised power ranges in cross-hatch strategies yielded dense, crack-free structures
with improved surface finish [101]. Similarly, in DED of Fe-6.5Si, process mapping identified
an optimised power (~796 W) that balanced wetting angle, dilution, and powder efficiency,
producing stable clads suitable for magnetic applications. These results highlight that while
high power can reduce unmelted particles and improve consolidation, excessive energy input
may increase residual stresses and promote defect formation [200].

2.3 Laser power influences on microstructure in the LMD process

Laser power has a direct correlation with the melt pool created, as well as the solidification
and cooling rate. In addition, it also exhibits a significant influence on the microstructure of
laser-deposited metal parts. A high laser output often leads to the formation of larger melt
pools and prolongs the solidification time resulting in a higher likelihood that an equilibrium
microstructure will emerge. Thus, microstructure development in the LMD process is a crucial
research area since it influences the properties of the manufactured part. In addition to that,
it is crucial to regulate the laser power throughout the LMD process since it has a significant
impact on the microstructure and subsequently the evolved properties [209]. It has been
demonstrated that grain structures are significantly affected by both laser mode and power.
Samples produced in pulsed wave mode tend to form finer equiaxed grains, while those
manufactured in continuous wave mode develop larger columnar grains [210]. However, their
findings [210] concluded that laser power has a more substantial impact on microstructure
development than the laser mode, which has a relatively minor influence. Laser power plays
a critical role in determining the material's properties and resulting microstructure.

Therefore, microstructure properties can be regulated through careful control of the laser
power. It has been reported that at higher laser powers, a larger melt pool is formed, and the
longer solidification time allows for the development of thicker dendritic arms and growth
[211]. It was also observed that, as the laser power was decreased, the dentritic arms'
thickness decreased. This type of microstructural creation can be explained by the fast
solidification that occurs at lower laser power because of the small melt pool created, which
favours thinner and more dentritic arms. Others authors (Yu et al. [212] ; Mahamood et al.
[213]) have confirmed that in the LMD technique, it is feasible to make parts that are either
softer and ductile or hard and brittle by simply adjusting the laser power. Moreover, a lower
number of large grains were available for the melt pool to nucleate and develop epitaxially
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due to the larger melt pool and slower solidification rate that allows more grains to grow in
the heated affected zone area which is desirable for optimising magnetic properties of
electrical steel [214].

In Fe-Si systems, microstructural development is particularly sensitive to laser power due to

the brittle nature of high-silicon steels. For example, DED of Fe-6Si showed that concentric
paths at high laser powers retained elongated columnar grains along the build direction,
whereas cross-hatch deposition promoted more equiaxed morphologies [101]. These
morphologies were further modified by annealing, where optimised powers supported
abnormal grain growth and even quasi-single-crystal regions. Likewise, higher powers in Fe-
6.5wt% Si clads were found to increase dilution and affect bead geometry, which directly
could influences the final magnetic performance [200]. Beyond microstructure size, laser
power also influences texture, which is a key factor in magnetic performance. Studies on
electrical steel have shown that increasing laser energy density promotes strong <001> cube
textures, improving permeability and reducing core loss, while sub-optimal powers lead to
random orientations and degraded properties. This demonstrates that laser power not only
governs grain growth but also controls crystallographic texture critical for electrical steel
applications [215]. Furthermore, in high-Si steels processed by DED, excessive energy input
encourages coarse grains that reduce ductility and magnetic softness, whereas optimized
power enables finer grain structures that lower coercivity and improve core losses Thus,
controlling laser power is essential not only for structural integrity but also for tuning the
electromagnetic functionality of Fe-Si alloys [199].

2.4 Laser power influences on mechanical and tribological properties

The relationship between the laser power and the mechanical and tribological characteristics
of materials manufactured using the LMD technique has been studied in great detail. In this
section, several key scientific papers are examined. The effect of laser power density on
microhardness after applying the LMD technique has also been investigated, showing that
variations in power density can significantly influence the hardness of the deposited material
[208]. They observed that as the laser power density increased from 18 to 80 J/mm? the
microhardness increased. However, as the power density exceeded 80 J/mm? the
microhardness subsequently decreased. This can be explained by microstructure changes at
this laser power density and insufficient melting due to lower power density which resulted
in unmelted powders and low microhardness. Another comparable investigation was carried
out by Ju et al [212] who discussed how the mechanical characteristics of titanium alloy
formed via the LMD process were affected by laser power (380 to 570 W). The findings
demonstrated that a higher laser power increase microhardness, yield strength, and ultimate
tensile strength (UTS) compared to conventional cast and annealed wrought materials.

The decrease in porosity in deposited samples with increasing laser power has been directly
associated with improvements in material properties. However, excessive laser power can
also cause grain coarsening, which reduces overall performance. For example, studies have
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shown that when laser power increases from 1.8 to 2.4 kW, microhardness decreases due to
coarser grain formation [216].

2.5 Scanning velocity in the LMD process

Another crucial processing variable in the LMD process is the scanning velocity which reveals
how long the laser beam is in contact with the substrate and the materials being deposited.
In the LMD the laser velocity can be achieved either moving the laser head or the substrate
against each other. Several studies have investigated the impact that the scanning velocity
has on the properties of the alloy manufactured by the LMD process. For instance, a low
scanning speed suggests a prolonged interaction time between the laser and the materials.
In addition to that, very low scanning speeds, resulting in a lower surface roughness being
observed. Conversely because the laser material interaction period is shorter at higher
scanning speeds, the deposited materials may not melt properly, resulting in a larger surface
roughness. Furthermore, along with the poor melting of the deposited material which may
also lead to rising surface roughness, the shorter laser material contact time creates a smaller
melt pools that tend to solidify quickly and generate scales on the surface of the produced
track [217].

In 2013 [218], a study carried out similar research on the alloy by using a 0.015 to 0.105 m/s
range for the scanning speed. The results also demonstrated that, despite a nonlinear
connection, the lowest surface roughness was seen at the lowest scanning speed of 0.015
m/s. Also, as the scanning velocity increased, it was observed that the average surface
roughness initially increased and then began to decline. Furthermore, due to the longer laser-
material interaction period, the alloy powder was properly melted, producing a smoother
surface that was visible at low scanning speeds. However, the value of surface roughness
increased when the scanning speed was enhanced because the laser-material interaction
period started to shorten, causing additional unmelted alloy powder. Due to the limited time
available at high scanning speed, the amount of powder delivered at higher laser power is
smaller. In contrast to what was observed at low scanning speeds, the decreasing surface
roughness observed above 0.65 m/s was caused by a decrease in the amount of powder being
deposited, which led to a decrease in the density of unmelted alloy particles [218].

Beyond surface morphology, scanning velocity in Fe-Si alloys has been shown to strongly
influence the melt pool dimensions, microstructural texture, and ultimately the magnetic and
mechanical performance of the deposited components. Lower scan speeds (higher energy
input) promote larger and deeper melt pools, often resulting in coarse columnar grains
aligned with the build direction. In contrast, higher scan velocities (lower energy input)
produce smaller, shorter melt pools, faster cooling rates, and more refined or layered
microstructures [219]. These differences directly affect the electrical and magnetic behavior:
layered microstructures obtained at higher velocities exhibited higher resistivity and reduced
core losses but at the expense of saturation flux density, while slower velocities leading to
fully dense structures enhanced saturation but increased losses due to eddy currents [219].
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In addition, scan velocity interacts with scan strategy to determine residual stress and
cracking susceptibility. Continuous, long-path scans at lower velocities have been reported to
generate significant tensile residual stresses, which, in brittle high-silicon Fe alloys, can lead
to transgranular cracking during or after post-build annealing. Conversely, higher scan
velocities combined with shorter, segmented paths (such as cross-hatch strategies) reduce
the residual tensile stress and significantly lower crack formation [101]. This highlights the
dual role of scanning velocity in both controlling surface quality and influencing deeper
aspects of the alloy’s microstructure, cracking resistance, and functional magnetic properties.

2.6 Scanning velocity influence on microstructure

It has also been noted that the scanning speed affects the microstructure of the part
manufactured by the LMD method. As soon as the liquid starts to solidify, microstructural
formation commences. The size of the melt pool formed during the deposition process affects
the final microstructure that is produced. Due to the prolonged interaction period between
the laser and the material, low scanning speeds encourage the creation of large melt pools.
On the other hand, a larger melt pool causes the solidification rate to be slow thus
encouraging the creation of microstructures which affects the final properties of the
deposited material. It is necessary to carefully understand how the scanning speed affects the
microstructure during the LMD process in order to manage it and generate the appropriate
metallurgical, mechanical, and tribological features. Scanning speeds between 0.005 and
0.095 m/s in the LMD process could alter the microstructure [220].

Also, in previous research [211] the impact of scanning speed on the alloy microstructure
manufactured during the LMD was investigated. The results illustrated that dendrites and
acicular structures were observed in the microstructure and, as the scanning speed was
raised, it was observed that the dendrites' thickness grew. In addition to that, at higher
scanning rates, snowflakes of dendrites formed next to the acicular microstructures. This kind
of microstructural development may be responsible for the fast cooling produced at high
scanning speed. Moreover, the rapid cooling may have contributed to the cracks seen at the
higher scanning speed. In general, the thermal cycles that come from depositing materials in
successive layers can also generate several metallurgical phenomena that change
microstructures and may eventually lead to complicated forms of microstructures due to the
thermal history experienced at various locations throughout the deposited sample in the LMD
process. Microstructures such as fine Widmanstatten alpha, basket weave, colony structures,
or even lamellae typically emerge as a consequence of fast cooling rates or solidification rates
at high scanning speeds [218].

In the case of soft magnetic alloys such as electrical steels (NGOES and GOES), scanning
velocity in DED plays a crucial role in controlling microstructure and crystallographic texture.
Low scanning speeds, which correspond to higher energy input, generate larger and deeper
melt pools that solidify slowly and promote coarse columnar grains aligned with the build
direction. In contrast, higher scanning speeds shorten the melt pool and increase cooling
rates, leading to finer or more equiaxed grains and layered microstructures [219]. These
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microstructural differences directly affect magnetic behavior: dense, columnar-grained
structures obtained at lower scan speeds exhibit higher saturation flux density but suffer from
larger eddy-current losses, while finer-grained or layered structures formed at higher scan
speeds exhibit higher resistivity and reduced losses but lower saturation [219]. Furthermore,
scan velocity also interacts with scan strategy to influence residual stresses and cracking.
Continuous, slow scans can introduce high tensile stresses and lead to transgranular cracking
in brittle high-silicon Fe alloys, whereas faster scans with segmented paths help relieve
residual stresses and reduce cracking [101]. This highlights the significance of scanning
velocity in tailoring microstructure, texture, and magnetic performance for advanced soft
magnetic materials manufactured by DED.

2.7 Scanning velocity influence on mechanical and tribological properties

The processing parameters in the LMD process, particularly the scanning speed, significantly
influence the melting and solidification rates of the deposited material. These factors directly
impact the microstructure and, consequently, the mechanical and tribological properties of
LMD parts. The impact of scanning speed (5 and 20 mm/s) on the mechanical properties of
alloy composites fabricated by LMD was investigated [221]. Their findings showed that higher
scanning speeds led to an increase in average microhardness. However, as scanning speed
increased, the wear resistance of LMD parts decreased. This reduction in durability is due to
the mixing of the deposited material with the substrate and, in some cases, even the
evaporation of the materials. Nevertheless, if the scanning speed is excessive then there is
not enough time for the laser and the material to interact, thus, deposited substances may
only partially melt or possibly not at all. It is evident that, in the LMD process, the scanning
speed has an impact that is inversely proportionate to the impact of the laser power [201].
The relationship between laser power and scanning speed can be expressed using the laser
power density formula, as shown in Equation 1 [222].

Equation 1 E=p/dv

In this formula E represents laser energy density (J/mm?), v is scanning velocity (mm/s), d is
the diameter of laser beam (mm), and p is the power of laser (W). This means that the laser
energy density can be changed just by varying the laser power or the scanning speed. Altering
the laser beam's diameter is another way to adjust the laser's energy density .

2.8 Influence of scanning velocity on surface finish
Researchers [217] attempted to evaluate the effect of scanning speed on the surface finish of
alloys obtained by the LMD technique. In this investigation, the laser power and powder flow
rates were kept constant at 3.0 kW and 2.88 g/min respectively, while the scanning speed
was adjusted in a range from 0.01 to 0.05 m/s. The findings of this investigation demonstrated
that, as the scanning speed was raised, the surface roughness increased. This was explained
by a similar phenomenon to the inverse relationship between the effect of scanning speed
and laser power on surface roughness. Because the laser and material interaction time are
longer at higher scanning speeds, more material is effectively melted, a larger melt pool is
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created, and faster solidification occurs. The higher scanning speed was thought to be the
cause of these observations due to the microstructural evolution. Additionally, when the
scanning speed increased, the microstructure shifted from wide to fine. The combination of
ductility behaviour and intermetallic phases led to greater yield strength and wear resistance
being seen at higher scanning speeds. Other investigations [218] also found that
microhardness increased with higher scanning speeds, likely due to incomplete melting of
powder particles. While microhardness increased consistently with higher scanning speeds,
wear resistance did not follow the same pattern. Initially, wear resistance improved with
increased scanning speed, but it started to decline once the speed exceeded 0.065 m/s. This
decline might be due to larger unmelted particles forming at higher speeds, which did not
contribute to wear resistance.

In the context of soft magnetic alloys produced by AM, scanning velocity significantly
influences surface quality and functional performance. At lower scan speeds, the prolonged
interaction time between the laser and material results in smoother surfaces due to more
complete melting and larger, stable melt pools. Conversely, higher scan speeds can lead to
insufficient melting, increased roughness, and partially fused particles on the surface [223].
For instance, in soft magnetic materials manufactured by AM processes, Fe—4.5 wt% Si alloys
have shown that low laser power combined with fast scanning speeds can lead to lack of
fusion defects, while high laser power and slow scanning speeds may result in keyhole
defects. Optimising these parameters is crucial to minimize defects and improve both surface
quality and magnetic performance [224].

Similarly, research on Fe-Co-V alloys processed by laser engineered net shaping demonstrated
that scanning velocity impacts grain structure and magnetic properties. Optimal magnetic
performance was achieved at moderate scan speeds, where grain refinement and alignment
were favourable for soft magnetic behavior [225]. These findings collectively emphasize that
scanning velocity is a critical parameter in DED processes, influencing not only the surface
finish but also the microstructure and magnetic properties of soft magnetic materials. Careful
optimization of scanning speed is essential to achieve desired material characteristics for
specific applications.

2.9 Influence of powder, wire flow rate and gas flow rate in the LMD process
A crucial factor in the LMD process is the flow rate of the powder or wire, which indicates
how much material, in grams, is ejected from the delivery nozzle in a given time. Numerous
studies [226-228] have demonstrated that the material flow rate significantly affects the
physical, metallurgical, chemical, tribological, and mechanical properties of the deposited
sample. The efficiency of the LMD process as a whole is also influenced by the material flow
rate [229, 230]. Thus, the material flow rate should be carefully controlled to balance energy
input with deposition, as an excessive flow rate can result in improper melting of the
deposited powder or even no melting at all. The rate of delivery of the substance depends on
the available energy density input. However, an excessively low powder flow rate is only
helpful if the vaporisation of the material occurs due to high energy density. Conversely, if the
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material flow rate is excessively high, the available energy density could be enough to
adequately melt the deposited material, leading to poor material utilisation and
unsatisfactory qualities of the deposited sample. Moreover, the material flow rate also
significantly influences the distribution and density of the deposited component.

Similarly, a crucial factor in the LMD process is the gas flow rate, which is also referred to as
the flow rate of the powder carrier gas. The powder is transported via a carrier gas—typically
an inert gas—intended to shield the powder from environmental damage, particularly for
reactive elements. Although the gas flow rate has only a little impact on the final qualities of
the deposited samples, it must be properly adjusted for each application since a gas flow rate
that is too low might result in incorrect protection of the materials being deposited, especially
for highly reactive substances. In addition, a gas flow rate that is too high may cause the
powder to be blown away from the melting point, which would be detrimental to the LMD
process [217].

In additive manufacturing of soft magnetic materials, such as Fe—49Co-2V alloys, Fe—6.5 wt%
Si electrical steel, and other Fe-based alloys, the control of process parameters like powder
or wire feed rate and gas flow rate is critical for achieving optimal magnetic performance.
Studies on wire-arc additive manufacturing (WAAM) of Fe—49Co—-2V alloys have shown that
the wire feed rate directly affects the deposition rate and thermal input, with optimal feed
rates ensuring uniform microstructure and magnetic properties, while deviations can lead to
defects such as porosity or lack of fusion, degrading magnetic performance [231]. Similarly,
in DED processes, such as laser metal deposition of Fe—6.5 wt% Si electrical steel, the powder
feed rate strongly influences the energy density, melt pool size, and cooling rate, with higher
feed rates potentially producing coarser microstructures and lower magnetic performance,
while lower feed rates may cause incomplete fusion and porosity[100]. Gas flow rate in both
WAAM and DED is also critical, as it shields the melt pool from atmospheric contamination;
insufficient gas flow can result in oxidation and reduced magnetic permeability, whereas
excessive flow may disturb the melt pool and create surface irregularities [232]. Therefore,
careful optimisation of powder or wire feed rate and gas flow rate is essential to control the
microstructure, purity, and magnetic properties of AM-processed soft magnetic materials,
directly impacting their suitability for applications in electric motors, transformers, and other
electromagnetic devices.

Although oxidation can influence the manufacturability of reactive alloys like Fe—Si in additive
manufacturing processes, it was not considered a primary factor in this study. The DED
process was performed under continuous inert gas shielding (argon), which minimises oxygen
exposure and effectively prevents significant oxide formation during deposition. Under these
controlled conditions, oxidation did not appreciably affect microstructural development, melt
pool stability—the key aspects of manufacturability examined here. Previous studies confirm
that argon shielding in DED substantially reduces oxide scale formation compared to open
environments, with oxidation effects more pronounced in pre-oxidised powders than in-
process deposition under inert conditions [233, 234]. For Fe-Si electrical steels specifically,
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oxidation primarily degrades electromagnetic performance during post-processing or high-
temperature exposure, rather than inert deposition [235]. In Fe—Si soft magnetic composites,
for instance, oxidation temperature modulates microstructure and properties, but this
relevance emerges mainly under intentional elevated-temperature or prolonged exposure
[235]. Thus, while oxidation is acknowledged in the literature, it was appropriately treated as
a secondary factor in the present work, allowing the main emphasis on process parameters,
microstructure, and magnetic performance.

2.10 Influence of size of the laser beam and the percentage of overlap in the LMD process
The quality that may be obtained from the LMD process is determined by a number of
crucial processing parameters, including the laser beam diameter. The laser beam's diameter,
which is determined at a specific focal distance and is referred to as the laser spot size is
measured in millimetres. The energy density during the LMD process is significantly
influenced by the size of the laser spot, and an inverse relationship exists between the laser
energy density and the laser spot size. In the LMD process a larger laser energy density will
be produced by a smaller spot size. In the process of LMD, shrinking the laser spot size results
in a significant rise in the pressure inside the laser, known as the energy density. During the
LMD process, the laser spot size also affects the thickness of layers that are formed. The laser
point size needs to be highly precise if very fine detail is required to be printed. The laser spot
size also has a significant impact on the component quality and the efficiency of deposition in
the LMD process [236-238]. Overlap percentage is another important process parameter in
the LMD process. The overlap percentage is the percentage of the preceding track that is
covered by the succeeding track. To achieve high densification by using the LMD technique, a
higher overlap percentage is crucial. In order to prevent inter-track as well as interlayer
porosity, an appropriate overlap percent must be selected during the LMD process. Also a
particular degree of track overlap is required to prevent porosity between tracks, which has
a significant impact on the final density of the manufactured item [239].

2.11 Surface modification by LMD process

The LMD method is a prime choice for applications requiring surface modification. One study
investigated the effect of laser power on the deposited material [240]. The material was
processed at different laser powers between 0.4 and 3.2 kW. The results showed that
microhardness and wear resistance changed with variations in laser power. When laser power
was reduced, microhardness initially increased and then decreased, while increasing laser
power improved wear resistance up to a point, after which further increases caused a decline.
Based on the processing parameters in this study [240], a laser power of 2 kW was found to
be ideal for surface modification. Furthermore, the effect of laser scanning speed on the
deposited material was also investigated [218]. The results were consistent: wear resistance
initially increased with scanning speed, and microhardness continued to improve as scanning
speed increased further.
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Chapter 3

3 Materials and methods

3.1 Introduction

This chapter provides a comprehensive overview of the materials, methods, and systematic
approaches utilised in the current study, specifically focusing on the LMD process applied to
electrical steel components. A section of this chapter has been adapted from the paper titled
“Process Window for Manufacturing Soft Magnetic FeSi 6.5% by Laser Metal Deposition”
presented at the 21 International Conference on Manufacturing Research. The chapter
begins with a detailed characterisation of the materials, including an analysis of feedstock
powder properties and substrate materials essential for LMD processes. A thorough
examination of the powder morphology and particle size distribution is conducted to ensure
consistent feedstock quality, which plays a crucial role in the deposition's microstructural and
mechanical performance. Additionally, characterisation techniques such as scanning electron
microscope (SEM) and materials image processing and automated reconstruction (MIPAR)
analysis are employed to gain deeper insights into the microstructural features and overall
quality of the deposited material. SEM analysis enables a close inspection of the powder's
surface features, particle shape, and size distribution, providing essential data to predict
behaviour during deposition. MIPAR characterisation further complements this analysis by
automating the detection and quantification of specific microstructural attributes, thereby
enhancing the precision and reliability of the characterisation process. In subsequent
sections, the preparation of substrates for the deposition of FeSi powder is described,
emphasising the necessary steps for optimising substrate surface conditions. The
effectiveness of the LMD process relies heavily on substrate quality and preparation; thus,
this section covers essential steps such as cleaning, surface texturing, and pre-heating, all
tailored to improve the adhesion and uniformity of the deposited material.

The chapter also covers the customisation of the LMD platform itself. This section addresses
specific modifications made to the platform’s parameters and hardware settings to
accommodate FeSi powders and optimise deposition outcomes. Tailored adjustments,
including laser power settings, nozzle configuration, and feedstock flow rate, are highlighted
as critical steps in achieving a consistent deposition and desired microstructure. The final
sections focus on the optimisation of process parameters in LMD-based additive
manufacturing, particularly for the deposition of electrical steel. This includes an in-depth
discussion on optimising laser parameters such as power, scanning velocity, and layer
thickness to minimise defects and achieve desired mechanical properties. By controlling these
parameters, the study aims to enhance the LMD process's repeatability and reliability for
industrial applications. This chapter focuses solely on the materials and methodologies
employed, with results and discussions presented in a separate chapter (Chapter 4). This
chapter concludes with a summary and conclusions, capturing the key methodologies,
outcomes, and best practices established for material deposition and characterisation in LMD
of E-Steel components.
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3.2 Materials used for this research

This section outlines the materials and methods used in this study, with a specific focus on
the application of high-silicon electrical steels (FeSi) for additive manufacturing using the LMD
process. Electrical steels with a high silicon content (6-6.9 wt% Si) are especially valuable for
their excellent magnetic properties, making them suitable for components in electrical
motors and other applications requiring soft magnetic materials. The goal of this research is
to optimise the processing of these FeSi powders through LMD, ultimately enhancing their
flow characteristics, deposition quality, and resulting optimised microstructure, texture and
mechanical properties. To achieve these aims, the study emphasises the role of FeSi powder
composition and particle size, given that these factors significantly impact both the deposition
process and final material properties. Establishing a consistent and thorough characterisation
of FeSi powder is essential, as it allows for an understanding of how these attributes influence
material behaviour during LMD. This section thus begins with a comprehensive
characterisation of the feedstock powder, to assess its chemical composition, particle
morphology, and flow properties.

The evaluation, characterisation and qualities of powder are crucial in the field of powder
metallurgy and additive manufacturing, with different component manufacturing procedures
requiring different powder properties. Better comprehension and control of these elements
result in final material qualities that are more reliable and enhanced across a variety of
applications. In this study, high silicon electrical steel gas-atomised powder batches were
produced by MSE Supplies LLC company. The chemical composition of the powder includes Si
(6-6.9 wt%), Mn (~0.05 wt%), C (~0.01 wt%), P (~0.01 wt%), O (~0.03 wt%), and Al (~0.2-0.6
wt%). The particle size ranged from 45-110 pum, with a mean particle size of 77.5 um, a Hall
flowmeter measurement of 19.0 s/50g (Measured following ASTM B213 [241]), and an
apparent density of 4.06 g/cm3. Simultaneously, an assessment of the powder was conducted
for cross-checking, and additional details can be found in Table 2 below. Also, the substrate
used was mild steel blocks, selected for their compatibility with FeSi deposition and ease of

machining.
Table 2. FeSi powder chemical composition.
Chemical composition (wt%) Size distribution (stv:t 3.0 um)
Fe (stv:+0.5wt%) |Si (stv:+0.03wt%)| Al (stv:+0.01wt%) |Trace elements (<0.01 wt%)| D10 D50 D90
92.90% 6.60% 0.46% C,S,N 34.5 78.5 116

3.3 Powder and SEM characterisation
In addition, the Hall flow test was conducted in accordance with a standard facility following
ASTM B213, using a 50g sample of FeSi powder. The expected flow time, as per the
manufacturer's recommendations, was 19 seconds. To calibrate the powder flow rate for the
LMD process, the Hall flow test was repeated multiple times, and the powder mass exiting
the nozzle was measured continuously over a defined period using a digital balance with £0.01
g repeatability. This procedure ensured that the powder flow rate was consistently adjusted
to the target of 2.5 g/min for all deposits, with argon employed as the carrier gas to transport
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the feedstock and minimise oxidation during delivery. However, the Hall flow test was
conducted twice, and both tests yielded consistent results, with a flow time of approximately
23 seconds for the 50-gram sample Figure 20. The fine powder, usually with dimensions
smaller than 10um, is characterised by its poor flow characteristics.

Figure 20. The Hall flow test of FeSi powder.

During the Hall flow test, a minor loss of 0.1 grams of powder occurred due to some sticking
in the hopper. While this loss was negligible and did not significantly impact our research, it
was important to consider that this batch of powder underwent handling during our initial
trials. These handling procedures could have affected the powder's characteristics, such as its
moisture absorption. To confirm the manual Hall flow tests, the Analystte 28 Image Sizer
instrument was used to validate the results. The Hall flow test was conducted three times,
yielding consistent results of 18.13, 18.69, and 18.92 seconds, which are close to the
manufacturer's recommendation of 19 seconds for 50 grams. Comparing the manual and
instrument results, it can be concluded that the manual Hall flow test may have some errors,
as it does not closely match the manufacturer's recommendation, while the Analystte 28
Image Sizer instrument results align well with it. Considering the concern regarding moisture,
precautions were taken. The powder was preheated in the hopper prior to manufacturing in
order to minimise moisture absorption. In practice, complete removal of moisture would
require higher temperatures or vacuum drying; however, the LMD system used in this study
was limited to a maximum hopper preheating temperature of 50 °C. Based on
recommendations from industry partners and the equipment supplier, the powder was
therefore dried at approximately 50 °C for 2.5 h. Although this temperature is relatively low
compared to conventional drying standards (where 100—200 °C or vacuum drying is often
employed for metallic powders [242], preheating at 50°C was the most suitable option under
the available process constraints. This procedure improved powder flowability and reduced
the risk of moisture-related defects during deposition. In addition to that, this study focuses
on the examination of metallic powders of FeSi utilised in the LMD for additive manufacturing,
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specifically assessing, chemical composition, particle size and shape through SEM and
MIPAR analysis.

To set up the analysis of FeSi powder by SEM, the procedure involved obtaining a stub that
attached to the bottom of mounted samples, followed by the application of carbon tape onto
the stub. Great care was taken to ensure that an appropriate amount of powder was applied
—only a single layer was considered suitable for analysis. The stub was then gently tapped to
remove any excess powder and subsequently placed within a desiccator for a duration of 5
minutes before its utilisation within the SEM. For the analysis of particle size distribution
(PSD), SEM images were captured at a magnification level that allowed for the observation of
approximately 80 to 100 particles within the field of view, with minimal overlap between
particles. A minimum of four micrographs were obtained from distinct sample areas, with
subsequent data analysis conducted. Regarding satellite particles, acquiring a few higher
magnification images proved to be advantageous. As illustrated in Figure 21, the FeSi powder
batch consists predominantly of spherical particles, with the presence of a few small satellite
particles, which are a common feature of gas-atomised powders due to particle—particle
collisions during solidification [243]. While such satellites are commonly observed, their
occurrence can be reduced by optimising atomisation conditions, and they may be further
removed by post-processing techniques such as sieving, or air classification [244].

Figure 21. SEM images taken from FeSi powder with different magnification (a)100x and (b)125x.

SEM was performed using FEI Quanta 250 and 650 systems with accelerating voltages up to
25 kV. Limitations of SEM include the requirement for vacuum conditions, the need for
conductive samples (addressed here by carbon taping), and resolution restricted to a few
nanometres. When coupled with energy dispersive X-ray spectroscopy (EDS/EDX), the system
provides semi-quantitative elemental analysis, with detection limits typically ranging from
0.1-0.5 wt% and potential spectral peak overlaps for elements with close atomic numbers
[245]. In this study, SEM-EDS was employed to examine both particle morphology and
elemental composition of FeSi powders. The analysis targeted a representative selection of
the spherical and irregularly shaped particles visible in Figure 22, with a total of 5 EDS
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measurements conducted across different particles. The detected elements—iron (Fe), silicon
(Si), and aluminium (Al)—were in good agreement with the supplier’s nominal composition,
while sulphur (S) and oxygen (O) were excluded as their concentrations fell below the
detection limit of 0.1 wt%. The accompanying table presents the average elemental
composition in weight%, and standard deviations based on these measurements, reflecting
variability and the semi-quantitative nature of EDS.

(b)

Map sum spectrum

Element | Average Weight % |Standard deviations
Fe 91.13 +0.4
Si 517 +0.3
Al 2.95 +0.2

Figure 22. Particle morphology (a), elemental composition (b) of FeSi powder.

3.4 MIPAR characterisation

The area, diameter, and eccentricity of FeSi powder are extracted using the MIPAR (image
analysis software) after a unique recipe for transforming SEM pictures with different
magnifications (e.g., 100x and 125x) into binary data has been developed for quantification
which can be seen in Figure 26 and Figure 27. MIPAR software automates the detection and
guantification of microstructural features, offering a faster and more standardised alternative
to manual analysis. Complex or overlapping features may be misclassified, and as it is limited
to 2D analysis, true 3D connectivity cannot be assessed [246]. Furthermore, the Analystte 28
image sizer was used to validate the results of characterisation. The Analystte 28 image sizer
provides accurate, reproducible measurements of particle shape and size for powders, bulk
solids, suspensions, and emulsions. Using Dynamic Image Analysis, it offers detailed shape
and size data within minutes [247].

Preparation substrates for deposition of FeSi powder
For this project, mild steel blocks were initially selected and cut into various sizes. Electrical
discharge machining (EDM) was then used to prepare two cylindrical forms suitable for the
rotating table, onto which FeSi 6.5% powder was deposited using the LMD process, as shown
in Figure 23. In the first trial, the substrates were not preheated; however, in subsequent trials
they were cleaned with acetone to remove contaminants, surface-machined to prepare the
surface for printing, and preheated to 200 °C to minimise thermal gradients and reduce
cracking. Preheating effectively reduced cooling rates and residual stresses, with uniform
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heating assumed and oxidation considered negligible [248]. After manufacturing the single
tracks, the samples were sectioned by EDM, mounted, and prepared for characterisation
through sequential grinding (SiC papers 240—P2500 grit, water-cooled, 240 rpm, 27 N, 3 min),
polishing with 3 um Mg oil-based Metadi, and final polishing with a Microcloth (150 rpm, 27
N, 6 min, Buehler). Vibropolishing was also applied to achieve high-quality surfaces for
assessing both microstructure and crystallographic texture [249].

i i l 150 mm (a) (b)
200 mm
75 mm
70 mm
200 mm

300 mm

25 mm

75 mm

300mm

Figure 23. (a) substrates cut by Bandsaw and (b) EDM machine.

3.5 Laser additive customisation of LMD platform

For this project, hybrid LMD technologies were employed, featuring a 3+2 axis CNC Milling
machine, a 1.5kW Ytterbium Fibre laser, and an Ar localised shielded from nozzle. In this
study, only localised argon shielding was utilised for the deposition of 12 single tracks, 12
small cubes measuring 10 x 10 x 10 mm?, including extreme conditions, and 5 thin walls
measuring 15 x 10 x 2 mm? for the investigation of window process parameters. A 1mm spot
size, and powder feed rates flow was 2.5 g/min was maintained for all deposits. The spacing
between scan track centrelines within each layer was set at 0.6 mm in horizontal plane known
as tracking space or hatch space, and the vertical distance or thickness between each layer
known as z-step was fixed at 0.4 mm along the build direction. Argon was used as carrier and
shielding gas to prevent oxidation. Continuous, localized coverage directly over the melt pool
ensured that oxygen exposure was minimised during deposition. The powder delivery system
was calibrated as described earlier, ensuring a consistent flow rate and stable material feed.
Laser power stability was checked using a power meter before each run to ensure <5%
variation, while alignment of the laser and nozzle was verified using a camera system to
maintain a coaxial beam. These combined measures—argon shielding, controlled powder
delivery, and stable, aligned laser operation—ensured that oxidation during deposition was
negligible. Consequently, oxidation was not treated as a primary variable in this study,
allowing the focus to remain on microstructural evolution, cracking behaviour, and texture
development. The effect of oxidation on long-term magnetic performance remains an
important topic for future work, which could be investigated through controlled exposure
experiments and subsequent magnetic characterisation.
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3.6 Optimising process parameters for AM of LMD-printed E-Steel

This series of research aims to produce almost solid soft magnetic components using the LMD
by reducing the range of processing parameters windows. The study was divided into
different phases to evaluate the effects of silicon concentration in the powders and other
construction factors, such as laser power, scan speed, and energy density on the development
of defects such porosity and cracks. Sample collection involved depositing single tracks, cubes,
and thin walls in a step-by-step manner: first single tracks for initial parameter screening, then
multi-layer builds. Assumptions include negligible environmental variations and consistent
powder feed; approximations in energy density calculations ignore heat losses.

3.7.1 Laser power
The assessment initially focused on examining the impact of laser power and scan tracks on

the final manufacturing of FeSi parts. To assess and enhance the process parameters of single
tracks, laser power settings between 350 W and 550 W were chosen, all the while ensuring a
consistent scan speed of 400 mm/min were maintained. Moreover, to better understand of
processing parameters effect on single tracks, the 3D digital microscope RH-2000 Hirox [250]
was used.

3.7.2 Scan speed
Another experiment was carried out to establish the ideal scan speed while maintaining a

fixed laser power of 450 W. In addition to that, the scanning speed was varied between 400
and 650 mm/min, to determine the optimum scan speed. The scanning pattern employed
was unidirectional (A-B A-B), with linear tracks aligned in the same direction.

3.7 Mechanical properties of Fe Si parts fabricated by LMD

This case study presents the material properties of electrical silicon steel alloys processed
using the LMD process. While mechanical properties were not the primary criteria for this
research, they remain crucial for ensuring the material can sustain mechanical loads and
torque, particularly in high-frequency applications. Therefore, hardness tests and other
mechanical property evaluations were conducted. This chapter examines how variations in
processing parameters, such as energy density and processing conditions, influence hardness
and its correlation with grain size in this soft magnetic alloy. Various samples, including thin
walls, cubes, and discs, were sectioned and tested for hardness, as shown in Figure 24.
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Section preparation for Hardness testing

Disc Cubes Thin wall
Outer diameter 1.80mm, thickness 1mm 10 x 10 x 10 mm? 20x30x 1.5 mm?
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Figure 24. Cut sections of thin walls, cubes, and discs prepared for hardness testing.

In this section, thin walls, cubes, and discs sample of silicon steel with a silicon content of 6.5
wt% were processed using LMD with an optimal parameter set. To assess the effect of the
processing parameters on the mechanical properties, micro-hardness was measured using a
Vickers indenter. The indentation results are expressed as the mean + standard error and are
presented in the Figure 25 below.

(a) TW21, 10 dents (b) C20, 60 dents (c) S6, 59 dents

Figure 25. Vickers hardness test was conducted on different samples thin wall TW21, cubes C20 and
disc S6.

3.8 Characterisation techniques
A combination of characterisation techniques was employed to evaluate the microstructure,
texture, composition, and properties of the fabricated samples. Some of these methods have

already been described in earlier sections; here, a concise overview is provided together with
their main applications and limitations.
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Optical microscopy was employed for initial surface morphology observations using a Leica
and an RH-200 Hirox digital microscope. These instruments provided a rapid overview of
surface features; however, the resolution was limited to approximately 0.2 um, and the
observations were restricted to two and three-dimensional imaging [251]. Scanning electron
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX) was carried out
on an FEI Quanta 250 and 650 at 25 kV. SEM enabled high-magnification imaging, while EDX
facilitated compositional analysis. However, the method requires vacuum conditions and
conductive coatings for non-conductors, with EDX further constrained by a detection limit of
~0.1 wt%, peak overlaps, and reduced accuracy for light elements with atomic number [252].

Electron backscatter diffraction (EBSD) was performed using an Oxford Instruments detector
on the FEI Quanta system at 25 kV with a 70° specimen tilt. This technique provided
crystallographic orientation mapping with a spatial resolution of about 50 nm, although
accuracy was strongly dependent on careful surface preparation and very small deformations
could not be captured [253]. . EBSD data were further processed using AZtec and Crystal
software to evaluate crystallographic texture. These analyses allowed the calculation of
orientation distribution functions (ODFs) and pole figures, but they remained sensitive to
noise and misindexing errors, with reliability depending on the quality of the EBSD dataset
[254].

Mechanical properties were assessed through Vickers microhardness testing, using loads 0.1
Kgf. with dwell times of 10—-15 s. This method provided local hardness values, but it required
accurate surface preparation and appropriate spacing between indents (>2.5x diagonal).
Furthermore, it was unsuitable for very thin layers, as a minimum thickness of approximately
1.5x the indent diagonal was necessary [255]. Quantitative microstructural measurements
were also performed using MIPAR image analysis software, which enabled automated defect
and microstructural quantification from SEM micrographs. Despite its usefulness, the method
was limited by recipe dependency, difficulties with low-contrast images, and the absence of
3D analysis capability [246].

Finally, X-ray computed tomography (XCT) was used for non-destructive three-dimensional
defect characterization with a Zeiss XCT system. This technique provided volumetric data with
voxel resolutions in the range of 1-3 um for small samples. However, increasing sample size
led to reduced resolution, while the analysis of dense metallic materials was prone to artifacts
and long scan times [256]. This chapter has described the materials, sample preparation, LMD
setup, parameter optimization, and the characterization techniques used. These approaches
were chosen to ensure consistent and reliable deposition of FeSi for electrical steel
applications.
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Chapter 4

4 Results and Discussion

4.1 Powder characterisation results

Figure 26 (a), (b), (c), and (d) illustrated the MIPAR image obtained for SEM FeSi 6.5% at 100x
magnification, where 1 pixel corresponds to 1.92 um. Only a few powders, as observable in
the SEM image, were not selected in the MIPAR software due to ambiguous boundaries, such
as satellite powders or physically attached clusters, which could distort measurements. The
bar chart (b) shows the majority of the powder area ranges between 500 to 1500 um? with a
few outliners from 1500 to 4000 um? with a mean size of 1088 um?. Chart (c) illustrates the
equivalent diameter (um) of FeSi 6.5% powder, representing the typical or mean size of the
sample ~35.34 um. The majority of powder diameters range between 20 to 40 um, with a few
outliers ranging from 40 to 70 um. In addition, the bar chart (d) illustrates the eccentricity of
FeSi 6.5%, which shows the shape and morphology of the powder, as well as circularity and
elongation. A low eccentricity value, close to 0, indicates that the powder is more circular,
while a value closer to 1 suggests that the powder is more elongated. In this case, the majority
of the FeSi 6.5% metallic powder particles are closer to being perfectly circular ranging from
0.1 to 0.7, while a minority of the powder particles are highly elongated or non-circular
ranging from 0.7 to 1 with a mean size of 0.59.

(b) (c) (d)
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Figure 26. (a) MIPAR data obtained from SEM FeSi 6.5% powder with magnification 100x, (b) area
pum?2 (c) equivalent diameter um and (d) eccentricity powder.
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Figure 27. (a) MIPAR data obtained from SEM FeSi 6.5% powder with magnification 125x, (b)
area um2 (c) equivalent diameter um (d) eccentricity of powder. Figure 27 (a), (b), (c), and (d)
presents the MIPAR image acquired for SEM analysis of FeSi 6.5% at 125x magnification,
where each pixel represents 1.54 um. The bar chart (b) illustrated most of the powder area
ranges between 1000 to 8000 pm? with a few outliners from 8000 to 10000 pm?, with a mean
size of 3788 um?. Chart (c) illustrates the equivalent diameter (um) of FeSi 6.5% powder,
representing the typical or mean size of the sample ~67 um. The majority of powder
diameters range between 30 to 100 um, with a few outliers ranging from 20 to 30 um and
100 to 110 pum. Furthermore, the bar chart (d) demonstrates the eccentricity of FeSi 6.5%. It
reveals that most metallic powder particles in FeSi 6.5% exhibit a perfectly circular shape,
falling within the range of 0.1 to 0.6. However, a minority of these particles appear highly
elongated or non-circular, with eccentricity values ranging from 0.6 to 0.7.
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Figure 27. (a) MIPAR data obtained from SEM FeSi 6.5% powder with magnification 125x, (b) area
um?2 (c) equivalent diameter um (d) eccentricity of powder.

As it can be seen the scatter plot Figure 28 illustrates the relationship between the aspect
ratio and the equivalent circular diameter of particles within an FeSi 6.5wt%. The x-axis
represents the equivalent circular diameter in um, while the y-axis shows the aspect ratio,
ranging from approximately 0.15 to 0.95. The aspect ratio is a measure of particle shape, with
values near 1 indicating nearly spherical particles and lower values suggesting more elongated
or irregular shapes. The plot reveals distinct clusters of particles, each coloured differently to
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indicate varying size and shape distributions within the sample. The dense red/orange cluster
is concentrated on the lower end of the equivalent circular diameter, indicating smaller
particles with a broad range of aspect ratios between 0.3 and 0.95. This suggests that smaller
particles in the sample exhibit a significant variety of shapes, likely due to differences in their
formation processes. In contrast, the blue cluster, which extends towards larger equivalent
circular diameter, shows a more spread distribution. These larger particles display a wide
range of aspect ratios, from highly elongated to nearly spherical. This spread implies that as
particle size increases, the diversity in particle shape also becomes more pronounced,
reflecting the complex morphology of the FeSi 6.5 wt% alloy. Overall, this scatter plot
highlights the diversity in particle size and shape within the alloy sample, indicating a mixture
of morphologies that could significantly influence the material's properties, such as
flowability, packing density, and reactivity. Understanding this distribution is crucial for
optimising the material's performance in various industrial applications, such as additive
manufacturing processing as well as powder metallurgy or sintering, where particle shape
and size play critical roles [257].
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Figure 28. Relationship between equivalent circular diameter and aspect ratio of FeSi 6.5 wt%.

4.2 Laser metal deposition results
Figure 29 showed the surface morphology of the first layer single tracks under various laser
powers (300 up to 550 W) and scanning speeds (350 up to 650 mm/min). Under the given
processing parameters, twelve continuous single tracks were formed on the substrates, with
some defects present, which will be covered in more detail later.
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Figure 29. 3D single track morphology with different laser power and scanning speed.

Additionally, the study examined the 3D vertical and horizontal profiles, along with heat maps
of each individual track height, using the RH-2000 Hirox microscope. The heat map was
generated by the Hirox microscope’s imaging system, which maps height variations across the
sample surface using colour gradients based on the 3D profile data collected during scanning.
The 3D profile was measured using the Hirox microscope’s optical scanning system, which
captures height variations by analysing reflected light across the sample surface to construct
a detailed topographic model. The 3D profile measurement revealed the height and width of
the displayed sections using waveforms. In this context, the heights ranged from 0.5 mm (ST6)
to 0.84 mm (ST2). Furthermore, the heat map illustrated that among all the samples, ST4
exhibited uniform height and width across the length of the samples compared to others, as
shown in Figure 30 and Figure 31. The presence of continuous single tracks at each set of
input parameters for laser power and scanning speed indicates that the morphology of single
tracks is largely dependent on the processing parameters. Additionally, the crack size of ST4
was measured using ImagelJ [258], revealing the smallest crack size (1.02%) compared to the
other samples. Based on the data extracted from the Hirox surface roughness measurement
microscope, and Image J, the single track 4 (ST4: power 450 W) was determined to be the
optimising laser power for FeSi 6.5%.
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Figure 30. lllustrated a single tracks height measurement for each sample, heat map, 3D profiles
vertical and horizontal measurement for ST4 using the RH-2000 Hirox microscope.
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Figure 31. lllustrated 3D profile vertical (a), and horizontal (b) of sample ST4.

The result demonstrated that low scan speed of 400 mm/min has stable scan tracks, the
lowest porosity size (0.3%), and the maximum relative density compared to other single
tracks. The samples were sectioned by EDM, mounted, and prepared through sequential
grinding, polishing, and final vibropolishing, as described in the previous section, to ensure a
deformation-free surface suitable for high-quality Kikuchi pattern acquisition. For detailed
microstructure analysis, electron back-scatter diffraction (EBSD) data obtained from a FEI
Quanta 250 and 650 Oxford Instrument EBSD camera with a 25kV accelerating voltage and
70-degree sample tilted to the laser beam. EBSD mapping was conducted with a step size of
3 um, and the data were acquired and indexed using AztecCrystal software (Oxford
Instruments). Furthermore, based on the EBSD analysis of the three single tracks—ST14, ST4,
and ST32 (shown in the IPF maps, Figure 32), ST4 was selected as the optimal processing
parameter for manufacturing high-silicon steel 6.5 wt% due to its columnar grain structure
and favourable magnetic properties as well as less defects. As observed in the IPF maps
(Figure 32b), sample ST4 demonstrates a uniform growth of large columnar grains, extending
perpendicularly from the interface to the surface, with a crystallographic preference in the
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<001> direction. This orientation is particularly advantageous for magnetic applications, as it
aligns well with the applied magnetic field, thereby enhancing the material's magnetic
properties which is desirable for this study.

Compared to ST14 (a) and ST32 (c), ST4 shows an elongated and columnar grain structure.
Specifically, as the laser power increases from 430 W in ST14 to 450 W in ST4, with a
corresponding increase in energy density from 64.5 J/mm? to 67.5 J/mm?, the grain becomes
thinner and size decreases by approximately 10.9%, from 64.52 um (sdv:+ 6.8 um) to 57.50
um(sdv: £ 5.2 um). Grain size was determined using the equivalent circle diameter method
implemented in the Aztec Crystal software, consistent with the recommendations of ASTM
E2627 [259] for EBSD-based grain size measurement. However, the key advantage of ST4 lies
in its large, elongated and columnar grain structure in the building direction. Larger and
uniformly crystal oriented <001> grains in the building direction contribute significantly to
improved magnetic properties by reducing magnetic domain wall pinning, leading to lower
hysteresis losses and enhancing the magnetic performance of FeSi 6.5wt% [260]. While ST32
Figure 32 (c) at a higher energy density of 68.3 J/mm? also shows a further reduction in grain
size t0 51.9 um (sdv: £ 6.7 um), the overall uniformity and alignment of the grains in the BD
in the sample ST4 make it the preferable choice. As highlighted in previous studies, the
uniform orientation of red grains in the <001> direction in ST4 is critical for optimising the
magnetic properties of high-silicon steel. This specific grain orientation, noted for its impact
on reducing energy losses and enhancing magnetic efficiency, makes ST4 the most suitable
sample for the intended application. In conclusion, the processing parameters of ST4—
specifically the combination of 450 W laser power and 67.5 J/mm? energy density—produce
a microstructure characterised by large columnar grains with a strong <001> crystallographic
orientation, which is particularly advantageous for magnetic performance. While the
columnar grain shape provides uniformity and reduces grain boundaries, it is the <001>
orientation that primarily enhances magnetic properties by aligning with the easy axis of
magnetisation, thereby reducing hysteresis losses and improving flux conduction. This
conclusion is drawn from representative EBSD measurements, with the observed grain
structure and orientation clearly indicating the favourable microstructural characteristics for
magnetic performance.

(2} ST14 (Laser power: 430W, Scan speed: 400mm/min, (b) ST4 (Laser power: 450W, Scan speed: 400mm/min, (c) ST32 (Laser power: 400 W, Scan speed: 420 mm/min,
Energy density= 64.5 J/mm~2) Energy density=67.5 J/mm~2) Energy densi 3)/mmA2)

Figure 32. EBSD images of (a), (b), and (c) IPF maps of cross sections for single tracks with different

processing parameters.
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Therefore, the single track 4 (ST4: scan speed of 400 mm/min) was determined to be the
optimum scan speed for FeSi 6.5%. Also, ST4 with laser power of 450 W, and scan speed of
400 mm/min was considered the best compromise between speed of production and quality
of the final parts. Consequently, the optimum processing parameters of a single track were
used as reference parameters for manufacturing cubes and thin walls which highlighted in
green in Table 3. Additionally, to explore the effect of processing parameters on FeSi 6.5%,
both low and high scanning speeds, as well as power variations, were applied. For the initial
trials, the scanning speed ranged from 350 to 650 mm/min, while the laser power varied
between 300 W and 600 W, with z-step 0.4mm and hatch space 0.6mm.

Table 3. The design of the experiment for the initial printing trial of FeSi 6.5%.

Sample Laser power Scan Powder flow
(W) speed(mm/min) (g/min)

ST3 250 £00 T
ST 550 650 25
8T 550 £00 25
ST4 450 400 25
1" Run | DOE1 of Single tracks ST? 550 400 55
ST12 600 650 25
ST8 550 500 25
8T8 450 500 285
ST1 350 400 25
ST8 450 600 25
STI0 300 350 25
8T2 50 500 25
C3 350 600 T
cn 550 650 25
c 550 £00 25
£A a8 400 25
= 550 400 25
2™ Run DOE1 of Cubes ce 800 850 25
c 550 500 T
C5 450 500 25
= 350 400 25
cé 450 £00 25
ci0 200 50 o5
c2 350 500 25
TwW3 350 £00 25
T/t 50 400 25
3™ Run DOE1 of Thin wall Twl 550 650 25
T4 450 400 %
TW9 550 £00 o8

The scanning pattern employed was unidirectional (A-B A-B), with linear tracks aligned in the
same direction, as illustrated in Figure 33. Figure 33 (a) and (b) showed single scan tracks, thin
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walls, and cube specimens manufactured by LMD machine, and demonstrating an assessment
of the impact of processing parameters on the final product's quality. It was observed that
among all cube’s samples, C4 (P: 450 W, V: 400 mm/min) met the geometry criteria in the
first trial (10 x 10 x 10 mm?3), while the other cube samples did not meet the initial criteria.
Additionally, during the manufacturing of sample C12 (P: 600 W, V: 650 mm/min), substantial
damage to the substrate occurred due to the high power employed, as well as nozzle clogging
caused by substrate spattering. This indicates that this power and scanning speed setting
need to be optimised for manufacturing FeSi 6.5%. Furthermore, among all thin walls, none
of them met the geometry expectations, but TW4 was higher than the others in terms of
height which is a positive sign. This suggests that by applying appropriate processing
parameters, the geometry criteria for cubes and thin walls could be improved.

Thin walls (TW)

A A

A 4

(a)

b

Figure 33. (a) Unidirectional scanning strategy, (b) 6.5% Silicon thin steel walls (TW), cube samples
(C) and single track (ST) fabricated by LMD machine for parameter optimisation.

In the initial trial, after considering all available evidence, the boundaries for processing
parameters were identified. It was observed that the first printed cube (C4: laser power:450
W, scan speed:400 mm/min, E=67.5 J/mm?) was built very well compared to the rest of the
cubes. Therefore, in the second trial, instead of concentrating solely on the powder and
scanning strategy, the primary emphasis was placed on the energy density between +10% of
67.5 J/mm? to improve the geometry, minimise cracks, and achieve the appropriate texture.
As it can be seen in the Figure 34, the cubes with laser power 405 W and scanning speed 375
mm/min, E=64.8 J/mm? (C13), were well-built with minimal cracks, reaching up to 15mm,
which is considered overbuilt (it should be 10mm).
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Additionally, a thin wall (TW31) was produced using a laser power of 455 W, scanning at a
speed of 425 mm/min, and employing an energy density of E = 64.2 J/mm?, achieving a
nominal height of 15 mm. However, upon comparing the machine's reported height of 10.2
mm to the actual sample, it was determined that the machine's measurement was inaccurate.
This overbuilding (actual height exceeding the intended 10 mm) likely occurred in LMD due
to several factors, including excess material deposition from powder flow variations, melt
pool dynamics causing material accumulation, thermal distortions, and limitations in machine
height sensing [261]. Consequently, the process was stopped to prevent potential nozzle
damage. In the second trial, excessive deposition led to actual nozzle interference and
damage. To mitigate these challenges, the z-step of cubes was reduced to 0.3 mm, providing
finer control over layer height and reducing the risk of overbuilding. These outcomes suggest
that, despite the challenges in layer control, the selected processing parameters are
promising for producing thin wall structures. For reference, the parameters used in the first
and second trials are outlined in Table 4.

SEETT

4 5 6 7 8 91

| '-
01112 13 14 15
! ! 4 A . "'l'

porsetd

Figure 34. Thin wall and cube were manufactured by LMD machine.

Table 4. Processing parameters used for second trials (a), the parameters used in the 1%t and 2™ trials

(b).
(a)

Sample | Laser Power (W) Scan Speed Energy Density Powder Flow
(mm/min) (J/mm?3) (g/min)
C13 405 375 64.8 2.5
TW31 455 425 64.2 2.5

63



(b)

Processing First Trial Second Trial
Parameters
Laser Diameter Imm Imm
Track Spacing 0.6mm 0.6mm
Z Step 0.4mm 0.3mm
Tracks per Layer 3 passes per layer 3 passes per layer

In the third set of trials for thin-wall deposited materials the same processing parameters
were maintained. These parameters included a 1 mm spot size, a powder feed rate of 2.5
g/min, a spacing of 0.6 mm between scan track centrelines within each layer (for foundation
layers), and a fixed layer spacing (z-step) of 0.45 mm along the build direction. To calculate
and prevent any issues during printing, five layers were deposited on the substrate to
calculate the z-step. The measured height should have been 3 mm, but it was 2.3 mm.
Therefore, the z-step for thin walls sample TW20 (z=~2.3/5=0.46mm) with the power of 430
W, scanning speed of 380 mm/min, energy of 67.9 J/mm?, (for test dimensions: L40, H:30, T:2
mm). Only localised argon shielding was used for the deposition process, which comprised of
20 single tracks, 20 thin walls measuring 20 x 30 x 1.5 mm?, and 7 small cubes measuring 10
x 10 x 10 mm3. To ensure the z-step is accurately set for the cubes and prevent over or under
building, an initial deposition of 4 layers with a height of 3.8 mm was printed out on the
substrate. Calculating the z-step (z=~3.8/4 = 0.95mm) revealed it was almost twice that of the
thin walls' z-step (z=0.45). Moreover, to better understand the effect of the z-step and
scanning strategy on the geometry, cracks, and porosity of cubes, and thin wall couple of
samples were printed with different z-step values. This will be covered in more detail in other
sections. To prevent under building of the cubes, the z=0.95 mm was reduced to z= 0.85mm.
In addition to that, all necessary adjustments were made to explore an optimal processing
window for parameters, aiming to achieve appropriate geometry, crack-free results, as well
as a suitable microstructure and texture. As shown in the Table 5 (new DoE), the scanning
speed ranged from 360 to 440 mm/min, while the laser power varied between 400 and 500
W. The scanning pattern for the thin wall consisted of unidirectional (A-B A-B) linear tracks
aligned in the same direction as well some bidirectional samples (AB BA). For the seven cubes,
four had a unidirectional scanning pattern and the other three had a bidirectional pattern
with 900 rotations. This variation was implemented to investigate the effect of scanning
strategy on the processing parameters of FeSi.
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Table 5. Design of the third experiment trials involving varied power, scan speed, and energy density,
highlighting low, medium, and high energy levels in yellow, green, and red respectively.

Energy Density Range 61 >E <74 (J/mm~2)
61.00 62.0 63.0 64.0 650 66.0 670 68.0 69.0
Power Ra -490W)
400| 405 410‘415 420 | 425 | 430 | 435 | 440 | 445 455 | 460 | 465 | 470 | 475 | 480 | 485 490 500
360 66.7 | 67.5 | 68.3
365 65.8 | 66.6 | 67.4 | 68.2
370 64.9 | 65.7 | 66.5 | 67.3 | 68.1 | 68.9
375 64.0 | 64.8 | 65.6 | 66.4 | 67.2 | 68.0 | 68.8
380 63.2 | 63.9 | 64.7 | 65.5 | 66.3 | 67.1 | 67.9 | 68.7
385 62.3 ] 63.1 | 63.9 | 64.7 | 65.5 | 66.2 | 67.0 | 67.8 | 68.6
390 61.5 | 62.3 | 63.1 | 63.8 | 64.6 | 65.4 | 66.2 | 66.9 § 67.7 [168.5

6081615 1623 6301 638 6 1 653 8 | 67.6
o i - 53 Lo

60.0 | 60.8 | 61.5 | 62.3 | 63.0 | 63.8 | 64.5 | 65.3 | 66.0 | 66.8 " 67.5 683 | 65.0
(360-440) S S — e e
mm/min 405 59.3 | 60.0 | 60.7 | 61.5 | 62.2 | 63.0 [ 63.7 | 64.4 | 65.2 [ 65.9" 66.7 ) 6/.4 | 68.1 | 68.9

410 58.5|59.3 | 60.0 | 60.7 | 61.5 | 62.2 [ 62.9 | 63.7 | 644 [ 65.1 65.9 66.6 | 67.3 | 68.0 | 68.8

415 57.8 | 58.6 | 59.3 | 60.0 | 60.7 | 61.4 [ 62.2 | 62.9 | 63.6 [ 643 65.1 ] 65.8 | 66.5 | 67.2 | 68.0 | 68.7
420 57.1 | 57.9 | 58.6 | 59.3 | 60.0 | 60.7 | 61.4 | 62.1 | 62.9 | 63.6 | 64.3 | 65.0 | 65.7 | 66.4 | 67.1 | 67.9 | 68.6
425 56.5|57.2 | 579 | 586|593 | 600|607 |614 621 |628/635) 642|649 | 656 (664|671 678 | 685
430 55.2 | 56.5 | 57.2 | 579 | 586 | 593 | 60.0 | 60.7 | 61.4 | 62.1§ 628} 635 | 64.2 | 649 | 65.6 | 663 [ 67.0 | 67.7 | 68.4
435 55.2 | 55.9 | 56.6 | 57.2 | 57.9 | 58.6 [ 59.3 | 60.0 | 60.7 [ 61.47 62.1]162.8 | 63.4 | 64.1 | 64.8 | 65.5 | 66.2 | 66.9 | 67.6 69.0
440 54.5) 55.2 | 55.9 | 56.6 | 57.3 | 58.0 [ 58.6 | 59.3 | 60.0 [ 60.7 8 61.4 ] 62.0 | 62.7 | 63.4 | 64.1 | 64.8 | 65.5 | 66.1 | 66.8 | 68.2 |

As it can be seen in the Table 5 based on the energy density level, 20 processing parameters
conditions were selected to manufacture samples using the LMD machine which is highlighted
in black and bold in the table. In the section below, the processing parameters for FeSi thin
wall development will be covered in more detail. The initiation of the manufacturing process
involved ensuring the proper setup of machines and printing based on the new DoE. Instead
of following a sequential order, random and diverse processing parameters were chosen.
Upon determining the appropriate z-step, the first print for the TW201s: single pass started.
However, numerous issues including cracks, delamination, and debonding between the
substrate and the FeSi part were observed. These issues occurred due to thermal expansion
mismatches between the substrate and the deposited material, as well as the brittleness of
the high-silicon alloy. Rapid cooling creates thermal gradients that cause cracking and weak
bonding. Additionally, residual stresses from uneven heating and cooling contribute to these
issues. Optimising process parameters, such as laser power, can help reduce these defects
[214, 262]. The printing process was stopped after depositing 20 layers, reaching a height of
9mm (TW201 ) Figure 35 (a). To address these issues, the power was increased from 430 W to
600 W, while maintaining a constant scanning speed at 380 mm/min (TW20,) for a foundation
layers. The aim was to achieve better bonding between the substrate and the FeSi part.
Despite achieving the desired geometry, debonding and cracks persisted Figure 35(b). A new
strategy was implemented wherein different powers were used for the foundation and
deposit layers—600 W and 430 W, respectively—while maintaining the scanning speed at 380
mm/min (TW20s) and employing a single pass. This approach resulted in outcomes like
previous attempts but with fewer cracks and improved substrate bonding (Figure 35 (c) green
colours are scan artefacts, not sample discolouration).

To gain deeper insights, another test was conducted using 3 passes and 4 layers, with power
set at 600 W and scanning speed at 380 mm/min (TW20a4). This test was stopped at a 5mm
height to investigate the material behaviour after deposition on the substrate. The results
revealed no cracking during the process and indicated enhanced bonding between the
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substrate and the printed part. However, delamination was observed after the cooling
process Figure 35 (d). A subsequent printing strategy aimed to enhance the foundation of
deposited materials by increasing the power to 600 W, maintaining a scan speed of 380
mm/min for better bonding, and reducing the delamination effect. Additionally, the
depositing top layers continued by applying a power of 430 W and a scan speed of 380
mm/min (TW20s). The results demonstrated the potential to achieve appropriate geometry
with reduced cracks and delamination Figure 35 (e). Considering all observations, a final step
involved reducing the length of parts from 40 mm to 30 mm. Different processing parameters
were applied for foundation layers (laser power: 600 W, scan speed: 380 mm/min) and top
deposit layers (laser power: 430 W, scan speed: 380 mm/min) (TW20¢). This adjustment
resulted in very good bonding between the substrate and the deposited part, with minimal
delamination and small cracks Figure 35 (f). Further investigate the elimination of cracks and
delamination defects, various materials were utilised for the foundation layer, including 316L
austenitic steel powder (gas atomised, composition: Fe, 17% Cr, 12% Ni, 2.5% Mo, 2.3% Si)
with a particle size range of 45 to 106 um. The processing parameters for the foundation
layer (316L austenitic steel) were set at power: 600 W and scan speed: 380 mm/min, while
for the top layer of deposited materials, laser power: 430 W and scan speed: 380 mm/min
were used (TW20). Three passes were applied for the foundation layer and one pass for
deposited FeSi. It was observed that there was no delamination indicating improved bonding
between the substrate and deposited materials Figure 35 (g). Based on these findings, the
deposition process involved applying 316L austenitic steel as the foundation layers (3 passes)
using a power of 600 W and a scan speed of 380 mm/min. Additionally, FeSi (one pass) was
deposited on top with a power of 430 W and a scan speed of 380 mm/min (TW20sg). The
outcome appeared promising as there were no indications of delamination at the interface
between the substrate and the deposited materials. Nevertheless, one crack did propagate
through the thin wall after the cooling process Figure 35 (h). This occurrence highlights the
need for further investigation into the cooling conditions and thermal stress distribution, as
these factors may contribute to crack propagation in the final structure [263].
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Figure 35. Illustrated FeSi thin wall production with varying processing parameters.

It has been proven that during the additive manufacturing process, the deposited materials
are exposed to substantial residual stresses, similar to the welding process. This could result
from the thermal gradient in temperature between the surface and the centre of the
deposited materials during the solidification process [264]. This can be true for FeSi parts due
to tension or cracking at the edges in the building direction (z direction), as well as
compression at the centre of the deposited materials, which has been observed by [265, 266].
To rectify these issues, preheating the substrate is adopted to reduce the thermal gradient
between sample and substrate, cooling rate, thermal distortion, and cracking [267, 268].
Furthermore, the preheating process increases the substrate temperature, which can lead to
an improved, more uniform temperature distribution during the manufacturing process.
Preheating the substrate can improve fracture resistance and reduce the brittleness of
materials [267]. As the height of deposition increases, the cooling rate also decreases. This
can be observed in this project, where there are no cracks at the top of the deposited

materials.

It is significant to mention that the impact of preheating on enhancing the resistance to brittle
failure of high-strength electrical steel at 100°C was previously reported by [269]. Therefore,
based on these observations and considering the brittleness behaviour of FeSi materials
during printing, the identified conclusive solution to address cracks, detachment, and
delamination issues in this project was preheating the substrate. In addition to that, due to
lack of knowledge in regards of pre-heating FeSi 6.5% in the LMD process, as well as there has
been no reported systematic work to study the corresponding processing windows so far.
Accordingly, to eliminate cracks and delamination issues in this work the relation between
the preheating and cracking issues appearing during printing of FeSi was investigated.

To build thin walls by the LMD process, if the preheating temperature is increased from 300-
400 °C to 500-600 °C, higher preheating can improve surface finish, increase hardness,
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promote coarser morphologies (e.g., columnar grains), reduce residual stresses, and minimise
thermal distortion [268]. However, it is important to note that this high temperature has also
led to observed issues such as deflection and delamination of the parts at the edges.
Therefore, preheating is advantageous in enhancing mechanical properties and minimising
cracks; however, it should be appropriately implemented to ensure effectiveness based on
the specific manufacturing requirements. For this project, 200 °C was selected as the
reference point based on recommendations from the industry partner and other AM projects
[268, 270-272]. This choice aims to investigate the impact of temperature on the LMD
process, with a focus on avoiding issues such as cracking, detachment, reducing thermal
gradients, and preventing delamination of deposited materials. Consequently, the substrate
was heated up, by an induction machine, to ~200 °C and then printing TW20 (laser power=
430 W, scan speed= 380 mm/min) was started. As seen in Figure 36, there was no
delamination, detachment, or cracks observed except for sample TW26. That means the
manufacturing of thin walls can be achieved with a suitable processing parameters and
preheating temperature, as depicted in Table 6.

Although TW33 and TW35 shared the same base processing parameters, TW35 was produced
with a smaller hatch spacing (0.4 mm) and a bidirectional scanning strategy. These changes
might influence deposition quality, as smaller hatch spacing improves track overlap and
reduces porosity, while bidirectional scanning promotes uniform heat distribution and lowers
residual stresses [273]. It is also noteworthy that for TW26 (P =440 W, V =390 mm/min) at a
preheating temperature of 90 °C, a small delamination occurred at the edge of the sample.
This emphasizes that preheating temperature must be optimised for successful
manufacturing of FeSi thin walls.

It is well-established that elevating the preheating temperature enhances bonding between
the substrate and deposited FeSi parts in LMD. Preheating reduces thermal gradients,
promoting uniform melting and wetting, which strengthens metallurgical bonding and
reduces porosity and cracking. It also mitigates residual stresses, improving build integrity,
and increases powder melting efficiency. These effects are supported by LMD studies on Fe-
based alloys, where preheating eliminates cracks and enhances microstructure uniformity
[274].
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Figure 36. Single tracks and thin walls were fabricated using the LMD process.

Table 6. Average preheating temperature and DoE for thin walls.

Sample Laser Scan Powder Enegy Density Average Z steps | Hatch space Scanning

Power (W) [Speed{mm/min)| flow (g/min) {J/mm~2) Temperature (°C) | (mm) (mm) Strategy
TW20 430 380 2.5 67.9 200 0.45 0.6 Unidirectional
TW18 465 400 2.5 69.8 110 0.45 0.6 Unidirectional
TW26 440 390 2.5 67.7 90 0.45 0.6 Unidirectional
TW16 450 380 2.5 /1.1 200 0.45 0.6 Unidirectional
TW24 435 390 2.5 66.9 125 0.45 0.6 Unidirectional
TW22 445 400 2.5 66.8 200 0.45 0.6 Unidirectional
TW14 430 400 2.5 64.5 135 0.45 0.6 Unidirectional
TW19 450 365 2.5 74.0 200 0.45 0.6 Unidirectional
N TW29 435 380 2.5 68.7 125 0.45 0.6 Unidirectional
PoE2of Thinwall 115 | 400 400 25 50.0 200 0.45 0.6 Unidirectional
TW21 425 400 2.5 63.8 140 0.45 0.6 Unidirectional
TW28 450 395 2.5 68.4 200 0.45 0.6 Unidirectional
TW17 475 400 2.5 713 140 0.45 0.6 Unidirectional
TW25 450 410 2.5 65.9 200 0.45 0.6 Unidirectional
TW30 500 400 2.5 75.0 140 0.45 0.6 Unidirectional
TW23 450 425 2.5 63.5 200 0.45 0.6 Unidirectional
TW27 450 440 2.5 61.4 170 0.45 0.6 Unidirectional
TW13 490 365 2.5 80.5 150 0.45 0.6 Unidirectional
TW32 400 440 2.5 54.5 125.0 0.45 0.6 Unidirectional
TW33 450 400 2.5 67.5 200.0 0.45 0.6 Unidirectional
TW35 450 400 2.5 67.5 200.0 0.45 0.4 Bidirectional

Additionally, in this project, 3D scans were captured and measured of the height and thickness
of single tracks and thin walls using the Hexagon absolute arm laser. The laser scans the part
into polyworks software to create a mesh model. The output was stl format and then
transferred into Zeiss quality suite software and then all the analysis and results were
generated, as depicted in Figure 37. It is evident that by applying the appropriate processing
parameters, thin walls with the desired height and thickness can be manufactured compared
to the first and second trials [275].
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Figure 37. The Hexagon absolute arm utilises 3D laser scanning to inspect manufactured thin walls.

Based on the results obtained from printing FeSi thin walls and determining the optimised
processing parameters for FeSi parts, the next phase of the project involves producing 7
cubes. Cubes were chosen because they allow for consistent evaluation of volumetric
properties, thermal distribution, and scanning strategy effects. To ensure proper layer
deposition for the larger cubes, the initial z-step was calculated as ~0.95 mm, which is nearly
twice the z-step used for thin walls (0.45 mm) because of the larger geometry. For printing, it
was slightly reduced to 0.85 mm to avoid under-building. Various scanning strategies will be
tested, including unidirectional (A-B A-B) and bidirectional (AB BA) with a 90° rotation, to
further analyse their impact on the material properties. For this stage of the project, four
different power and energy densities; low, medium, and high-were selected based on
observations, behaviour, and the manufacturing of FeSi thin walls. These selections,
combined with a constant scan speed (400 mm/min) with different scanning strategies, and
different laser power ranging from 400, 435, 475 and 600 W, aim to investigate the effects of
processing parameters on geometry, cracks, microstructure, texture, and effects of
preheating of substrate. All these adjustments, including the z-step optimisation, were made
to ensure accurate layer bonding, avoid defects, and maintain consistent deposition quality
in the cubes (Table 7).

Table 7. Processing parameters for manufacturing FeSi cubes.

Laser power Scan speed Powder flow | Energy density Average Z-steps |Tracking spacing Scanning
Sample . . o

(w) (mm/min) (g/min) (J/mmn2) temperature (°C) (mm) (mm) strategy
C15 475 400 2.5 71.3 204 0.85 0.6 Unidirectional
DOE of Cubes C16 400 400 2.5 60 182 0.85 0.6 Unidirectional
C17 435 400 2.5 65.3 214 0.85 0.6 Bidirectional
C18 400 400 2.5 60 225 0.85 0.6 Bidirectional
C19 435 400 2.5 65.3 225 0.85 0.6 Unidirectional
Cc20 475 400 25 713 232 0.85 0.6 Bidirectional
C21 600 400 2.5 90 200 0.85 0.6 Unidirectional

As seen in the Figure 38 cubes were manufactured using an LMD machine (substrate
dimension: 200*150*25mm). To prevent any cracks, thermal stress, and minimise thermal
gradients, the substrate was preheated to temperatures above 180°C with an induction
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machine. The Figure 39 line graphs represent temperature measurements during AM of high
silicon steel (6.5 wt%) using LMD. These measurements, taken with Picolog thermocouples
placed in (6 holes) pre-drilled 2mm-diameter holes about 5mm deep from the surface,
provide valuable insights into the thermal behaviour of the material as layers are added.
Throughout the process, the temperature trends exhibit peaks followed by declines, which
correspond to the sequential deposition of layers as the time passes. Each peak in the graph
indicates the initiation of a new layer, where the temperature temporarily rises due to the
immediate heat input from the laser. However, as time progresses, the temperature of
substrate begins to decrease. Sample C15 Figure 39 (a) shows more peaks because its
preheating temperature (204 °C) was higher than that of C16 Figure 39 (b) (182 °C), which
produced fewer peaks due to the lower initial thermal input. Other samples (C17: 214 °C, C20:
232 °C, C18: 225 °C, C19: 225 °C) also show multiple peaks consistent with higher preheating.
Similar effects were observed where the temperature evolution of thin wall layers deposited
by the DED process decreased over time, particularly as the substrate thickness decreased
from 25 mm to 5 mm. Additionally, because the substrate was cold during the deposition of
the first layers, high thermal gradients developed between the deposited material and the
substrate. This led to the formation of residual stresses [276]. This decline may be influenced
by several factors inherent to the additive manufacturing process. As more layers are
deposited, the height of the printed material increases, causing the distance between the
thermocouples and the active deposition layer to grow. Since the thermocouples are fixed
within the substrate, they record lower temperatures as the time progresses with each
additional layer because the heat from the laser has to travel further through the material,
losing intensity along the way. Additionally, the thermal conductivity of high silicon steel
allows heat to dissipate over time, with the increased material thickness further impeding
heat transfer to the lower layers where the thermocouples are located.

The overall manufacturing time also contributes to the temperature profile. As time passes,
heat excess becomes more pronounced, with each new layer drawing heat away from the
already printed material. This ongoing heat loss, combined with the increasing distance
between the heat source and the thermocouples, leads to the gradual decline in temperature
observed in the graphs. In the LMD process, maintaining a sufficiently high temperature is
crucial for ensuring consistent thermal behavior and achieving a robust bond between the
substrate and high silicon steel (FeSi 6.5 wt%). This temperature promotes proper fusion
between layers, reducing the risk of defects like cracking or distortion that could compromise
the printed component’s structural integrity. The temperature is determined for different
alloys by considering their thermal properties, such as melting point and thermal conductivity,
and is adjusted through changes to laser power, scanning speed, and powder feed rate,
validated by experimental and modelling approaches. The optimal temperature ensures
effective fusion and minimises defects by balancing these alloy-specific properties and
process parameters [277]. In summary, the temperature measurements during the LMD
process of high silicon steel reveal a clear pattern where the temperature peaks with each
new layer being printed, followed by a decline as the heat dissipates and the distance
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between the thermocouples and the deposition layer increases. This behaviour is consistent
with the physical dynamics of the AM process, the thermal properties of the material, and the
need to maintain sufficient temperature to ensure strong bonding and avoid cracking
between the substrate and the deposited layers.
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Figure 38. Cubes manufactured with different processing parameters and different scanning
strategies with 90° rotations.
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Figure 39. Temperature measurements for each cube during manufacturing by Picolog
thermocouple.

Additionally, 3D scans of the cubes, along with measurements of their height and thickness,
were performed using the Hexagon Absolute Arm laser scanner, as illustrated in Figure 40. It
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is observed that utilising the correct processing parameters enables the production of cubes

with the desired height and thickness, unlike the initial trial.

Figure 40. The Hexagon absolute arm utilizes 3D laser scanning to inspect manufactured cubes and
provide a 3D perspective.

4.3 Mechanical properties results

The mechanical properties of the deposited FeSi parts were evaluated through Vickers
microhardness testing to assess the effect of energy density and microstructural variations.
The analysis of the provided graphs reveals a clear relationship between energy density and
hardness for both thin wall and cube samples Figure 41 (sdv: +0.10%). For thin walls, the
regression line shows a moderate correlation (R? = 0.55), indicating that while the general
trend is positive, some scatter is present due to the influence of geometry and thermal
gradients. In contrast, the cube samples exhibit a strong correlation (R* = 0.92), where
hardness increases consistently with energy density. The positive slopes in both cases confirm
that higher energy density enhances densification and reduces porosity, thereby improving
hardness. A linear fit was chosen as the relationship is monotonic and approximately linear
within the investigated range.

For thin walls, the average hardness increases from around 364 HV: at an energy density of
54 J/mm? to approximately 377 HV; at 80.5 J/mm?. This represents an increase of about 3.6%
(13 HV4). Similarly, the average hardness for thin walls rises from roughly 353 HV; at a grain
size of 443 um to about 378.6 HV1 in 1828 um, indicating an increase of about 7.2% (25.6 HV1)
Figure 42. For cube samples, the relationship between energy density and hardness follows a
similar trend but with slightly different magnitudes. The average hardness of cubes increases
from around 360 HV; at an energy density of 60 J/mm? to about 376 HV; at 90 J/mm?,
signifying an increase of approximately 4.4% (16 HV1). Additionally, the average hardness for
cubes goes up from around 362 HV1 at a grain size of 160 um to approximately 376 HV; at 249
um, representing an increase of about 3.9% (14 HVi). Comparing thin walls and cubes,
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hardness consistently rise with increasing energy density, with thin walls showing a slightly
greater percentage increase (3.6% to 7.2%) than cubes (3.9% to 4.4%). Moreover, the average
Vickers hardness of the thin walls and cubes is higher than the experimental results from a
recent study [271], which investigated the metallurgy of high-silicon steel parts produced
using selective laser melting. The alloy in that study had a composition of 6.9% Si, and the
reported hardness was approximately 328.55 HVi. The observed increase in hardness with
higher energy densities can be attributed to the refinement of the microstructure. Higher
energy densities promote more complete melting, leading to more uniform grain structures.
This grain refinement enhances hardness, increasing the material's strength. In SLM, rapid
cooling rates associated with high energy densities can lead to the formation of a fine-grained
microstructure. Fine grains can inhibit dislocation movement, a primary mechanism of plastic
deformation, thereby increasing hardness in specific areas. Additionally, appropriate melting
and solidification processes can minimise residual stresses, which might otherwise lead to
micro-cracking and decreased hardness. The effect of larger grain sizes on hardness can also
be explained by solidification dynamics during the AM process, such as LMD. Larger grains
typically form at slower cooling rates. The presence of larger grains in high-silicon electrical
steel alloys, along with the formation of ordered phases intermetallic compounds such as Dos
and B, can influence mechanical properties. While these phases may enhance certain
characteristics, they can also contribute to brittleness, which may affect hardness [105].
Electrical steels with high silicon content, such as Fe-6.5 wt% Si, predominantly consist of
disordered A2 and minimally ordered B2 (FeSi) phases. These phases can impede dislocation
movement, thereby increasing the material's hardness. However, excessive ordering can lead
to brittleness [95, 271, 278].

Higher energy densities contribute to increased hardness in thin walls and cube samples
processed by LMD. For thin walls, average hardness increased by approximately 3.6% and
7.2% with higher energy density, while for cubes, the increase was around 4.4% and 3.9%.
The highest hardness values were 385.8 HV1 for thin walls and 376 HV1 for cubes, while the
lowest values were 353.5 HV; for thin walls and 358 HV1 for cubes. The high hardness can be
attributed to the developed microstructure from different solidification rate, and the
formation of ordered phases or intermetallic compounds due to the high silicon content in
the electrical steel alloy. These findings explain the importance of optimising LMD process
parameters to produce high-performance materials for electromagnetic devices, such as
transformers and electric motors. This optimisation has the potential to save more than
10,000 gigawatt-hours of energy per annum [101].
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Figure 41. Impact of energy density on hardness of FeSi 6.5wt%.
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Figure 42. EBSD maps illustrating the location of hardness and grain development in TW15 (a) and
TW30 (b).

Furthermore, the hardness data for thin walls, cubes, and discs reveal individual trends and
significant changes from the first deposited layer, reflecting the impact of their respective
processing parameters. For the thin walls, which were processed with a variety of laser
powers and scan speeds, the hardness starts at around 150 HV; at the first deposited layer (0
mm height). There is a significant increase in hardness, reaching a maximum of approximately
400 HV; at around 1 to 2 mm in height. Beyond this point, the hardness gradually stabilises
between 350 to 400 HV; from 5 mm up to 20 mm although a coarser microstructure is
created. Regarding the substrate (mild steel) hardness, measurements for samples such as
TW15 and TW30 were taken, yielding values of 165 HV1 and 264 HV; for TW15, and 178 HV;
and 205 HV; for TW30. These values are notably lower compared to the hardness of the
deposited electrical steel material, which is consistent with the typical hardness range for mild
steel substrates. The minimum hardness observed is 353.5 HV1 (TW15: laser power: 400 W,
scan speed: 400 mm/min), while the maximum is 385.8 HV1 (TW25: laser power: 450 W, scan
speed: 410 mm/min) and sample TW22 (laser power: 445 W, scan speed:400 mm/min), with

values of 385.11 HV1, (Figure 43 (a)). The thin wall specimens exhibited an overall variation of
+30 HV1 (£10%).
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For the cubes processed with uniform laser power and scan speeds, the hardness of
deposited FeSi remains stable with slight variations, while substrate hardness values were not
measured. The hardness remains mostly within the range of 350 to 400 HV; from the first
deposited layer at 2 mm to heights up to 10 mm. The minimum hardness observed is around
358 HV1(C18: laser power: 400 W, scan speed: 400 mm/min), and the maximum is about 376
HV1 (C21: laser power: 600 W, scan speed:400 mm/min) (Figure 43 (b)). The consistent
processing parameters result in uniform material properties, leading to stable hardness
values with minor fluctuations due to slight variations in local processing conditions or
material characteristics with an average variation of £19 HV; (£5%).

The discs, processed with a laser power of 425 W and a scan speed of 400 mm/min, exhibit a
distinctive hardness profile as shown in Figure 43 (c). At the initial deposited layer (0 mm
height) the hardness is relatively low. As the height increases, there is a rapid rise in hardness,
peaking around 400 HV; at 1 to 2 mm. This high hardness is maintained between 350 to 400
HV1 up to 15 mm in height. The minimum hardness observed is about 307 HV1 (S6 cross
section), while the maximum is 400 HV1 (S2 surface). The initial lower hardness values are due
to the processing conditions. The significant increase and subsequent stabilisation at high
hardness levels reflect the effective influence of the laser power and scan speed on the
material's properties as more layers are deposited with an average variation of £26 HV1 (+7%).
Moreover, small grains are evident in the first deposited layer and are generally more
susceptible to cracking compared to large grains. This susceptibility arises from smaller grain
sizes having a higher grain boundary area per unit volume, a result of the small melt pool size
due to the high cooling rate during solidification. These grain boundaries can act as initiation
sites for cracks under stress, leading to the nucleation and formation of microcracks,
particularly when dislocations occur at the interface of the deposited material and any
inclusions [279]. In contrast, larger grains (columnar) often have fewer grain boundaries and
can provide more uninterrupted paths for dislocations, making them less prone to crack
propagation. In the context of LMD, when the first layer of deposited material (FeSi) has a
small grain size due to high cooling rates, it can lead to increased susceptibility to cracks. This
susceptibility is particularly influenced by the properties of electrical steel, which can intensify
cracking at the interface between the substrate and the deposited material. Consequently,
the initial layer of deposited FeSi material may exhibit lower hardness due to these defects.
As the height increases, the material properties improve due to optimal laser power and scan
speed, resulting in higher hardness values .

As the height increases, slower cooling rates and subsequent thermal cycles promote the
growth of larger grains and the formation of ordered phases such as Dos and B. These
ordered phases and larger grain sizes contribute to the higher hardness values observed at
greater heights. Additionally, it can be suggested that a high density of dislocations inside the
grains contribute to increased hardness by networking dislocations together and hindering
their movement, which not only increases the hardness of FeSi but also could enhances its
yield strength [280]. Furthermore, the hardness of electrical steel depends on the percentage
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of silicon content [181, 281]. For example, 1 to 2% Si results in a modest hardness range of
150 to 220 HV [282], while 6-6.5 wt% Si achieves a hardness above 350 HV1 [281], which is
consistent with the results obtained in this study. The hardness of FeSi alloys, particularly
those with a 6.5 wt% silicon content, significantly influences their magnetic properties,
including magnetostriction and magnetic saturation. Increasing the silicon content in iron
enhances electrical resistivity and reduces magnetocrystalline anisotropy, leading to
improved magnetic performance specifically, Fe-6.5 wt%Si alloys exhibit near-zero
magnetostriction, minimising transformer noise and enhancing efficiency [214]. However, it's
important to note that while saturation magnetisation decreases with higher silicon content,
reaching approximately 1.8 T at 6.5 wt% Si, the overall magnetic performance is optimised
due to the reduction in magnetostriction and eddy current losses.

The relationship between hardness and magnetic properties in FeSi alloys is influenced by the
LMD process parameters, silicon content, and resulting microstructure [25]. In this study,
hardness reflects the material’s resistance to localised plastic deformation during deposition,
which is critical for maintaining structural integrity and minimising cracks in the brittle FeSi
6.5 wt% alloys. Excessive hardness, however, can increase brittleness, potentially reducing
mechanical robustness under operational stresses. Therefore, optimising hardness through
appropriate selection of laser power, scan speed, and substrate preheating is essential to
balance mechanical strength and magnetic efficiency. The results show that thin walls and
discs exhibit a significant increase in hardness from the first deposited layer to the top layers,
stabilising at higher values. This trend indicates the influence of cumulative thermal cycles
and cooling rates on microstructural evolution. In contrast, cubes maintain relatively uniform
hardness with minor fluctuations, reflecting consistent thermal conditions during deposition.
These observations demonstrate that the processing parameters play a crucial role in
determining the hardness distribution and, by extension, the performance of FeSi parts
manufactured by LMD.
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78



Chapter 5

5 Sample preparation and evaluation of porosity and cracks

5.1 Introduction

This chapter focuses on the sample preparation procedures and the evaluation of porosity
and crack formation in components produced by the LMD process. A section of this chapter
has been adapted from the paper titled “Process Window for Manufacturing Soft Magnetic
FeSi 6.5% by Laser Metal Deposition”, presented at the 21 International Conference on
Manufacturing Research. The main objective was to examine the impact of laser parameters
and scan strategy on both crack density and crack orientation by constructing various
samples.

These samples underwent a series of processes which included sectioning by an EDM
machine, followed by grinding and polishing using standard metallurgical methods. The
grinding process involved the use of SiC water-cooled paper, using -cooled papers with grit
sizes of 240, 400, 800, and P1200 (with a platen speed of 240 rpm and force of 27 N for 3
minutes) and P2500 grit papers. Water was used not only for cooling but also to remove debris
during the process. Subsequently, polishing was carried out using 3 um Mg oil based Metadi
in sequence, culminating in a final polishing stage utilising a Microcloth, all of which were
provided by Buehler [249] (with a platen speed of 150 rpm and force of 27 N for 6 minutes).
As mentioned previously in the literature review, defects such as porosity, lack of fusion,
unmelted powder, and keyholes in the additive LMD process can lead to early failure because
pores have the potential to serve as points where the crack start and propagate. Therefore,
optimising the process window parameters is a key factor in reducing or even eliminating
these defects in FeSi 6.5%. These defects could result in poor mechanical, physical, and
magnetic properties i.e., fatigue life [283], low ductility, high current losses. Consequently,
the ability to control these factors is crucial during the AM process [25].

The characteristics such as shape, location, and spread of pores could influence the attributes
of parts produced through additive manufacturing. Therefore, to evaluate porosity and cracks
of specimens, optical micrographs were captured of the XY plane using a Hirox and Leica
microscopes. As shown in Figure 44 (a), metallurgical pores were typically 100-300 um in size,
which is considered large compared to keyhole pores that were generally 10-50 um [284].
Metallurgical pores included both gas-entrapped and shrinkage pores often exhibited
irregular and interconnected morphologies due to inadequate material flow during
solidification [2]. It is evident that all the samples exhibited different types of porosities such
as metallurgical pores, keyhole pores, and lack of fusion. In this instance, as it can be seen in
the Figure 44 (a), metallurgical pores are large in terms of size and have an irregular shape
compared to keyhole pores. Keyhole pores may arise due to instability within the molten pool,
while metallurgical pores can form from low scan speeds and increased energy in materials,
causing gas entrapment within the molten pool [285]. While small spherical pores are less
detrimental on their own, irregular shrinkage and lack-of-fusion pores with sharp edges are
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more harmful as they act as weak points in the material compared to spherical keyhole pores
[286] as shown in Figure 44 (b) and (c). This is because irregular shrinkage and lack-of-fusion
pores have sharp edges that act as weak points, increasing the likelihood of crack initiation.
Under cyclic loading, such as that experienced by FeSi electrical machine components
exposed to magnetostriction stresses and thermal cycling, even small pores can accelerate
crack initiation and propagation, thereby reducing fatigue life and reliability [176]. One
possible explanation for this phenomenon could be attributed to the gas atomisation process
used in producing FeSi powder, which can introduce trapped gases leading to pore formation
[287]. During this process, gas bubbles might become trapped within the FeSi powder, or
there could be gas present between the powder particles. As these particles dissolve in the
melt pool during deposition, some unmelted powder may also get trapped. The materials are
then deposited, and due to the high cooling rate surrounding them, they solidify, forming
spherical voids or pores within the structure.

Lack of the fusion also termed incomplete fusion, commonly happens when there is an
inadequate supply of energy input in the LMD process. These types of defects can occur when
the particles are not fully melted on top of the previous layers or between adjacent deposited
layers [288]. Additionally, inadequate interlayer bonding may result from low laser energy
and insufficient penetration, contributing to incomplete fusion. This circumstance could lead
to discontinuities, reducing the quantity of molten metal available for solidification and
resulting in poor bonding, as depicted in Figure 44 (d) [289]. The cracks visible in Figure 44 (d)
are likely due to incomplete fusion defects: when there is insufficient melting between
adjacent tracks or layers, weak interfaces are created which serve as weak points in the
material. These weak points maybe initiate cracks because the metallurgical bond has not
been achieved during solidification [290]. As shown in Figure 44 (e) and (f), during the LMD
process, the highlighted feature in Figure 44 (e) is better described as a crack rather than a
pore. Its elongated shape and the occurrence of un-melted powder particles along its path
suggests these unmelted particles act as weak points in the material, which maybe promote
crack initiation and propagation rather than being simple trapped spherical pores. Similarly,
in Figure 44 (f), the crack path seems altered by unmelted powder particles. These unmelted
particles may likely trigger crack initiation and subsequent growth under residual or applied
stresses, rather than being harmless pores [291].
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5.2 Impact of laser power and scan speed on porosity formation in thin walls
Several factors can contribute to the occurrence of different porosity defects during the
manufacturing of FeSi parts by LMD technology. For instance, FeSi materials may be prone to
porosities because gases are unable to escape properly. This also could be caused by
inappropriate processing parameters such as laser power, scan speed, feed rate, or
inadequate vacuum during the manufacturing process, among other factors [292]. which will
be addressed in more detail. Before analysing the effect of processing parameters, it is
essential to define the borderline for porosity. This will allow the identification of process
window pores from manufactured parts such as thin walls at specific laser power and scan
speeds. In this context, a porosity percentage of 0.2% (sdv: + 0.1%) serves as the defining
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threshold for thin walls, with values above or below highlighted respectively in red and green,
as depicted in Figure 45 (a). It can be seen from Figure 45 (a) that with the exception of few
outliers (TW13:1.3%,TW16:0.49% porosity), porosity percentage is variable within a range of
approximately 0.1 to 0.5%, across all samples that have been made using different process
parameters. In this scenario, except for a few outliers, laser power below 460 W has the
lowest percentage of pores, ranging from 0.1% to 0.2%. However, simultaneously, as the laser
power increased from 400 to 500 W, the average size of the pores decreased from
approximately 50 to 20 um. It can be said that, with increasing laser power, there is an
increase in laser density delivered to deposited materials which can lead to better
penetration, better melting and, fusion resulting in reduced porosity [293]. Also, higher laser
power can reduce the cooling rate of molten materials which allows more gas bubbles to
escape from the melt pool and reduces the formation of porosity [294]. Despite this reduction
in size, the pores were uniformly distributed, and numerous small spherical pores were
observed across the samples. In Figure 45 (b), it can be seen that the number of pores (or
porosity level) was decreased from 1.3 % to 0.1% with the increase of the scanning speed
from 360 to 440 mm/min. Moreover, as the scan speed increased, the average size of pores
decreased from 61 um to 27 um. It can be said that, with higher scanning speed, less time
was available for deposited materials to cooldown and resulting in faster solidification which
is likely to be attributed to reduce pore formation as there is less time for gas entrapment to
occur [295]. Moreover, the interaction between deposited materials and laser power can be
changed with increasing scan speed, in other words, there is less time for the laser to interact
with deposited materials resulting in more uniform energy distribution and less heat input
[296]. Importantly, while lower laser power and higher scanning speeds are effective for
reducing porosity, they also promote faster solidification and grain refinement. In FeSi alloys,
finer grains increase coercivity and reduce permeability, which may degrade soft magnetic
performance, whereas coarser grains formed at higher laser power improve permeability but
can raise eddy current losses [297].
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Figure 45. Experimentally measured porosity of thin walls as a function of laser power (a) and scan
speed (b). The red and green markers respectively identify values above and below the bordering
line.
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5.3 Analysing and evaluating cracks in thin wall

Cracking in electrical steel, as highlighted in the literature review, is a frequent issue during
the manufacturing process, notably when the silicon content surpasses 3wt%. This
phenomenon is linked to the formation of brittle ordered phases like B, and DOs. However,
in the LMD process, these phases might be mitigated due to the rapid cooling rate. Similar
positive effects on phase suppression were previously observed in FeCo [298] and FeSi [5].
Therefore, the ductility of FeSi materials can be improved if these phases are supressed during
the manufacturing process. Additionally, electrical steel exhibits a high thermal expansion
coefficient [271] and low thermal conductivity [299] similar to nickel super alloys [300] and
316L stainless steel [301] which causes the material to become more susceptible to crack
formation. In other words, electrical steel exhibits a greater change in size due to thermal
expansion when subjected to a temperature gradient; for example, the thermal expansion
coefficient of FeSi decreased from 1.758 x 107> to 1.402 x 107> (1/K) as the temperature
increased from 70 to 150 °C [302]. This susceptibility may arise due to the nature and
properties of FeSi materials such as thermal gradient, thermal stress [172], and residual stress
during the LMD process, leading to the crack initiation and propagation [266]. These cracks
can significantly impact the mechanical and magnetic properties of electrical steel parts which
must be controlled. For instance, cracks reduce the permeability by acting as pinning sites
[172], which hinder the motion of domain walls. Additionally, crack propagation can lead to
catastrophic failure [176].

Manufacturing parts without cracks is optimal and to address the cracking issue during the
manufacturing of FeSi 6.5%, preheating is crucial with the aim of mitigating the impact of the
thermal expansion coefficient. However, given the characteristics of the LMD process and FeSi
materials, the occurrence of cracks in thin walls and cubes is probable. Consequently, before
investigating the impact of processing parameters, it is crucial to establish a limit for crack
occurrence. This explanation will aid in identifying the process parameters that lead to cracks
in manufactured parts like thin walls at particular laser powers and scan speeds. As mentioned
earlier, to prevent cracking and debonding at the interface, three foundation layers were
deposited beforehand. Following this, a single pass of FeSi was applied on top. Additionally,
cracks at the interface between the deposited FeSi parts and the substrate are not considered
because focus for this project was on single pass of FeSi deposited.

The morphology of the cracks was determined by optical and SEM Figure 46. Cracks were
observed in the majority of samples. Existing iron carbide (FesC) content in ordered phases
such as DO3 and B2 can act as stress concentration points, making high silicon steel (6.5%)
more susceptible to cracking [302]. However, in this project, the effect of carbon can be
neglected because the carbon content is very low at 0.01wt%. Moreover, the unmelted
regions observed in the process might serve as points where cracks begin to develop when
subjected to external loads, resembling the findings reported by G. Stornelli [172].
Additionally, the high silicon content may contribute to embrittlement, increasing the
susceptibility of FeSi 6.5% to cracking [262]. In this case, to characterise the distribution of
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silicon, the EDS technique was used ( Figure 47) for analysing cracks area from Figure 44 (f).
The EDX data illustrated that around 6% Si is present in the crack area, indicating that silicon
segregation occurred during the solidification process. The high silicon content migrates and
concentrates at specific locations, such as grain boundaries or areas of high stress. This is
particularly evident in the layer-by-layer deposition in LMD, where thermal gradients and
residual stresses play a significant role. To better understand the behaviour of cracks in
enriched silicon areas the EBSD map of crack areas was analysed, as can be seen in Figure 47
(e). When the grain boundaries were weak the intergranular fracture occurred along the grain
boundaries as well as transgranular fracture was also observed inside the grain due to thermal
stress and less formability of FeSi 6.5 % which is similar to other reports [303-305]. In addition
to that, the high cooling rate in LMD can cause cold cracking in deposited layers and, due to
the thermal gradient between deposited materials and base metal, cause an increase in
thermal residual stress in the interface layers forming cracks in deposited layers [306].

Only a few samples—TW13, TW23, TW25, TW28, and TW29—exhibited cracks at the
interface between the substrate and the deposited FeSi. Conversely, samples such as TW20,
TW21, TW24, TW27 and TW33 showed no signs of cracks, which is a promising outcome for
manufacturing FeSi 6.5 wt%. Additionally, the observed cracking behaviour is complex,
primarily occurring along the build direction and propagating perpendicular to it, aligning with
findings reported by other researchers [172, 271, 307]. This occurrence might be from the
rapid heating and subsequent cooling inherent in the LMD process of FeSi. These fluctuations
can cause different thermal conductivity and expansion coefficients, leading to concentrated
residual stresses in certain areas. Consequently, this stress concentration results in cracks
forming along the building direction [308].
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Figure 46. Optical micrographs (a-c) and (d) SEM micrograph, display the initiation of cracks and
micro cracks from the edges, at the interfaces, and the propagation of cracks from these points and
pores, as well as cracks propagation in the build direction.

84



(a) TW19 (Laser power:450W, (b) TW16 (Laser power:450W,
Scan speed: 365 mm/min) Scan speed: 380 mm/min)

Bard Contrast
|&_28)

e
mesem @ () TWAS (Laser power:400 W, (d) TW30 (Laser power:500W,
\ Scan speed: 400 mm/min) Scan speed: 400 mm/min)

¢ Q‘% ﬁ‘ e

P ey ‘
PR Ty
4 o Y., & -

LIS Cré!cks inside grains and along
e “the grain boundaries

"% Il Map Sum Spectrum
wWit% o
fe 01
Si
Al

Figure 47. EBSD map (a)-(d) illustrated cracks inside grain and along boundaries, enrich with silicon,
(e) presents chemical composition of cracks from Fig (23) (f) obtained from EDS.

5.4 Analysing porosity and cracks in thin walls using XCT
X-ray computed tomography (XCT) is a non-destructive image testing method extensively
used in AM to detect internal defects, especially porosity. This study utilises X-ray XCT to
examine the presence of cracks and porosity. Furthermore, the influence of different process
parameters—including laser power, on the formation of these defects was briefly analysed.
The XCT analysis of sample TW20 reveals varying degrees of porosity and internal defects, as
well as cracks between the substrate and deposited materials, particularly evident in Figure
48 (c) [256]. The XCT images labelled (a) through (d) shows different areas of sample TW20
and TW29 (e) with varying porosity levels. Image (a) and (b) shows minimal porosity with
some voids. Additionally, image (c) and (d) shows porosity similar to other areas. The findings
indicate that most porosities appeared during the initial laser melting of each layer, as shown
in the image (e). Subsequent laser movements resulted in fewer porosities. This trend may be
attributed to initial inconsistencies in melting or insufficient laser energy absorption between
layers, leading to greater porosity formation. As the laser continued along the samples, it
likely stabilised, resulting in more uniform melting and fewer porosities [309, 310]. Overall,
this analysis of XCT images provides essential insights for optimising manufacturing processes
and enhancing material quality, ensuring the reliability and performance of the final product.

85



Volume mm?

Distance
0.5 2 0.5

Figure 48. Porosity analysis workflow showing the cropped image from XCT data for sample TW20 (a)
to (d) and TW29 (e).

5.5 Impact of laser power and scan speed on cracks formation in thin walls

As mentioned earlier, cracks significantly impact mechanical and magnetic properties.
Therefore, it is crucial to manufacture thin walls without cracks. Previous studies [306, 311]
have shown that process parameters, such as laser power and scan speed in LMD, can greatly
influence crack formation. This study aims to explore the potential for reducing cracking by
manipulating these process parameters, specifically laser power and scan speed. In this
context, a crack size of zero (sdv: £ 0.4%), is established as the critical threshold for thin walls.
Values exceeding this threshold are marked respectively in red. As depicted in Figure 49 (a)
average crack size generally tends to increase, though the relationship is not strictly linear
between crack formation and laser power. It can be said that crack formation occurs due to
high thermal stresses and gradients during the cooldown process. As the laser power
increases, more heat is introduced into the deposited layers, creating a larger melt pool and
increasing the area that must solidify. This leads to a higher thermal gradient and greater
residual stress. If the thermal stress exceeds the material's yield strength, cracks will form
[312]. The highest measurements were 1.71mm (TW19:450 W) while the lowest were
~0.2mm (TW22, TW23,TW14,TW25,TW29). Having said that, TW20 (430 W), TW21 (425 W),
TW24 (435 W), TW27 (450 W), TW28 (450 W), TW29 (435 W) and TW33 (450 W) showed no
presence of cracks. In Figure 49 (b), the average crack size in thin walls is most prominent at
scan speeds between 365 and 400 mm/min. Overall, with a few exceptions, the decrease in
crack size from 1.71mm to Omm is evident with the constant laser power of 450 W, as the
scan speed increases from 365 mm/min to 440 mm/min. Moreover, samples with different
scanning speed such as TW27 (440 mm/min), TW28 (395 mm/min), and TW33 (400 mm/min)
showed no presence of cracks with a constant laser power of 450 W.

86



2.0 (a) 2.0 (b)
1.8 1.8
| | n
1.6 il 164 |
—1.4 1.4
E B
E1.21 4 E 121 "
£ 1.0 T 2 1.0 .
g .8
g 0.8 508+ "
064 | ' . 0.6 i
0.4 . 0.4 '
0.24 . - . 0.2 [ |
0.0 T T T T T T 0.0 T T T T T T T 1
400 420 440 460 480 500 360 370 380 390 400 410 420 430 440
Laser Power (w) Scan Speed (mm/min)

Figure 49. Experimentally measured cracks of thin walls as a function of laser power (a) and scan
speed (b).

5.6 Impact of laser power and porosity and cracks formation in cubes

Prior to examining processing parameters' impact, it is crucial to establish a porosity threshold
for identifying process window pores in manufactured parts, particularly cubes. A porosity
percentage of 0.6% (sdv: +0.25%) serves as the threshold, with values above or below
highlighted in red and green. Figure 50 (a) illustrates the porosity percentage analysis across
all samples created using various process parameters. In this instance, as the laser power
increased from 480 to 600 W, the percentage of pores roughly decreased from 1.83% to
0.12%. Simultaneously, the average size of the pores decreased from approximately 120 to
12 um. However, below 475 W of power, the pores were uniformly distributed, and numerous
small spherical pores were observed across the samples. These findings suggest increasing
the laser power in the deposition of FeSi 6.5 wt% via the LMD process improves overall quality
due to increased melting and fusion of the powder materials and substrate. This leads to
better fusion between layers and the FeSi deposit, resulting in fewer voids and less porosity.
Additionally, the higher temperature in the melt pool increases fluidity, allowing the material
to flow better and fill gaps, further reducing pore formation. The higher temperatures also
promote better metallurgical bonding at the interfaces, helping to eliminate micro-voids and
create a more homogeneous structure. These factors contribute to a significant reduction in
porosity [294, 313, 314].

Figure 50 (b) illustrates the crack size analysis across all cubes samples created using various
process parameters. In this context, a crack size of 0.7 mm is determined as the critical
threshold for cubes. Values exceeding or falling below this threshold are respectively marked
in red and green. In this instance, as the laser power increased from 400 to 600 W, the cracks
size roughly decreased from 1.89 to 0.27mm. Several factors contribute to this improvement.
The reduction in porosity eliminates potential sites for crack initiation and propagation.
Additionally, the higher laser energy creates a larger and more stable melt pool, leading to
better heat distribution and reduced thermal stress during the solidification process [315].
Furthermore, the increased laser power decreases the exposure time of the melt pool to the
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atmosphere, resulting in less contamination. This reduction in contamination lowers stress
concentrations in the melt pool, leading to fewer cracks [316].
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Figure 50. Experimentally measured porosity (a) and cracks of cubes (b) as a function of laser power.

5.7 Analysis of cracks, porosity and the effects of laser power in cubes

Different studies [317, 318] have shown that by increasing the energy density in the direct
energy deposition process, such as SLM, better powder melting, a more stable melt pool, and
a resulting part with high densification can be achieved. As shown in the Figure 51 (b) by
increasing the laser power from 400 to 600 W, the average crack size was reduced from 1 mm
to less than 0.27 mm, and the area fraction of porosities decreased from 1.83% to 0.12%. This
reduction is significant for achieving fully dense parts and, in this case, as the laser power
increased by 50%, better bonding between the substrate and deposited materials was
achieved. It has been suggested that in processes such as LMD [183], the formation of cracks
is influenced by residual stresses arising from the poor heat conductivity of the powder and
the high thermal gradients generated during processing, but other factors also contribute.
These include microstructural features, material defects, and variations in process
parameters, such as energy density, scan speed, and layer thickness, all of which can affect
crack initiation and propagation around the laser spot.

Additionally, the thermal expansion of deposited materials like FeSi contributes to crack
initiation during solidification, as the contraction of the upper deposited layers during cooling
is resisted by the underlying layers, creating internal stresses. This creates compressive and
tensile stresses, and if defects such as pores exist in these stress areas, it can serve as sites for
crack initiation and propagation. EBSD analysis provides valuable insights into these
mechanisms by highlighting various types of cracks and their formation pathways. These
cracks include edge-initiated, pore-initiated, grain boundary, and intragranular cracks.
Understanding the initiation and propagation of these cracks is crucial, especially given the
material's composition such as FeSi 6.5 wt% and the processing parameters used. It can be
suggested that the edge-initiated cracks are prominently seen in sample Figure 51 (a),
produced with a laser power of 400 W. These cracks initiate from the edges of the sample,
likely due to the high thermal gradient and rapid cooling rates at the boundaries. The sudden
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temperature changes induce tensile stresses at the edges leading to crack formation. This
type of cracking is worsened by the relatively lower laser power, which may not provide
sufficient energy for effective melting and consolidation of the material at the edges.
Moreover, pore-initiated cracks are observed in both samples Figure 51 (a) and (b). These
cracks originate from pores within the material, which act as stress concentrators. Pores are
typically formed due to incomplete melting or gas entrapment during the AM process. The
presence of these voids significantly weakens the material, making it more susceptible to
crack initiation under thermal or mechanical stresses. In sample Figure 51 (a), processed at
400 W, the occurrence of pores is more pronounced, whereas sample Figure 51 (b), processed
at 600 W, shows a reduction in porosity due to the higher energy input, although pore-related
cracks are still present. On the other hand, grain boundary cracks are evident in EBSD maps,
indicating crack propagation along the grain boundaries. This type of cracking suggests weak
bonding between grains, which can result from improper solidification.

The rapid cooling rates inherent to additive manufacturing limit atomic diffusion across grain
boundaries, resulting in weak intergranular bonding. This effect is particularly pronounced in
high-silicon alloys such as Fe=Si 6.5 wt%, where silicon segregation at grain boundaries
increases brittleness and promotes crack initiation and propagation [187, 319]. Furthermore,
intragranular cracks were observed in both samples, indicating that crack propagation also
occurs within grains and reflecting the presence of internal stress fields and microstructural
heterogeneity. These internal stress fields encompass residual stresses arising from the AM
process, which contribute to overall crack susceptibility alongside the microstructural factors
described.

Although residual stress is inherently generated during AM due to steep thermal gradients
and cyclic heating and cooling, it was not established as a primary quantitative metric in this
project. Residual stress generation mechanisms, measurement approaches, and their
relevance to AM are discussed elsewhere in the manuscript with appropriate references, and
the present work builds on established literature rather than duplicating detailed residual
stress characterisation. In AM components, residual stress is highly localised, anisotropic, and
strongly dependent on transient thermal history, making it difficult to correlate
unambiguously with either alloy composition or individual process parameters without in-situ
diffraction techniques or layer-resolved stress mapping. Such measurements require
dedicated experimental campaigns and were therefore beyond the scope of the present
project. While residual stresses play a role in cracking, their practical impact on
manufacturability was evaluated through crack morphology, grain-scale damage,
microstructural features, and texture, which provide a more physically meaningful indication
of performance in brittle high-silicon Fe-Si alloys [320]. In these materials, limited ductility
arising from ordered phases (B, DO3), solute segregation, and potential inclusions dominates
crack susceptibility, such that microstructural fracture behaviour is a more reliable indicator
than residual stress magnitude alone.
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This methodological choice contrasts with conventional thermomechanical processing routes
such as asymmetric rolling and cross-rolling, where deformation is imposed under
comparatively stable thermal conditions and residual stress arises primarily from
mechanically applied strain paths. In those processes, residual stress can be more readily
measured and directly correlated with rolling direction, strain heterogeneity, and reduction
ratio. In additive manufacturing, however, thermally driven solidification and cooling stresses
dominate and evolve continuously during layer deposition, rendering residual stress a
secondary and difficult to isolate variable within the scope of the present work [321, 322].

Comparing the two samples, Figure 51 (b) produced at 600 W exhibits a more refined and
homogeneous grain structure compared to sample Figure 51 (a). The higher laser power
improves the melting process, leading to a reduction in porosity and enhancing the grain
structure's overall strength. However, the inherent brittleness of the Fe- Si 6.5wt% alloy
means that even with optimised processing parameters, some degree of cracking is
unavoidable. In conclusion, the EBSD maps of the Fe- Si 6.5wt% samples reveal multiple types
of cracks, including edge-initiated, pore-initiated, grain boundary, and intragranular cracks.
The initiation and propagation of these cracks are heavily influenced by the brittle nature of
the high-silicon alloy and the thermal stresses induced during AM. Optimising laser power and
other processing parameters can mitigate some defects, but the material's inherent
properties necessitate careful control to minimise crack formation and enhance material
integrity. This analysis explains the critical need for balancing alloy composition and
processing conditions to achieve optimal results in the AM of brittle materials such as high
silicon steel [314].
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Figure 51. EBSD map (a) and (b) illustrated intergranular cracks within grain and along boundaries
influenced by diffract laser powers.

5.8 Effect of processing laser energy input on porosity formation in cubes

Figure 52 illustrates the relationship between energy density and porosity in samples
produced using the LMD process. A clear trend is observed in the figure, showing that
increasing the energy density leads to a reduction in porosity. For instance, sample (C16 and
C18), with an energy density of 60.0 J/mm?, shows the highest porosity at 1.8% and 1.2%
respectively. Increasing the energy density to 65.3 J/mm?, as in sample C17, the porosity
decreases to 0.6%, a significant reduction of 66.7%. Similarly, sample C19, also with 65.3
J/mm?, shows a porosity of 1.2% (sdv: +0.25%), indicating other influencing factors might be
at play such as scanning strategy. However, further increasing the energy density to 71.3
J/mm? in samples C15 and C20 results in porosity values of 0.9% and 0.6%, respectively,
demonstrating a continued reduction in porosity. Notably, sample C21, with the highest
energy density of 90.0 J/mm?, exhibits the lowest porosity of 0.1%, confirming the trend that
higher energy density reduces porosity. The percentage change in porosity with increasing
energy density explain this trend: from sample C16 to C17, porosity decreases by 66.7%; from
sample C19 to C20, by 50%; and from sample C20 to C21, by 83.3%.

This decrease in porosity with increasing energy density and laser power can be attributed to
the LMD process, where higher energy densities provide more energy to melt the powder
completely, resulting in better fusion of the material and fewer voids or pores. Lower energy
densities may lead to incomplete melting and higher porosity due to insufficient energy to
fully fuse the material. Thus, increasing the energy density during the LMD process effectively
reduces porosity in the samples, leading to improved material properties. This finding is
crucial for optimising manufacturing parameters to achieve the desired quality and
performance in LMD components [323].
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Figure 52. The Effect of energy density on porosity in cubes samples manufactured by LMD process.

5.9 Impact of scanning strategy on cracks
For the successful manufacturing of thin walls and cubes, it is essential to select the proper
process parameters, including laser power, scan speed, powder feeding rate, z-step, and
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hatch space. This section will briefly cover the impact of scanning strategy. To investigate the
effects of processing parameters such as scanning strategy, samples produced under nearly
identical parameters, were examined. Cube samples C17 and C19, manufactured using
bidirectional and unidirectional scanning strategies, respectively, showed that bidirectional
scanning reduced crack size from 1.22 to 0.61 mm and porosity from 1.32 to 0.98%. A similar
trend was observed in C15 and C20, where bidirectional scanning decreased porosity from
0.89 to 0.6% and crack size from 1.89 to. 0.7mm. Moreover, by increasing the laser power to
600 W while maintaining a constant scan speed of 400 mm/min, the lowest porosity and crack
size can be achieved, measuring 0.12% and 0.27mm, respectively. These findings indicate that
bidirectional scanning has a significant impact on reducing defects during the manufacturing
of FeSi 6.5wt%. Both unidirectional and bidirectional scanning deposition play a significant
role in the development of microstructure and grain orientation, which will be covered in
more detail in the metallurgy chapter [324].

5.10 Analysing porosity and cracks in cubes using XCT

The XCT images of sample C18 (Figure 53 (a) to (c)), produced under a laser power of 400 W
and a scan speed of 400 mm/min, provide critical insights into the material's internal structure
and defect distribution. The energy density applied during the process was 60 J/mm?, with a
hatch space of 0.60 mm and a z-step of 0.85 mm. These parameters are integral in
determining the material's microstructure and overall integrity. The porosity level in sample
C18 was found to be 1.2%, as illustrated in the porosity map, indicating a relatively high
concentration of internal voids. This heterogeneous distribution of porosity suggests that the
material contains numerous defects that could potentially compromise its mechanical
properties. In comparison to sample C21, which exhibited the lowest porosity level of 0.12%,
sample C18's porosity is significantly higher, pointing to inconsistencies in the fabrication
process. Furthermore, the XCT analysis revealed the presence of substantial cracks within
sample C18, with the largest crack measuring 1.75 mm. This is notably larger than the cracks
observed in sample C21, which had a maximum size of 0.27 mm. The presence of such large
cracks in sample C18 could lead to premature failure under mechanical stress, thereby
diminishing the material's reliability and performance.

Sample C21, which displayed significantly lower porosity and smaller crack sizes, was
produced with the same scanning speed of 400 mm/min but with a higher laser power of 600
W. This comparison indicates that the increased laser power may contribute to a more
uniform melt pool and improved solidification process, thereby reducing the formation of
defects. The combination of a laser power of 400 W and a scan speed of 400 mm/min for
sample C18, resulting in an energy density of 60 J/mm?, plays a crucial role in the formation
of the melt pool and its subsequent solidification. The interplay of these parameters
influences the porosity and crack formation significantly. The hatch space of 0.60 mm and z-
step of 0.85 mm were intended to ensure enough overlap between successive laser scans and
layers. However, despite these settings, sample C18 exhibited significant internal defects,
indicating that these parameters were not sufficient to prevent the formation of porosity and
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cracks. In conclusion, sample C18 demonstrates a high level of porosity and large cracks
compared to other samples such as C21. The processing parameters used in its fabrication
appear to have been inadequate in eliminating these defects. Therefore, optimisation of
these parameters, such as increasing the laser power or changing the melting strategy, are
essential to reduce porosity and crack formation, thereby enhancing the material's overall
quality and performance. This analysis explains the importance of precise control over
manufacturing conditions to achieve superior material properties in the LMD fabricated

components [325].

Figure 53.Porosity analysis workflow showing the cropped image from XCT data for sample C18.

5.11 Identifying the optimal processing parameters for thin walls and cubes
High-silicon electrical steel, specifically FeSi with 6.5 wt% silicon, is essential for its excellent
magnetic properties. However, manufacturing components like stator and rotor cores
presents challenges, particularly due to defects such as cracks and porosity during lamination.
This research focuses on optimising manufacturing parameters to enhance part densification,
eliminate cracks, and reduce porosity, ultimately improving the magnetic properties. A similar
approach has been previously proposed for 316L stainless steel [326], highlighting the
importance of determining the process window to achieve high-quality components. In this
context, fine-tuning of the parameters is crucial for achieving better texture and
microstructure while minimising defects. Given the variability in processing parameters, such
as z-step and part geometries, it is necessary to establish optimum conditions for thin walls
and cubes separately. Additionally, the presence of various defects including lack of fusion
porosity, keyhole pores, metallurgical pores, and unmelted powder, underlines the need for
strict processing window parameters as illustrated in Figure 54 (a). Each colour in the figure
represents the quality of the samples: green indicates samples within the restricted process
window (thin-wall samples with <0.2% porosity and no cracks; cube samples with <0.6%
porosity and cracks smaller than 0.7 mm), while red indicates samples outside this process
window. This comprehensive approach aims to enhance the quality and performance of FeSi
components in electrical machines. It can be seen that, at the higher laser power of 450 W,
when utilising a scan speed range from 410, to 440 mm/min, the result is an absence of cracks
and porosity levels below 0.2% in thin-wall samples. Similarly, this holds true for samples
printed at lower laser powers of 430 and 435 W, with a scan speed range between 380 and
390 mm/min, exhibiting no cracks and less than 0.2% porosity. Nevertheless, process
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optimisation is still necessary to eliminate porosity completely and achieve parts without any
cracks or porosity. Figure 54 (b) illustrates the potential processing window parameters for
cubes. With a medium laser power and a constant scan speed of 400 mm/min, an increase in
laser power from 400 to 600 W resulted in a decrease in porosity and cracks. This trend holds
true at higher laser powers, for instance, when both laser power and scanning speed were
increased from 475 to 600 W, there was an overall reduction in porosity from 0.6% to 0.12%
and a decrease in crack size to 0.27mm. Nevertheless, optimising the processing parameters
for cubes is necessary to manufacture FeSi parts without any cracks and porosity. Conducting
trials by decreasing the z-step, reducing the hatch spacing, increasing laser power and scan
speed, and adjusting the powder feed rate would help evaluate how the materials respond to
these parameter changes.
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Figure 54. Processing window for thin walls (a) and cubes (b) considering of laser power and scan
speed.
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Chapter 6

6  Microstructure evolution during LMD of FeSi 6.5 wt%

The microstructure of FeSi 6.5 wt.% fabricated by LMD was found to consist predominantly
of long columnar grains aligned with the build direction, as illustrated in Figure 55. This
morphology is characteristic of high thermal gradients and directional solidification within the
melt pool, a phenomenon also widely reported in AM of silicon steels [172, 176, 180].
However, fine equiaxed grains were observed at the first and last deposited layers, as well as
along the free edges of the deposits. These regions are subjected to enhanced cooling due to
substrate heat sinking and multi-surface exposure, conditions that promote rapid
solidification and nucleation of new grains. Similar behaviour has been described in
conventional processing of non-grain-oriented electrical steels, where localised shear
deformation or rapid cooling promotes recrystallisation and fine grain formation [156, 327].
This observation of equiaxed grains at regions of rapid cooling can be critically compared with
thermomechanical processing routes such as asymmetric rolling and repetitive bending under
tension, discussed in Section 1.9. In those routes, shear bands and high dislocation densities
act as nucleation sites for <001>-oriented grains during recrystallisation [112, 156]. Although
the mechanism in LMD is thermal rather than mechanical, the outcome is similar: localised
conditions promote nucleation and grain refinement, while bulk regions favour columnar
growth. This highlights that both AM, and thermomechanical methods influence texture
evolution by manipulating the balance between nucleation and competitive growth, although
through different driving forces.

LMD involves interactions between the incident laser source, powder feed, and substrate
material. The combined effects of these interactions, along with the deposition of numerous
tracks and layers, generate a unique thermal history within the component. A section of this
chapter has been adapted from our paper titled “Additive Manufacturing Innovations:
Microstructure Optimisation for Ultra-High Silicon Electrical Steel Components”, published in
Materials Characterization. This chapter examines the microstructure of as-deposited LMD
FeSi 6.5 wt% and enhances our comprehension of the changes in microstructure that take
place throughout the LMD process. In all specimen investigated in this work, the
microstructure consisted of columnar grains up to several millimetres in length aligned in the
build direction. However, as shown in fine equiaxed grains were observed in the first and last
layers, as well as in some areas along the long edges of the FeSi 6.5% deposits during printing.
This behaviour is also observed in the development of texture non-grain oriented electrical
steel, is primarily due to a significant temperature gradient within the melt pool which
promotes the rapid growth of columnar grains and reduces the likelihood of new nucleation
sites forming during solidification. However, the formation of fine grains in these specific
regions likely results from the substrate acting as a thermal sink during the initial deposition,
with the edges exposed to the atmosphere and the top of the sample cooling from multiple
faces. This increases the cooling rate, encouraging fine grain development. Additionally,
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reducing laser exposure time in these areas minimises heat accumulation due to shorter laser
travel time, further promoting the nucleation of new fine grains.

When compared with powder-bed-based AM processes, the present LMD results
demonstrate clear advantages in terms of microstructure and magnetic properties. While L-
PBF of Fe-Si alloys produce columnar or equiaxed microstructures depending on the
processing parameters [172, 175], it is also associated with extremely high cooling rates,
which frequently lead to residual stresses, cracking, and porosity [173, 328]. Moreover, as
reported in the literature review, L-PBF can produce grains oriented along hard magnetisation
directions such as <111>, which are detrimental for soft magnetic performance [176]. In
contrast, in our LMD research, the majority of grains are columnar and aligned with the build
direction, as observed in our optical micrographs, highlighting a key difference between these
AM methods.

LMD FeSi 6.5wt% achieves a predominantly columnar grain structure with strong texture
along the build direction, which is beneficial for magnetic performance. The columnar grains
reduce the number of grain boundaries, facilitating domain wall motion and improving
magnetic properties, as highlighted in sections 1.9 and 1.10 of the literature review.
Moreover, the lower cooling rates and controlled thermal gradients in LMD contribute to
fewer cracks in some samples compared with other AM processes [186, 192]. Although fine
equiaxed grains are present at the first and last layers and along free edges, the bulk of the
material maintains large, well-aligned columnar grains, which are highly desirable for soft
magnetic applications. This microstructural stability and texture development can provide
superior performance compared with other AM routes, as it allows for better control of
magnetic domain alignment and minimises defects that hinder magnetic properties.
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Figure 55. Optical micrograph of an etched FeSi 6.5% specimen, showing different sections of the
sample, highlighting the grain structure and areas of interest such as fine equiaxed and columnar
grains, and layer bands.

Optimising processing parameters such as laser power during the AM process is crucial to
avoiding physical defects like keyholing and porosity at the bottom of the melt pool [329].
Ideally, the melt pool should remain in conduction mode without defects such as entrapped
gas porosity or keyholing. However, at high laser power, these defects are more likely due to
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turbulence within the melt pool, which can lead to gas entrapment and the formation of
spherical pores [330]. Additionally, rapid cooling rates and thermal gradients during the LMD
process can induce other defects, such as cracks, particularly in high-silicon steels like FeSi
6.5%. Cracks often form due to the high thermal stresses generated by uneven cooling,
especially in regions with steep temperature gradients, as the material undergoes significant
contraction during solidification [262]. This issue is compounded by the material’s low
ductility at elevated temperatures, which limits its ability to accommodate the residual tensile
stresses that develop during solidification, making it prone to hot cracking. The solidification
behavior, including dendritic microstructure and elemental segregation, creates localized
weak zones that cannot deform plastically under these stresses, further promoting crack
formation [331].

Furthermore, residual stresses play a critical role in defect formation and material integrity.
At the surface, residual stresses can cause distortion and cracking due to rapid cooling and
exposure to the atmosphere, while at the bottom areas near the substrate, residual stress
arises from the thermal mismatch between the deposited layer and the substrate, potentially
leading to delamination or interfacial cracking [214]. These defects highlight the need for
careful control of thermal cycles during processing. Therefore, melt pool characteristics,
including thermal phenomena and heat transfer mechanisms (conduction, convection,
radiation), play a key role in maintaining melt pool stability during the AM process [316]. The
schematic of thermal phenomena, melt boundary, and grain development in FeSi 6.5% during
the LMD process is shown in Figure 56. This figure illustrates the interaction of the laser with
the substrate, forming a melt pool where heat transfer occurs through conduction into the
substrate, convection within the melt pool, and radiation from the surface. The schematic
also highlights the formation of a keyhole at the centre of the melt pool, which can occur at
high laser power and lead to defects like porosity. Additionally, the figure depicts the grain
structure within the melt pool, showing how thermal gradients and cooling rates influence
grain development. Specifically, the rapid cooling at the melt pool boundaries, driven by heat
conduction into the substrate and radiation to the surroundings, promotes the nucleation of
fine grains, while the central region of the melt pool may develop larger columnar grains due
to slower cooling rates. These thermal gradients also contribute to the buildup of residual
stresses, intensifying the risk of cracking and other defects. This interplay between thermal
phenomena, residual stresses, and grain development highlights the importance of
controlling laser power and scanning strategies to achieve a stable melt pool and desired
microstructure in FeSi 6.5% deposits.
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Laser travel direction

Metal vaporization

Figure 56. Schematic of melt pool boundary, thermal phenomena and columnar grain development
occurring during the LMD process.

The nature of LMD-related defects also provides an important contrast with rolling-based
processing. In ASR and cross-rolling, the main risks are surface cracking or productivity
reduction [4, 156], whereas AM defects are often internal (e.g., pores, keyholes, microcracks),
which can significantly degrade both mechanical and magnetic properties [168, 183].
Furthermore, as outlined before, the most desirable orientation for magnetic performance is
<001>//ND, while <111> grains are detrimental [112]. The prevalence of columnar grains in
this work suggests strong orientation along the build direction, but whether this is favourable
or detrimental requires correlation with crystallographic texture analysis. This reinforces the
importance of controlling columnar-to-equiaxed transitions in LMD to achieve both structural
integrity and functional magnetic performance.

To investigate and understand the evolution behaviour of the microstructure during the layer-
by-layer deposition process, optical images were obtained. In this case, the melt pool size
depicted in Figure 57 is notably larger as also observed in [332], primarily resulting from the
high laser power’s influence on the LMD process. This effect outweighs other factors such as
feed rate and powder mass flow. Additionally, the melt pool size is further increased,
particularly in structures like thin walls due to the preheating of the substrate. Preheating
increases the depth of the melt pool in the conduction area, leading to a deeper melt pool
[333]. Furthermore, as depicted in Figure 55 and Figure 57 numerous layer bands are
observed, similar to the findings reported in [334] and [335]. This observation may be
attributed to the superheating effect which initiates melting in the previous layers forming a
narrow band with a temperature exceeding the solidus temperature. However, due to the
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thermal conditions, the material remains in the solid phase. In this case, as it can be seen in
Figure 57, the formation of a shallow melt-pool with a curved surface occurs during the LMD
process, where the melt-pool is in motion. The solidification substructure primarily grows
parallel to the build direction (BD) due to the high thermal gradient, which is perpendicular
to the melt pool. Notably, in this case, the melt pool tilts in the direction of the laser
movement. This phenomenon has been reported by other researchers in more detail [336],
and its impact on grain growth in the BD will be further explored in the EBSD case studies in
this thesis. Regarding magnetic performance, grain boundaries generally have a stronger
effect than layer band structures. grain boundaries act as sites of magnetic domain pinning
and can increase magnetic losses, whereas layer bands primarily influence local anisotropy
and minor variations in magnetic properties. Therefore, controlling grain boundaries density
and orientation is more critical for optimising the magnetic performance of LMD-produced
Fe-Si alloys [25].

“Tayer bands
; Cellular

Figure 57. Optical microscope illustrated of the direction of maximum thermal gradient with respect
to the melt pool geometry.

Defects such as porosity can adversely affect the mechanical and magnetic properties, as well
as the microstructure development of the material [337]. As it can be seen in Figure 58 pores
can act as thermal sinks and absorb all heat provided by laser and thus not allowing the heat
to distribute through expected heat conduction across the sample and causing the melt pool
temperature to rise. This abnormal melt pool temperature condition can result in the
formation of two different areas of equiaxed and elongated grains. At the tip of the pore, the
equiaxed grain is formed due to the existence of an airgap which block the heat conduction,
distribution. This results in a lack of heat transfer, coupled with a higher cooling rate, leading
to the formation of smaller grains. Also, in absent of defects, the above equiaxed grains due
to higher heat input, rapid change in temperature across sample, and directional solidification

100



inherent in LMD, the grain starts to grow in specific direction and leading elongated grain
structures [338].
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Figure 58. Effect of porosity on microstructural development.

During the solidification process in BCC materials such as FeSi, as materials transition from a
liquid to a solid state, it is easy for atoms to stick to the less closely packed planes such as
{001} due to their low energy configurations. These planes are favourable orientations for the
growth of crystals <001> and become more prominent during the solidification process [339].
As can be seen in Figure 59 the schematic illustrates the development of crystal orientation
<001> in the build direction for high silicon steel 6.5% deposited by the LMD process. This
phenomenon has also been observed in other additive manufacturing studies, such as [5,
340]. In these studies, grains with a preferred crystal growth direction, such as <001>, tend to
form along the building direction, aligning closely with the thermal gradient direction where
rapid solidification occurs. Grains with less favourable orientations, however, are poorly
aligned. In other words, the grains with <001> direction aligned more closely to the vertical
thermal gradient direction which is the BD, and these preferred grains grow and dominate,
creating a columnar grain growing perpendicular to a surface in BD. Since epitaxial growth
requires minimal undercooling to occur, cellular and columnar grains grow in an epitaxial
manner from the substrate grain and creating a columnar grain growing [341].
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Figure 59. Development of crystal orientation <001> in build direction of FeSi 6.5%
deposited by LMD process.

6.1 Study of crystallographic texture

6.2 EBSD case studies of thin walls FeSi 6.5 wt%

For detailed microstructure analysis, electron back-scatter diffraction (EBSD) data obtained
from a FElI Quanta 250 and 650 Oxford Instrument EBSD camera with a 25kV accelerating
voltage and 70-degree sample tilted to the laser beam [342]. AZtech Crystal software was
used to collect EBSD maps from each sample covering the whole area of thin wall with a step
size of 3um. Figure 60 (a) shows inverse pole figure (IPF) orientation maps of the entire cross-
section of thin walls of TW21. The IPF map corresponds to the orientation parallel to the BD.
These maps reveal columnar grains elongated in the building direction with a crystallographic
orientation close to <001>. This alignment could significantly improve magnetic properties by
aligning columnar crystals with the direction of magnetic flux. This implies that applying LMD
techniques to FeSi 6.5wt% NGOES can significantly improve the final texture by producing a
strong crystallographic orientation, such as <001>. Additionally, it optimises the
microstructure by promoting the formation of large grain sizes, which are desirable for
enhancing magnetic properties such as permeability and magnetic flux density [343].

The IPF map shows that the movement of the laser during the LMD process induces varying
thermal gradients (G) and solidification front velocities (R), which significantly influence the
grain growth rate and morphology. Larger grain sizes are observed in higher layers due to a
slower cooling rate compared to the initial layers, where rapid solidification dominates. The
solidification rate, governed by the G/R ratio, plays a pivotal role in determining grain
development. For example, in the upper layers, heat accumulation lowers the thermal
gradient (G) and decreases the solidification front velocity (R), resulting in a reduced G/R ratio
compared to initial expectations. Nonetheless, the conditions remain within the columnar
grain growth regime. This promotes extended grain growth by allowing more time for grains
to coarsen. Processing parameters such as laser power, scanning speed, energy density, layer
thickness, thermal history, and chemical composition further modulate these solidification

102



conditions [344]. Across the melt pool, variations in grain morphology can be explained
similarly. Near the centre of the melt pool, a higher temperature and slower cooling rate (due
to reduced heat dissipation) decrease the G/R ratio to some extent but favouring larger,
columnar grains aligned with the build direction. Conversely, at the edges, higher cooling
rates—combined with a lower thermal gradient—can reduce the G/R ratio, promoting finer,
more equiaxed grains due to greater undercooling, as explained in [345]. This aligns with the
observations from the optical micrographs discussed earlier.

In terms of microstructure evolution, grain boundary migration and coalescence contribute
to larger grains along the BD, with distinct grain size distributions arising from the varying
thermal history. For example, the sample’s centre exhibits significantly larger grains than the
edges, reflecting differences in local cooling conditions. Figure 60 (b), showing IPF maps from
the surface view, highlights elongated grains with uniform size following the laser movement
(heat flow) [346]. This results from a consistent thermal gradient and rapid solidification at
the surface, contrasting with the bottom layers. The crystallographic orientation in these
surface IPF maps reveals a preference for <001> directions along the BD, which is critical for
optimising magnetic properties like permeability and reducing core losses. Consistent
orientation minimises magnetic anisotropy and enhances magnetic flux density. Since the
magnetic flux flows perpendicularly through the sample’s cross-section (thickness), the
material properties in this direction directly affect flux transmission efficiency. Thus,
appropriate grain orientation along the BD is essential for maximising magnetic permeability
and minimising energy losses during operation [347].

To ensure statistical reliability, each EBSD map covered the entire thin-wall section with a step
size of 3 um, capturing several hundred grains per section (typically > 500). Multiple fields of
view were analysed, and the ODFs obtained were consistent across repeated scans.
Therefore, the texture findings shown here are considered reproducible, and the small
differences between cross-section and surface section are minor and attributable to local
thermal variations rather than insufficient sampling.
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(a) TW21 (Laser power:425W, Scan speed:400mm/min), cross section
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(b) TW21 (Laser power:425W, Scan speed:400mm/min), surface section
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Figure 60. (a) IPF map of front view of cross section, and (b) surface sections of thin wall FeSi 6.5%

manufactured by LMD machine (TW21).

The ODFs for the cross-section and surface section of the thin wall sample TW21 (Figure 61),
processed under conditions of P = 425 W and V = 400 mm/min, are analysed to understand
the crystallographic texture. Since both views represent the same sample, a uniform texture
is expected, with only minor variations arising from heterogeneity across different locations.
In the ODF at ¢, = 0° for the cross-section (Figure 61 (a)), a strong near-cubic texture is
observed, indicating a high degree of grain alignment along the cube orientation. Similarly,
the surface section Figure 61 (b) shows a strong Goss and near cubic textures that, upon closer
inspection, mostly aligns closely with the cross-section, with potential refined differences
attributable to local variations in thermal conditions or sample heterogeneity rather than
distinct solidification mechanisms. At @, = 45°, the cross-section exhibits strong (113)[361]
and (113)[031] orientations, reflecting a preferred crystallographic alignment influenced by
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the thermal gradient and cooling rates during deposition. The surface section at the same
Euler angle also shows comparable orientations, with a possible enhancement of the theta
fibre (<001>//ND) due to surface-specific thermal gradients and cooling paths. These
observations suggest that the thermal gradient, which is typically steeper at the surface, and
the associated cooling rates play a role in fine-tuning the texture, alongside minor
contributions from mechanical stresses or surface energy minimisation [348]. The image data
indicates that the texture differences between the cross-section and surface section are
minimal and likely result from localised variations rather than fundamentally different
microstructural development processes. Analysing the ODFs and considering these
influencing factors provides valuable insights into the microstructural evolution during the
LMD process.

#1(0-360°) (a) TW21 (P:425W, V:400mm/min), cross section _ P30 (b) TW21 (P:425W, V:400mm/min), surface section
o] ok cuve 0 o e

Figure 61. lllustrated ¢, = 0° and 45° ODF sections for cross section (a) and (b) surface sections of
TW21.

EBSD data analysis illustrate a crystallographic texture in the grains of LMD high silicon steel
6.5%. The pole figures in Figure 62 (a), (b), and (c) illustrate the crystallographic orientations
for samples TW15 (laser power:400 W, scan speed:400 mm/min, energy density: 60 J/mm?),
TW18 (laser power:465 W, scan speed:400 mm/min, energy density: 69.75 J/mm?), and TW30
(laser power:500 W, scan speed:400 mm/min, energy density:75 J/mm?). Pole figure plots
guantify the texture intensities for the three crystallographic direction families such as easy,
medium, and hard magnetisation <001>, <101>, <111> respectively. These samples were
processed with varying laser powers: TW15 at 400 W, TW18 at 465 W, and TW30 at 500 W,
all at a constant scanning speed (400 mm/min). Sample TW15 (E=60 J/mm?) showed a strong
<001> texture along the BD, indicating easy magnetisation. The <101> and <111> orientations
have less pronounced textures. TW18 (E=69.75 J/mm?) also demonstrated a strong <001>
texture but with a more balanced distribution among <001>, <101>, and <111> orientations
compared to TW15. The increased energy input begins to shift the fibre-texture to a cube-
texture. TW30 (E=75 J/mm?) exhibited a balanced crystallographic texture similar to TW18.
The higher energy input further enhanced the cube-texture, aligning the <001> axes with the
BD and promoting a more pronounced texture. All samples showed a preferred <001>
orientation, crucial for easy magnetisation. Higher laser power (energy input) increases
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texture intensity and balances the distribution among <001>, <101>, and <111> orientations.
The shift from fibre-texture to cube-texture is evident as energy input increases from 60
J/mm? to 75 J/mm?, highlighting the impact of laser energy on crystallographic texture. In
summary, increasing the laser energy input in the LMD process enhances the <001> texture,
aligning it with the BD and promotes a more intense and balanced crystallographic texture in
high silicon steel.

(a) TW15 (Laser power: 400W, Scan speed:400 mm/min)
<001> <101> <111>

X=BD

Y=ND
(b) TW18 (Laser power: 465W, Scan speed:400 mm/min)

<001> <111>

Y=ND

(c) TW30 (Laser power: 500W, Scan speed:400 mm/min)
<001> <101> <111>

Figure 62. Pole figures showing the preferred orientation of the three crystallographic of <001>,
<101>, and <111> for different samples TW15,TW18, and TW30.

Figure 63 presents EBSD maps and IPFs for samples TW15, TW18, and TW30 in different
directions, conducted on the XY plane (X = build direction, BD; Y = normal direction, ND), to
analyse crystallographic texture in the BD-TD plane, highlighting the correlation between
grain morphology, energy density, and <001> texture along the BD.

106



The EBSD maps for samples TW18 and TW30 show that most long columnar grains
preferentially orient their axes along the BD, supporting the hypothesis of epitaxial grain
growth as the laser energy density increases from 60 to 69.75 and 75 J/mm?2. In contrast,
TW15 exhibits fewer red grains, indicating a less pronounced <001> texture. The observed
crystallographic texture aligns with the EBSD maps. Figure 63 (d), (e), (f), show a lower peak
intensity for TW15 (2.52) compared to the higher peak intensities for TW18 (8.73) and TW30
(8.08). This increase in intensity with higher laser energy density suggests that varying energy
inputs during FeSi deposition influence heat distribution and cooling rates, leading to
different thermal gradients across the materials. These thermal variations significantly impact
the microstructure and texture of FeSi parts [173, 349]. Research studies [5, 174, 184, 350]
have shown that increasing laser energy density not only elongates grains but also increases
the depth of the melt pool, causing the <001> fibre texture to shift towards a cube texture.
Higher laser power, from 400 W to 500 W, results in a deeper melt pool and partially remelted
grains with a <001> crystallographic direction along the BD, which then serve as a foundation
for newly processed materials to solidify in an epitaxial manner, enlarging oriented grains and
strengthening texture intensities. However, heat transport dynamics further refine this
interpretation. As noted in [351] columnar grain growth in NGOES is driven by strong
temperature gradients across the material thickness during recrystallisation. This
phenomenon is particularly relevant in LMD due directional heat dissipation along the BD.
Additionally, the higher cooling rate along directions—compared to other crystallographic
axes—favours dendrite alignment and cube-texture development, particularly evident in
TW30's stronger texture intensity [351]. Increasing laser energy density also expands the HAZ,
altering temperature distribution and thermal gradients [352]. In TW18 and TW30, this leads
to elongated columnar grains with axes preferentially along BD, as seen in front-view EBSD
maps ( Figure 63(b—c)), alongside a broader HAZ that intensifies remelting and texture
evolution. These factors—epitaxial growth, rapid cooling, and HAZ effects—collectively
explain the transition from a weaker fibre-texture in TW15 to a pronounced cube-texture in
TW30, with larger grains and stronger alignment. This suggests that LMD parameters can be
tuned to control texture and microstructure in FeSi 6.5 wt%, balancing orientation benefits
against potential defects like cracks observed at higher energies [173, 349]. Thus, the EBSD
analysis of TW15, TW18, and TW30 demonstrates that increasing laser energy density
promotes epitaxial grain growth, enhances the <001> texture along the BD, and results in
more pronounced and balanced crystallographic textures, ultimately impacting the
microstructure and properties of the deposited FeSi materials.
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Figure 63. EBSD maps (a, b and c) and IPFs for TW15, TW18 and TW30 in different directions.
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6.3 Orientation distribution functions of thin wall

Figure 64 presents the orientation distribution functions (ODFs) for FeSi 6.5 wt% samples
TW15 (a), TW18 (b), and TW30 (c) on ¢, = 0° and 45° sections, providing a detailed analysis
of texture evolution during multiple layer deposition using the LMD technique. The ODFs were
calculated in Euler space using Bunge’s notation with Aztec Crystal software [353], covering
an area of 2.3 mm with a step size of 3 um. All samples show a texture intensity of 10 for
comparison. Despite the uniform intensity, significant differences in texture types are
observed. Sample TW15, processed at 400 W, exhibits a more diffuse texture with fewer
pronounced components. Conversely, TW18, processed at 465 W, and TW30, processed at
500 W, show stronger and more defined cube textures.

In the 2 = 0" section, TW18 and TW30 display a transition to a strong cube texture with
increasing laser energy from 400 W to 500 W, particularly near the 90° rotated Goss texture
components (011)[011] and Goss texture (110) [100]. This transition is beneficial for the
magnetic properties of electrical steel, as cube textures improve magnetic performance. The
2 = 45° section further illustrates those components close to (113)[121] and Goss (110)[001]
in TW18 and TW30 also transition into a strong cube texture (001)[100]. Regarding the
evolution of {110} orientations, such as the Goss texture (110)[001], their presence is
prominent in TW15 (@2 = 45°) and to a lesser extent in TW18 (¢2 = 45°,(110)[001]) due to
smaller melt pools and rapid solidification rates, which restrict extensive recrystallisation or
grain reorientation compared to TW30. As laser power increases from 400 W (TW15) to 465
W (TW18) and 500 W (TW30), the {110} orientations diminish gradually, giving way to a
dominant cube texture (001)[100]. This shift is driven by enhanced epitaxial growth and
steeper thermal gradients at higher energy densities [354], which favour alignment over {110}
planes as well as formation of large columnar grains [355]. In TW18 (@2 = 0°), traces of {110}
persist, including the Goss (011)[100], possibly 90° rotated Goss (011)[011] and indicating
partial preservation due to localised solidification conditions and incomplete stress
relaxation. The role of internal stresses is pivotal in this texture evolution during LMD, rapid
cooling in TW15 generates significant thermal stresses from thermal contraction and phase
transformation, locking in {110} orientations by limiting grain boundary mobility. In contrast,
for TW18 and TW30, higher energy densities (69.75—75 J/mm?) reduce cooling rates, expand
the HAZ leads to better heat distribution, and facilitate stress relaxation through remelting
and recrystallisation, promoting a shift to - dominated textures. Thus, internal stresses act as
a competing factor—initially stabilising {110} in TW15 but yielding to as stress relaxation and
grain growth dominate at higher powers. Notably, almost all samples lack //BD (y-fibre) or <
110>// RD (o-fibre) orientations, which are detrimental to the magnetic properties of
electrical steel. This absence indicates a favourable texture for magnetic applications.
Comparing all samples together, TW18, and TW30 exhibit more pronounced and balanced
cube textures, suggesting that higher laser power promotes stronger and more beneficial
texture components for magnetic properties. Increasing laser energy density (60 to 75 J/mm?
) in the LMD technique enhances the cube texture of FeSi, improving its magnetic properties.
As laser power rises from 400 W to 500 W, the cube texture becomes more defined,
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significantly boosting the material’'s performance, particularly in FeSi 6.5 wt%. This cube
texture, ideal for NGOES used in electric motor core laminations, is difficult to achieve with
conventional rolling and annealing methods, especially in steels with more than 3.4 wt% Si
[112, 356]. However, LMD provides a viable solution to optimise texture and material

performance.
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Figure 64. Texture of FeSi shown on ¢, = 0° and 45° ODF sections for sample TW15 (a) and sample
TW18 (b), and TW30 (c).
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6.4 Grain structure and crystallographic orientation in top view of thin wall samples

To better understand the effects of laser power on grain development and the evolution of
<001> crystallographic orientation, the top side of two samples, TW15 and TW30, was
investigated, as can be seen in Figure 65. The EBSD images provide detailed insight into how
these processing parameters influence the microstructure of the electrical steel, particularly
the grain size and crystallographic texture. The samples, TW15 (processed with 400 W laser
power and 400 mm/min scan speed) and TW30 (processed with 500 W laser power and 400
mm/min scan speed), reveal the crystallographic orientation and grain structure, specifically
focusing on the <001> orientation.

The most noticeable difference between the two samples is the average equivalent circle
diameter of the grains, referred to here as grain size. Sample TW15, processed at lower laser
power, exhibits smaller and more uniform grains, with an average diameter of 221.3 um. In
contrast, sample TW30, processed at higher laser power, shows significantly larger grains with
an average diameter of 801.7 um, approximately 3.6 times larger than those in TW15. The
increase in grain size with higher laser power is significant, about 262.5%, indicating that the
heat input during deposition has a considerable effect on grain growth. Higher laser power
results in increased energy input, leading to a longer cooling time and allowing grains more
time to grow before solidification. This explains why the grains in TW30 are much larger.
Another key observation is the difference in crystallographic orientation, particularly in the
centre of the samples. In both samples, the centre tends to exhibit more <001> orientation
grains, which is favourable for the magnetic properties of electrical steel. However, TW30 has
a much greater proportion of <001> oriented grains compared to TW15. The larger grains in
TW30 are more aligned in the <001> direction, especially in the centre of the sample, which
can be attributed to the increased laser power. Higher energy promotes directional
solidification, favouring the growth of grains along the <001> orientation. In TW15, the lower
energy input results in a more random grain structure. Although <001> grains are present,
they are smaller and less concentrated in the centre compared to TW30. This type of grain
structure, characterised by fewer <001> grains and a higher intensity of <111> grains, is
commonly observed in conventional manufacturing processes for electrical steel, such as
rolling [357].

The laser’s impact on grain size and orientation is also evident in the grain distribution. In
TW15, the grain structure appears finer and more uniformly distributed across the sample,
while TW30 exhibits larger grains, particularly concentrated in the centre. This can be
explained by the heat distribution during laser processing. In the centre of the sample, where
heat spread out more slowly, the grains have more time to grow in the preferred <001>
direction, resulting in the larger and more oriented grains seen in TW30. The edges, which
cool more quickly, do not experience the same grain growth, leading to a more uniform grain
structure in TW15 but less pronounced <001> orientation. When comparing the top views of
these samples to the cross-sectional views (as was showed in previous Figure 63), it appears
that the top view shows a greater number of grains. This is likely because the top view
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captures the surface grains in their full elongated form, whereas a cross-sectional view would
cut through fewer grain boundaries. The top view, therefore, provides a more comprehensive
picture of the grain structure and orientation, and for these samples, it is likely more
representative of the overall grain development. In summary, at constant scan speed 400
mm/min, the increase in laser power from 400 W in TW15 to 500 W in TW30 has a significant
impact on both grain size and crystallographic orientation. TW30 shows much larger grains,
with a substantial concentration of <001> oriented grains in the centre, while TW15,
processed at lower power, has smaller grains with less pronounced <001> texture. These
differences suggest that higher laser power promotes both grain growth and the
development of preferred <001> orientation, which is critical for enhancing the magnetic
performance of electrical steel.

(a) Top view of sample TW15 (Laser power: 400 W, Scan speed: 400 mm/min)
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Figure 65. EBSD top view showing smaller grains in TW15 (a) and larger <001> oriented
grains in TW30 (b).

6.5 Kernel average misorientation analysis of thin wall FeSi 6.5wt%
Kernel Average Misorientation (KAM) analysis serves as a valuable tool for evaluating the
microstructural quality of electrical steels, such as FeSi alloys, by revealing local strain and
defect distributions that influence magnetic properties, which are critical for applications like
electrical motors and transformers [358, 359]. KAM provides insight into the local lattice
distortions within the material, which are typically associated with dislocations and sub grain
boundaries. This information is critical because the dislocation density within the material can
directly influence its magnetic performance [360]. As was stated before, in electrical steels,
magnetic properties such as permeability and coercivity are heavily dependent on the
movement of magnetic domain walls .These walls must move freely across the material to
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minimise energy losses, specifically hysteresis losses, which are a primary source of
inefficiency in electrical applications [214]. However, dislocations act as obstacles to the
movement of domain walls. When dislocations are present, they create local stress fields that
hinder the domain wall motion, leading to an increase in coercivity and a reduction in the
overall magnetic permeability of the material [361]. Overall, it degrades the performance of
electrical steel by increasing energy losses during magnetisation and demagnetisation cycles.

The KAM analysis helps in detecting regions of higher dislocation density by measuring the
local misorientation between neighbouring grains. It is particularly useful for identifying sub
grain boundaries and areas where residual stresses may be concentrated. In electrical steels,
it is crucial to maintain, low-dislocation grains to ensure optimal magnetic performance. Sub-
grain boundaries, with misorientations typically between 2.5° and 10°, can disrupt magnetic
domain movement, causing localised domain wall pinning, and also influence grain growth
and abnormal growth of Goss grains. As such, understanding the distribution and magnitude
of these sub grain boundaries is essential for improving the magnetic performance of the
material [362, 363]. In addition to the effects on domain wall motion, KAM analysis can reveal
areas of residual stress in the material [364]. Residual stresses and dislocations can
collectively pin magnetic domain walls, hinder their motion and leading to increased energy
dissipation. This results in higher core losses, which are particularly detrimental in
applications such as transformers and electrical motors, where energy efficiency is critical. By
identifying regions with high KAM values, it is possible to locate areas where dislocation
density and residual stresses are elevated, thus offering opportunities for process
optimisation.

For the KAM calculations in this research, Aztec Crystal software [353] was used, and a first-
order neighbour KAM calculation was performed to focus on nearest-neighbour interactions
within the microstructure. Grain boundaries with misorientations with minimum angle of 2°
and greater than 10° were ignored to concentrate the analysis on sub-grain boundaries and
local dislocations, while sub-grain boundaries greater than 2.5° were excluded to maintain
the focus on the most relevant regions for magnetic performance. By examining the KAM
across different sample geometries, including thin walls, valuable insights can be gained about
how local lattice distortions affect the overall performance of electrical steel. The findings of
the KAM analysis are critical for optimising the microstructure to reduce dislocation density,
minimise residual stresses, and ultimately improve the magnetic properties of the material.
This information is especially important for designing high-efficiency electrical steel
components such as stator for applications where minimising energy losses is a priority.

As shown in Figure 66, the length of columnar grains in samples TW15 (energy density 60
J/mm?) and TW30 (energy density 75 J/mm?) reflects epitaxial growth influenced by energy
density, where new cells nucleate on parent cells during solidification, aligning preferentially
in the <001> direction along the BD due to the local thermal gradient in the melt pool [365].
The KAM maps highlight the effect of energy density, with TW15 showing an average KAM of
0.44° and TW30 a lower value of 0.34°, as seen in (b) and (d), indicating that increasing energy
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density from 60 to 75 J/mm? reduces local misorientation by promoting uniform grain growth
and minimising lattice distortions. This trend is further evidenced by the sub-grain
distribution: TW15 contains 11% sub-grains (2°-10°) with 89% high-angle grain boundaries
(HAGBs >10°), while TW30 has 25% sub-grains, reflecting how higher energy density fosters
more sub-grain formation and reduces overall misorientation. Across other samples, KAM
values vary with energy density: TW33 (0.06° at 67.50 J/mm?), TW26 (0.72° at 67.70 J/mm?),
TW13 (0.51° at 80.5 J/mm?), TW20 (0.56° at 67.90 J/mm?), TW32 (0.17° at 54.5 J/mm?), TW19
(0.45° at 74 J/mm?), TW27 (0.46° at 61.4 J/mm?), and TW35 (0.20° at 67.5 J/mm?), suggesting
that higher energy densities generally correlate with lower KAM, though exceptions like TW26
indicate processing variations. Scanning speed also influences KAM, as increasing from 365 to
440 mm/min (TW19 to TW27) at a constant laser power of 450 W resulted in stable KAM
values (~0.45° to 0.46°), while a change in scanning strategy from unidirectional (TW33) to
bidirectional (TW35) at 67.5 J/mm? increased KAM from 0.059° to 0.20°, reflecting altered
thermal conditions. The presence of low-angle grain boundaries (LAGBs, 2.5°-10°),
particularly in smaller grains of TW15 at the foundation layers, supports the lower KAM
values, while TW30’s coarser columnar grains exhibit fewer LAGBs [366]. These LAGBs
enhance the magnetic properties of electrical steel by causing less disruption to magnetic
domain walls compared to HAGBs, reducing eddy current losses and improving magnetic
domain alignment for better performance [260]. Noise from poor preparation and solvent
marks, noted in Figure 64 (a) and (c), was minimised through recalculation to ensure accurate
KAM values. For a deeper understanding of energy density effects on dislocation density,
further analysis using transmission electron microscopy is recommended.

(b) Local KAM and IPF maps of the TW15 region

(a) TW15 (Laser power:400W, Scan speed: 400mm/min, Energy density: 60 J/mmA2)

Step size:3 um Z=SD/RD X=BD/TD
] 25 L

| Y=ND 101 M1t
(c) TW30 (Laser power:500W, Scan speed: 400mm/min, Energy density: 75 J/mmA2)

(d) Local KAM and IPF maps of the TW30 region

X Noise from poor preparation
5mm Step size:3 pm and solvent marks

Figure 66. Overview of microstructures of as-built samples in the BD: KAM map (a), (c), and
(b), (d) enlarged view of KAM maps and IPF maps of each sample TW15 and TW30.

6.6 Effect of laser energy density on texture evolution of thin wall
MTEX is a free MATLAB™ toolbox for analysing and modelling crystallographic texture using
pole figure and EBSD data. It offers functions for data import, visualisation, texture
computation, and simulation. The provided graphs Figure 67 (a) to (c) illustrate the
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relationship between energy density and the area fraction of different fibre orientations in
thin walls, determined through MTEX measurements along the BD direction (sdv: £0.10%)
[367]. The graphs depict the area fractions of fibres oriented along <100>, <101>, and <111>
directions relative to the BD. For fibres oriented along <100> // BD, which provide better
magnetic properties due to their easy magnetisation, the area fraction increases slightly with
increasing energy density. The data show a positive correlation, suggesting that higher energy
densities lead to a greater proportion of fibres in the <100> orientation. This could be due to
the thermal conditions and solidification rates that favour the formation of <100> fibres at
higher energy inputs. In contrast, the fibres oriented along <101> // BD, which have medium
magnetisation properties, exhibit a relatively stable area fraction across the range of energy
densities. The data show that energy density has a minimal effect on the formation of <101>
fibres. This stability suggests that the <101> orientation is less sensitive to changes in energy
density compared to <100> and <111> fibres. Lastly, for fibres oriented along <111> // BD,
known for their hard magnetisation properties, the area fraction decreases as the energy
density increases. The negative correlation indicates that higher energy densities result in
fewer <111> fibres compared to <100>//BD. This reduction could be attributed to the specific
crystallographic growth conditions that become less favourable for <111> fibres at higher
energy inputs. In summary, increasing energy density in the LMD process tends to promote
the formation of <100> fibres while reducing the formation of <111> fibres, with <101> fibres
remaining largely unaffected. These observations highlight the critical influence of energy
density on fibre orientation, which in turn affects the magnetic properties of the
manufactured thin walls. This understanding can be helping to optimise the LMD process for
desired magnetic characteristics by carefully controlling the energy density applied during
manufacturing.
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Figure 67. Effect of energy density on fibre orientation in LMD thin walls samples in <100>//BD,
<101>//BD, <111>//BD direction.

The bar chart in Figure 68 presents the area fractions of different fibre orientations (common
fibresin the rolling process) in electrical steel samples manufactured using LMD across various
energy densities (sdv: £0.10%). The fibres include cube orientation, and Goss orientation,
each displaying unique behaviours influenced by energy density. Figure 68 (a) shows that the
area fraction of Goss orientation remains relatively stable and randomly scattered as energy
density increases, indicating no strong linear correlation. Interestingly, the Goss orientation
appears more prominent in LMD samples compared to conventional methods [112], possibly
due to specific thermal cycles during the process that do not favour its formation. Notably,
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the highest Goss fractions are observed at lower energy densities, suggesting that lower
energy inputs may be more favourable to developing this orientation. This implies that factors
beyond energy density, such as cooling rates and thermal gradients, are likely to be more
influential in determining the microstructure. In Figure 68 (b) the area fraction of cube
orientation increases with energy density, showing significant peaks at higher densities. Cube
orientation peaks around energy densities of 60, 64, 66, 70, and 74 J/mm?, indicating that the
thermal cycles and energy inputs in LMD facilitate the alignment of grains in this orientation.
The high area fraction of cube orientation is beneficial for magnetic properties and highlights
the advantage of LMD in promoting desirable textures that are difficult to achieve through
conventional methods [214, 368, 369].
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Figure 68. The impact of energy density on fibre formation in electrical steel based on the BD for
cubes and Goss orientation.

6.7 Effect of laser energy density on grain size evolution of thin wall
The effect of the laser energy density on surface morphology, microstructural evolution of
FeSi 6.5% was investigated. The LMD FeSi 6.5wt% parts were subjected to a series of advanced
materials characterisation techniques such as EBSD. To obtain representative values for
overall grain sizes, the weighted average equivalent circle diameter was used to measure the
average grain size (sdv: £0.25%). The results indicate that increasing the energy density from
54.5 to 80.5 J/mm? led to a significant increase in the weighted average equivalent circle
diameter, rising by approximately 260% (from 500 um to over 1800 um), as shown in Figure
69 (linear fit: R = 0.3157). This trend was observed across 20 samples printed with different
processing parameters, where higher laser power, which directly increases laser energy
density, consistently led to larger grain sizes. Similar findings [323] have been reported,
highlighting the correlation between energy density and microstructural changes, a
relationship driven by laser power’s influence on energy input per unit area. Other studies
reinforce this link, noting that elevated energy density promotes grain growth, while recent
research [370] indicates that grain size evolution is critical for balancing the magnetic and
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mechanical properties of electrical steel, emphasising grain structure’s role in optimising
material performance.

Egquation y=a+b*x
P Weighted average Weighted average
ot > : = :

equivalent circle d equivalent circle d

Weight No Weighting

Intercept -1485.23215 + 84 -t

Slope 35.95681 + 12477 -t

Residual Su  1699736.87616 - n

Pearson's r 0.56189

R-Square (C 031571

Adj. R-Squar 0.2777

n

[=

o

(=)
|

1500 -

1000 -

500

Average grain size
Weighted average equivalent circle diameter (um)

1 T 1 T T
54 56 58 60 62 64 66 68 70 72 74 76 78 80 82

Energy density (J/mm*2)
Figure 69. Effect of the laser energy density on grain growth in thin wall samples.

Several factors contribute to the increase in grain size, especially in the LMD process. One
such factor is the high thermal gradient experienced by the metal during rapid heating and
cooling, affecting grain nucleation and growth. This phenomenon results in larger grain sizes,
particularly in areas where heat accumulates, as noted in the BD [346]. Adjusting the thermal
gradient during the manufacturing process, as suggested in [371], can alter the texture, while
increasing laser energy density can lead to intensify texture. Additionally, the solidification
rate plays a crucial role in influencing grain size. For instance, altering the local solidification
conditions by adjusting the building orientation can influence the morphology of grains,
leading them to become either equiaxed (smaller) or columnar (larger). In simpler terms,
changing the solidification process can modify the appearance of grains, a characteristic
closely tied to the undercooling conditions. Undercooling, in turn, depends on the thermal
gradient (G) and the rate of solidification interface movement between solid and liquid (R).
Consequently, a low (G/R) ratio results in increased undercooling, which is advantageous for
forming equiaxed solidification morphology [345]. Moreover, as the solidification rate
decreases, there is more time for atoms to migrate and form larger grains, resulting in coarser
and larger grain sizes [372]. In this scenario, a high thermal gradient and rapid solidification
have led to the formation of columnar grains along the BD, aligned with the heat flow.
Consequently, the combination of these factors not only promotes the elongation of grains
but also contributes to an increase in grain size. Residual stress induced during the LMD
process also impacts the microstructure [373]. In regions with higher residual stress,
preferential grain growth may occur, leading to larger grain sizes.
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However, contrasting results were reported by [374] where the small grains formed when
there is low residual stress existing. Additionally, process parameters like laser energy density
can influence the thermal profile and cooling rate, consequently affecting the formation of
columnar grains on the side and top planes. This can also lead to an increased depth of the
molten pool and a transition from a crystallographic fibre texture to a cube texture [5, 184].
Thus, laser energy density plays a crucial role in the microstructural evolution, particularly in
grain growth during the LMD processes. For example, as can be seen Figure 70 (a), (b) and (c)
provided bar charts compare three samples, TW15, TW18 and TW30, in terms of grain size
distribution and the effects of different laser power settings used in their preparation. Sample
TW15, prepared with a laser power of 400 W and a scan speed of 400 mm/min, illustrates a
grain size distribution predominantly within the 0 to 2000 um range. Specifically,
approximately 71 % (area weighted fraction) of the grains fall within the 0 to 500 um range,
22 % between 500 and 1000 um, and 7 % between 1000 and 2000 um. This indicates a narrow
grain size distribution with negligible grains beyond 2000 um. In contrast, sample TW18,
prepared with a higher laser power of 465 W but the same scan speed of 400 mm/min,
exhibits a broader and more varied grain size distribution. In TW18, about 26 % of the grains
are within the 0 to 500 um range, 14 % between 500 and 1000 pm, 17 % between 1000 and
2000 pum, and a significant 43 % at the 5000 um mark. This indicates the presence of much
larger grains in TW2 compared to TW15. Sample TW30, prepared with a laser power of 500
W and a scan speed of 400 mm/min, exhibits a grain size distribution that is more spread out
compared to TW15. Notably, the majority of grains are concentrated in two distinct size
ranges: 0 to 2000 um and a significant peak around 4000 um. Specifically, the data shows that
approximately 33 % of the grains are around 4000 pm, indicating a substantial presence of
larger grains, while the remainder is mostly within the 0 to 2000 um range 67 %. This broader
distribution, particularly the increase in larger grain sizes, can be attributed to the higher laser
power used in TW30, which likely led to slower cooling rates and more extensive grain growth
during solidification. This indicates the presence of much larger grains in TW18, TW30
compared to TW15. The comparison highlights that the increase in laser power from 400 W
in TW15 to 500 W in TW30 results in a substantial shift in grain size distribution. For example,
TW18 shows a reduction in the fraction of smaller grains (0 to 500 um) from 71 % to 26 %, a
decrease of approximately 63.4 %, and an increase in the proportion of larger grains (5000
um) to 43 %, compared to none in TW15. In other words, by increasing the energy density,
the grain size increased by 177.78 %. This notable grain growth is also apparent in Figure 63.

These findings demonstrate that higher laser power promotes larger grain growth, resulting
in a broader and coarser grain size distribution in sample TW18. This is primarily attributed to
the increased heat input from the 465 W laser power in TW18, which deepens the molten
pool, slows the solidification rate, and extends the time available for grain coalescence and
epitaxial growth. Consequently, TW18 exhibits a significant fraction of larger grains compared
to TW15. In contrast, TW30, processed at 500 W, shows an even broader grain size
distribution, yet the more pronounced thermal impact at 465 W in TW18 suggests an optimal
heat distribution at this power level. This mechanism aligns with studies on laser power
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effects in additive manufacturing, which indicate that higher energy inputs enhance grain
growth by reducing cooling rates and stabilising thermal gradients [375]. These
microstructural changes are likely to influence the material’s mechanical strength and
magnetic properties, warranting further detailed investigation.
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Figure 70. Grain development based on area weighted fraction of different samples (a) TW15, (b)
TW18 and (c) TW30.

6.8 Effect of scanning speed on grain development
The effect of the scanning speed on microstructural evolution of FeSi 6.5% was investigated.
The scatter graph Figure 71, illustrates the relationship between scan speed (measured in
mm/min) and grain size (represented by the weighted average equivalent circle diameter
(um) (sdv: £0.15%). As the scan speed increases from 360 mm/min to 400 mm/min, there is
a noticeable decrease in grain size. Specifically, at a scan speed of 360 mm/min, the grain size
is approximately 1290 um. When the scan speed increases to 380 mm/min, the grain size
drops to around 875 um, representing a reduction of about 32.2%. Further increasing the scan
speed to 400 mm/min results in the grain size decreasing to approximately 552 um, which is
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a significant reduction of 57.2% from the initial size at 360 mm/min. However, beyond 400
mm/min, the relationship between scan speed and grain size becomes more complex. For
instance, at 425 mm/min, the grain size increases to approximately 1025 um, indicating an
85.5% increase from the 400 mm/min measurement. At 440 mm/min, the grain size further
fluctuates, reaching around 780 um, which is a 23.9% decrease from 425 mm/min but still
higher than the grain size at 400 mm/min. These fluctuations suggest that at higher scan
speeds, the relationship between scan speed and grain size is not straightforward. Rapid
thermal cycles and other dynamic factors at these higher speeds may cause inconsistent grain
sizes. Overall, while there is an initial inverse relationship between scan speed and grain size,
with a clear reduction in size up to 400 mm/min, the relationship becomes less predictable at
higher speeds. Additionally, a similar trend was observed [376] with increasing laser scanning
speed, which can reduce grain size. This occurs because higher scanning speeds decrease the
amount of powder melted and lower the energy density of the laser. As a result, there is less
interaction time between the laser and the powder, leading to a smaller melt pool, which in
turn results in a finer grain structure.
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Figure 71. Effect of the scanning speed on grain growth in thin walls.

6.9 Impact of scanning speed on microstructure features
The EBSD images in Figure 72 reveal distinct differences in grain development and
morphology between samples TW19 and TW27, manufactured by LMD with varying scanning
speeds while maintaining constant laser power (450 W). Sample TW19 has a weighted
average equivalent circle diameter of 1290 um, while TW27's is 780 um, representing a
decrease in grain size by approximately 40%. The larger grains in TW19 indicate more time
for growth, resulting in elongated grains typical of directional solidification in LMD processes.
In contrast, sample TW27's smaller, thinner grains suggest a higher nucleation rate and less
time for growth, leading to smaller, narrower pancake shape grains. At higher scanning
speeds, as in TW27, the laser moves quickly, resulting in a faster cooling rate and less time for
interaction with the FeSi 6.5% material, producing finer grains [344]. Moreover, the increased
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scanning speed and cooling rate drive a transition from columnar to equiaxed grain
structures, causing grain breakdown [296]. However, despite the higher scanning speed in
TW27, some columnar grains remain due to the directional heat flow within the melt pool
and the thermal gradient in the BD, induced by the high laser power. This directional heat
flow promotes the growth of columnar grains alongside finer equiaxed grains shapes [377].
An important observation is that TW19 shows cracks along the cross-section, while TW27
does not. Perhaps, the presence of cracks in TW19 can be attributed to the larger grain size
and the resulting internal stresses during solidification. Larger, elongated grains can induce
higher residual stresses, leading to solidification cracking due to thermal contraction of the
alloy during the final stage of solidification, when the material transitions from a semi-solid
to a fully solid state and easy for cracks to propagate in area with less grain boundaries. In
contrast, TW27's finer grains, resulting from rapid cooling and higher nucleation rates,
distribute stresses more evenly, reducing the likelihood of crack formation [378]. The higher
scanning speed in TW27 (440 mm/min) leads to rapid cooling and solidification, producing
smaller, more numerous, and less defined grain boundaries. Conversely, the lower scanning
speed in TW19 (365 mm/min) allows for larger and more elongated grains with pronounced
boundaries due to higher energy density (73.97 J/mm?) compared to TW27 (61.4 J/mm?)
which results in a larger melt pool aligned with the heat flow direction (BD). These
observations suggest that the 40% reduction in grain size, caused by higher scanning speeds,
leads to the formation of smaller, pancake-shaped grains in some areas. Although grain
refinement generally improves both strength and ductility, in this case, the rapid cooling and
high energy input induce local residual stresses and brittleness, which can reduce ductility
despite the finer grain size [379]. The thermal history of the melt pool significantly influences
microstructure development. Variations in the cooling rate can result in either coarser or finer
grains, thereby impacting mechanical properties like, tensile strength [380]. Moreover, the
absence of cracks in TW27 further highlights the benefits of smaller, and thinner grains in
mitigating internal stresses. This information is critical for understanding and optimising the
mechanical and magnetic properties of the materials based on their grain structure.
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Figure 72. EBSD maps (a and b) for TW19 (a) and TW27 (b) illustrated the grain development.

121



The ODF maps in Figure 73 reveal that by increasing the scanning speed to 440 mm/min, the
Goss orientation area fraction increases by 110% (from 0.0067 to 0.014), and the {011}<211>
Brass texture decreases in ¢, = 0° and 45° ODF. Both TW19 and TW27 show almost the same
texture, by increasing the scanning speed from 365 to 440 mm/min at a constant laser power
of 450 W. This contrasts with the effects of laser power at a constant scanning speed, which
were covered in previous sections. Furthermore, both TW19 (E= 73.97 J/mm?) and TW27 (E=
61.4 J/mm?) exhibit strong preferred orientations in the <001> orientation, with PF map
intensity values of 11.24 and 11.68, as well as with the 0.58 and 0.54 area fraction of fibre
<100> //BD, respectively. This slight difference indicates that while scanning speed affects
grain size and morphology, the overall strength of the <001> texture remains robust. These
observations confirm that the LMD process consistently produces a strong <001> texture in
both samples, highlighting the uniformity of grain orientation despite variations in processing
parameters.

pu03607) (a) TW19 (Laser power:450W, Scan speed: 365mm/min) pr0-3607) (b) TW27 (Laser power: 450W, Scan speed: 440mm/min)
100 " ) l100 e

Figure 73. @2 = 0" and 45°ODF maps of the FeSi 6.5wt% for different samples TW19 (a) and TW27 (b).

6.10 Effect of scanning strategy on grain development
In this study, thin-wall components were produced using LMD. This process involved moving
a laser beam source layer by layer to melt the powder feed material onto a substrate. As
illustrated by [381] optimising the performance of manufactured samples heavily depends on
the design of scanning paths, as they impact the thermal history of each layer. Samples such
as TW33 and TW35 were printed with a same process parameters of scan speed of 400
mm/min and laser power of 450 W but, different scanning strategies such as unidirectional
and bidirectional respectively, as shown in the cross section of these samples in Figure 74.
This study shows how different scanning strategies such as unidirectional and bidirectional
significantly influence the microstructure of manufactured samples, even when the laser
power and scan speed remain constant. The unidirectional scanning strategy (TW33),
characterised by the laser beam moving in a single direction for each layer, creates a uniform
thermal gradient and steady cooling rates which can have an impact on the shape of the melt
pool [380, 382]. This results in a decrease in the grain sizes, with a weighted average
equivalent circle diameter of 550 um. Also, the unidirectional heat flow during solidification
promotes elongated grains with a uniform <001> crystallographic orientation, aligning with
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the preferred crystal direction [383]. In contrast, the bidirectional scanning strategy (TW35)
involves the laser alternating direction with each layer. As a result, the next scan vector begins
in a region with a higher temperature, since the previous scan ends nearby. This introduces
complex thermal histories and varying cooling rates compared to the unidirectional scan. This
leads to larger grains compared to TW33, with a weighted average equivalent circle diameter
of 624 um, representing a 13 % increase in grain size over the unidirectional scanning. This
value suggests a statistically significant change in grain size. The alternating heat input
disrupts the solidification front, resulting in grains with varied orientations and a less uniform
microstructure which can have an impact on residual stress [384]. These differences might
happen because the consistent heat flow in unidirectional scanning promotes controlled grain
growth and alignment, while the variable heat flow in bidirectional scanning causes
fluctuations in the solidification process, leading to diverse grain sizes and orientations.
Understanding these effects is crucial for optimising the mechanical and magnetic
performance of deposited parts through careful selection of scanning strategies [383].
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Figure 74. EBSD maps of (a) TW33 unidirectional, (b) TW35 bidirectional, which fabricated under the
same process parameters.

The analysis of ODF images in Figure 75 for samples TW33 and TW35, manufactured using
unidirectional and bidirectional scanning strategies respectively, demonstrates significant
differences in texture. In @2 = 0°, TW33 exhibits a pronounced cube texture {001} <100> and
near rotated Goss texture {011} <011>. In contrast, TW35 shows a higher intensity, featuring
a more pronounced near cube texture and near Goss texture as well as low Brass component
{110} <112>. In 2= 45°, TW33 maintains a more pronounced near rotated cube texture {001}
<110> and visible rotated Goss texture and less y fibre {111}, whereas TW35 continues to
exhibit a more pronounced near the Brass component and less pronounced near rotated cube
texture, with the rotated Goss texture becoming less visible as well as less y fibre {111}.

As previously mentioned, these variations happen due to the different thermal histories
induced by the scanning strategies. Unidirectional scanning (TW33) promotes a consistent
thermal gradient, resulting in a steady solidification front that favours the growth of stable
textures like the cube texture and near rotated cube texture [385]. This consistent thermal
environment aligns with the formation of finer, thinner, smaller grain sizes. Conversely,
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bidirectional scanning (TW35) introduces variable thermal gradients and fluctuating
solidification fronts. These conditions enhance the development of different textures due to
the changes in thermal conditions. The increased overall larger grain sizes (a 13 % increase
compared to TW33), highlight the impact of the bidirectional strategy in promoting more
pronounced textures due to higher energy input and complex thermal profiles. Recognising
these effects is vital for refining the microstructure and mechanical properties of fabricated
parts by precisely managing the scanning strategies. Based on the analysis, TW35 it might be
better for magnetic properties. TW35, manufactured using the bidirectional scanning
strategy, has a slightly higher cube orientation area fraction//BD (0.44), high Goss texture
area fraction (0.025) //RD, and lowery fibre// BD (0.074, decreased by 6% compared to TW33)
and less Brass component fractions compared to TW33. The cube texture {001} <100> is
beneficial for magnetic properties, promoting higher permeability and lower core losses. In
contrast, TW33, made with the unidirectional scanning strategy, shows more pronounced y
fibre {111}//BD (0.078) and more Brass components, which are less favourable for magnetic
properties. Therefore, TW35 would likely exhibit better magnetic properties than TW33.

« (a) TW33 (Laser power:450W, Scan speed:400mm/min), Unidirectional P (b) TW35 (Laser power:450W, Scan speed:400mm/min), Bidirectional
\
g

10

Figure 75. ODF analysis: texture and grain orientation in TW33 (unidirectional) vs TW35
(bidirectional).

To understand the impact of scanning strategy on grain structure and texture, EBSD, IPF, and
PF maps of TW33S (surface area) and TW35S (surface area) samples, processed with identical
parameters (450 W laser power, 400 mm/min scan speed), were analysed. The TW33S
sample, fabricated using a unidirectional scanning strategy, exhibits smaller, thinner grains
(weighted average equivalent circle diameter of 750 um) that tilt toward the heat source,
reflecting an irregular texture in the IPF map. This might arises from a unidirectional heat flow
creating an uneven thermal gradient, which disrupts the solidification front and promotes
misoriented grains. In contrast, the TW35S sample, processed with a bidirectional scanning
strategy, displays larger, thicker grains (weighted average diameter of 1100 um, a 47.25%
increase) elongated along the BD. The pole figures (PFs) in Figure 76 clearly illustrate the
texture differences: TW33S shows a weak <001> texture with more scattered intensity
(maximum ~4), indicating greater misorientation, while TW35S exhibits a stronger <001>
texture with concentrated peaks (maximum ~5) aligned along the BD. The angle between the
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primary peaks in TW35S’s PF is approximately 20° degrees, highlighting the improved
alignment due to the bidirectional strategy’s alternating heat flow, which balances thermal
gradients and fosters a more uniform solidification front. These differences reduce from the
bidirectional strategy’s alternating heat flow, which balances thermal gradients and fosters a
more uniform solidification front. Thus, despite identical processing parameters, the scanning
strategy significantly influences thermal history, grain morphology, and crystallographic
texture. A key factor contributing to the superior grain structure and orientation in TW35S is
the heat flow associated with the bidirectional scanning strategy. In bidirectional scanning,
the heat flow during deposition is more uniform and balanced, as the laser scans back and
forth across the surface. This balanced heat flow allows for more consistent thermal gradients
and cooling rates, which minimises the grain tilting that occurs in unidirectional scanning and
grain growth in BD direction. As a result, the grains in TW35S grow more uniformly, and their
alignment in the BD is significantly improved. This reduction in grain tilt means that fewer
grains are misaligned, allowing more to adopt the favourable <001> orientation in the BD
direction [383]. In contrast, the unidirectional scanning strategy used in TW33S creates an
uneven heat distribution, with a more localised temperature gradient, leading to the thinner,
tilted grains observed in the EBSD map. The uniform heat distribution in bidirectional scanning
also has additional benefits beyond improving grain orientation. The more consistent cooling
rates help in achieving larger grains, as evidenced by the larger grain size in TW35S compared
to TW33S. In some application larger grains are beneficial in magnetic materials because they
reduce the number of grain boundaries, which act as barriers to magnetic domain movement.
Fewer grain boundaries lead to lower eddy current losses and enhanced magnetic
performance, especially in high-frequency applications where grain boundary effects are
more pronounced. In summary, the bidirectional scanning strategy employed for TW35 not
only increases grain size and improves crystallographic alignment but also corrects the tilted
grain structure seen in TW33 by ensuring more uniform heat flow during deposition. The
bidirectional heat flow leads to fewer misaligned grains, promoting the desirable <001>
orientation in the building direction, which is critical for improving the magnetic properties of
FeSi alloys. This results in better magnetic permeability, reduced core losses, and overall
enhanced performance of the material. Conversely, the unidirectional scanning strategy in
TW33 produces thinner, tilted grains with a more scattered crystallographic texture, making
it less ideal for optimising the material's magnetic properties.
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(a) TW33 surface area (Laser power: 450W, Scan speed : 400mm/min), Unidirectional

<001>

Y=ND

Z=SD/RD X=BD/TD
(b) TW35 surface area (Laser power: 450W, Scan speed : 400mm/min), , Bidirectional
Y=ND

(A e e ] Step size:3 pm

Figure 76. EBSD maps BD//IPF of TW33 and TW35 from surface area of TW33S unidirectional (a),
TW35S bidirectional (b) as well as PF map.

6.11 Effect of scanning strategy on fibre formations of thin walls
The comparison of TW33S (unidirectional) and TW35S (bidirectional) surfaces shows clear
differences in fibre formations and crystallographic orientations that directly affect the
magnetic performance of FeSi 6.5 wt%. Both samples were processed under the same
conditions, but the scanning strategies had a significant impact on the microstructure and
resulting magnetic properties. The bar chart data Figure 77 reveal that the bidirectional
scanning strategy used in TW35S leads to more desirable fibre formations and reduced
detrimental ones compared to the unidirectional scanning strategy used in TW33S. Figure 77
(a), shows the area fraction of <100> fibres in the BD, which aligns with the easy
magnetisation axis, enhancing magnetic properties. This fraction increased by 82% in TW35S
compared to TW33S. Similarly, the fraction of theta fibres (<001>//ND), another orientation
that improves magnetic performance by reducing energy losses, showed a 52% increase in
TW35S. The cube orientation, important for lowering magnetic losses, increased by 65%, and
the Goss orientation, which enhances magnetic properties, had a particularly large increase
of 155% in TW35S compared to TW33S. These changes highlight the effectiveness of the
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bidirectional scanning strategy in promoting favourable crystallographic orientations. On the
other hand, in Figure 77 (b) undesirable fibres that negatively impact magnetic performance,
such as <111> fibres, decreased by 48% in TW35S. Gamma fibres (<111>), which are also
unfavourable, saw a 61% reduction, and alpha fibres (<110>) decreased by 54%. These
reductions indicate that the bidirectional scanning strategy not only develop preferable fibres
for magnetic applications but also suppresses the growth of those that degrade the material's
magnetic properties. The fibre orientation with a high area fraction observed in this study is
significantly greater than that reported in previous research on electrical steel manufactured
using conventional processes like rolling [153, 156, 386]. In summary the bidirectional
scanning strategy used in TW35 produces a microstructure with thicker, more elongated
grains in the BD, more aligned with preferable texture of <001> orientations. This leads to
improved magnetic performance by promoting favourable fibre formations while significantly
reducing detrimental ones. The differences in fibre formation, supported by the bar chart
data, clearly demonstrate that the bidirectional strategy is superior for optimising the
microstructure of FeSi 6.5 wt% for magnetic applications.
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Figure 77. Effect of scanning strategy on fibre orientation in additive-manufactured thin walls in the
BD direction.

6.12 Multi-material deposition
Most mechanical components are typically made from a single material which is due to
manufacturing changes to fabric multi-material components. However, with LMD, it is
possible to vary the composition of the deposited material simply by changing the metal
powder. A recent study [387] has shown that different materials, such as 316L stainless steel
and low carbon steel, can be manufactured for high-performance tools using direct laser
deposition. In addition, it was shown that depositing 316L stainless steel for the initial layers
can mitigate crack formation [388]. Therefore, in the current research work, to mitigate
cracking in electrical steels during the printing process, using 316L austenitic steel as a
foundation layer while depositing FeSi with 6.5 wt% silicon has proven effective. Previous
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attempts to directly deposit FeSi on substrates of mild steel encountered significant issues,
including delamination and cracking, which made the process unfeasible for larger-scale
applications. By introducing a three-layer foundation of 316L, deposited with optimised
parameters (600 W laser power, 380 mm/min scan speed), and then applying a single pass of
FeSi with adjusted parameters (430 W and 380 mm/min), the bonding at the interface
between the mild steel substrate and deposited materials was significantly improved. This not
only reduced crack propagation but also enabled continued deposition, particularly in the
foundation layers where cracking was previously prevalent.

The IPF map in Figure 78 (single layer of FeSi deposition = 3 passes per layer) shows a strong
<001> crystal orientation along the BD, which is highly desirable for improving the magnetic
properties of FeSi-based components. The fibre orientation analysis reveals that the area
fraction of <001>//BD is 0.57, confirming the dominance of the <001> texture in the BD.
Additionally, the area fractions for <101>//BD and <111>//BD are 0.12 and 0.04, respectively,
indicating that the material exhibits a strong <001> development with minimal contributions
from other orientations. This strong <001> texture, combined with a relatively low y value,
suggests the presence of easy magnetisation in the BD with weak hard magnetisation. Such
crystallographic texture is ideal for magnetic applications, as it enhances the magnetic
performance of the material, particularly in applications where directional magnetic
properties are critical. Moreover, the weighted average equivalent circle diameter of the
grains, measured at 685 um, demonstrates a favourable grain structure for minimising
hysteresis losses, further improving the material's magnetic efficiency. The absence of
significant delamination at the interface, despite the differing chemical compositions of 316L
stainless steel and FeSi alloy, can be attributed to a combination of metallurgical compatibility
and thermal behavior. Firstly, both alloys have relatively similar coefficients of thermal
expansion, which minimises thermal mismatch during solidification and cooling, thereby
reducing interfacial stresses that could lead to delamination [389, 390]. Secondly, the
presence of silicon in both materials may enhance atomic diffusion across the interface during
the laser deposition process, promoting strong metallurgical bonding. Prior research [391] in
additive manufacturing of dissimilar materials has shown that when materials share thermal
and chemical compatibility, the risk of interfacial defects such as delamination, porosity, or
cracking is significantly reduce. This study demonstrates that multi-material deposition using
LMD is not only feasible but can also enhance the performance of the deposited FeSi 6.5 wt%.
The success of this method opens new avenues for the manufacturing of advanced magnetic
components with tailored properties. Future work should focus on further refining the
deposition parameters to reduce cracking during the cooling process, especially in the FeSi
layer, and on exploring the scalability of this approach for more complex geometries.
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TW20, 3 layers of 316Laustentic steel deposition: (Laser power: 600 W, Scan speed: 380mm/min)
—
9.88

- e
Step size:3 pm BD >

1 layer of FeSi deposition; (Laser power: 430 W, Scan speed: 380mm/min)

Figure 78. EBSD IPF map of the multi-material deposition in sample TW20-.

6.13 Effect of geometric dimensions on texture development
The geometric dimensions of the samples significantly influence texture and microstructure
development, magnetic properties, even when processing parameters remain constant [392].
This study presents novel and promising results demonstrating how variations in geometry
can alter crystallographic orientations, particularly the formation of the <001>
crystallographic direction. When modifying the sample dimensions—specifically reducing the
height from 30 mm to 10 mm and increasing the length from 20 mm to 40 mm while
maintaining a thickness of 1.5 mm—significant changes in the crystallographic orientation
occur, as depicted in Figure 79 (b). The sample TW34 exhibits a remarkably strong <001>
orientation in the build direction, resembling epitaxial growth in well-defined orientation.
Notably, despite not incorporating a foundation layer for sample TW34, maintaining a
substrate temperature of 200 °C minimised residual stresses and cracking, with an energy
density of 61 J/mm?, identical to TW27. Unlike TW27, no cracks were observed in TW34,
showcasing the impact of geometric design on structural integrity. This finding suggests that
by adjusting preheating temperatures based on the sample geometry, the need for
foundation layers can be minimised, thereby reducing material waste. Preliminary
experiments indicate that maintaining a substrate temperature above 200 °C could facilitate
printing without foundation layers, warranting further investigation to confirm these effects
on texture formation and <001> orientation. The strong <001> orientation is particularly
advantageous for enhancing the magnetic properties of FeSi, which is essential for
applications in electrical and magnetic devices. The epitaxial grain growth achieved in sample
TW34 not only improves the magnetic performance but also indicates a refined
microstructure, ultimately contributing to the material's overall effectiveness in applications
requiring high magnetic permeability and low core losses. Sample TW34 was sectioned into
three equal parts along the build direction to analyse microstructural variations throughout
the additively manufactured component. In each section, both the print start points, and print
end point were examined. This approach enables a comparative analysis of microstructure
and potential defects or property changes from the bottom to the top of the build.
Furthermore, as illustrated in Figure 79 (a) and (b) for samples TW27 and TW34 (showing the
start and end points of each sample), the area fractions of crystallographic orientations are
presented in Table 8. The data reveals that the fibre formation of the <001> orientation
increased significantly in sample TW34 compared to TW27, with the area fraction of <100>
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rising from 0.54 in TW27 to 0.83 at the start point of TW34 and slightly decreasing to 0.75 at
the end point. The area fraction of <110> for TW34 remained relatively stable, while the
<111> orientation saw a slight increase in area fraction from TW27 to TW34, particularly at
the end point. This analysis highlights the significance of geometric design in enhancing

microstructure and texture, providing valuable insights for optimising additive manufacturing
processes.

(a) TW27 (Laser power: 450 W, Scan speed: 400 mm/min), dimension: 20 x 30 x 1.5mm?3

Step size:3 um

(b) TW34 (Laser power: 450 W, Scan speed: 400 mm/min), ), dimension: 10 x 40 x 1.5mm3 001
Print start point of sample TW34

101 111
— ie:
2mm Step size:3 um 2=SD/RD X=BD/TD
e Print end point of sample TW34

Y=ND

[
St ize:3
>mm 1 ep size:3 pm

Figure 79.Changes in crystallographic orientation for sample TW27, TW34 after geometric
modifications.

Table 8. Area fractions of crystallographic orientations of different samples.

Sample Aera fraction of fibre Aera fraction of fibre Aera fraction of fibre
<1005 //BD <110> //BD <111> //BD
TwW27 0.5428 0.1519 0.0676
TW34 Start point 0.8261 0.0858 0.0167
Tw34 End point 0.7524 0.1456 0.0228

6.14 EBSD case studies of cubes FeSi 6.5 wt%
The EBSD data was undertaken for all samples to observe the as-built microstructure. As can
be seen in Figure 80, the EBSD map of two different samples C16 (a) and C21 (b) with energy
densities of 60 and 90 J/mm?, respectively. This illustration indicates that the samples contain
a <001> texture along the BD direction, as well as grain morphology. In this case, as the laser
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power increases from 400 W to 600 W while maintaining a constant scan speed of 400
mm/min, the front view of sample C21 showed that majority of the grains preferentially orient
along the BD. This result illustrates the hypothesis of grain growth along the BD direction as
the laser energy density increased from 60 to 90 J/mm?, (C16) and (C21) respectively. As
shown in Figure 80 (b), epitaxial growth can occur across the molten pool boundaries in
certain areas. This happens because the crystal barriers are smaller compared to the
nucleation barriers. This phenomenon is observed when the direction of heat flow in the
neighbouring molten pool is nearly aligned with the crystallographic orientation of the
previous pool. This observation is also noted by [393, 394]. As the energy density increases
by 50%, the total heat input to the deposited FeSi material rises, leading to a larger melt pool,
longer cooling times, and a reduced thermal gradient within the melt pool. This environment
allows grains to grow larger before solidification occurs. Furthermore, increased energy
density can cause remelting and over-melting of previously deposited layers, altering the
microstructure and promoting the growth of larger grains [395]. Furthermore, several
researchers have reported [396-398] that both primary and secondary dendrite arm spacing
decrease with higher cooling rates and thermal gradients, leading to finer grains. This
observation supports the hypothesis that in this scenario, such changes occur when the
energy density is low. Conversely, higher energy density may increase primary and secondary
dendrite arm spacing due to lower cooling rates, resulting in larger grains.

(a) C16 (Laser power:400W, Scan speed:400mm/min) (b) C21 (Laser power:600W, Scan speed:400mm/min)
X=BD/TD

Z=RD/SD, 1—>Y=ND/SD,

Step size: 3 pm

Step size: 3 um

5mm
S5mm

Figure 80. EBSD maps (a and b) and IPFs for C16 and C21 in build directions.

It has been previously mentioned and supported by other researchers [383] that the
preferred grain growth directions, such as <001>, are influenced by heat flow directions and
the competition between grains during the solidification process. The different heat flow
directions and resulting solidification textures observed in samples C16 and C21 can be
attributed to varying processing parameters (Figure 81). As shown, the melt pool boundaries
differ at various energy densities. For sample C16, based on the laser power and scanning
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pattern, the primary heat flow direction during solidification is at an angle of approximately
60°, perpendicular to the edge of melt pool boundary. A similar effect has been observed in
the additive manufacturing of Inconel 718 [383]. During the deposition of the first layers of
FeSi materials, grains were randomly oriented. However, after depositing several layers, the
laser path and scan patterns in EBSD map became evident, revealing that the preferred
growth direction <001> in sample C16 is less aligned with the maximum heat flow direction,
which is about 60°. In contrast, for sample C21, where the energy density was increased to 90
J/mm?2, the preferred growth direction <001> is more closely aligned with the maximum heat
flow direction, which is approximately 90°. This alignment could explain the higher area
fraction of fibres aligned in the building direction for sample C21 (0.27) compared to C16
(0.14). Additionally, the lowest gamma fibre alignment in the BD is observed in sample C21
(0.20), whereas for sample C16, the gamma fibre <111>//BD area fraction is 0.26. These
differences highlight the impact of energy density on grain orientation, solidification, and
texture development behaviour of FeSi in the LMD process.

Grain with an initial orientation of 60° and 90° Scanning direction for each layers
Sample C16 Sample C21
~600 [001] T:I ~90° Layer 5 —» SD,
~60° -~900 <@ [001] Layer 4 SD, ¢—
~60° [001] E ~90° Layer 3 — SD,
~-60° -~90° <—— [001] Layer 2 SD, —
~600 [001] [001] T:I ~9(0 Layer 1 — SD,
Solidification pattern 1 Solidification pattern 2

Figure 81. Schematic diagram of dendrite growth patterns in grains with different orientations
during laser scanning.

The textures of samples C16 and C21 are shown in Figure 82. In sample C21, a dominant
texture emerges, influenced by the elongated grain morphology caused by increasing the
laser power from 400 W to 600 W, while keeping the scan speed constant at 400 mm/min.
This results in a higher texture intensity in C21 compared to C16. Furthermore, the
competitive grain growth phenomenon during layer-by-layer deposition and directional
solidification, induced by the thermal gradient and heat flow in the LMD process, fosters a
preferred growth direction of <001> for new crystals in BCC metallic materials [399]. In this
scenario, certain regions exhibit almost epitaxial grain growth during solidification towards
the deposition direction, which can be compared with the crystallographic orientation of
grains in sample C16. The pronounced dominance of <001> directional solidification texture
becomes apparent in sample C21 as the laser power is increased to 600 W. As previously
noted, the rotation angle of the laser for each printing layer of cubes was set at 90°. The
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results collected from EBSD mapping show that this 90° rotation appears to mitigate
elongation and preferential orientation of grains. Nevertheless, with the increase in laser
power to 600 W, grains in the 90° scan strategy exhibited a more pronounced crystallographic
texture, favouring growth along the <001> direction. It can be logical that increasing laser
power at a lower scanning speed would be advantageous in enhancing texture, particularly
along the <001> direction, and in mitigating anisotropy by generating a larger melt pool.
Similar effects were reported by [400], where rotation angles such as 90° were favoured for
the growth of the <001> direction compared to a 45° rotation angle. Additionally, based on
the results obtained in this experiment, changing the scanning strategy and angle between
layers can change the melt-pool orientation, which in turn affects the heat flux and flow of
materials [401, 402]. Moreover, a similar observation was reported by [223]. Reducing the
scanning angle rotation from 90°, 75°, 60°, 45°, 30°, 15°, to 0° illustrated an increase in the
magnitude of the <001> fibre texture of FeSi in the BD and a decrease in the <111> texture
aligned in the BD. Furthermore, a unidirectional strategy (no rotation, 0°) would be ideal to
increase the magnitude of <001> fibre texture [400]. The main reason is that there is no
shifting between deposited layers, allowing multiple layers to melt over each other from
bottom to top, thereby creating a larger thermal gradient in the BD. This is an ideal condition
for epitaxial grain growth in the BD. Therefore, it can be said that when the samples are not
built perpendicular to the BD, the resulting texture would be weaker. Therefore, it can be
concluded that the scanning strategy has a significant impact on epitaxial grain growth, as has
been previously reported by [401, 402].

Different energy densities (and consequently different cooling rates) reveal different texture
of FeSi 6.5 wt% manufactured by the LMD process as shown in Figure 82. In the ODF ¢,=0°
section for samples C16 and C21, it is illustrated that by increasing the energy density from
60 to 90 J/mm?2, the rotated cube, cube, and near rotated Goss texture (011)[011] are not
present in sample C21. However, a near Brass (011)[211] is still visible but less pronounced,
and a strong Goss texture appears in sample C21. In the ODF ¢,=45° section, the y-fibre
(111)[112] showed some development, and the (113) [122] and rotated Brass component
orientations are also visible but with moderate intensity. The overall texture indicates some
directional solidification influence, but it is not strong at a power of 400 W. At a higher laser
power of 600 W, the area fraction of fibre <100>//BD increased by approximately 86% (0.14
to 0.27), the area fraction of y-fibre <111> // BD decreased by 22% (0.26 to 0.20), and <101>
fraction area decreases by around 29% (0.41 to 0.3). This suggests that the higher energy
input from the 600 W laser caused a bigger melt-pool, homogeneous nucleation, growth, and
solidification, promoting the development of strong texture components such as the Goss
texture. Similar results were reported by [350] regarding the dependency of morphological
and crystallographic texture intensities on laser energy input in AM processes, such as SLM.
It was observed that by increasing the laser power from 400 W to 1000 W, the morphological
and crystallographic texture of austenitic stainless steel underwent significant changes.
Overall, a weak texture was observed in the ODF plots for sample C16, likely because the laser
energy input (60 J/mm?) was insufficient to induce significant microstructural changes,
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leading to a predominantly random grain orientation with only slight development of
preferred textures. Increasing the laser power to 600 W resulted in a higher energy input (90
J/mm?), which significantly influenced the crystallographic texture, promoting more
noticeable orientation alignment. This effect can be attributed to the larger melt pool size and
steeper thermal gradient associated with higher energy densities, which encourage more
directional solidification. The enhanced thermal effects lead to faster solidification rates,
promoting the formation of columnar grains and more defined crystallographic orientations,
thereby strengthening texture development. These observations suggest that higher energy
inputs improve the driving forces for controlled grain growth and texture formation [177].

(a) C16 (Laser power:400W, Scan speed:400mm/min) (b) C21 (Laser power:600W, Scan speed:400mm/min)

$1(0-360°)

Figure 82. Texture of cross-sections and 3D-plots of ODF for FeSi 6.5wt%.

6.15 Effect of energy density on fibre formations of cubes
The formation of fibre texture in electrical steel during manufacturing processing is crucial
because it enhances magnetic performance, creates directional properties, stabilises the
microstructure, and improves mechanical strength. This texture significantly impacts the
material's efficiency in applications like transformers and electric motors, ensuring optimal
performance and durability [214, 403]. The line graphs in Figure 83 illustrate the area
fractions of different fibre orientations in electrical steel samples manufactured using LMD,
plotted against energy density which determined through MTEX measurements along the BD
direction (sdv: +0.10%). These fibres, oriented along the BD, have varying impacts on
magnetic properties due to the magneto crystalline anisotropy of electrical steel. In Figure
83 (a), the area fraction of fibre <100>//BD increases with energy density, ranging from about
0.10 to 0.25. This significant increase (approximately 150%) indicates that higher energy
densities during the LMD process favour the nucleation and growth of the <100> orientation,
which is known for its easy axis for magnetic properties. The high energy input promotes rapid
solidification and cooling rates, enhancing the alignment of grains in this favourable
orientation, with a strong linear correlation (R? = 0.95). Figure 83 (b) shows a decrease in the
area fraction of fibre <101>//BD as energy density increases, dropping from around 0.45 to
0.30. This decrease of about 33% suggests that the conditions created by higher energy
densities are less favourable to the formation of the <101> orientation. This fibre has a
medium axis for magnetic properties, and the shift in energy input likely alters the thermal
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gradients and cooling rates, reducing its prevalence, with a strong linear correlation (R? =
0.98). In Figure 83 (c), the area fraction of fibre <111>//BD decreases with energy density,
falling from approximately 0.26 to 0.21 . This reduction of about 19% indicates that higher
energy densities during LMD disfavour the formation of the <111> orientation, which is
associated with a hard magnetic axis. The LMD process's rapid solidification and cooling rates
likely impede the alignment of grains in this less favourable orientation for magnetic
properties, with a very strong linear correlation (R? = 0.92). The observed trends in fibre
formation can be attributed to the unique thermal cycles and rapid solidification rates
inherent to the LMD process. Under specific conditions, moderate energy densities can lead
to faster cooling rates, which promote the formation of fibres with easy magnetic axes, such
as <100>, while reducing the dominance of fibres with hard magnetic axes, like <111> (hard
magnetic axis), thereby enhancing magnetic performance. This optimisation of grain
orientations through LMD enhances the magnetic performance of electrical steel by
increasing the fraction of fibres that align with easy magnetic axes and reducing those that
align with hard magnetic axes [214].
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Figure 83. Effect of energy density on fibre orientation in LMD cubes samples in <100>//BD
direction, <101>//BD, <111>//BD.

Figure 84 shows the area fractions of various fibre orientations in electrical steel samples
manufactured using LMD, plotted against energy density (sdv: +0.10%). These fibres, oriented
along the normal direction (ND) and rolling direction (RD), have different impacts on magnetic
properties due to the magneto crystalline anisotropy of electrical steel. In Figure 84 (a), the
area fraction of theta fibre <001>//ND decreases with increasing energy density, dropping
from about 0.16 to below 0.05. This significant reduction (approximately 69%) indicates that
higher energy densities during the LMD process reduce the formation of the theta fibre, which
is beneficial for magnetic properties. The decrease suggests that the specific thermal cycles
and rapid cooling rates at higher energy densities may not favour the nucleation of this
favourable orientation as effectively, with a strong linear correlation (R? =0.90). Figure 84 (b)
shows a decrease in the area fraction of alpha fibre <110>//RD, falling from around 0.50 to
about 0.25 as energy density increases. This decrease of approximately 50% implies that
higher energy densities during LMD reduce the dominance of alpha fibre, which is detrimental
to magnetic properties. The reduction suggests that higher energy inputs and associated
thermal gradients may impede the formation of this unfavourable fibre orientation, with a
strong linear correlation (R* = 0.96)
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. Figure 84 (c), the area fraction of gamma fibre <111>//ND, slightly increases with energy
density, fluctuating around 0.25 to 0.30. This modest increase (about 20%) indicates that
higher energy densities may slightly favour the formation of gamma fibre, which is known to
be detrimental to magnetic properties. This graph suggests that certain thermal conditions
during the LMD process might promote the alignment of grains in this less favourable
orientation. Figure 84 (d) showed a reduction in the cube orientation fraction with increasing
energy density, from approximately 0.045 to 0.025, a decrease of about 44%. This suggests
that higher energy density during LMD randomizes texture, enhancing magnetic isotropy
beneficial for magnetic properties in FeSi electrical steel. The observed decrease indicates
that higher energy inputs and associated faster cooling rates limit the nucleation and growth
of cube texture, consistent with findings that DED process parameters influence texture
evolution and magnetic performance [100]. Figure 84 (e), the area fraction of Goss orientation
exhibits a clear upward trend with increasing energy density, starting at approximately 0.03
at 60 J/mm? and reaching about 0.15 at 90 J/mm?. This significant increase of around 400%
suggests that higher energy densities during the process strongly favour the formation of the
Goss orientation, which is crucial for optimising magnetic properties. The pronounced rise in
Goss orientation with energy density indicates that the associated thermal cycles and cooling
rates at higher energy inputs are conducive to the alignment of grains in this preferred
orientation. This trend could be due to enhanced grain growth and reduced solidification
rates at elevated energy densities, leading to more pronounced textural development, with a
very strong linear correlation (R? = 0.97). Consequently, controlling energy density is critical
in tailoring the microstructure for desired magnetic characteristics, with potential
implications for material performance in applications where magnetic properties are
paramount. Overall, these observations highlight the significant impact of the LMD process
parameters on the formation of different fibre orientations in electrical steel. Higher energy
densities tend to reduce the formation of detrimental fibre textures, such as alpha and
gamma, while promoting beneficial textures like the cube fibre, enhancing magnetic
properties. However, they significantly increase the formation of the Goss orientation, which
is highly advantageous for improving magnetic properties. Optimising energy inputs during
the LMD process is crucial for enhancing the magnetic performance of electrical steel by
promoting favourable fibre orientations and minimising the formation of unfavourable ones.

136



0201 (a)

()

e
w
&

0.18 4

e

W

N
.

0.16 4

o
W
e

0.40 -
0.14 4

e
N
®

035+
0.12 4

Area fraction of theta <001>//ND

Area fraction of alpha fibre <110>//RD

Area fraction of gamma fibre <111> // ND

0.26 i
010+ 4 0304 i 0.24
50 & 70 75 80 a5 %0 T T T T T T T T r T T T T T
60 65 70 75 80 85 EL 60 65 70 75 20 85 920
Enegy density (J/mm*2) Enegy density (J/mmA2) Enegy density (J/mm*2)
0.050 - (@
(e) *

§ : g 0.154

= ]

8 0.045 =

S €

2 P M 2

S L H

& 0.0404 . «

2 2 0,10+

5 g

£ 0.035- °

k) 5

B § B

£ i B8

5 0.030 ¥ w005 -

2 L] b

< <

0.025 L — : v T T r T . : . . r : :
60 65 70 75 80 85 90 60 65 70 75 80 85 90

Enegy density (J/mmA2) Energy density (J/mm~2)

Figure 84. The impact of energy density on fibre formation in cubes sample in the <110>//BD
direction, <001>//ND, <111>//ND, cubes and Goss orientation.

6.16 Effect of laser energy density on grain size evolution of cubes
The influence of laser energy density on microstructural evolution of FeSi 6.5wt% cubes parts
was examined in this study. Advanced materials analysis techniques, including EBSD, were
employed to characterise the LMD FeSi 6.5wt% parts. The EBSD maps were collected and
analysed using the AZtech Crystal software. The weighted average equivalent circle diameter
was utilised as a reliable metric to determine the average grain size, ensuring a representative
value for the overall grains. As it can be seen in Figure 85 (a) sample C16, with a laser power
of 400 W and a scan speed of 400 mm/min, predominantly produces smaller grain size, with
approximately 82% grain size falling within the 0-200 um range. In contrast, sample C21 in
Figure 85 (b), which uses a higher laser power of 600 W with the same scan speed, shows a
broader distribution of grain sizes. Specifically, C21 has around 55% of its grain sizes in the O-
200 um range. This represents a 33% decrease in the proportion of small grain size compared
to C16. For medium grain sized (200-400 um), C16 has about 16% while C21 has 25%,
indicating a 56% increase in the proportion of medium grain sized. The most significant
change is observed in the larger grain sizes (400-600 um), where C16 has only about 1% of
grain sizes, compared to C21, which has about 20%. This represents a 1900% increase in the
proportion of larger grain sizes when the laser power is increased from 400 W to 600 W.
Increasing the laser energy density during LMD leads to an evolution in grain size for several
reasons. Higher energy density delivers more heat to the material, resulting in a larger molten
pool that promotes greater melting and encourages larger grain formation as the material
remains liquid for longer periods. Elevated temperatures also increase atomic mobility,
allowing atoms to rearrange more freely, which facilitates the growth of larger grains during
solidification. Additionally, a larger melt pool means longer solidification times, allowing
smaller grains to dissolve and coalesce into larger structures. Finally, higher energy input can
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slow down cooling rates, providing more time for grain growth before the material completely
solidifies. Collectively, these factors contribute to the evolution of larger grain sizes as energy
density increases [316, 404]. In summary, the observations indicate that by carefully adjusting
the laser power, the LMD process can be tailored to produce specific grain size distributions,
thus optimising the mechanical and physical properties (like magnetic performance) and
efficiency of the deposited material for various applications.
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Figure 85. Grain development based on area weighted fraction of different samples (a) C16, (b) C21.

In Figure 86, the average weighted average equivalent circle diameter versus energy density
for identical samples are illustrated. This illustration enables a clear understanding of how the
weighted average equivalent circle diameter changes with varying energy density,
showcasing the impact of energy density on grain size. The results show that there is little
variation in the grain size of the cube samples, even with the use of different scanning
strategies such as bidirectional and unidirectional. This observation remains consistent even
when samples share identical power and scanning speed parameters. For example, samples
C15 and C20, both with 475 W power and 400 mm/min scanning speed yet employing
different scanning strategies, demonstrate similar grain sizes. The uniformity maintained in
process parameters, such as power and scanning speed, likely contributes to the similarity in
grain size between these samples. By calculating the weighted average equivalent circle
diameter of identical samples, any distinctions introduced by varying scanning strategies are
effectively accounted for grain development. This highlights the importance of process
parameters in controlling grain growth, regardless of the scanning strategy used, which
contrasts with the findings for thin-wall samples, where the printing strategy had a stronger
effect on the microstructure. Moreover, the error bars (sdv: 0.20%) in the graph indicate the
variability in the measured grain sizes of identical samples, with a near-perfect linear
correlation (R? = 0.99). The provided line graph demonstrates a clear positive correlation
between energy density and grain size, with a near-linear relationship. As energy density
increases from 60 J/mm? to 90 J/mm?, the weighted average equivalent circle diameter
consistently increases, indicating that higher energy densities promote larger grain sizes. At
60 J/mm?, the average grain diameter is approximately 160 um. When the energy density
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increases to 70 J/mm?, the grain size grows to around 180 um, representing a 12.5% increase.
As the energy density rises to 90 J/mm?, the grain size further increases to about 240 um,
which is a 50% increase from the 60 J/mm? energy density. In comparison to Galdbadi’s [5]
work on SLM with the same alloy, where grain sizes were smaller and thinner due to lower
energy input, the larger grains observed here are likely a result of the higher energy densities
associated with LMD. This contrast highlights the stronger impact of energy input on grain
growth in LMD compared to the LPBF, where lower energy densities typically limit grain size.
This trend highlights the significant influence of energy density on grain size during laser
processing. Higher energy densities lead to increased heat input, which enhances grain
growth by supplying more energy for grains to expand. The direction of this grain growth is
determined by the temperature gradient, while the size of the grains can be controlled by the
solidification rate. Together, these factors play a crucial role in optimising the microstructure
of materials processed with laser techniques [404].
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Figure 86. Effect of the laser energy density on grain growth in cube samples.

6.17 Kernel average misorientation analysis of cube samples
The calculation of KAM in this study followed the same principles as those applied to the thin-
wall samples. Misorientations less than 2° and grain boundaries greater than 10° were
excluded, focusing the analysis on sub-grain boundaries and local dislocations. Additionally,
sub-grain boundaries larger than 2.5° were not considered to concentrate on the region’s
most relevant for magnetic performance. The average KAM values for the low and high laser
power samples (C16 and C21, respectively), at a constant scan speed of 400 mm/min, are
shown in Figure 87. It was observed that the average KAM values for samples C16 and C21
are approximately 0.9° and 0.55°, respectively. This indicates that by increasing the laser
power from 400 W to 600 W, not only the grain size increase, but the KAM values decreased
as well. This suggests that in the smaller grains, especially in sample C16, higher
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misorientation occurred. However, the increase in energy density did not significantly affect
the percentage of sub-grains and grain boundaries in either sample, both of which showed
similar values—about 15% of the grains (2°-10°) were identified as sub-grains, with the
remaining 85% as grain boundaries (>10°). Across all cube samples, the KAM values range
from 0.38° to 9°. Sample C19 exhibited the lowest average KAM value, while sample C16
showed the highest. Based on the KAM values, since the average KAM is less than 1°, it can
be suggested that the samples are unlikely to contain HAGBs. However, these samples do
contain LAGBs, as the misorientation falls between 2.5° and 10°. LAGBs are beneficial for
magnetic properties, as previously mentioned [405]. Furthermore, increasing the laser power
or energy density results in less misorientation and more grains oriented in the BD.

In relation to dislocation density, the KAM values also provide valuable insights. Higher KAM
values typically indicate increased local misorientations, which are associated with higher
densities of geometrically necessary dislocations (GNDs) [406]. Sample C16, which exhibited
the highest KAM value (~0.90°), likely contains a high density of dislocations and localised
strain, including pile-up formation at grain boundary intersections [407]. In contrast, sample
C20, with the lowest KAM value (~0.38°), indicates a much lower dislocation density. These
differences correspond to variations in laser power and energy density during the additive
manufacturing process. While direct magnetic property measurements were not performed
in this study, prior research shows a strong correlation between dislocation density and
magnetic behavior in Fe-Si alloys. Dislocation structures and grain boundary characteristics—
particularly the presence of LAGBs—play a key role in preserving magnetic moment and
minimising domain wall pinning [405]. Their study confirmed that low-angle boundaries
maintain magnetic moments comparable to the grain interior, while high-angle boundaries
and regions of high dislocation density can locally suppress magnetism. Therefore, in the
context of this study, lower KAM values (and thus lower dislocation densities) suggest
improved conditions for soft magnetic behavior in Fe-Si. In conclusion, KAM values provide a
useful indirect metric for evaluating microstructural features that influence magnetic
properties. By adjusting laser power and energy input, it is possible to control dislocation
density and misorientation, ultimately contributing to enhanced mechanical and magnetic
performance in Fe-Si components produced by additive manufacturing.
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(a) C16 (Laser power:400W, Scan speed:400mm/min) (b) C21 (Laser power:600W, Scan speed:400mm/min)
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Figure 87. Overview of KAM map (a), and (b), of sample C16 and C21.
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Chapter 7

7 Challenges and insights in 3D-printing of stators for electrical motor

7.1 Introduction

Electrical machines, such as axial flux machines, require high torque density, which is essential
for applications like electric vehicles, wind turbines, robotics, and other industrial uses. A key
material used in axial flux machines is soft magnetic materials, including composites and
electrical steel. Most electrical machines use electrical steel for laminated stator cores to
reduce energy losses in service. These laminated stators are oriented perpendicular to the
main flux path to minimise eddy current paths without negatively affecting the magnetising
flux Figure 88 (a). In radial flux machines, the stator laminations are stacked axially, whereas
axial flux machines benefit from laminations Figure 88 (b). Soft magnetic materials such as Fe-
6.5 wt% Si can be manufactured for rotating electric machines using novel processes such as
SLM, which improves electrical resistivity and reduces eddy current losses by 50%, further
enhancing machine performance [79]. Compared to the conventional electrical steel
laminations. In this section, the stator is designed and subsequently manufactured to
investigate the microstructure, texture, porosity, and crack development during the LMD
process. The goal was to fabricate a part as close as possible to the electrical steel laminates
available in the market, particularly by incorporating features such as gears, aiming to
replicate the properties and performance of commercial laminates.

(a) Magnetic flux path in axial flux machine (b) Magnetic flux path in radial flux machine

radially stacked laminations axially stacked laminations

Figure 88. Configurations of axial-flux machine (a) and radial flux machine (b) [408].

A motor typically consists of a rotor and a stator, with the stator acting as the stationary
component that generates the magnetic field required for the rotor's motion. In this case, the
stator is positioned around the cylindrical substrate and is designed to facilitate
electromagnetic flux for motor operation. The goal of this work is to manufacture stator discs
using the LMD process while optimising parameters to achieve optimised microstructure for
this application and minimise defects such as cracks. Based on previous experiments and data
obtained from manufacturing thin walls, specific process parameters were selected for
manufacturing the stator disc. These parameters included a laser power of 425 W, a scan
speed of 400 mm/min, an energy density of 63.8 J/mm?, a powder feed rate of 2.5 g/min, a z-
step of 0.45 mm, and a hatch spacing of 0.60 mm. Before printing, the cylindrical substrate
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was preheated to 200 °C, which, as explained in Section 4.2 (Laser Metal Deposition Results),
was chosen as a balanced temperature to mitigate cracking and delamination while avoiding
the distortion issues observed at higher preheating levels [264-270, 272]. This value was
recommended by the industry partner and aligns with reported preheating ranges for brittle
alloys in AM, where moderate temperatures (~150-250 °C) are effective in reducing residual
stresses without compromising part integrity.

Using these conditions, six stator discs of varying heights (denoted as S1 to S6) were
manufactured. Despite challenges typically associated with geometry control in LMD, the
process resulted in a relatively uniform thickness across the discs, demonstrating that precise
parameter selection can improve dimensional accuracy. The final thickness achieved was
within an acceptable range, confirming that LMD can effectively produce controlled
geometries for stator applications. Figure 89 shows that sample S1 exhibited no macro cracks
between the FeSi deposited material and the substrate. To increase the height of the discs,
three layers of foundation were added around the cylindrical substrate during manufacturing,
followed by continuous printing of FeSi. However, samples S4 and S6, which used identical
processing parameters but had extended disc lengths, exhibited catastrophic cracks across
their thickness. Notably, sample S4 shattered after the printing process during the cooling
phase due to thermal stress from the increased length.

(a), (b) and (c) : Laser power 425W, Scan speed 400mm/min) -
(a) S1 1.80

l |

(b) s4

' |

(c)s3

“ 080

Figure 89. Inspection of manufactured stator discs deposited on a cylindrical substrate using the
Hexagon Absolute Arm with 3D laser scanning.
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7.2 Crack and porosity analysis of stator disc using optical microscope, MIPAR, and XCT
The occurrence of cracks in electrical steel disks during the LMD printing process, where the
substrate rotates and the laser remains fixed, can be attributed to several interconnected
factors. Firstly, the rotating substrate introduces uneven heating and cooling cycles, leading
to significant residual stresses within the deposited layers and the substrate itself. These
thermal gradients create stress concentrations that exceed the material's tolerance, resulting
in crack initiation [176]. Moreover, electrical steel's specific thermal properties and
coefficients of thermal expansion can intensify these issues if not carefully managed during
printing. Variations in temperature across the substrate surface due to the fixed laser can
further provoke thermal mismatch between layers and the substrate, compromising material
integrity and increasing susceptibility to cracking. This mismatch can cause differential
expansion and contraction rates, which contribute to the buildup of internal stresses.
Additionally, inadequate metallurgical bonding between deposited layers and the substrate,
often influenced by insufficient preheating temperatures or inconsistent material feed rates,
can weaken the structural integrity of the printed part. This weak bonding can lead to
delamination and subsequent crack propagation during the cooling phase. When the layers
do not bond properly, it creates interfaces that are more prone to crack initiation under
thermal or mechanical loads [214].

Another critical factor is porosity within the deposited material. Porosity refers to the
presence of voids within the material, which significantly impacts crack growth. These voids
act as stress concentrators, where cracks can easily initiate and propagate. Porosity can arise
from various sources, such as improper melting or solidification during the printing process,
contamination, or gas entrapment. In sample S6, the porosity level in the cross-section area
fraction is 1.52%, and this sample also exhibits higher surface area porosity of 3.48% due to
its larger area size Figure 90 (a) and (b) respectively. The increased porosity in the surface
area further compromises the material's mechanical properties, facilitating crack initiation
and growth. The higher porosity at the surface can lead to early failure as surface cracks tend
to propagate more rapidly [283]. The presence of porosity not only reduces the load-
behaviour capacity of the material but also serves as initiation points for cracks, which can
grow under cyclic loading or thermal stresses. Over time, these cracks can join together, as it
can be seen in leading to catastrophic failure of the component.
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(a) Cross-section of sample S6 (b) Surface area of sample S6

™~

Porosity

Figure 90. lllustrated optical images from different area of sample S6 (a) cross section of S6 (b)
surface area of S6.

The XCT (Nikon XTH 320 using a 225 kV head) images can also provide a detailed visualisation
of the internal and surface porosities and the corresponding crack networks within the
material, highlighting the correlation between these defects and the observed failures. As
seen in Figure 91, there are fewer porosities in the cross-section of sample S3 due to the larger
area, whereas the surface area exhibits higher porosity levels. The 3D visualisation explains
the correlation between these defects and the observed failures, offering essential insights
into the material's structural integrity and potential points of weakness. This analysis is vital
for understanding the defect formation under different conditions and for improving its
performance in practical applications.

The XCT images of sample S3 reveal insightful details about its porosity. The cross-sectional
view indicates minimal porosity due to a larger material area, suggesting a solid internal
structure with fewer voids. This uniformity implies enhanced magnetic properties, strength
and durability, minimising potential weaknesses. However, the surface area image illustrates
higher porosity with uneven distribution of pores. These surface imperfections will be
addressed in further processing, as they negatively affect magnetic performance.
Additionally, the factor of thickness on magnetic properties will also be considered during this
process. In 3D visualisation, pore distribution and volume are highlighted, with larger pores
evident in specific regions. Colour-coded volume representation correlates defects with
structural weaknesses, offering a comprehensive view. Notably, despite identical processing
parameters, sample S3 shows no cracks unlike S4 and S6. This absence of cracks may be
attributed to lower cross-sectional porosity, indicating robustness against stress without
compromising structural integrity. Figure 91 (a), (b) and (c) illustrates these findings: minimal
porosity in the cross-section and higher levels on the surface. The 3D view links defects to
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observed failures, crucial for assessing structural integrity and enhancing performance in
practical applications for such parts like stator discs. To overcome these challenges, it is crucial
to maintain precise control over processing parameters such as preheating temperatures,
laser settings, and material feed rates. Additionally, modifying the substrate material or
changing the substrate from a solid cylindrical form to a hollow tube could enhance heat
absorption and distribution. A hollow tube allows for more efficient heat dissipation during
the printing process, preventing excessive heat buildup that can cause residual stress and
distortion. Additionally, this design change reduces the thermal gradient across the material,
which improves the bonding between the deposited material and the substrate, leading to
stronger, more reliable results. Furthermore, implementing post-processing techniques such
as inter-pass stress relief heat treatment and stress relief annealing may be necessary to
reduce residual stresses and improve the overall durability of the printed components. By
optimising these factors and minimising porosity, manufacturers can mitigate the risk of
cracking and ensure the successful application of LMD technology in electrical steel printing
processes.

Figure 91. Porosity analysis showing the cropped image from XCT data for sample S3 in different

areas.

7.3 Microstructural characteristics of stator discs FeSi 6.5 wt%
The provided IPF maps in Figure 92 offer detailed insights into grain size and <001> crystal
orientation for different samples, specifically the ST4 tooth gear and sample S6, examined
both in cross-section and on the surface. The ST4 tooth gear exhibits the largest grain size at
1588 um, with a prominent <001> crystal orientation along the longitudinal direction (BD),
indicated by the predominant red coloration in the IPF map resembling a single crystal due to
the large grain size. This strong <001> orientation suggests grains are aligned in a manner that
enhances magnetic properties. The larger grain size indicates slower cooling rates due to
higher laser heat input in the small section area and a high thermal gradient, allowing grains
to grow into columnar shapes and develop a well-defined orientation along the BD direction
[409]. In relation to electrical steel, the ST4 tooth gear's large, elongated grains with a strong
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<001> orientation would positively impact its magnetic properties. Such grain orientation can
reduce hysteresis losses and improve magnetic permeability, particularly in the direction of
grain elongation (which is in parallel to the BD), enhancing the efficiency of magnetic flux
alignment suitable for applications in transformers and electric motors where magnetic
properties are critical. Sample S6 was analysed through its cross-section and surface to
understand variations in grain structure and crystal orientation across its thickness. The cross-
section reveals a grain size of 1031 um, smaller and thinner than the ST4 tooth gear but still
relatively large. The IPF map shows a mix of orientations with a noticeable presence of <001>
oriented grains, though less dominant compared to the ST4 tooth gear, indicating moderately
controlled grain growth influenced by intermediate cooling rates during the printing process,
promoting some preferred orientations, but also resulting in diverse grain structures. These
variations can influence the magnetic properties of the material, particularly in terms of
orientation-dependent magnetisation behavior [410].

The surface of sample S6 also displays a larger grain size same as the cross-section sample S6,
reflecting larger and thicker grains compared to the cross-section. Initially deposited layers
show a more randomised crystal orientation with fewer <001> oriented grains same to the
cross-section, suggesting rapid cooling and solidification at the interface between the first
deposited layer and the substrate led to higher nucleation rates and smaller, more randomly
oriented grains. Observations indicate that the magnetic properties of silicon steel in sample
S6 exhibit variation across its thickness, influenced by the differences in grain structure and
cooling rates. The relatively large grains and moderate <001> orientation in the cross-section
still provide beneficial magnetic properties, though less pronounced than in the ST4 tooth
gear. Conversely, the interface areas between the substrate and first deposited layers, with
finer and more randomised grain structure, show characteristics that may negatively affect
the overall performance, such as higher hysteresis losses and lower magnetic permeability
due to the absence of dominant grain orientation. There is a clear gradient in grain size from
the largest in the ST4 tooth gear (1588 um), through the cross-section of sample S6 (1031
um), and the surface of sample S6, attributed to differences in cooling rates and thermal
gradients during solidification. The ST4 tooth gear's larger grains indicate slower cooling,
while the finer grains on the interface areas of sample S6 suggest rapid cooling. The ST4 tooth
gear exhibits a strong <001> orientation, which is beneficial for specific material properties.
In contrast, the cross-section and surface of sample S6 show moderately <001> oriented
grains, reflecting partial control over grain growth direction. Additionally, S6 displays a more
elongated grain structure with <001> orientation, attributed to slower cooling, making it ideal
for achieving a preferred crystal orientation. Consistent laser power (425 W) and scan speed
(400 mm/min) across all samples highlight that observed differences in grain size and
orientation primarily result from variations in cooling rates and thermal gradients
experienced during processing.

In summary, the ST4 tooth gear's larger grain size and strong <001> orientation along the BD
make it well-suited for magnetic applications. These properties enhance magnetic
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performance in electrical steel, reducing hysteresis losses and improving magnetic
permeability in the direction of grain elongation. Sample S6, with its varying grain sizes and
orientations through thickness, provides a broader perspective on how different cooling rates
and solidification conditions affect microstructural development. The cross-section of sample
S6 shows moderate control over grain orientation, while the surface displays larger, thicker,
and less randomised grain structure, highlighting the complex interplay between processing
parameters and resulting microstructures. Understanding these variations is crucial for
optimising material properties, including magnetic characteristics, through precise control of
processing conditions to achieve desired grain size and orientation.

(a), (b) and (c) : Laser power 425W, Scan speed 400mm/min)

(a) Cross-section area of the stator disc tooth gear in sample ST4

==

Step size:3 pm

|—| Step size:3 um
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Figure 92. (a), (b), and (c) displays inverse pole figures for cross-sectional and surface area analysis of
stator disc samples ST4 and S6.

The EBSD top view (Figure 93) image of sample ST4 tooth gear highlights the variation in grain
size and <001> crystal orientation. The average equivalent circle diameter for the grains in
the top view of ST4 is 428.85 um, which is considerably smaller when compared to the cross-
sectional grain size of 1588 um previously illustrated for the ST4 tooth gear. The grain size
difference between the top view and cross-section can be quantified by calculating the
percentage change, showing a decrease of approximately 73% in grain size from the cross-
section to the top view. This notable difference is likely a result of the thermal gradients
experienced during the laser metal deposition process. In the cross-section, the grains align
and grow larger in the longitudinal direction (which is in parallel to the BD) due to slower
cooling rates and the heat dissipation primarily occurring in the direction perpendicular to the
building layers. The laser beam's heat source influences the grain nucleation/growth, and in
the cross-section, this results in elongated and larger grains. However, in the top view, the
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grains exhibit more variation in size, particularly because the cooling rates are faster on the
surface and across different regions, limiting the grain growth compared to the bulk of the
material.

In the top view, a prominent alignment of <001> oriented grains were observed, which are
generally aligned in the BD. This alignment is perpendicular to the thermal gradient, induced
by laser beam. The preferential growth of <001> oriented grains is encouraged by the
directional solidification that occurs as the material cools during deposition. This alignment is
particularly advantageous for electrical steel, as the <001> orientation enhances magnetic
properties by reducing magnetic losses in the material. The alignment of <001> grains in the
building direction is critical because it depresses the hard magnetisation axis, specifically
<111>, which is less prominent here. This is favourable for magnetic performance, as the
<111> orientation is typically associated with higher magnetisation resistance. The variation
in grain size across different regions of the top view sample can also be attributed to local
differences in heat distribution and solidification conditions during the LMD process. Areas
closer to the centre of the sample might experience slower cooling, allowing for more
significant grain growth, while the edges cool more quickly, resulting in smaller grains. This
variation in grain size and distribution is a common feature in additive manufacturing
processes, where localised thermal conditions can significantly impact the microstructure
[344]. In fact, the grain morphology during solidification is governed by the solidification front
instability, which is closely related to undercooling conditions. Increasing the extent of
undercooling promotes equiaxed dendritic growth, and this is mainly determined by the
thermal gradient (G) and the solid/liquid interface movement speed (R) . A lower G/R ratio
increases undercooling, favouring equiaxed solidification morphology. This aligns with the
observation in the top view and cross-sectional grain sizes of sample ST4, which highlights the
influence of laser power and thermal gradients on grain growth. The grains in the top view
are significantly smaller, with a 73% reduction in size compared to the cross-section. The
alignment of <001> grains in the BD enhances the material's magnetic properties, while the
reduced prominence of the <111> orientation contributes to improved performance for
electrical steel applications. The variation in grain size across the top view reflects the local
thermal conditions experienced during the LMD process, leading to differing solidification
rates across the sample. This is consistent with the results observed for different building
orientations, as the geometry configuration and cooling conditions during solidification vary,
altering the solid/liquid interface velocity and ultimately affecting the grain morphology
[345].
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Top view of sample ST4: Laser power: 425W, Scan speed: 400mm/min
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Figure 93. EBSD top view showing variation of <001> oriented grains in ST4 tooth gear.

7.4 Effect of energy density on texture development
Investigating the effect of laser energy density on texture development in electrical steel is
crucial for understanding. These have a significant impact on the material's magnetic
properties. The bar charts in Figure 94 (a) and (b) illustrate the area fractions of different fibre
orientations in electrical steel samples manufactured using LMD which determined through
MTEX measurements along the BD direction. These samples are analysed at an energy density
of 63.8 J/mm? across different sections: S6 cross section, S6 surface section, and ST4 (Tooth)
cross section. In Figure 94 (a), the focus is on fibres oriented along the BD manufactured by
AM. The area fraction of fibre <100>//BD is significantly high in all sections, reaching nearly
0.8 in the ST4 (Tooth) cross section and slightly below 0.7 in both the S6 cross section and S6
surface section. This indicates that the LMD process at this energy density strongly promotes
the formation of the <100> orientation, which is beneficial for magnetic properties due to its
easy axis for magnetisation. The area fractions of fibre <101>//BD and fibre <111>//BD are
considerably lower, with <101> peaking around 0.15 and <111> remaining under 0.1 across
all sections. This distribution suggests that while the LMD process favours the <100> fibre, it
does not significantly promote the formation of <101> and <111> fibres, which are less
favourable for magnetic properties due to their medium and hard magnetic axes,
respectively. Figure 94 (b) illustrates the area fractions of various fibres oriented along the BD
for different sections of LMD discs processed at an energy density of 63.8 J/mm?, highlighting
the impact of this energy density on fibre orientation as measured by METX in the BD
direction. The Goss orientation shows the highest area fraction across all samples, peaking at
approximately 0.4 in the S6 cross section. This represents an 11% increase compared to the
S6 surface section (0.36) and a 150% increase compared to the ST4 cross section (0.16). This
indicates that the LMD process at this energy density strongly favours the formation of Goss
orientation, which is beneficial for magnetic properties. The cube orientation is also
prominent, with an area fraction of about 0.52 in the ST4 (Tooth) cross section, representing
a 247% increase compared to the S6 surface section (0.15) and a 373% increase compared to
the S6 cross section (0.11). This suggests that the LMD process effectively promotes grains
with cube orientation, which enhances magnetic performance. Theta fibre <001>//ND shows
substantial presence, particularly in the ST4 cross section, where it reaches an area fraction
of 0.61. This represents a 97% increase compared to the S6 cross section (0.31) and a 281%
increase over the S6 surface section (0.16), further supporting the LMD process’s role in

150



promoting fibres with favourable magnetic properties. In contrast, the gamma fibre
<111>//ND and alpha fibre <110>//RD, which are generally less favourable for magnetic
applications, exhibit much lower area fractions. The gamma fibre peaks at about 0.11 in the
S6 surface section, while the alpha fibre reaches a maximum of 0.10 in the S6 cross section.
These lower values suggest that the LMD process at this energy density suppresses the
formation of these less desirable fibres. Overall, the chart analysis indicates that the LMD
process at 63.8 J/mm?2. Overall, the chart analysis indicates that the LMD process at 63.8
J/mm? results in variation in the formation of fibre orientations, including those favourable
for magnetic properties, such as Goss, cube, and theta orientations, alongside the presence
of less advantageous fibres like gamma and alpha. This variation in fibre formation across the
disc’s sections likely come from location-specific factors, such as heat distribution or other
conditions during printing, which influence the microstructure. These findings demonstrate
the potential of LMD to optimise the microstructure for improved magnetic performance in
electrical steel, as evidenced by the area fractions measured in the BD direction.
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Figure 94. Variation in fibre orientation across different regions of an additive-manufactured discs
processed at 63.8 J/mm?2.

7.5 Orientation distribution functions of discs
The following analysis compares the ODF sections for two different samples, S6 and ST4
(Figure 95). Both samples were produced using the same laser power and scan speed, but the
cross-sectional area of the tooth gear in ST4 is smaller compared to the cross-section of S6.
For sample S6, the cross-section at in the ODF ¢,=0° section reveals a strong Goss texture
(0112)[100]. This texture is highly beneficial for magnetic properties due to its high magnetic
permeability and low core loss, making it ideal for electrical steels. In contrast, sample ST4 at
in the ODF ¢,=0° section shows a strong cube texture (001)[100], which is also favourable for
magnetic properties, providing excellent magnetic flux density and reducing magnetic
hysteresis losses. In the ODF ¢,=45° cross-section of sample S6, there is a continued presence
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of the strong Goss texture (011)[100], accompanied by a weaker (113)[031] texture. The
strong Goss texture remains beneficial, while the (113)[031] texture, although weaker, does
not significantly weaken from the magnetic properties. For sample ST4 in the same section, a
strong cube texture (001)[100] is again observed, along with a strong (113)[031] texture. The
cube texture continues to contribute positively to the magnetic properties, and the
pronounced (113)[031] texture, while more significant than in S6, does not substantially alter
the favourable characteristics provided by the cube texture. A common and positive
observation for both samples is the absence of detrimental fibres such as <111> gamma or
alpha fibres <111>[110]. These fibres negatively affect magnetic properties by increasing
magnetic losses and reducing magnetic permeability. Their absence in both samples indicates
favourable microstructures for magnetic applications.

In summary, both S6 and ST4 exhibit strong, desirable textures—Goss and cube—that are
advantageous for the magnetic properties of electrical steel. S6 shows a consistent presence
of Goss texture across different sections, while ST4 demonstrates a strong cube texture with
an additional strong (113)[031] texture at (2=45°. The absence of detrimental y (gamma) and
a (alpha) fibres in both samples further confirms their suitability for magnetic applications in
electrical steels. Overall, while both samples are favourable, S6 may have a slight edge due to
the consistent presence of Goss texture, which is particularly known for its excellent magnetic
properties.

(a), and (b): Laser power: 425 W, Scan speed: 400 mm/min

) . . . (0-360°)
_ #0350 (a) Cross-section area of the stator disc in sample S6 o
ecus e

(001) [100]

‘ (b) Cross-section area of the stator disc tooth gear in sample ST4

01) [100]

10

,10360°)

pdse ‘ e P,=45°
Figure 95. Comparison of texture in the ODF sections of samples S6 and ST4 at ¢,=0° and ¢,=45".

7.6 Grain size evolution of discs in different areas of sample

Grain size evolution plays a pivotal role in balancing magnetic and mechanical properties in
electrical steel. Recent studies [370] highlight its importance in optimising this balance,
influencing both mechanical strength and magnetic performance. From crystallographic
texture intensity and measured properties, quantitative analyses have concluded that grain
size is another critical factor in optimising both mechanical strength and magnetic
performance. Understanding and controlling grain size evolution is therefore essential for
enhancing the overall effectiveness of electrical steel in different perspectives.
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In this study, the LMD process, applied at a consistent energy density of 63.8 J/mm? (laser
power of 425 W and scan speed of 400 mm/min), was used to fabricate additive-
manufactured disc-shaped sample. Grain size distribution varies across different regions of
these sample, labelled S6 and S4, despite uniform processing conditions, due to the influence
of each region’s location during printing. The bar charts (Figure 96) show grain size
distributions in these regions. In the region labelled S6, the distribution includes fractions of
37% for grains around 500 um, 23% for grains between 500 and 1000 um, 17% for grains
between 1000 and 1500 um, and 23% for grains around 2500 um, with 77% of grains falling
within the 0-1500 um range. This indicates a tendency towards smaller grain sizes in S6. In
contrast, the region labelled S4 exhibits fractions of 14% at 500 um, 25% at 1000 um, 18% at
1500 pm, 17% at 2500 um, and 26% at 3000 pum, with 57% of grains within the 0-1500 um
range, reflecting a broader spread that includes a notable portion of larger grains (e.g., 26%
at 3000 um). These differences in grain size distribution within the same sample arise because
the location of each region within the printed disc affects how it experiences temperature
gradients and cooling rates during the LMD process. For example, S6’s smaller grains suggest
it cooled faster, likely due to its position (e.g., near the surface or an edge), where heat
dissipates more quickly, restricting grain growth. Conversely, S4’s larger grains indicate slower
cooling, possibly in a central or thicker area where heat is retained longer, allowing grains to
grow larger due to prolonged exposure to elevated temperatures. This variation highlights
how microstructural development depends on positional factors like cooling rate and
temperature distribution across the disc, even under identical processing parameters.

(a), and (b): Laser power: 425W, Scan speed: 400mm/min
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Figure 96. Grain size distribution in regions (a) S6 and (b) S4 of an additive-manufactured disc
processed at 63.8 J/mm.

7.7 Kernel average misorientation analysis of disc samples
The KAM analysis of the FeSi 6.5 wt% alloy discs samples, produced using the LMD process,
reveals important microstructural details, particularly focusing on sub-grain boundaries and
dislocation structures. It is important to note that, for this KAM analysis, grain boundaries
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with misorientations of 2° or less than that, as well as sub-grain boundaries with
misorientations above 10°, were excluded. This approach helps to concentrate on local
dislocation structures and misorientations, which are more relevant for analysing the
magnetic performance of the material. The cross-section of sample S4 shows an average KAM
value of 0.58°, indicating low local misorientations. The KAM map shows that 45% of the
boundaries in this sample are sub-grain boundaries, and 54.8% are grain boundaries.
However, given the focus of the KAM analysis, these boundaries are not typical high-angle
boundaries. Instead, they reflect regions where geometrically necessary dislocations (GNDs)
cause minor lattice misorientations, indicating a relatively low level of internal plastic
deformation.

In LMD, the regions of minor lattice misorientations typically observed are not indicative of
large-scale misorientations but are instead due to the presence of GNDs. These dislocations
form to accommodate local plastic deformation gradients within the grains, which arise from
the rapid thermal gradients and cooling rates inherent in the LMD process. As a result, these
minor misorientations reflect a relatively low level of internal plastic deformation, which is
characteristic of the localised nature of the deformation during deposition. The formation of
GNDs is crucial in LMD, as they help the material adjust to the strain induced by the laser’s
thermal effects, influencing both the microstructure and mechanical properties of the final
deposit [411]. These small misorientations, captured by the KAM analysis, are associated with
the development of sub-grain structures. Since grain boundaries with misorientations below
2° and sub-grain boundaries above 10° were excluded, the analysis is specifically focused on
detecting slight lattice distortions within grains due to dislocations, rather than large-angle
grain boundary misorientations [359].

The comparison between the cross-section (S4) and surface area (S6) of the same sample,
despite using the same processing parameters (laser power of 425 W and a scan speed of 400
mm/min), shows different KAM distributions Figure 97. This variation is likely due to several
factors inherent to the LMD process, including localised thermal gradients and non-uniform
cooling rates, which affect the microstructure and dislocation density in different regions of
the sample. For instance, certain areas of the sample might cool faster or slower, resulting in
local differences in dislocation density and sub-grain formation. This, in turn, leads to different
KAM values when comparing the cross-section and surface area. Additionally, during the
preparation of sample S6, issues like solvent residue, surface cracks, and non-indexed regions
caused by uneven surfaces can introduce noise into the KAM maps. These issues result in
artificially elevated KAM values, making it difficult to draw precise conclusions about the
actual microstructure in those regions. Such preparation-induced noise is particularly evident
in areas where KAM analysis may not accurately reflect the underlying dislocation structure
or sub-grain boundaries. The observed differences in KAM values between sections of the
same sample can therefore be attributed to a combination of processing factors—such as
localised cooling behaviour and solidification patterns, as well as sample preparation issues
that create artifacts and distort the KAM measurements. These variations, despite identical
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processing parameters, highlight the sensitivity of KAM to local conditions within the additive
manufacturing process and reinforce the importance of careful sample preparation. The low
KAM values are closely linked to low local misorientations within the microstructure,
indicating a lower density of dislocations and less internal strain vice versa is true [412]. This
is highly beneficial for the magnetic properties of FeSi 6.5 wt% electrical steel for several
reasons such as lower core losses, reduced magnetocrystalline anisotropy, minimised pinning
of magnetic domain walls, improved magnetic saturation, lower coercivity.

In summary, the KAM analysis of your FeSi 6.5 wt% samples focus on small misorientations
within grains caused by dislocations, excluding larger grain boundary misorientations to
better understand the influence of GNDs and sub-grain formation. Regions with low KAM
values, which indicate low dislocation density and minimal internal strain, are particularly
beneficial for the magnetic properties of the material. These low KAM regions help reduce
magnetocrystalline anisotropy, lower core losses, and minimise domain wall pinning, all of
which contribute to higher magnetic permeability, lower coercivity, and improved magnetic
saturation [413]. The observed differences in KAM values between the cross-section (54) and
surface area (S6) can largely be explained by local variations in thermal gradients, cooling
rates, and preparation artifacts, despite the consistent use of LMD processing parameters.
This highlights the importance of controlling the LMD process and sample preparation to
achieve optimal microstructure and magnetic performance in electrical steel.
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Figure 97. Overview of KAM map (a), cross section of sample S4 and (b), surface area of sample S6.
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Chapter 8

8 Key achievements, contributions to knowledge, and final reflections

This project represents a significant advancement in the additive manufacturing (AM) of soft
magnetic materials, particularly high-silicon electrical steel (FeSi 6.5 wt%), for applications in
electrical machines. By tackling long-standing challenges such as cracking susceptibility and
the optimisation of crystallographic texture, this research delivers groundbreaking
innovations in material science, AM processes, and electrical machine design. Critically, the
project is distinguished by its ability to achieve controlled grain alignment along the
orientation—a vital factor for minimising magnetic losses—while suppressing undesirable
textures that impair performance. The project is distinguished by its ability to achieve
controlled grain alignment along the <001> orientation, a critical factor for magnetic
performance, while minimising undesirable <111> textures. It successfully defined the
optimum process parameters for fabricating high-silicon steel components using the laser
metal deposition (LMD) process. These achievements collectively represent a leap forward in
the development of advanced manufacturing techniques for magnetic materials and their
application in high-performance electrical machines.

The research overcame key technical barriers, demonstrating innovative solutions to
challenges associated with the brittleness of high-silicon content electrical steels, porosity,
cracking, and suboptimal texture in AM components. It also provided a comprehensive
understanding of how processing parameters influence the microstructural and textural
evolution of FeSi 6.5 wt%, ultimately establishing a strong foundation for integrating LMD
technology into the manufacturing of electrical machines. Furthermore, this study not only
addressed existing challenges in the field but also highlighted the untapped potential of AM
technologies in revolutionising the electromechanical industry. The criticality of this work lies
in its potential to enable more energy-efficient electrical machines, reducing global energy
consumption and supporting sustainable practices in an industry facing increasing demands
for low-loss materials. The research findings contribute broadly to material science and AM,
creating new opportunities for the design and manufacture of advanced electrical machines.

The key achievements of this research have been presented at multiple international
conferences and published in various peer-reviewed journals, ensuring broad dissemination
within both academic and industrial communities. These publications serve to solidify the
impact of this study, ensuring its findings are accessible and influential within the fields of
additive manufacturing and electrical machine design.

8.1 Chapter 1: Importance of non-grain oriented electrical steels (NGOES)
This chapter provided a comprehensive overview of the importance of non-grain-oriented
electrical steels (NGOES) in electrical applications, emphasising their superior magnetic
properties, such as high permeability, low energy losses, and high saturation magnetisation.
These properties make NGOES an essential material for energy-efficient and high-
performance electrical machines. However, the incorporation of high silicon content,
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especially above 3.2 wt%, introduces brittleness, which complicates production using
conventional manufacturing methods. Our research demonstrated that AM techniques,
particularly LMD, offer transformative potential to overcome these limitations. By enabling
the fabrication of components with large columnar grains and optimised textures, LMD
enhances the magnetic performance of high-silicon steels, addressing critical barriers to their
widespread application.

The chapter also explored the metallurgical factors influencing the performance of NGOES,
including silicon content, grain size, and crystallographic texture, emphasising the necessity
of precise control over these parameters. This research positioned LMD as a promising
solution for the sustainable and efficient production of NGOES, highlighting the need for
further advancements in hybrid manufacturing approaches that combine AM with
thermomechanical processing. Such approaches are vital for achieving improved material
qguality and meeting the growing demand for environmentally sustainable manufacturing
practices in the electrical machine industry. The findings discussed in this chapter are
comprehensively reinforced and expanded in the publication “Manufacturing of Non-Grain-
Oriented Electrical Steels: Critical Review”. This paper investigates deeper into the challenges
of NGOES manufacturing and highlights innovative solutions, providing a critical analysis that
complements and validates the insights presented in this chapter.

NGOES are one of the most widely and extensively used for electrical steel applications due
to their superior properties such as high permeability, high magnetisation saturations, and
low losses. Therefore, NGOES are expected to be the driving force in the global market for
electric power consumption in the future due to energy efficiency, CO, regulation,
environment impact and its cost effectiveness compared to GOES. A number of metallurgical
factors have a considerable impact on the magnetic properties of NGOES, such as Si content,
grain size, sheet thickness, crystallographic texture, and contamination levels. These variables
are capable of some degree of manipulation during the manufacturing process. This review
chapter provides a concise overview of the current manufacturing technology of NGOES,
highlighting its significance as a key material for electrical machines and generators' stators
and rotors, and also the rising demand in the modern needs. Improving the efficiency of
electric motors is crucial for consumers and the environment. To take advantage of the
benefits of electrical steels, it is essential to develop new manufacturing techniques that
optimise the microstructure and achieve high Si production. The current manufacturing
routes for electrical steel sheet fabrication have been thoroughly studied from a metallurgical
standpoint. It has been demonstrated that increasing the Si content in NGOES up to 6.5 wt.%
can improve their magnetic properties. Due to the formation of brittle phases at higher Si
levels, mass production of materials with a high Si content (above 3.2%) using conventional
manufacturing methods presents challenges. In the presence of such brittle phases, it is very
challenging to fabricate these materials. As a result, alternative manufacturing techniques
have been reviewed in terms of their capabilities and limitations, as described in different
sections. These alternative methods provide promising avenues for overcoming the obstacles
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posed by the high Si content of NGOES, paving the way for enhanced manufacturing processes
and improved performance of electrical machines and generators.

Skew rolling and cross rolling techniques were found to be effective in developing the desired
microstructure by altering the plain strain conditions at different rolling stages. Whereas
processes such as ASR and R-BUT introduce shear plastic deformation across the sheet
thickness, which is essential for achieving desirable crystallographic orientations, particularly
the <001> texture, while preventing the formation of undesirable <111> fibre during the final
stage of annealing heat treatment. It should be noted that implementing any of these
processes would necessitate infrastructure modifications. In addition, the efficiency of these
operations is highly dependent on process parameters, which can be difficult to control in
cases such as ASR and may incur substantial infrastructure costs in the cases of skew rolling
and R-BUT. Alternatively, PVD and CVD methods have demonstrated the ability to produce
NGOES with a high Si content at low production volumes. This is accomplished through the
diffusion of Si into the material's core. However, due to the significant cost involved and
environmental concerns, these operations are not considered sustainable. Recent studies
have demonstrated that AM technologies have great potential for the fabrication of NGOES
with high Si contents (e.g., 6.9 wt.% Si). The flexibility of AM processes permits the use of
powder materials with customised chemical compositions. In addition, AM can facilitate the
development of large columnar <001> grains along the building direction, which is
advantageous for magnetic applications in electrical steel through process optimisation. It is
noted that careful process optimisation is essential to avoid both microscopic and
macroscopic defects that could impair the magnetic performance of the final products.
Additionally, utilising AM to produce thin sheets presents a technical challenge. This difficulty
may be overcome through a hybrid approach by combining AM with thermomechanical
operations. For instance, the hybrid method may involve AM fabrication of NGOES
components with customised chemical compositions, followed by high temperature rolling
(below the recrystallisation temperature) to achieve the desired thickness.

To enhance the magnetic properties of NGOES, achieving a columnar grain structure with
fewer grain boundaries would be ideal, this can be achieved through the appropriate
processing parameters in the AM process. Consequently, the industry is ready to transition
from old paradigms (conventional fabrication) to innovative technologies such as AM. This
shift is not limited to manufacturing soft magnetic materials but extends to other critical
aerospace materials as well. The appeal lies in AM's flexibility, reduced waste, faster
prototyping, and ability to manufacture complex structures. However, improvements are still
necessary to enable mass production efficiently. Having discussed how thermomechanical
processes and AM could potentially improve the texture, microstructure, magnetic, and
mechanical properties of NGOES, resulting in electrical motors with higher efficiency, future
research on NGOES necessitates exploring new ideas, develop new materials, and concepts.
For example, recent studies [386] have highlighted the use of polymeric matrices for coating
soft electronics, offering excellent insulation and corrosion protection. This approach can be
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applied to coat the stator of electrical machines (NGOES) manufactured by
thermomechanical, or AM, addressing cracks that may occur during the manufacturing
process. A similar approach was taken by another study [387], where microscopic cracks
obtained from LPBF of 6.5% FeSi were filled with epoxy resin, resulting in improved
mechanical performance by 40%.

In terms of developing alternative soft magnetic materials, exploring new options may offer
solutions to enhance the performance of electrical machines. Numerous reports suggest that,
among all substances, only three elements exhibit ferromagnetic properties at room
temperature: Fe, Ni, and Co. These materials are essential minerals used for electrical
machines. However, the extraction and processing of cobalt, in particular, present significant
challenges. Nonetheless, in 2018, scientists at the University of Minnesota reported that
ruthenium (Ru) possesses unique magnetic properties at room temperature. It is believed
that Ru, specifically in its metastable tetragonal phase, represents the fourth ferromagnetic
material, potentially revolutionising the electrical industry. These findings suggest that, based
on the Jahn-Teller magnetisation effect [414], ferromagnetic materials can be produced from
a substance beyond the commonly known three elements. This breakthrough could be a
game-changer in numerous everyday applications, including electric motors, transformers,
generators, and sensors. However, its limitations in terms of cost, availability, supply security,
recyclability, and technical challenges need to be carefully considered before widespread use
[415, 416]. For future research in manufacturing NGOES, several pathways are recommended.
Primarily, optimising process parameters remains paramount. This includes developing new
alloy compositions tailored specifically for NGOES applications, further exploring AM for
NGOES mass production, advancing coating techniques, investigation of crack formations,
and enhancing characterisation methods. Additionally, emphasis on research efforts focused
on recycling NGOES and reducing energy consumption in the manufacturing process to
minimise the environmental footprint of production is required.

8.2 Chapters 2, 3 and 4: LMD technology and applications, characterisation and results
This study provided an in-depth examination of LMD technology, emphasising its
transformative capabilities for the additive manufacturing of magnetic materials. Through a
particular analysis of the process parameters, including laser power, scanning speed, and
energy density, the research highlighted their critical influence on the physical and
metallurgical properties of the deposited components. It demonstrated how the optimisation
of these parameters can significantly enhance the properties of soft magnetic materials while
extending their service life and reliability. By systematically correlating parameter
adjustments to material outcomes, this work established a robust framework for tailoring the
performance of high-silicon steel components manufactured via LMD.

The detailed characterisation of feedstock powders, substrate preparation, and LMD platform
conditions highlighted the importance of precise material and process control. Experimental
trials validated the suitability of FeSi powder for AM applications and revealed key insights
into optimising process parameters to enhance the magnetic properties of printed
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components. By expanding the understanding of parameter-property relationships, this
research provided a valuable contribution to the growing field of AM for magnetic materials,
offering pathways for future industrial applications.

In summary, the laser metal deposition method is a crucial additive manufacturing technique
that may be used to create functioning components and repair expensive items that were
previously unrepairable. The changing physical, metallurgical, mechanical, and tribological
characteristics of the deposited components are significantly influenced by the processing
conditions. This chapter examined the crucial processing variables in the LMD process. The
laser power, scanning speed, powder flow rate, gas flow rate, laser beam diameter, and
overlap percent are the process parameters that were examined. Each of these processing
factors how it affected the characteristics and economics of the LMD process was thoroughly
investigated. The chapter demonstrated that these processing variables must be optimised
depending on the desired qualities from the deposited component. The chapter has also
discussed the application of this technology to surface modification, and other factors. This
technique is crucial to the future of manufacturing since it gives the potential to produce new
components, repair materials, allowing for more efficient use of materials over a longer
period of time. This procedure allows for the manufacturing a new component and or even
repair of several parts that were previously unrepairable. Furthermore, it is possible to
manufacture and remanufacture outdated components by altering the design and utilising
the LMD method to create a new part on an old part, avoiding the need to discard the
outdated machinery. By employing the technique to deposit more resilient materials on the
surface of base materials, the LMD method is also helpful for increasing the service life of
components as well as manufacturing a new components from scratch [201].

These chapters outline the materials and methods used in the study, detailing the feedstock
powder characterisation, substrate preparation, and the LMD platform employed. It covers
the methodologies for evaluating deposition components, including material preparation and
microstructure assessment. The study investigates the properties of FeSi powder used in
additive manufacturing, with specific focus on its chemical composition and particle sizes.
High-silicon electrical steel powder was characterised using different techniques such as Hall
flowmeter, SEM confirming its consistency of it. SEM analysis revealed spherical particles with
some satellite particles, and EDS analysis confirmed the presence of key elements such as Fe,
Si, and Al. MIPAR software quantified the particle size and shape from SEM images, indicating
a range of particle sizes and shapes, with most particles being relatively circular. Substrates
were prepared from mild steel blocks by cutting and shaping them into cylindrical forms using
a bandsaw and EDM machine. A hybrid LMD system, incorporating a CNC Milling machine and
Ytterbium fibre laser, was used for various depositions, including single tracks, thin walls,
cubes, to investigate process parameters. The optimisation of laser power, scan speed, and
energy density was crucial for producing high-quality FeSi components. Key findings included
an optimal laser power of 450 W for minimal defects and improved magnetic properties, and
an ideal scan speed of 400 mm/min for stable tracks and reduced porosity. The study
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identified optimal energy densities and parameters for producing geometrically accurate and
high-quality components, guiding adjustments such as reducing z-step to prevent
overbuilding and optimising scanning strategies.

Experimental trials for FeSi thin wall manufacturing involved varying power, scan speed, and
energy density. Energy levels were color-coded in Table 5: low (yellow), medium (green), and
high (red). Initial trials (TW201 to TW203) revealed issues with cracks, delamination, and
debonding, leading to adjustments in power and scan speed. Subsequent trials (TW204 to
TW207) included varied passes and powers, with improved results in bonding and reduced
defects. A notable trial (TW208) used a combination of 316L austenitic steel and FeSi, yielding
promising results with minimal delamination but one crack. Preheating experiments aimed to
mitigate cracking and delamination. Preheating to 200°C generally led to successful results,
although some delamination occurred at 90°C. 3D scanning using the Hexagon absolute arm
laser accurately measured the height and thickness of thin walls and cubes, showing that
correct processing parameters achieved desirable dimensions and reduced defects. The next
phase of the project involved producing 7 cubes using various scanning strategies and energy
densities to analyse their effects on geometry, cracks, and microstructure. Temperature
measurements during additive manufacturing showed peaks with each new layer followed by
declines over time. This highlights the importance of maintaining adequate temperature
control to reduce residual stress, which in turn minimises defects and ensures strong bonding
between layers. In summary, the experiments highlight the importance of optimising
processing parameters and preheating to improve the quality of FeSi thin walls and cubes.
Adjustments led to improvements in bonding and reduction in defects, providing a foundation
for further exploration with varied scanning strategies and energy densities. This detailed
analysis of trials and process parameters is essential for advancing additive manufacturing
techniques and applications.

Hardness testing further validated the material's performance, with higher energy densities
yielding increased hardness due to improved layer fusion and reduced porosity. The
formation of ordered phases, such as DOs and B;, was identified as a likely contributor to
enhanced hardness, emphasising the importance of further phase characterisation studies to
confirm their presence and impact. The study examines micro-hardness through Vickers
testing on thin walls, cubes, and discs of electrical steel with 6.5 wt% silicon content. Results
showed a clear correlation between energy density and hardness, with both thin walls and
cubes demonstrating increased hardness with higher energy densities. For thin walls,
hardness increased by approximately 3.6% with higher energy density and by 7.2% with larger
grain size. Cubes showed a similar trend, with hardness rising by about 4.4% as energy density
increased and by 3.9% as grain size grew. These increases in hardness can be attributed to
better fusion between layers at higher energy densities, which reduces porosity and enhances
the material's microstructure. It can be suggested that rapid cooling rates associated with
higher energy densities lead to finer grains that inhibit dislocation movement, thus increasing
hardness. The chapter also notes that larger grain sizes contribute to hardness due to the
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formation of ordered phases or intermetallic compounds (Dos and B3) in high-silicon steel
alloys. These phases act as barriers to dislocation movement, further enhancing hardness.
Observations reveal that thin walls and cubes processed under optimal parameters show
substantial increases in hardness, with thin walls achieving a maximum hardness of 385.8 HV1
and cubes reaching up to 376 HVi. The study highlights that the hardness data varies
significantly between the first deposited layer and subsequent layers. Thin walls show a
marked increase in hardness from around 150 HV1 at the first layer to approximately 400 HV1
at 1 to 2 mm height, stabilising between 350 and 400 HV; up to 20 mm. Cubes exhibit stable
hardness with minor fluctuations, ranging from 350 to 400 HVi. Discs processed with
consistent parameters also show a rise in hardness, peaking around 400 HV; at 1 to 2 mm and
stabilising between 350 to 400 HV1 up to 15 mm. The initial lower hardness in discs is
attributed to the interaction with the substrate and processing conditions, with increased
hardness observed in later layers due to optimised processing. Overall, the chapter highlights
the importance of processing parameters in determining the hardness and properties of Fe-
Si alloys. Higher energy densities improve hardness by ensuring better layer fusion and
reducing defects, while larger grain sizes contribute to increased hardness through ordered
phase formation. The findings confirm that optimised LMD processing conditions are crucial
for enhancing material properties, which is vital for applications in electromagnetic devices
like transformers and electric motors.

8.3 Chapter 5: porosity and crack mitigation

Chapter 5 addressed the persistent challenges of porosity and cracking in FeSi 6.5 wt%
components produced via LMD, providing critical insights into defect formation and
mitigation. The study revealed that laser processing parameters, such as power and scan
speed, play a pivotal role in determining the prevalence of defects like metallurgical pores,
keyhole pores, and incomplete fusion. It demonstrated that higher laser power improves
melting efficiency, reducing porosity, while increased scan speed promotes rapid
solidification, minimising pore formation. Based on systematic experimentation, the process
windows for manufacturing FeSi 6.5 wt% were successfully established, achieving a porosity
percentage of less than 0.3% with no visible cracks.

Advanced techniques, including preheating the substrate and modification of laser
parameters, were shown to be effective strategies for minimising defects. X-ray computed
tomography provided detailed insights into internal flaw structures, offering a comprehensive
understanding of defect characteristics and their origins. The research also emphasised the
significant impact of LMD's complex thermal history on microstructural evolution, particularly
grain size, texture, and crystallographic orientation. These findings are instrumental in guiding
future efforts to optimise the LMD process, ensuring high-quality components with minimal
defects. The insights presented in this chapter are further explored and substantiated in the
publication “Process window for manufacturing soft magnetic FeSi 6.5% by laser metal
deposition”. This paper elaborates on the process parameters, experimental methodologies,
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and critical findings of chapter 5, contributing to the advancement of additive manufacturing
techniques for soft magnetic materials.

This chapter presents an analysis of porosity and cracks in FeSi thin walls and cubes produced
using LMD. The focus was on understanding how various laser parameters and scanning
strategies impact these defects and subsequently affect the material's mechanical and
magnetic properties. Samples were sectioned using an EDM machine and underwent a
precise grinding and polishing process, which included grinding with SiC water-cooled papers
of varying grits, polishing with Mg oil-based Metadi, and concluding with microcloth polishing.
This preparation aimed to ensure accurate evaluation of porosity and cracks.

The types of porosity identified were metallurgical pores, keyhole pores, and incomplete
fusion. Optical and SEM revealed that large, irregularly shaped metallurgical pores were
attributed to gas entrapment and insufficient scan speeds. Keyhole pores, which were small
and spherical, were linked to instability in the melt pool. Incomplete fusion resulted from
inadequate energy input leading to poor interlayer bonding and discontinuities. The impact
of processing parameters on these defects was significant. Higher laser power improved
penetration and melting, reducing pores size but not eliminating it. With increasing power,
pores became smaller but remained uniformly distributed. Increased scan sped led to a
decrease in both the amount and size of porosity, attributed to reduced cooling time and
improved solidification. Cracks, observed primarily due to high thermal gradients and stresses
intensified by FeSi’s high silicon content, were affected by laser power and scan speed. Higher
laser powers and slower speeds generally increased crack size. Effective preheating and
optimised parameters were crucial to mitigating these issues. The X-ray computed
tomography (XCT) provided non-destructive insights into internal porosity and cracks,
showcasing the effectiveness of process adjustments. Higher laser power generally improved
quality by reducing internal voids and enhancing material fusion.

In conclusion, the study highlights the importance of managing porosity and cracks during the
LMD of FeSi thin walls and cubes. Effective control of laser power and scan speed is essential
for minimising porosity. Higher laser power typically enhances melting and reduces porosity,
while faster scan speeds improve solidification and decrease pore formation. Cracks are
significantly influenced by thermal gradients and residual stresses, with higher laser power
and slower scan speeds increasing the risk of cracking. Preheating and careful control of
process parameters can help mitigate some cracking issues, although the inherent properties
of FeSi pose challenges. XCT analysis proves invaluable in identifying and addressing internal
defects, emphasising the need for optimised processing parameters to enhance material
quality and reduce defects.
8.4 Chapter 6: Microstructure and texture evolution in LMD FeSi 6.5%

Chapter 6 investigated into the microstructural and textural evolution of FeSi 6.5 wt%
components fabricated via LMD, revealing critical insights into the interplay between
processing conditions and material properties. The research demonstrated that controlled
laser energy input and scanning strategies are essential for achieving uniform grain alignment,
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particularly along the <001> orientation, which is crucial for enhancing magnetic
performance. Higher energy densities were found to promote larger melt pools, directional
solidification, and the development of <001> textures, resulting in improved magnetic
properties.

The analysis revealed distinct grain structures influenced by variations in scanning speed, with
faster speeds producing finer equiaxed grains that reduce the risk of cracks. Conversely,
slower speeds led to larger grains that, while beneficial for texture alignment, are more
susceptible to residual stress-induced cracking. The study also highlighted the influence of
scanning strategies, such as rotational scanning, on texture development, with 90° rotations
enhancing <001> alignment. However, unidirectional scanning was identified as the optimal
strategy for promoting epitaxial grain growth in cube samples and minimising disturbances to
the thermal gradient.

Detailed Kernel Average Misorientation (KAM) analysis demonstrated that higher energy
densities result in reduced local misorientation and dislocation densities, improving both
mechanical and magnetic performance. These findings highlight the importance of laser
energy density, scan speed, and scanning strategy in optimising grain size, texture, and fibre
orientation, offering valuable guidelines for tailoring the properties of FeSi 6.5 wt%
components.

This chapter also extended its findings to compare results with 316L austenitic steel as a
foundation layer for FeSi 6.5 wt%, showing that optimised parameters significantly improved
bonding, reduced cracking, and enhanced the <001> texture. Geometric modifications played
a critical role in texture refinement, further enhancing structural integrity. Together, these
results emphasise the importance of energy density, scan speed, and strategy in optimising
microstructure and texture, offering a path forward for producing high-performance
magnetic components via the LMD. The insights and findings presented in this chapter are
further explored in the publication “Additive Manufacturing Innovations: Microstructure
Optimisation for Ultra-High Silicon Electrical Steel Components”. This paper expands on the
textural evolution, processing conditions, and magnetic performance of FeSi 6.5 wt%
components, complementing the chapter's findings and offering deeper insights into the
optimisation of LMD processes for soft magnetic materials.

Laser metal deposition involves a complex interplay between the laser source, powder feed,
and substrate material, which results in a distinctive thermal history within the component.
This section evaluates the microstructure of FeSi 6.5 wt% deposited via LMD and explores the
changes that occur throughout the process. The microstructure of the as-deposited FeSi
6.5wWwt% generally features columnar grains extending up to several millimetres in length,
aligned along the BD. Notable variations, such as fine equiaxed grains, are observed at the
first and last layers and along the edges of the deposited samples. These variations are
attributed to significant temperature gradients within the molten pool, which promote rapid
columnar grain growth and reduce the likelihood of new nucleation sites during solidification.
The fine grains in specific regions result from increased cooling rates caused by the substrate
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acting as a thermal sink and exposure to the atmosphere on multiple sides, leading to a faster
solidification process.

Optimising processing parameters, such as laser power, is crucial to preventing defects like
cracks, keyhole and porosity at the bottom of the melt pool. Thermal phenomena, including
conduction, convection, and radiation, play a critical role in the stability of the melt pool
during additive manufacturing. A conduction-mode melt pool is ideal, free from defects like
gas porosity and keyhole; however, high laser power can introduce turbulence in the melt
pool, leading to such defects. The size of the melt pool is notably large due to high laser power,
which has a more significant impact than other factors such as feed rate and powder mass
flow. In thin structures like thin walls, substrate preheating deepens the melt pool in
conduction mode. The formation of layer bands, similar to those observed in previous studies
which is attributed to the superheating effect, which initiates melting in the previous layer's
melt pool and forms a narrow band with temperatures exceeding the solidus temperature.
The melt pool's curved surface and solidification substructure, growing primarily parallel to
the BD, are influenced by high thermal gradients and the tilt of the melt pool toward the laser
movement.

Defects such as pores can significantly impact microstructural development. Pores act as
thermal sinks, absorbing heat and disrupting normal heat conduction, leading to abnormal
temperature increases in the melt pool. This results in two distinct grain regions: equiaxed
grains at the pore tip due to blocked heat conduction and higher cooling rates, and elongated
grains due to increased heat input and directional solidification. During the solidification of
BCC materials like FeSi, atoms preferentially align with less closely packed planes, such as
{001}, due to their lower energy configurations. The development of the <001> crystal
orientation along the build direction is observed, consistent with findings from other studies
where <001>-oriented grains dominate due to their alignment with the thermal gradient and
heat flow.

Crystallographic texture analysis was performed using EBSD data. The IPF maps reveal
variations in grain size and orientation due to thermal conditions during LMD. The surface
view shows elongated grains with a uniform size, aligning with the laser movement. The IPF
maps reveal a preference for <001> directions in the BD, which is crucial for enhance magnetic
properties such as permeability and reducing core losses. Differences between the cross-
section and surface section of the samples are evident. The ODFs for TW21 (with low energy
density 63.8 J/mm?) show strong near-cube fibres in the cross-section and a strong Goss
texture in the surface section, arising from varying thermal gradients, mechanical stresses,
and surface energy conditions during deposition.

The texture obtained from the pole figures for different samples (TW15, TW18, and TW30)
processed with low to high energy densities show that increasing energy input develop the
<001> texture and promotes a uniform crystallographic orientation. TW15, with an energy
input of 60 J/mm?, exhibits a moderate <001> texture along the BD as compared to other
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samples. As energy input increases to 70 J/mm? for TW18, the texture becomes more
balanced among <001>, <101>, and <111> orientations. TW30, with the highest energy input
of 75 J/mm?, displays a pronounced <001> texture and uniform crystallographic orientation.
The EBSD maps and IPFs given in this chapter highlight the correlation between grain
morphology, energy density, and <001> texture, showing that increasing laser energy density
promotes epitaxial grain growth and enhances the <001> texture along the BD.

The texture obtained from the ODFs for FeSi 6.5 wt% samples TW15 (400 W), TW18 (465 W),
and TW30 (500 W) are analysed. TW15 exhibits a more diffuse texture with fewer pronounced
components, while TW18 and TW30 display stronger and more defined cube textures
compared to the other samples. For example, in the ¢2= 0° section, TW18 and TW30
transition to a strong cube texture with increasing laser energy, which is beneficial for
magnetic properties. In the @2= 45° section, TW18 and TW30 show a transition to a strong
cube texture close to (113)[121] and Goss orientations, with the absence of <111>//BD (y-
fibre) or <110>//RD (o-fibre) orientations, indicating a favourable texture for magnetic
applications. EBSD images of the top side of samples TW15 (400 W) and TW30 (500 W) reveal
that TW15 has smaller, more uniform grains with an average diameter of 220 um, while TW30
has larger grains with an average diameter of 800 um, about 3.6 times larger than TW15.
Higher laser power promotes directional solidification, resulting in a greater proportion of
<001> oriented grains in TW30 compared to TW15, enhancing the magnetic performance of
the electrical steel. The relationship between energy density and the area fraction of different
fibre orientations shows that increasing energy density promotes the formation of <100>
fibres while reducing <111> fibres, which positively affects magnetic properties. Increasing
energy density from 55 to 81 J/mm? results in a 260 % increase in the weighted average
equivalent circle diameter, from 500 pm to over 1800 um. Factors influencing grain size
include thermal gradient, solidification rate, and residual stress. Higher laser power leads to
a broader and coarser grain size distribution, with larger grains observed in samples prepared
at higher laser power, indicating that higher energy density promotes more significant grain
growth during solidification.

This study explores how scanning speed influences grain development in FeSi 6.5%
components produced through LMD. As scanning speed increases from 360 to 400 mm/min,
grain size reduces by as much as 57%, indicating a notable refinement in the microstructure.
However, beyond 400 mm/min, the grain size shows irregular changes due to the complex
interplay of heat flow and cooling rates. EBSD analysis highlights those higher speeds, such as
scan speed of 440 mm/min (as seen in sample TW27), foster finer, equiaxed grains and reduce
the likelihood of cracks. Conversely, slower speeds (e.g., scan speed of 365 mm/min in sample
TW19) encourage larger, columnar grains, which are more susceptible to cracking because of
increased residual stresses during solidification. Additionally, scanning strategies play a
crucial role in shaping the microstructure. Unidirectional scanning produces smaller,
elongated grains with a more uniform texture, though slightly misaligned from the BD. In
contrast, bidirectional scanning leads to larger, more irregular grain structures due to
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alternating thermal gradients, resulting in greater microstructural variability. These variations
can influence the material’s mechanical and magnetic properties. Ultimately, selecting the
optimal scanning speed and strategy is key to improving both the mechanical integrity and
magnetic performance of the material by refining grain size and orientation.

The use of 316L austenitic steel as a foundation layer during LMD of FeSi 6.5 wt% effectively
addresses challenges such as cracking and poor bonding that occur with direct FeSi deposition
on mild steel substrate. A three-layer 316L foundation, optimised with specific laser power
and scan speed, significantly improves interface bonding and reduces crack propagation. This
method not only prevents delamination—due to similar thermal expansion coefficients
between 316L and FeSi—but also enhances the material's magnetic properties, as shown by
a strong <001> crystallographic orientation. Additionally, the grain structure, with an average
diameter of 685 um, minimises hysteresis losses, further improving magnetic efficiency.
These findings demonstrate the feasibility of multi-material deposition using LMD to enhance
FeSi magnetic performance. The study also highlights the impact of geometric dimensions on
texture development. Adjusting sample dimensions—specifically reducing height and
increasing length—strengthens the <001> orientation, as seen in sample TW34, which
showed epitaxial growth in well-defined orientation and no cracking, even without a
foundation layer. This suggests that careful control of geometry and substrate temperature
can minimise residual stresses and improve structural integrity. A substrate temperature
above 200°C may further eliminate the need for foundation layers, offering a new way to
reduce material distortion.

The EBSD analysis of FeSi 6.5 wt% samples, specifically cubes, provides valuable insights into
the influence of laser energy density on the microstructure. Two representative samples, C16
and C21, were examined, with energy densities of 60 and 90 J/mm?, respectively. The EBSD
maps reveal distinct textures and grain morphologies for these samples. In C16 (E=60 J/mm?),
the grain orientation almost predominantly aligns with the <001> direction along the build
direction (BD). In contrast, C21 (E=90 J/mm?) exhibits a more pronounced alighment <001> of
grains along the BD. As the laser power increased from 400 W to 600 W while maintaining a
constant scan speed of 400 mm/min, the grain orientation in C21 became more aligned along
the BD compared to C16, indicating a hypothesis of enhanced grain growth along this
direction with increased energy density. Roughly epitaxial growth was observed in areas
where the direction of heat flow in neighbouring molten pools aligned with the
crystallographic orientation of the previous pool. This effect occurs due to the reduced
nucleation barriers compared to crystal barriers. Increased energy density results in a larger
melt pool, longer cooling times, and reduced thermal gradients, allowing grains to grow larger
during solidification. Higher energy densities can also cause remelting and over-melting of
previously deposited layers, altering the microstructure and promoting larger grain growth.
Conversely, lower energy densities lead to finer grains due to higher cooling rates and thermal
gradients. Crystallographic results provide a clearer picture of the preferred crystallographic
orientations. In C21, with increased laser power, a pronounced <001> texture is evident,
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attributed to the elongated grain morphology resulting from the higher energy input. The
rotational strategy of 90° for each printing layer appears to influence the texture
development, with higher laser power favouring <001> orientation and mitigating anisotropy
by generating a larger melt pool. Studies suggest that no rotation (0°) is ideal for enhancing
the <001> texture due to a larger thermal gradient and better epitaxial growth conditions.
The scanning strategy and energy density significantly impact texture, with higher energy
densities leading to more pronounced textural development. Also, higher energy densities
favour the formation of <100> fibres, which are beneficial for magnetic properties, while
reducing the formation of <101> and <111> fibres, which are less favourable. The observed
trends are attributed to the thermal cycles and rapid solidification rates inherent in the LMD
process, which optimise the alignment of grains in favourable orientations and minimise
those in less desirable ones.

This study also examined grain size evolution with varying laser energy densities. Higher laser
powers resulted in a broader distribution of particle sizes, with significant increases in larger
particles. For instance, sample C21 showed a 33% reduction in small particles, a 56.25%
increase in medium-sized particles, and a 1900% increase in large particles compared to C16.
This indicates that adjusting laser power can tailor the grain size distribution, optimising
mechanical properties and efficiency. In conclusion, EBSD analysis demonstrates that laser
energy density plays a crucial role in determining the microstructural characteristics of FeSi
6.5 wt% cubes. Increased energy densities lead to larger grain sizes, more pronounced
textures, and favourable fibre orientations, enhancing the material's properties for various
applications.

The KAM analysis of the cube samples has provided crucial insights into the microstructural
aspects like dislocation densities. It was observed that higher laser power resulted in larger
grain sizes and lower KAM values, indicating reduced local misorientation. Samples with
smaller grain sizes showed higher KAM values, correlating with greater local dislocation
densities and potential stress concentrations. However, the presence of LAGBs, common
across all samples, was found to benefit the magnetic properties. By varying laser power and
energy density during the AM process, it was possible to influence key microstructural
characteristics. Higher KAM values were associated with higher dislocation densities, which
in turn affected both mechanical and magnetic properties. Lower KAM values indicated lower
dislocation densities and better alignment of grains along the build direction, leading to
enhanced material performance. Ultimately, KAM analysis proved to be a valuable tool for
optimising AM parameters, helping reduce misorientation and residual stress while improving
both mechanical integrity and magnetic properties. These findings highlight the importance
of microstructural control in achieving high-performance materials through LMD techniques.

Overall, in this chapter, EBSD case-studies of FeSi 6.5 wt% cubes were explored to understand
the impact of laser energy density on texture formation, grain size evolution, and
misorientation distributions. The analysis highlighted the relationship between energy
density and the development of specific fibre textures, grain growth mechanisms, and defect
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distributions within the samples. These findings provide critical insights into optimising
process parameters for additive manufacturing of FeSi components. Building on these results,
the next chapter will investigate into the challenges and advancements in 3D-printing stators
for electrical motors, translating these microstructural insights into practical applications.

8.5 Chapter 7: 3D printing of stators for electrical motors

Chapter 7 extended the research into practical applications, demonstrating the fabrication of
stator discs for electrical motors using LMD. This investigation showcased how optimised
processing parameters, such as laser power, scan speed, and substrate preheating, directly
influence the microstructure, texture, and mechanical properties of the final components.
The study revealed that shorter dimensions stator discs exhibited significant cracking due to
residual stresses arising from uneven heating and cooling cycles. Porosity was identified as a
major contributor to crack formation, particularly in samples with higher porosity levels,
which compromised their mechanical integrity.

Grain structure analysis revealed distinct microstructures with a strong <001> orientation,
beneficial for magnetic properties. These samples also lacked detrimental fibre textures,
confirming their suitability for electrical motor applications. Variations in grain size and
texture between samples highlighted the need for precise control over processing conditions
to achieve optimal performance. This chapter conclusively demonstrated the viability of LMD
for manufacturing high-performance components for electrical machines. By successfully
translating laboratory findings into practical applications, this work bridges the gap between
experimental research and industrial implementation, marking a significant milestone in the
advancement of AM for magnetic materials.

The chapter provides an in-depth examination of AM fabricated stator discs for electrical
motors, focusing on the impacts of the LMD process on their microstructure characteristics
and mechanical properties. It starts with an overview of the importance of electrical
machines, such as axial flux machines, and their reliance on soft magnetic materials to
enhance performance and reduce energy losses. As was highlighted, the potential of additive
manufacturing techniques, specifically laser metal deposition to produce advanced soft
magnetic materials like FeSi 6.5 wt%, which can significantly improve electrical resistivity and
reduce eddy current losses compared to traditional laminated stators. The chapter details the
manufacturing process of stator discs, employing an optimised process parameters based on
our observation in the previous chapter (5 and 6) which is a laser power of 425 W, scan speed
of 400 mm/min, and preheating the substrate to 200°C to enhance bonding and mitigate crack
formation. Analysis revealed that while discs like sample S1 did not show macro cracks, discs
such as samples S4 and S6 experienced significant cracking, with S4 even shattering during
cooling. These findings indicate challenges in increasing the length of discs, related to uneven
heating and cooling cycles that introduce residual stresses and thermal gradients, intensifying
crack formation. Additionally, porosity was found to contribute to crack growth by acting as
stress concentration, with sample S6 exhibiting considerable porosity levels that
compromised its mechanical properties.
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The examination of grain structure and crystallographic orientation through EBSD analysis
highlighted significant differences between samples S4 and S6. Sample S4 featured larger
grain sizes and a strong <001> crystal orientation, enhancing its magnetic performance by
reducing hysteresis losses and improving permeability. Conversely, sample S6 showed smaller
grain sizes and a mix of orientations, with moderate <001> orientation. This variation in grain
size and orientation is attributed to differences in cooling rates and thermal gradients during
processing, highlighting the importance of optimising processing conditions to enhance
material performance. Further analysis of grain size distribution and texture revealed that
sample S6 had a higher proportion of smaller grains and a consistent Goss texture, beneficial
for magnetic performance. Sample S4 exhibited a broader grain size distribution and a strong
cube texture, with additional (113)[031] texture, also favourable for magnetic properties.
Both samples lacked detrimental texture, confirming their suitability for magnetic
applications. Overall, while both samples exhibit desirable characteristics, S6's consistent
Goss texture offers a slight advantage in magnetic performance, making it particularly suitable
for electrical steel applications. In conclusion, this chapter demonstrates that the LMD
process and its processing conditions significantly shape the microstructure and magnetic
properties of 3D-printed stator discs. Optimising these parameters is key to enhancing
component performance and durability. Notably, sample S6, with its consistent Goss texture
and smaller grain sizes, outperforms sample S4 in magnetic properties, highlighting the
advantages of tailored processing conditions for electrical motor applications. Furthermore,
LMD’s capability, especially when paired with a rotating table, surpasses SLM in fabricating
radial samples, offering a distinct strength in this work and addressing why LMD was chosen
over SLM for such geometries.

8.6 General comments on optimum AM parameters for FeSi 6.5 wt% components

The best-performing magnetic FeSi 6.5 wt% parts, as determined in this project and
supported by detailed investigations in the referenced studies, are achieved with optimal
additive manufacturing (LMD) parameters of a scan speed of 400 mm/min, laser power of
400-500 W, and substrate preheating to 200°C, within an energy density range of 61-68
J/mm?2. These conditions minimise defects porosity <0.3% and crack-free structures) while
promoting columnar grains with a strong <001> //BD fibre texture and enhanced cube
texture, which could improve magnetic permeability, reduce core losses, and support
superior magnetic performance. Higher energy density within this range (up to 68 J/mm?2)
further strengthens the cube texture and increases grain size, favouring the <001> orientation
for better magnetisation response. Samples produced under these parameters exhibit stable
hardness between 350—-400 HV1, with average variations of 30 HV; (+10%) for thin walls, +19
HV1 (+5%) for cubes, and +26 HV1 (+7%) for discs, indicating consistent material properties.
Substrate preheating at 200°C is essential for mitigating thermal stresses and defects, as
evidenced by microstructural analyses. However, further optimisation of grain sizes and
porosity is recommended for future research to ensure reliable performance in electrical
motor applications.
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8.7 Future work and recommendations

To build upon the insights of this study and further enhance the understanding of LMD for
manufacturing FeSi 6.5% components, future research should focus on optimising both
material and process parameters to improve both microstructural characteristics and
magnetic properties. This can be achieved by exploring a variety of research avenues as
outlined below. Each of these areas presents significant opportunities to refine current
practices and push the boundaries of additive manufacturing techniques applied to electrical
steels.

8.7.1 Material modifications

One critical aspect for future exploration is the modification of the material composition to
enhance mechanical and magnetic properties while addressing the challenge of
embrittlement. A promising direction is to investigate the potential of reducing the silicon
content or introducing other elements such as aluminium to improve the ductility of FeSi 6.5
wt%. This could reduce the material's susceptibility to cracking during processing, which is
particularly important in applications where mechanical strength and flexibility are crucial.
However, any modification to the material must be carefully balanced with maintaining the
optimal magnetic properties, as silicon plays a significant role in the magnetic characteristics
of electrical steels. Research efforts should aim to identify other alloying elements that could
provide a favourable balance between ductility and magnetism, and testing these modified
alloys under the laser deposition process will be key. Further studies may also explore the
possibility of introducing surface treatments or coatings to enhance the material’s mechanical
properties while preserving its magnetism. These modifications could be guided by
computational thermodynamics, density functional theory (DFT) models, or using CALPHAD
for phase diagram techniques to predict phase stability, alloy behavior, and magnetic
performance, providing a scientific basis for experimental design.

8.7.2 Process optimisation

The laser deposition process is highly sensitive to parameter selection, and future work should
investigate into further optimising laser power, scan speed, and substrate temperature to
reduce defects such as cracking and porosity. By refining these parameters, it will be possible
to produce components with more uniform microstructures that meet the required
mechanical and magnetic properties. In particular, the preheating of substrates and
controlling cooling rates are crucial for reducing thermal stresses that lead to cracking.
Research should focus on refining these parameters further and establishing a more
comprehensive process window. Additionally, energy density, an essential factor in LMD,
plays a role in layer fusion and defect minimisation. Identifying the optimal energy density to
maximise layer bonding while reducing defects such as porosity and cracking will be critical.
Further printing trials using cube samples, which offer a different geometry than the stator
discs, should be conducted. These trials will help uncover new insights regarding the effects
of scan speed, laser power, and energy density on porosity, cracking, and grain growth. More
trials should also focus on aligning the <001> crystal direction in the build direction (BD) to
enhance the material’s magnetic properties and performance.
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8.7.3 Geometric design

Geometric design plays a vital role in the mechanical properties of parts manufactured via
additive manufacturing, and this warrants further investigation. Modifying component
geometries, such as adjusting length, height, or thickness, can significantly influence the
susceptibility to residual stresses and cracking. It is also essential to explore the use of
foundation layers to better support the manufacturing process and improve part stability.
Moreover, adjusting the substrate's preheating temperature above 200°C could help to
reduce the risk of thermal stresses and cracking. The inclusion of foundation layers in the BD
can provide better support and help improve these issues. Additionally, simulating melt pool
dynamics and solidification behaviour will offer predictive insights into the influence of design
changes on material performance. These simulations could help understand the formation
and propagation of cracks in AM parts and guide the selection of optimal geometries that
minimise these risks.

8.7.4 Crack orientation in magnetic flux

A novel area for exploration is investigating how cracks interact with the magnetic flux in FeSi
6.5 wt% materials. While cracks can often reduce mechanical strength, they may have a
potential to align in ways that improve magnetic performance. In particular, cracks oriented
parallel to the magnetic flux might alter the flux path in beneficial ways, increasing the
efficiency of the magnetic performance of the material. Further studies should examine the
relationship between crack orientation and magnetic flux direction, offering new insights into
how material defects could be leveraged to enhance the performance of electrical steels in
magnetic applications.

8.7.5 Microstructural characterisation

Microstructural analysis is essential for understanding the impact of processing conditions on
material properties. Advanced techniques such as transmission electron microscopy (TEM)
should be employed to examine dislocation densities and their relationship with both
mechanical and magnetic properties. Dislocation densities provide valuable insight into the
strength and magnetic behaviour of the material. Moreover, X-ray diffraction (XRD) could be
used to identify brittle phases, such as DOs and B, which can adversely affect the material’s
performance. Investigating the impact of these phases and their stability under various
processing conditions will provide further insight into the relationship between
microstructure and material performance. Additionally, different scanning strategies could be
explored to achieve an ideal texture, which may improve both the mechanical and magnetic
properties of the component. Optimising scanning strategies will allow for better control over
grain size and orientation, particularly the alignment of the <001> crystal direction in the build
direction.

Furthermore, the effect of oxidation on the overall magnetic properties of Fe—Si was not
explicitly considered in this thesis, as oxidation was actively minimised through controlled
directed energy deposition (DED) processing conditions and was therefore not treated as a
dominant factor influencing manufacturability. The scope of this work focused on
manufacturability, metallurgy, microstructure, texture, and mechanical properties. All
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deposits were produced under continuous, localised argon shielding directly over the melt
pool, with argon also used as the carrier gas during powder delivery to minimise oxygen
exposure. The powder mass flow rate was calibrated over a defined period using a digital
balance with £0.01 g repeatability and maintained at 2.5 g/min, ensuring consistent powder
delivery conditions and limiting oxidation-related variability. In the first trial, the substrates
were not preheated; however, in subsequent trials they were cleaned with acetone, surface-
machined prior to deposition, and preheated to 200 °C to minimise thermal gradients and
reduce cracking. Preheating reduced cooling rates and residual stresses and, under the
assumed uniform heating and inert shielding conditions, oxidation during deposition was
considered negligible. As a result, oxidation effects were regarded as secondary relative to
microstructural evolution, cracking behaviour, and texture development, which formed the
primary focus of this study. It is recommended for future work to evaluate oxidation effects
through controlled exposure tests and magnetic property measurements, particularly to
assess long-term surface stability and performance under service conditions.

Residual stresses are indeed relevant to the DED manufacturability of brittle Fe—Si alloys, as
steep thermal gradients during layer deposition can drive crack initiation and propagation.
However, direct quantification of residual stresses was not pursued in this study. Instead,
insights into their effects on crack formation and microstructural integrity were inferred from
literature on comparable Fe—Si materials processed via LPBF and conventional rolling. In AM
processes such as DED, residual stresses are highly localised, anisotropic, and transient,
shaped by dynamic thermal cycles that make robust correlations with alloy composition or
process parameters difficult without dedicated in-situ measurements, such as real-time X-ray
diffraction or neutron scattering. Such detailed mapping fell beyond the scope of this project,
which focused on direct, actionable indicators of build quality, including crack morphology,
grain-scale damage, and texture evolution. Future work could extend these findings by
explicitly measuring residual stresses and integrating them with the present microstructural
observations to refine process optimisation further.

8.7.6 Heat treatment

The application of heat treatments, such as hot isostatic pressing (HIP), presents an important
opportunity for improving the mechanical properties of LMD-manufactured FeSi 6.5 wt%. HIP
can reduce porosity and residual stresses, which are known to compromise the material’s
performance. Comprehensive trials involving heat treatments should investigate the
relationship between grain growth, heat treatment duration, and geometry to identify the
optimal parameters for reducing defects. Understanding how heat treatments can be
integrated into the post-processing of LMD components will be crucial in improving material
performance in real-world applications. Heat treatment parameters, including pressure,
temperature, and time, should be thoroughly explored to achieve the best results.

8.7.7 Mechanical and electrical performance

Further mechanical testing is needed to better understand the behaviour of FeSi 6.5%
components, particularly in terms of fatigue resistance and crack growth. Even if cracks are
present, there may be potential to improve the material’s durability by using methods such
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as filling gaps, bonding, or improving the thermal conductivity of the cracks using conductive
epoxy resin. Fatigue testing would provide valuable insights into the long-term performance
of these materials under cyclic loading, while the use of crack repair techniques could enhance
the lifespan of components without sacrificing magnetic performance. Furthermore,
electrical performance, such as the impact of cracks on eddy current losses, should be
investigated in future work. By refining both mechanical and electrical testing techniques, the
overall durability and efficiency of LMD-manufactured FeSi 6.5% components can be
improved.

8.7.8 Surface quality and eddy currents

One key area for future research should be focused on improving the surface finish of LMD
components to reduce eddy current losses, which are a significant source of energy loss in
electrical steels. This can be achieved through better control of the laser deposition
parameters to minimise surface roughness and improve the homogeneity of the material.
Additionally, aligning the grain texture with the magnetic flux direction could further enhance
the material’s magnetic properties, improving efficiency. Magnetic testing, including the
measurement of eddy current losses, should be prioritised to evaluate the effectiveness of
various surface finishing techniques and microstructural optimisations. This will ensure that
the material performs optimally in practical applications, particularly in motors and
transformers.

8.7.9 Application development

Finally, the exploration of practical applications for FeSi 6.5 wt% components in industries
such as electronics, energy, and electrical engineering is essential. As magnetic properties are
crucial for these industries, developing components with optimised mechanical and magnetic
characteristics will be of great interest to industry stakeholders. Collaborations with industry
partners will facilitate the real-world testing and validation of these components in
demanding applications. Future research should also explore how to scale up the
manufacturing process to meet industrial demands, focusing on cost-effectiveness, speed,
and scalability. Further application development can help bridge the gap between theoretical
research and practical, real-world implementation, paving the way for innovations in energy-
efficient technologies and high-performance electrical devices.

8.7.10 Conclusion and broader implications

This research demonstrates the promising potential of LMD in manufacturing FeSi 6.5 wt%
components with improved microstructure and texture, which can lead to significant
advancements in magnetic properties. Future work should focus on refining material
composition, optimising process parameters, and exploring sustainable manufacturing
practices to meet the growing demand for energy-efficient technologies. By addressing these
areas, additive manufacturing can play a pivotal role in advancing the development of next-
generation materials and devices, pushing the boundaries of magnetic performance in a wide
range of industrial applications. The insights from this research will contribute to innovations
in energy-efficient motors, transformers, and other components crucial to modern electrical
and energy systems.
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Appendices:

Circular economy of electrical steels

It is essential to establish a comprehensive design principle for the recycling of electrical
machine parts in order to address the growing demand for sustainable practises in the
electrical steel industry. Not only does this facilitate the remanufacturing of electrical steel,
but it also plays a crucial role in mitigating environmental concerns. Critical materials are
distributed unevenly across the globe, primarily concentrated in a few regions marked by
volatile political environments and insecure supply chains. Recycling them is highly energy-
intensive due to their low concentration in alloys, resulting in unavoidable costs. However,
with the increasing demand for electrification, these critical materials have become essential
for enhancing the performance of electrical motors . For instance, it is difficult-to-obtain rare
earth elements and critical materials such as Nb, Dy, Co, Ge, Sm, Ni, and Ru are essential for
manufacturing electrical steels with enhanced magnetic properties. However, these elements
can be recycled effectively by concentrating on the end-of-life processing of electric motor
components. This method might enable the extraction of heavy and rare substances, thereby
contributing to the conservation of natural resources. Furthermore, from an economic
standpoint, the conventional production of electrical motors gains higher costs and
maintenance expenses than the remanufacturing of electrical machines. Therefore, it is
crucial to consider the economic benefits of recycling the Fe-Si cores of large transformers,
especially when these components have outlived their intended lifespan . This method
represents a straightforward and economical solution. In addition, the conversion of electrical
steel scrap containing these elements into powder by the gas atomisation process could open
the door to alternative manufacturing processes, such as direct powder rolling (DPR) or even
AM, for the production of electrical steel parts. The approach has been reported in the work
of Duz and Moxson where a blended powder of Ti was successfully used in the DPR process
to produce titanium sheets, foil, and plates. This technique has the potential to compete with
emerging AM processes, providing ample opportunities for further development in this field.
Establishing recycling design principles for electrical machine parts has great potential for
remanufacturing electrical steel, reducing environmental impact, addressing resource
scarcity, and investigating cost-effective manufacturing alternatives.

Recycling electrical machines is of utmost importance due to its significant impact on resource
efficiency, waste reduction, and material reuse within the scope of electric motors . The
implementation of circular economy practices necessitates the adoption of various strategies,
namely remanufacturing, refurbishment, repairing, reusing, and recycling, as effective means
to achieve the objectives of circular economy principles. The primary goal of the circular
economy for electrical steel is to create opportunities for sustainable resource utilisation in
the supply chain of critical materials. This can be achieved by following the steps outlined in
Figure 1, which aim to reduce environmental impact and minimise waste from both new
manufacturing and the reuse of old products. Remanufacturing involves the disassembly,
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repairing, and reassembly of electrical machine parts to restore the machine. Meanwhile,
refurbishment focuses on restoring the functionality of electrical machines through cleaning
and repair processes. Repairing targets specific failures, extending the lifespan of electrical
machines without full disassembly. The reusing stage focuses on finding new purposes for
electrical parts and reducing the demand for new parts. Finally, the recycling stage involves
the disassembly of electrical machines to recover raw materials for manufacturing new parts.
The idea for recycling electrical machine parts involves several key stages. Initially, in the
recycling process, electrical machinery parts can undergo disassembly using robotics
(automated), manual methods, or a combination of both. Subsequently, a shredding process
is employed for smaller electrical machines, breaking them down into smaller components.
During the shredding process, materials are sorted either mechanically or manually,
separating ferrous and non-ferrous materials using magnets. These materials are then
directed through isolated tubes to a conveyor belt for additional processing. Alternative
materials like soft magnetic composites can be assembled, crushed, and separated more
easily, leading to less copper contamination compared to other soft magnetic materials such
as electrical steels, as noted in a recent report. Following this, the shredded materials are
transferred to an atomization process for melting, thereby producing powders at the end of
the process. These powders are subsequently screened and meshed to various sizes, with the
chemical composition of the powder analysed using energy dispersive spectroscopy (EDS
spectra). If the powder contains acceptable impurities, it can be utilised for appropriate
processes, such as AM. It is important to acknowledge that this approach is based on
hypothesis, and the outcome is uncertain yet. However, it is considered worthy of
exploration. By implementing these strategies, not only can the lifespan of electrical machines
be extended, but also the environmental impact can be minimised, contributing to the
development of a sustainable circular economy model. Moreover, the integration of
digitalisation, automation, and data exchange plays a crucial role in enabling and optimising
the recycling processes associated with electric motors, as highlighted by recent research .
Such advancements are essential in driving sustainable development and enhancing resource
management within the electric motor industry. Thus, recycling electrical steel is essential for
implementing circular economy strategies and leveraging digitalisation and automation drive
sustainable development and enhance resource management in the industry.
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Recycling Re-Manufacture Re- Furbishing

Figure 1. Circular economy of electrical steel Fe-Si.
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Application of the LMD process in component repair and remanufacturing

High-value items that were previously impossible to repair or prohibitively expensive can now
be repaired using the LMD technology . Repairing some small component by conventional
methods parts can cause damage to the parts, due to significant HAZ area impact. Since the
laser in the LMD process is employed as the energy source and has unique characteristics that
enable it to be provided entirely to the targeted region due to its high directionality and
coherency, that is why the LMD technique produces a very low heat affected zone. In the
LMD process, rapid cooling prevents the melt pool from remaining too long and causes a low
HAZ area which is another factor that contributes to LMD's effectiveness in successful
repairing metallic parts. Furthermore, by employing the LMD technique, small components
may be created and repaired with good accuracy due to the high resolution. The LMD
process's capacity to create a new component on an existing part, while maintaining excellent
metallurgical integrity, is another distinguishing feature. These key features make the LMD
method well-suited for use in product repair applications . Capabilities of the LMD process
such as repairing parts can also help to reduce the amount of scrap generated and carbon
footprint. This technique is already being used by several industries, notably the aerospace,
agriculture, and automobile sectors, to repair their critical components. For instance, this
technology has been used in the oil exploration industry to coat hard materials such as
tungsten carbide to increase the wear-resistance of cylindrical components. Additionally, the
construction sector uses the LMD technology to coat wear-resistant blades for digging
activities . Another application of the LMD technique is the repair of aerospace compressor
turbine blades, as illustrated in Figure 2. These high-value, critical components posed a
significant challenge for repair when manufactured as single, solid units. However, the LMD
technique provides a viable solution, allowing for effective restoration without the need for
scrapping, even when there are minor scratches that could compromise their functionality .
Another sector that greatly benefits from the repair services provided by the LMD technology
is the maritime industry . For instance, the repair of piston ring groves with high accuracy
without causing any damage to the base materials. Research carried out by Nowotney et al.
investigated the use of the LMD technology to restore corroded rifle barrels. The goal of this
research was to develop a reliable procedure for fixing a broken gun barrel and to create the
ideal substance to coat the barrel's surface to increase its useful life. The outcome of this
investigation demonstrated that, with the right process settings, a damaged component can
be successfully repaired using the LMD procedure. In this research , the composite, made up
of a CoCrMo filler alloy and a strong TiC coating, was revealed to have greater wear-resistance
gualities than any other material examined in this study. In addition to that, Bi and Gasser
evaluated at the viability of employing the LMD technology with appropriate melt pool
control to restore a damaged turbine blade (nickel super alloys) knife edge. In this project the
metallurgical characteristics of the deposited layers were investigated, and a path-dependent
process control method was employed in this work to avoid hot-cracking and increase the
dimensional stability of the deposition. The analysis found that none of the samples taken
from the deposit's top had any microcracks.
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Figure 2. Repaired of a blisk air foil via LMD process .

One of the main benefits of additive manufacturing technique is the special ability of the
LMD method to manufacture a new component on top of the original part with high
metallurgical integrity. An outdated piece of equipment can be rebuilt with enhanced
functioning and design using the LMD technology. This can be done without having to discard
the old machinery, extending the useful life of the material, and lowering the requirement for
material recycling, both of which assist to minimise global warming. Research is constantly
being done to better position this additive manufacturing technology for effective
remanufacturing. Wilson et al. used a semi-automated geometric reconstruction method and
the LMD technique to research the remanufacturing of broken turbine airfoils. Lei et al.
carried out a comparable examination into remanufacturing of defective impeller blades by
using the LMD process Figure 3. The investigation concluded that the LMD could be used
successfully in product remanufacturing. The microstructure analysed showed that no
fractures or porosities, furthermore, the microhardness and tensile characteristics of the
parts were demonstrated to have improved. Thus, the LMD is a promising method for cost-
effective, environmentally friendly product remanufacturing. The LMD technology will assist
to prolong the life of materials by contributing to resources as well as reducing discard.
Moreover, the LMD technology can be used to modify and manufacture outdated equipment
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before

Figure 3. lllustration of defective impeller blades before and after.
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