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Abstract

Among soft magnetic materials, non-grain-oriented electrical steel (NGOES) has emerged as a promising option for various
applications. NGOES material plays a crucial role across the entire energy value chain, spanning from power generation
through generators to the consumption of electrical energy in electric motors and appliances within the electrical compo-
nents industry which can lead to a notable enhancement in the performance of electric motors. NGOES are widely used for
soft magnetic applications due to their cost and also their superior magnetic properties, including high electrical resistivity,
excellent saturation magnetization, and minimal magnetostriction. NGOES are anticipated to serve as a driving force in
the future global market for electric power consumption. The magnetic properties of NGOES are profoundly influenced by
metallurgical factors such as Si content, grain size, crystallographic texture, sheet thickness, and surface roughness. These
crucial variables play a crucial role in shaping the magnetic characteristics of NGOES materials which will be covered in
this review paper. This paper provides an overview of different manufacturing routes for NGOES, as well as the advantages
and disadvantages of these processes. Moreover, alternative manufacturing techniques and their capability to optimize the
microstructure and to fabricate high Si NGOES sheets are discussed. Also, it addresses the challenges associated with mass-
producing materials with high Si content using traditional methods. These advancements in this area present promising
opportunities for enhancing the manufacturing processes of NGOES and ultimately enhancing the performance of future
electrical machines and generators.

Keywords Non-grain-oriented electrical steel - Texture development - Magnetic properties - Manufacturing - Circular
economy

1 Introduction

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 minimize 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,
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and, more recently, the maritime industry. The manufactur-
ing industry is a significant global energy consumer, and a
substantial portion of its energy consumption can be attrib-
uted to the usage of industrial electrical motors. The electri-
cal motor is crucial to the electrification drive, and its wider
adoption is seen as one of the key thrusts of the decarboniza-
tion 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 elec-
trical steel (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
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[7, 8]. These manufacturing operations have a substantial
impact on improving the mechanical and magnetic proper-
ties of electrical steel, while the focus is on increasing the
efficiency of electrical motor parts, such as laminated elec-
trical 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 magnetization, hysteresis, and eddy
current losses can influence the performance of electrical
machines, including energy losses, power density, and effi-
ciency [10-12]. In electrical machine such as motors and
generators, energy losses occur due to various physical phe-
nomena 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 is the main
focus for researchers these days [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 SOHP machine [19] can be seen in Fig. 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 steel 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
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Fig. 1 Typical energy losses in SOHP motor [19]
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[22] and controlling grain boundary properties [23], which
are essential for optimizing the performance of electrical
steel sheets and reducing energy losses, including eddy cur-
rent and hysteresis losses [24]. Addressing these challenges
necessitates further advancements in manufacturing tech-
niques, material design, optimizing processing parameters,
new characterization techniques, and recycling technol-
ogy. These aspects will be covered in detail in subsequent
chapters.

1.1 Scope of this review paper

In this review paper, the main focus is on the manufactur-
ing of electrical steel, encompassing both conventional pro-
duction methods and novel alternative thermomechanical
processes. The impact of different manufacturing routes
on microstructure, texture development, and magnetic per-
formance 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.

1.2 Electrical steel

In the twentieth century, the demand for electrical steel
increased dramatically due to the requirements for trans-
portation and the generation of electrical energy [25]. Elec-
trical steels are also referred to as silicon steel and were
developed by Robert A Hadfield at Sheffield in 1886. Had-
field designed soft magnetic materials by adding different
alloying elements to iron such as carbon, nickel, aluminum,
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 coer-
civity [25]. Hadfield’s breakthroughs were investigated by
other scientists, which confirmed that, among all the differ-
ent 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, microal-
loying, microstructure, and particular crystallographic tex-
tures. 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 Fig. 2 [26].

The GOES texture typically exhibits a distinct Goss
texture {110} < 001 >, where the two easy magnetization
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
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Fig. 2 Illustration of NGOES
and GOES
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in transformers, in order to increase the energy efficiency
and improve performance [27, 28].

In terms of quality, the iron core material must have good
soft magnetic properties as well as be fully recrystallized.
The desirable texture for the core would be achievable by
secondary recrystallization if the annealing temperature is
high enough. 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 applica-
tions, such as rotating electrical machine parts in the elec-
tric motor, stator cores, turbogenerator stator, generators [6,
26, 28, 29], and high-speed permanent magnet synchronous
machine for an aircraft application [30]. It is significant to
note that core loss and magnetic induction play a crucial role
in NGOES. Core loss directly impacts motor efficiency, with
higher efficiency associated with lower core loss, and mag-
netic induction is directly proportional to torque. Developing
products with lower core loss and high magnetic induction
in practical applications can be challenging [31].

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. According
to [32], the production volumes of ferromagnetic materi-
als increased in 2016, particularly in the NGOES by almost
80%, whereas the remainder of this production was attrib-
uted to grain-oriented electrical steel (16%) and other soft
magnetic materials (3.9%) [33-35]. 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 electri-
cal steel with the higher silicon contents to improve mag-
netic properties and thus take advantage of it. One of the
methods used to improve magnetic properties of NGOES
is the secondary recrystallization process. For example,
NGOES with a coarse grain structure and a pronounced
rotating texture {100} < 011 >is achieved through this pro-
cess. This process leads to an improvement in the magnetic
properties of NGOES due to an increase in grain size, as

5-50mm ™

well as the obtaining of an appropriate final texture such as
a cube crystallographic orientation [36]. Another example
to improve the texture of NGOES during secondary recrys-
tallization was reported by [37]. The study focused on the
optimization of the microstructure of NGOES produced
by compact strip production in order to improve magnetic
performance. Having said that, secondary recrystallization
alone is not sufficient to optimize all desirable magnetic
properties of NGOES. Additional factors such as texture and
microstructure optimization and impurity content reduction
need to be considered which will be covered in other sec-
tions in more detail.

1.2.1 Industry—statistics

Electrical steel with silicon content is generally used in a
variety of industrial applications such as transportation. The
transportation industry contributes significantly to global
pollution and climate change, especially motor vehicle emis-
sions which account for 22% of all CO, emissions worldwide
[38]. Therefore, the automotive industry can contribute to
tackling climate change by producing more efficient motors
in electric vehicles [39, 40]. Tata Steel [41], ThyssenKrupp
[42], and Kawasaki Steel [43] all produce sustainable elec-
trical steel for automotive electrical components. These
include electric motors, energy storage systems, conversion
systems, electrical power steering, and fuel pumps. Accord-
ing to a report on the global NGOES and GOES market in
2018 [35], the industry was worth more than 24 billion USD
and the annual growth rate was expected to increase to 7.2%
by the end of 2025. Moreover, the global market reported
for 2024 [44] 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 fur-
ther 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
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annual respective production volumes of 5.4 million metric
tons, 540,000 metric tons, and 340,000 metric tons [45].
According to the International Energy Agency [35], just over
5 million electric cars were purchased globally in 2018, and
by 2030, the number of people who purchase electric cars is
anticipated to reach 23 million. As a result, the need for pro-
ducing electrical steel as core materials in electrical motors
for the mentioned applications is growing.

Conversely, in the case of electric aircraft applications,
where the total weight of batteries and the efficiency of elec-
trical motors play a crucial role [46], 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 [47]. Moreover, the electrification of flight
plays a crucial role in the sustainability strategy aimed at
achieving net zero carbon emissions in the UK by 2050 [48].
The major driving force for growing electrification market is
the collabration between manufacturers such as Boeing [49],
Rolls-Royce [50], Airbus [51], and Safran [52]. However, to
achieve these goals with the current existing technologies
is difficult [53]. However, recently, high-speed permanent
magnet synchronous motors for the high-lift system in elec-
tric aircraft have been manufactured, as depicted in Fig. 3.
According to [30] and [54], Fe-Si emerges as a promising
candidate for future electric motors in the aerospace sec-
tor. Moreover, as suggested by [55], ultra-thin GOES sheets
show great promise for application in the propulsion systems
of electric vehicles, particularly in permanent magnet syn-
chronous 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 advan-
tageous properties and specific suitability for various pur-
poses. Its use has been prompted by considerations beyond
solely technical factors, including aspects related to supply
chain stability and material availability compared to Co-Fe
[56]. However, the global production chain of NGOES faces
various challenges, including supply chain vulnerabilities
restricting access to raw material storage [57], market

Fig.3 Illustrated high-lift
system powered electrically [54]
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volatility [58], and geopolitical tensions [59]. Additionally,
there is a necessary need to comply with strict environmen-
tal regulations in accordance with government policies,
crucial for promoting eco-friendly manufacturing practices
and meeting emission standards [60, 61]. However, these
challenges also present opportunities for NGOES produc-
tion. This includes embracing advanced industrial practices,
promoting recycling of materials, and building strong part-
nerships with stakeholders, research institutions, and suppli-
ers. By effectively navigating these challenges, the NGOES
production chain can switch the industry towards sustainable
growth and align with evolving global market demands.

1.2.2 Research and academic publications—statistics

As can be seen from Fig. 4, the number of publications on
electrical steel in different areas has steadily risen from
2000 suggesting increased interest in this field [62]. 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
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Fig.4 The number of electrical steel-related publications from 2000
to 2022
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governments across the globe aim to improve the efficiency
of various industrial applications [61]. Electrical steel is a
key player in meeting these regulations by reducing energy
losses in generators, motors, and transformers [63]. Further-
more, advancements in the manufacturing process of electri-
cal steel enable researchers to enhance its magnetic proper-
ties and reduce core losses. This leads to increased interest
in electrical steel development as well as investment [64].
Also, the demand for renewable energy technologies, such as
electric vehicles [31] and wind turbines [65], 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 maximizing
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.

Figure 5 displays the number of publications in various
areas related to electrical steel technologies. 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 com-
pared to other areas [62]. This occurs perhaps because these
fields are at the forefront of technological innovations in
materials science and engineering, with numerous applica-
tions of electrical steel in generators, transformers, electrical
motors, transportation, and electronics [66]. Additionally,
research institutions may prioritize projects and funding in
metallurgy and physics due to their crucial role in advanc-
ing knowledge, as well as improving properties of materials
[67]. 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.

I Metallurgy Metallurgical Engineering
[ Applied Physics

[ Engineering Electrical Electonic
I Mechanical Engineering

B Physical Chemistry

I Nanoscience Nanotechnology

B Materials Science Ceramics

649 23%

10.8% 254%

10.7%
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Fig.5 Analysis of the number of electrical steel-related papers pub-
lished in different disciplines

2 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 mag-
netize and demagnetize and have high hysteresis losses
and coercivity, whereas soft magnetic materials are rec-
ognized as the materials with high permeability and low
energy loss. The soft magnetic materials were developed
early in the electrical application process and are consid-
ered the main sources for progress in the second indus-
trial revolution. These magnetic materials can be used in
many different applications such as generators, transformer
cores, automotive, electrical motor, and other appliances
[68]. From a metallurgical point of view, soft magnetic
materials can be categorized into several sub-classes, for
example, soft magnetic composite [69], soft ferritic, Fe-Si
steel [33], Ni-Fe [70], Co-Fe [71], and amorphous soft
magnetic [72]. Soft magnetic composite is made of bonded
iron powder coated with insulation layers, which mini-
mizes eddy current loss. The material is then pressed into
a die before undergoing final treatment [73]. According
to sources [69, 74-76], materials hold great promise for
manufacturing electrical machine parts like stators. How-
ever, as referenced in [77, 78], these materials often dem-
onstrate poorer properties and reduced efficiency at higher
operating frequencies, resulting in higher costs compared
to laminated steel. Nevertheless, as mentioned in [79],
soft magnetic composite materials are easier to assem-
ble, crush, and separate for recycling purposes. Generally
speaking, among these soft magnetic materials, Fe-Si is
the most popular soft magnetic material which makes up
over 97% of today’s soft magnetic materials in a variety
of applications [80], while Co-Fe is only used for complex
applications with the limited quantity available [34].

2.1 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 character-
istics. Silicon is the main alloying element for electrical
steels (up to 6.5 wt%) which improves their magnetic
properties such as electrical resistivity, as well as reduc-
ing saturation polarization which can be seen in Fig. 6.
Manufacturing high-silicon electrical steel sheets
(above 3.2%) presents challenges due to lower formabil-
ity and increased brittleness [82], leading to the formation
of cracks in electrical steel sheets during the process [83,
84]. The phase diagram of electrical steel, as depicted in
Fig. 7, shows that an increase in the silicon percentage

@ Springer
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Fig. 6 Influence of Si on magnetic properties of electrical steel [81]

of approximately 5.3 wt% results in B2 structure order-
ing (Fe-Si type), while the formation of DO; ordering
(Fe-Si; 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 stabil-
ity, 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 B2 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 B2 phase.
Although the B2 phase is thermodynamically stable and

Si (wt%)

Fig. 7 Fe-Si phase diagram (a)
and the crystal lattice (b) of (@

favourable, other factors such as temperature, pressure,
cooling rate [85], processing conditions, and thermal his-
tory could impact the dynamics of phase transformation
[86]. It is worth mentioning that according to [87], these
phases could have a negative impact on magnetic proper-
ties, which can be optimized, to some extent, by employ-
ing heat treatment.

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 micro-
structure. To overcome this limitation, approaches such
as physical vapor deposition (PVD) [88], chemical vapor
deposition (CVD) [89], fast quenching rate [90], and the
direct powder rolling process [91] have been developed for
obtaining high Si electrical steel. The Japanese company
JFE steel [92] has introduced a continuous process to pro-
duce electrical steel as shown in Fig. 8. The CVD technique
is used to manufacture three different types of high-silicon
electrical steel sheets (super core). The first step in this pro-
cess 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 as SiCl, under a non-oxidizing environment. A
high-temperature atmosphere causes 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 [25].

SiCl, + 5Fe — FesSi + 2FeCl, (1)

Following that, when the soaking time at high tempera-
ture is completed, this allows manufacturers to produce
uniform high-silicon content (6.5%) which provides supe-
rior magnetic properties [92]. These methods, however, are
both costly and complex, and the laboratory-scale process
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is not environmentally friendly. Therefore, finding a suit-
able process in terms of economy, energy efficiency, and a
non-complex method has been prioritized by producers [93].

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, alu-
minum, 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 2.4 wt%
Fe-Si. 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 [94]. According to a recent report [95], the addi-
tion of phosphorus (0.14%) to NGOES sheet has been shown
to decrease the undesirable {111} < 112 >component while
increasing the favourable texture { 100}. This change in com-
position also leads to a finer grain size. Consequently, there
is an increase in iron loss. However, the magnetic induc-
tion was increased by adding phosphorus (0.14%) due to
inhibiting recrystallization of unfavourable texture such as
{111} near the grain boundaries. Furthermore, the mechani-
cal properties such as yield strength and tensile strength are

l
Ay

Product sheet with high silicon 6.5%

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 recrystallization tex-
ture due to the promotion of GOSS texture as well as hin-
dering the hard magnetization {111} texture [96]. The iron
loss can also be related to different shapes of oxide inclu-
sions. 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 [33].

2.2 The effect of grain size

The grain size is an important metallurgical factor which
determines the magnetic properties in NGOES. Gener-
ally, 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 Fig. 9. According to [97],
the magnetic properties of NGOES are highly dependent
on magnetic domains, while the mechanical properties rely
on microstructure. The results illustrate that some magnetic
domains were compressed and fragmented, similar to grain
deformation, while others were reconstructed like dynamic
recrystallization processes. This study [97] illustrates the
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complex relationship between magnetic domains, magnetic
properties, and deformation process.

It is worth mentioning that the effect of grain size on the
magnetic properties of the blanking process of NGOES (3.2
wt% Si) was also investigated by [98]. The results illustrated
that blanking-related iron losses for the Fe-Si sheet with a
thickness of 0.5 mm decreased with increasing grain size
(210 pm), whereas for the Fe-Si sheet with a thickness of
0.25 mm, the iron losses increased with decreasing grain
size (28 pm). This suggests that the grain size of NGOES
significantly affects its magnetic properties and performance
in electrical components. Therefore, to optimize magnetic
efficiency, it is necessary to understand and control the grain
size through appropriate processing technology. Recent evi-
dence suggests the ideal grain size for magnetic purposes of
NGOES would range between 50 and 150 pm [33]. Also, it
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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 pm [29], as illustrated in Fig. 10. However, several stud-
ies suggested that a larger grain size (220 pm) can contribute
to improving the magnetic properties of the NGOES [99].
Much uncertainty still exists about the relationship between
appropriate grain size and magnetic properties. Having said
that, one solution to rectify the uncertainty regarding appro-
priate grain size, microstructure, and texture to improve
magnetic performance is computer simulation and modeling,
which can help evaluate the impact of different processing
parameters on final products. According to [100], the crystal
plasticity finite-element method can predict the texture of
cold-rolled NGOES sheet. Additionally, texture and grain
size during annealing can be analysed to understand the
grain size development across the NGOES sheet. In this
study, based on simulation models and laboratory experi-
ments, a relationship between processing parameters and
magnetic properties was established for NGOES (3.16 wt%
Si). It can be said that simulation and modeling are effec-
tive 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 capa-
bility helps optimize processing parameters to obtain desir-
able microstructure properties such as grain size and crystal
orientation and ultimately improve the magnetic properties
of NGOES.

As noted by Fiorillo (2016), the power losses are depend-
ent on frequency. At the lower frequencies, the hysteresis
loss dominated while at higher frequencies the eddy cur-
rent and excess losses were overcome. Therefore, for low-
frequency applications up to a few hundred Hz, large grains
are suitable due to decreasing total energy loss, whereas, for
higher-frequency products, the smaller grain size would be
more suitable Fig. 11 [72]. This behaviour highlighted the
Steinmetz role and confirmed the relationship between grain
size and energy loss in magetic materials [101]. However,
the relationship is not strightforward due to complexity and
involving other factors such as domain wall motion, domain
structure, microstructure, texture and magnetic properties
of materials.

2.3 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, 102, 103]).
Typical texture components and crystallographic fibres in
electrical steel with body-centred cubic (BCC) structure
are illustrated in Fig. 12. When a small or strong magnetic
field is applied to a specimen, the crystallite orientation may
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Fig. 11 The overall energy losses of NGOES (0.343 mm thick) were
shown with two distinct grain sizes [72]

result in easy or hard magnetization directions [26]. Recent
studies reported that the hard and easy magnetization axes in
electrical steel are < 111 >and < 001 >, respectively [6, 33].

The easy magnetization axis results in the increase in perme-
ability 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 direc-
tions of the magnetic field [6, 104, 105].

In 1926, Honda and Kaya [106] acknowledged the mag-
netic anisotropy of iron, highlighting that the crystal direc-
tion of < 001 > indicates the direction of easy magnetiza-
tion, while the crystal direction of < 111 >represents the
hard magnetic direction. 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 Fig. 13, are commonly found. Hence, it can
be claimed that the crystallographic texture plays a criti-
cal 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 mag-
netization field keep changing. Therefore, for rotating
machines, the ideal crystallographic orientations would be
the texture containing a less hard magnetization axis, i.e.
< 111 >. Hence, the (< 100 >// ND) fibre can be an ideal
texture for NGOES as it has < 001 > easy magnetization

. #(0-3602)
-
& | (001) [100] R-Cube] Cube
°
§ = L g L o = <

) =

2 <011>//ND 'S

2 3 3

3.3 5 x S
3 (o1v]211] - (o10)fz11] (011)[211]
8. Brass (011)[211] Brass Brass
v Brass
5
E=3
5 & - . o

_ (oon)[110] (0o1)[100]
30] R-Cube Cube

a.-fibre: <110>//RD

R-Goss

(110)[112] Goss (110)[112]

-
~ 110) [221
anes] Brass (110) [001]  Brass

R-Cube

0O-fibre: <001>//ND

(110)[11 (110)[112]
@,=45° Bras[s— 2 Brass

Fig. 12 Common texture components and fibres in the BCC materials are demonstrated by using ODFs (orientation distribution functions) on

the @2 =0° and 45° sections (Bunge notation)

@ Springer



1092 The International Journal of Advanced Manufacturing Technology (2024) 133:1083-1109
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Fig. 13 Magnetization curve of pure Fe [33]

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 [89]. It is worth mentioning that it
has been proposed new methods to test electrical steel for
how easily it can be magnetized in different directions. In
this study [107], 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 results showed that this method is effec-
tive and has great potential for understanding the complex
relationship between time and frequency characteristics in
magnetic material behaviours. However, further improve-
ments such as development of measurement systems and
multi-thread analysis are needed.

The texture development of electrical steels through
recrystallization has been studied by many researchers, and
this growing area contributes to improvements in under-
standing and performance [82, 108, 109]. The magnetic per-
formance of electrical steel is highly dependent on the tem-
perature of the final heat treatment annealing. For instance,
when the electrical steel (3% Si) is annealed at 1070 °C for
50 h, this can improve magnetic induction and decrease the
minimum magnetic loss in the NGOES [110]. Addition-
ally, a limited number of Goss grains can also selectively
grow in the NGOES [60]. Kestens et al. [111] conducted
two stages of cold rolling on the NGOES sheets. According
to their research, random nucleation and subsequent selec-
tive 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 [111].
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3 The thermomechanical manufacturing
process of electrical steel

The material 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 Fig. 14 [6, 112, 113]. In conventional
methods of manufacturing electrical steel, alloying elements
are typically added during the casting stage to precipitate as
normal grain growth inhabitors which determine the mag-
netic properties of the final product. During the reheating
stage, the inhibitor materials (such as AIN and MnS) dis-
solve at high temperatures up to 1400 °C [114]. During the
high-temperature slab, pre-rolling can cause some surface
areas of the slab to be remelted and create a problem dur-
ing rolling and annealing processes. The hot rolling process
in manufacturing electrical steel also promotes the produc-
tion of finer precipitates of inhibitor elements, especially
in GOES [115], but also influences texture and can lead to
larger hot band grain sizes when finished at higher tempera-
tures [116]. The main purpose of the cold rolling of electri-
cal 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 decarbonization process usually
takes place to reduce carbon content (0.005% or lower) and
reduce the magnetostriction effect [117]. By following that
the annealing process is conducted at ~700 up to 800 °C,
where certain crystals are preferentially formed from the
primary recrystallized crystal with a desired magnetization
orientation. After passing through various stages in conven-
tional 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 control-
ling the thickness of the sheet. This gentle reduction and
surface refinement process is known as the skin pass. Dur-
ing this stage, some deformation in the crystal structure can
occur, potentially altering the crystallographic texture and
magnetic properties to some extent. However, these changes



The International Journal of Advanced Manufacturing Technology (2024) 133:1083-1109

1093

Fig. 14 The traditional proce-
dure to produce electrical steel
(NGOES)
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are usually not as significant as those seen in other stages
like cold rolling and annealing. Following this, the electri-
cal steel sheet undergoes thermal compression and stamp-
ing for core fabrication [115]. 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 electri-
cal steel sheet during the edge-cutting process. This can be
almost resolved by stress relief annealing treatment [118].
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 [119].

It is important to note that electromagnetic devices expe-
rience stress during operation, primarily due to localized
overheating resulting from various factors such as manu-
facturing processes, material properties, and operational
conditions. This stress can impact the magnetic properties
of electrical steel significantly [120]. For instance, subject-
ing the material to alternating magnetization along different
directions, such as the RD and TD at 50 Hz, shows that uni-
axial stress influences hysteresis loops and core loss. Tensile
stress tends to decrease core loss along the RD but increases
it along the TD direction. This highlights the critical role of
tensile stress in both the mechanical and magnetic behaviour
of electrical steel sheets [120].

One effective method to reduce internal stress impact
is stress relief annealing treatment, which depends on fac-
tors like the material type, stress level, annealing time, and
temperature and so on. For NGOES materials, annealing at
780 °C for 2 h has been found to effectively reduce the den-
sity of dislocations and low-angle boundaries while refin-
ing the grain size. This results in grain recrystallization,

Speed: 150-250
m/min O
o000 @)
Cold Rolling
Time

enhancing the A-fibre {001} < uvw > while weakening the
y-fibre. Consequently, this process leads to improvements
in hysteresis losses and a reduction in residual stress [121].
Moreover, annealing (in Ar) of cold-rolled Fe-Si with a 4.5
wt% variation for 2 h showed interesting results. As the
annealing temperature increased from 600 to 800 °C, the
yield strength declined due to the recrystallization 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 [122].
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.

Table 1 Impact of annealing treatment on mechanical properties of
electrical steel

Electrical Annealing tem- Anneal- Yield Reference
steel (Si%)  perature (°C) ing time strength

(h) (MPa)
0.57 700 2.5 165 [123]
0.57 850 2.5 135
0.57 1000 2.5 122
0.7 300 0.5 550 [124]
0.7 400 1 450
0.7 500 1.5 390
4.5 550 2 750 [122]
4.5 600 2 650
6.5 700 5 400 [125]
6.5 800 2 370 [126]
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In recent years, there has been a rising tendency to
improve the magnetic properties of NGOES by using dif-
ferent types of thermomechanical processing. The mag-
netic characteristics of electrical steel can be significantly
impacted by the material’s previous processing history. The
microstructure characteristics obtained from thermomechan-
ical processing can affect the magnetic properties by varying
the grain size and the orientation of the crystallographic as
well as defects [6, 112, 113]. These microstructure char-
acteristics could act as a domain wall, which determines
the magnetization 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 magnetization performances with different crystal-
lographic orientations. For example, the A-fibre texture (<
001 >// ND) is an ideal texture for developing superior mag-
netic performance while the y-fibre texture (< 111 >// ND)
becomes the adverse texture for magnetization [127-129].
Moreover, the most frequently observed fibre texture in
electrical steel during the thermomechanical process (hot
and cold rolling) is o, &, and y which are developed during
these processes and are not desirable in terms of improving
magnetic properties due to having hard magnetization in this
direction [130].

Numerous studies have been conducted on the develop-
ment of the texture of the electrical steel. In that regard, Her-
mann et al. [129] conducted experiments in order to improve
the magnetic properties of electrical steel with 2.4 wt% Fe-Si
and understand the relationship between grain morphology,
texture, and process parameters. In this research, two sets
of hot rolling parameters were conducted for primary and
secondary groups. The primary groups had a finishing tem-
perature of 900 °C, and following that, all samples were cold
rolled (0.50-mm thickness), subsequently annealed at around
950 °C for 45 s, and then cooled down to 200 °C for 5 min.
The results illustrated that the primary groups with differ-
ent setup 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 [131]
about the recrystallization process of ultra-low carbon steel.

On the other hand, secondary groups had a finishing tem-
perature of 800 °C, and fast cooling from finishing tempera-
ture to 400 °C and cooled down to 200 °C for 5 min could
result in a completely recrystallized structure close to the
surface. In contrast, in analysing the hot rolling microstruc-
ture of secondary groups, different texture intensities and
microstructures obtained across the thickness of secondary
groups such as the highest strength of 0 fibre were 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 [127,
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129]. It was shown that the deformation region with high
intensity of y and « 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 cubic
components compared to the hot rolling process. Contrast-
ing 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 6 fibre compared to that
produced after the hot rolling process. Therefore, decreasing
the intensity of 0 fibre after annealing is not desirable for the
magnetic properties [129].

The evidence demonstrated that having less deformation
as well as reducing the hot rolling temperature during pro-
duction can improve the magnetic properties of the NGOES
[4, 130, 132, 133]. During the cold rolling process, shear
band deformation can be introduced, especially when the
steel (without phase transformations) has a coarse hot band
grain microstructure. These distortions could be a preferred
place for Goss-oriented grains to nucleate and grow in the
annealing treatment of electrical steel, and this is crucial for
magnetic properties due to minimizing the magnetic loss in
electrical power transformers [4, 130]. For instance, it was
found that increasing the cold plastic strain (i.e. thickness
reduction in rolling) significantly influenced the develop-
ment of final textures (y, n) of 3% Si NGOES and conse-
quently their magnetic properties. Also, to achieve the best
magnetic characteristics, grains with favourable texture must
be nucleated and, thus, to achieve a desirable texture, shear
band development during cold rolling is necessary. In this
research, the optimal combination of B50, W15/60, and rela-
tive permeability (ur) was obtained when the large grain size
samples were hot rolled at 1000 °C to 1.4-mm thickness with
64.3% cold strain [134].

It is a widely held view that one of the key elements
influencing a certain orientation’s behaviour during recrys-
tallization is the variation in the accumulated deformation
energy in different crystallographic orientations [36, 130,
135]. 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 pil-
ing 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 is higher than those in the cube and rotated cube
{100} because these grains have the lowest crystal nuclea-
tion rate at grain boundaries which illustrates a direct rela-
tionship between high deformation stored energy and crystal
nucleation. Consequently, the accumulation of stored energy
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can be a driving force for the recrystallization process, and
the strength of this energy relies on individual grain’s per-
formance in crystallographic orientation and deformation
history. It should be pointed out that, in this mechanism,
during the recrystallization process, the grains with the high-
est density of dislocation would be recovered quickly and
provide a suitable place for the nucleation of new grains
in the next stage of recrystallization process [130, 136].
Park et al. [112] have shown that a high heating rate during
recovery and the recrystallization process of NGES could be
beneficial for the development of desirable microstructure
for magnetic applications. 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 [130] imply a correlation
between the hot band texture and the crystallographic ori-
entations observed following cold rolling. Furthermore, the
orientations and texture of the hot band after the recrystal-
lization 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 recrystallization process in electrical steel
occurs in an area which has high stored energy. This could
produce the hardest magnetization direction as well as high
anisotropy energy [130].

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 [137]. 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 tem-
perature 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 to 5 h. Similarly, the volume frac-
tion 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

Fig. 15 Schematic diagram of Molten steel
cold rolling steps of electrical /
steel

As-cast strip

more than is required (600 pm) which has a negative impact
on the magnetic properties. Furthermore, these results sug-
gested that the surface energy and grain boundaries promote
the growth of Goss and cube-recrystallized grains [137].

A similar approach of two cold rolling steps with vari-
ous annealing temperatures of NGOES cast strips was also
reported in [6]. To develop <001 > crystallographic orienta-
tions during the rolling process, small reductions for every
single step of rolling was applied to allow the evolution of
microstructure and form shear bands across the sheet thick-
ness. Moreover, an intermediate annealing temperature
between the first and second rolling processes was applied
to influence the recrystallization texture as well as the final
grain size (Fig. 15). The cold rolling process significantly
impacts the texture of materials [138], and researchers have
investigated the microstructure evolution following various
cold rolling processes [6]. The behaviour of recrystallization
in cold-rolled sheets changes due to the reduction of shear
bands and the increase in grain fragments. However, these
textures weaken, and the formation of the cube texture {100}
strengthens due to the rotation of smaller crystals. Moreo-
ver, higher intermediate annealing temperatures in two-stage
rolled sheets not only increase the grain size before final
rolling but also result in more shear bands in the final cold-
rolled products. Consequently, this gradual increase leads to
a stronger Goss and cube texture. Additionally, increasing
the grain size during the annealing process can reduce hys-
teresis loss. In two-stage cold rolling, higher intermediate
annealing temperatures can enhance the magnetic properties
of samples with the highest levels of magnetic induction
around 1.754 T and the smallest core loss approximately
2.9 W/kg [6]. This improvement in grain size of annealed
sheets, along with A-fibre and n-fibre formation, is notable
[6, 139]. Intermediate annealing temperatures can also influ-
ence the texture, microstructure, and magnetic properties
of NGOES. These findings emphasize the importance of
further research in this area to explore how processing con-
ditions can influence magnetic performance.
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The cold rolling process strongly affects the texture of
materials [138] and the microstructure evolution which is
required to be investigated [6]. Generally, the behaviour of
recrystallization in the cold-rolled sheets changed because
of a decrease in the shear bands and increase in the grain
fragments. In contrast, increasing the intermediate anneal-
ing temperatures in two-stage rolled sheets could cause an
increase in the grain size before final rolling and result in
more of the shear band formation in the final cold-rolled
products which is magnetically favourable. Eventually, this
led the volume of n-fibre texture to be slowly increased with
strong Goss and cube parts [6]. In the two-stage cold roll-
ing, intermediate annealing temperatures could affect the
texture, microstructure, and magnetic properties of NGOES.
The higher intermediate annealing temperatures can improve
the magnetic properties of samples with the highest levels
of magnetic induction around 1.754 T and the smallest core
loss approximately 2.9 W/kg [6]. This improved the grain
size of annealed sheets, along with A-fibre and n-fibre for-
mation [6, 139]. A recent study [140] suggests that a new
three-stage cold rolling technique could greatly enhance the
magnetic properties of GOES sheet (~3.25 wt%). In this
research, two intermediate annealing treatments (870 °C for
3 min and 940 °C for 5 min) were employed between the
three stages of cold rolling. The results illustrated that not
only large grains up to 15 mm could be produced, but this
technique also enabled an increase in silicon content and a
reduction in sheet thickness, leading to reduced core losses.
Together, these issues provide an important insight into fur-
ther research in this area to understand how the processing
conditions could impact the magnetic performance.

4 Alternative thermomechanical
manufacturing of electrical steel

Electrical steel sheets have gained significant attention in
modern industries due to their various applications and out-
standing magnetic properties. These products are typically
manufactured using a series of different thermomechanical
processes, which impact their microstructure, textures, and
properties. Due to the rising demand for production of these
strategic materials, even a small increase in efficiency can
have a significant impact on costs and help bring us closer
to our carbon net zero goals. Therefore, a number of alter-
native thermomechanical operations have been introduced
to improve the magnetic performance of these materials,
such as asymmetric rolling, repetitive bending under ten-
sion, cross rolling, and skew rolling [92, 93, 141-144]. The
main reason to use these thermomechanical processes was
to optimize the final microstructure for higher magnetic
performance.
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Shear plastic deformation during cold rolling can result
in the formation of shear bands as well as high disloca-
tion density zones inside the grains of hot-rolled electrical
steel. These high dislocation density zones and shear bands
are ideal sites for nucleation of < 001 > grains during the
recrystallization treatment [145]. Shear plastic deforma-
tion can be achieved through asymmetric rolling (ASR) in
which the circumferential speeds of the upper and lower rolls
differ; the schematic of asymmetric rolling can be seen in
Fig. 16. This can be accomplished by using different roll
diameters (D), circumferential speeds (u), or rotating at
different speeds (w). For example, Sha et al. [146] showed
that applying ASR on NGOES with 2.10% Si resulted in
developing < 001 > grains during the final recrystalliza-
tion treatment as well as increasing the strength of n while
the strength of y-fibres tends to be slightly reduced. In this
case, the simultaneous enhancement of magnetic induction
and reduction of iron loss can be achieved by ASR, with a
maximum amplitude of 0.011 T and 0.50 W/kg.

It has been demonstrated that shear plastic deformation
induced during repetitive bending under tension (R-BUT)
significantly contributes to the promotion of the desired
{001} texture in electrical steel, while simultaneously
reducing unfavourable {111} orientations. As depicted
schematically in Fig. 17, the specimen undergoes cyclic
bending and unbending while under tension. This cyclic
loading induces shear plastic deformation, leading to the
formation of shear bands within the thickness of the sheet
material. The plastic deformation at room temperature
results in the development of a desirable texture in the
recrystallization heat treatment process. This innova-
tive sheet metal deformation technique was applied to
the hot band annealed 1.8 wt% Si NOES. Moreover, the
results indicate that materials subjected to R-BUT can be
deformed beyond their typical formability limits, offer-
ing a potential solution to the issue of low workability in
higher Si-containing electrical steel sheets. These findings

Rolling direction
B ——

Roll diameters D1>D2

Friction conditions p1>p2

Circumferential speeds w1> w2

Fig. 16 Schematic of asymmetric rolling
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Fig. 17 The experimental configuration includes a visual representa-
tion of the R-BUT testing setup, an illustration outlining the bending
assembly [147]

underscore the effectiveness of the R-BUT technique in
optimizing the magnetic quality of electrical steel [147].
Another alternative thermomechanical manufacturing
process to improve the magnetic properties of NGOES
as well as improve the texture is a cross rolling. Accord-
ing to [148], cross rolling illustrates a significant poten-
tial for obtaining uniform microstructure while keeping
advantage of rolled microstructure and crystallographic
texture. Cross rolling alters the orientation stability of a
hot-rolled sample by rotating it by 90° during cold rolling;
it results in changed plane strain conditions which prevents
y-fibres to form in the recrystallization process. Despite
the change in orientation, the a-fibre <110 >// RD remains
stable under plane strain compression. Cross rolling influ-
ences the formation of texture, producing a t-fibre < 110
>// TD, reducing the anisotropic mechanical behaviours
and magnetic properties by creating a strong cubic-rotated
texture {001} < 110 > while eliminating y-fibre texture
[4]. During annealing, cold-rolled sheets undergo texture
and microstructure evolution, leading to abnormal grain
growth and decreasing hysteresis losses [149]. Additional
annealing stages result in cross rolling sheets with excep-
tional magnetic properties, such as increased core loss
by 21.4% and induction by 2.84% when subjected to a
magnetic field of 50 A/cm [4]. However, the process has
productivity and cost drawbacks and can lead to hysteresis

losses, which are influenced by microstructure, residual
stresses, grain growth, or the recrystallization process [4].

In 2016, Kestens et al. [144] introduced a new design
technique in the cold rolling process called skew rolling
(SR) which is similar to cross rolling. SR involves rotating
a hot-rolled sheet by different angles (45°) with respect to
the rolling direction of the previous rolling stage. Compared
to the conventional and cross rolling, SR results in differ-
ent texture and deformation modes due to frictional forces
acting along the RD and TD direction which causes differ-
ent textures with high intensity. The main aim of SR is to
change the unfavourable fibre < 111 > // ND and promote
the favourable < 113 > // ND (known as 6*) after the anneal-
ing treatment [150]. However, the promotion of ideal sites
for nucleation < 001 >, such as shear bands, twin bounda-
ries, and triple junctions, which are considered good candi-
dates [151], can be facilitated through the SR operation [6].
Therefore, it is important to identify the nucleation sites and
understand the correlation between orientation nuclei and
the mechanism of grain growth. It was shown that the final
recrystallization texture of SR depends on nucleation and
grain growth, with grains having certain orientations grow-
ing faster due to higher migration rates of grain boundaries.
Specifically, grains with < 001> // ND orientation and shear
bands tend to grow and expand more than grains without
shear bands, as the nucleation usually starts from shear
bands and the energy stored within the grain drives grain
development [144]. Additionally, grains with high-angle
misorientation grow more quickly due to the mobility and
activation energy of high-angle boundary relocation, com-
pared to grains with low-angle misorientation and sluggish
mechanisms. This information can be used to control the
final texture and properties of the material produced through
SR [151].

As elaborated in Fig. 14, the conventional thermome-
chanical manufacturing process for NGOES sheets involves
a series of steps, including continuous casting, hot and cold
rolling, and various intermediate heat treatments. However,
due to global warming concerns [1, 38], there is a pressing
need to develop alternative manufacturing methodologies
that not only maintain the integrity of the material but also
enhance its magnetic performance. While cross rolling and
skew rolling have exhibited promising capabilities in pre-
venting undesired microstructure as a result of plain strain
during cold-forming operations, their integration into exist-
ing production lines poses significant challenges, particu-
larly in terms of cost implications. Cross rolling, despite its
potential benefits, presents hurdles in achieving continuous
fabrication of NGOES sheets. This method necessitates cut-
ting and rolling the sheets perpendicular to the previous roll-
ing direction, thereby introducing additional costs into the
production line [4]. For the case of skew rolling, it offers an
alternative approach but requires substantial modifications to
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existing rolling infrastructure, therefore requiring additional
investments [144].

ASR and R-BUT showcase promising capabilities in fos-
tering the development of < 001 > // ND orientation and
mitigating undesired gamma texture in the final product, as
a result of shear strain in these two operations. However,
ASR, while effective, can introduce edge cracks in the sheet
and compromise surface quality due to friction between
the rollers and the sheets. This friction not only impacts
the surface, but also accelerates wear on the rollers, neces-
sitating frequent repairs and replacements, thereby incur-
ring additional costs [152]. Similarly, while R-BUT dem-
onstrates proficiency in achieving desired microstructures
in high-silicon content NGOES, it mandates infrastructural
changes in the production line [147]. On the other hand,
new manufacturing routes such as AM operations exhibit
potential for fabricating high-silicon content NGOES
with desired microstructures. Nonetheless, these methods
encounter typical defects inherent to additive manufactur-
ing processes, such as porosities, keyholes, high residual
stresses, and cracks, which significantly impede magnetic
performance. Furthermore, AM operations have slower
production rates compared to conventional manufacturing
routes, which makes scaling up production and maintaining
efficiency more challenging [153].

5 Additive manufacturing of soft magnetic
materials

Additive manufacturing (AM) is a technology to produce
complex engineering parts directly from digital CAD
(computer-aided design) by joining unprocessed materials
layer by layer (gradually adding materials) and using a high
energy source such as a laser or electron beam to melt the
powder until the desirable part is completed. This technique
can be used for various materials such as composite, poly-
mers, metals, and ceramics in different industries such as
medical, aerospace, and automotive productions [154—156].
The nature of this technology offers greater design freedom,
flexibility, and a lower waste of raw materials for the fabrica-
tion of metallic component compared to conventional meth-
ods such as casting, forming, forging, and machining. With
the expiration of numerous patents surrounding the tech-
nology, new novel AM processes have emerged that have
begun to revolutionize industry over the past 15 years. This
technology opens new paths to fabricating materials with
complex geometry as well as shorter lead times in design
and production, thereby reducing the overall lead time in
the manufacturing process. The advantages of AM over the
conventional processes have been an increasing topic of
interest to many researchers wanting to use this technology
to produce products for different applications [157]. There
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are several organizations including Boeing [158], Airbus
[159], and NASA [160], which are embracing AM technol-
ogy as a key production method for fabricating magnetic
parts in the future. However, despite its advantages, there are
some drawbacks associated with this technology; for exam-
ple, through AM routes, final products would be costly, and
fabricating large or very small structures is limited. Addi-
tionally, in some cases, it is not economically viable for
mass production [161]. Furthermore, the properties of the
final component are mainly reliant on process parameters
and creation (porosities, lack of fusion) is still a widespread
problem. Another challenge is void formation during the
manufacturing process between layers of materials. These
defects could cause poor mechanical and physical proper-
ties. For example, according to [162], computer tomography
scans can be used to detect porosity within materials and
evaluate the porosity level in 3D printed parts. Additionally,
heat treatment is crucial for AM components after print-
ing to avoid unwanted defects that could potentially affect
mechanical properties such as hardness due to the presence
of porosity. Some of these concerns have been resolved, but
further AM technology readiness levels are needed to han-
dle the remaining problems. For instance, producing some
parts in the AM process consumes more time compared to
traditional methods which comes at a cost, and this could
increase lead time in the production process. However, for
specific products with complex geometry, AM technology
could be the best in terms of cost effectives.

Having defined what is meant by AM, a widely held view
is electrical steel with more than 3 wt% Si which could be
difficult to produce due to its poor workability and embrit-
tlement effects. Also, the potential of AM technology for
soft permanent magnetic materials and their applications
has still not been fully explored [163, 164]. A recent study
[165] illustrated that an innovative technique such as LPBF
can also be used for developing microstructure and A-fibre
(< 100 > // ND) texture in Fe 3.5 wt% Si for industrial appli-
cations. According to [165], {001} < 001 > cube texture,
{001} < 110 >rotated cube texture, and {100} < 105 > tex-
ture as well as strong A-fibre texture on the top plane of Fe
3.5 wt% Si can be manufactured. On top of the plane, 16.6%
y-fibre texture with the lowest energy density (75 J/mm?)
was produced due to lack of high energy, and defects such
as pores and un-melted powder were observed. Therefore,
the laser energy density is proven to be an effective method
to regulate the crystal orientations of magnetic components
[165].

According to recent research (2023) [166], using AM
technology to manufacture ferromagnetic material and
different parts of electrical machines is feasible. In this
research, the evaluation of magnetic properties of electrical
steel was undertaken using 3D micro-extrusion and laser
powder bed fusion (LPBF). The results demonstrated that,
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as compared to the LPBF counterpart, the micro-extruded
component exhibited considerably smaller core losses. Fur-
thermore, in contrast to the LPBF component, the micro-
extruded ring exhibits only a minor increase in losses when
compared to the standard electrical steel. Therefore, it can
be concluded that the 3D micro-extrusion of Fe-Si 3 wt%
at ambient temperature proceeded by regulated debind-
ing and furnace sintering is preferable to the LPBF after
thermal annealed in terms of magnetic characteristics. This
illustrated the potential of AM technology to produce novel
magnetic material components such as Fe-Si.

Another study [167] confirmed that the LPBF technique
can be used to print Fe-Si steel with two different silicon
contents such as 3% and 6.5%. The results demonstrated
an extremely strict processing window characteristics, with
keyhole porosity correlating with high specific energy values
(E=350 Jm™, v=0.5ms™!, P=175 W), leading to crack
formation. The main reasons were high thermal gradients
and fusion porosity being lacking at low specific energy lev-
els, and the best LPBF printing condition was E =250 Jm™!,
v=1ms~!, P=250 W, 99.99% relative density. Moreover,
because of epitaxial growth beginning from the previously
consolidated material of the sublayer, a completely colum-
nar solidification microstructure was formed along the con-
structed direction. The Fe-Si 3 wt% 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 Fe-Si 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 magnetization < 111
> direction in the samples’ vertical and horizontal planes
resulted a desirable microstructure for magnetic applica-
tions. The magnetic behaviours of both fabricated alloys are
encouraging. Particularly, the FeSi6.5 steel seems to have a
significant amount of potential because it showed less eddy
current effects than Fe-Si 3% and hence has a greater mag-
netization capacity and more than 50% lower power losses
[167].

The recent study [168] demonstrates that LPBF can be
utilized for manufacturing NGOES Fe-Si 3.5 wt%. The
results show that reducing linear energy density (0.375 to
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 0 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
magnetization 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 mag-
netic properties of the final products were not comparable
to commercial products. Therefore, further annealing is
necessary to remove residual stress and promote recrys-
tallization, allowing for a better understanding of how
the texture develops after these treatments. Conversely, a
different observation was reported by [169], where high
Fe-Si content (6.5 wt%) manufactured by LPBF at power
170 W and scan speed 400 mm/s, using bidirectional scan-
ning, resulted in large columnar grains with an elongated
shape exceeding 2 mm in the build direction. Additionally,
these grains exhibited a preference for the < 111 > tex-
ture, which is not desirable for magnetic properties.
Manufacturing high-silicon electrical steel (6.5%)
and optimizing the geometry of electrical machine parts
through the LPBF process are gaining attention from
scientists [125, 170]. 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 [170]. The Hilbert pattern is a specific geometric
arrangement that can be used in constructing stators (Fe-
Si 6.5 wt%) for electrical machines (Fig. 18). This pat-
tern aims to reduce eddy current losses and decrease the
stator’s weight by 34% compared to Fe-Si 3 wt% (0.127-
mm 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
Fe-Si 3 wt% (428 W, 0.35-mm laminations). Further work
is needed to address these losses and optimize process-
ing parameters in AM Hilbert LPBF, as well as avoiding
delamination and debonding during machining [171].
According to a recent report by Zaied et al. [172], high-
silicon electrical steel 6.5 wt% can be manufactured by
laser beam melting (LBM) process. In this research, micro-
structure 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 nor-
malized 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, minimizing 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 relation-
ship between texture and the magnetocrystalline 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-treat-
ment processes such as the annealing process. This focus
is necessary to produce a uniform coarse grain and recrys-
tallized microstructure, as these types of post-treatments
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Fig. 18 Design of AM Hilbert
stator for manufacturing by the
LPBF process [171]

Back Iron

L.

could lead to favourable crystallographic orientation and
improved magnetic performance [172].

Among the different processes of AM, the binder jetting
(BJ) has recently been used to manufacture high-density
Fe-Si (6.5 wt%) stators. The researchers have examined
the effects of magnetic and mechanical properties of the BJ
silicon part [173]. 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 per-
formed 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 magnetization of 1.8 T, and
an electrical resistivity of 98 pQ cm as well as high relative
magnetic permeability of 10.500 for a sample with thickness
of 1.02 mm. These results would seem to suggest that this
process can potentially replace the current CVD operation
to fabricate 0.1-mm thickness 6.5 wt% Si electrical steels
due to its cost effectiveness and reasonable mechanical and
magnetic properties [173].

According to a study by Garibaldi et al., 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 pro-
duce 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 10° to 10® K/s. This can be
beneficial due to the suppression of two phases such B, and
DOj; to form in Fe-Si 6.5 wt% system. These two phases
make electrical steel more brittle and less electrically con-
ductive [8, 174, 175]. Additionally, the final microstructure
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10.80 mm

10.72 mm

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 rea-
son for the formation of spherical pores was the protuber-
ant melting pool shape due to the higher laser energy input
used during manufacturing process [176]. In addition to that,
higher energy can be promoted to form keyhole defects in
samples due to the vaporization of materials from the sur-
face, 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 form-
ing 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 mag-
netic characteristics. Due to heat input and residual stress
effects in the ring shape sample, it was suggested that the
laser energy density (E) could not be higher than 420 J/m
[177]. 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 magnetizing force,
coercivity (Hc), gradually decreased. This effect was par-
ticularly 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. Fur-
thermore, 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 treat-
ment (5 h at 700 °C), the magnetic permeability increased
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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 mag-
netic characteristics due to the formation of a cubic 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 [177].

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 [7]. 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 1 h could develop a recrystallized microstruc-
ture which is defined by mainly equiaxed grains (<300 pm).
The most significant aspect of this treatment was that anneal-
ing 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 24,000 H/m, a coercivity of 16 A/m, and a
notable 36.8% increase in flux density B10 (from 0.95 to 1.3
T) subsequent to annealing at 700 °C. This is an interest-
ing 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 [7].

6 Circular economy of electrical steels

It is essential to establish a comprehensive design princi-
ple for the recycling of electrical machine parts in order
to address the growing demand for sustainable practices 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 concen-
trated in a few regions marked by volatile political environ-
ments and insecure supply chains. Recycling them is highly
energy-intensive due to their low concentration in alloys,
resulting in unavoidable costs. However, with the increas-
ing demand for electrification, these critical materials have
become essential for enhancing the performance of electrical
motors [61]. 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 sub-
stances, 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 out-
lived their intended lifespan [178]. This method represents
a straightforward and economical solution. In addition, the
conversion of electrical steel scrap containing these elements
into powder by the gas atomization 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 [115] 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, pro-
viding ample opportunities for further development in this
field. Establishing recycling design principles for electri-
cal machine parts has great potential for remanufacturing
electrical steel, reducing environmental impact, addressing
resource scarcity, and investigating cost-effective manufac-
turing alternatives.

According to recent research [179], recycling electri-
cal machines is of utmost importance due to its significant
impact on resource efficiency, waste reduction, and mate-
rial reuse within the scope of electric motors. The imple-
mentation of circular economy practices necessitates the
adoption of various strategies, namely remanufacturing,
refurbishment, repairing, reusing, and recycling, as effec-
tive 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 utilization in the supply chain of critical materi-
als. This can be achieved by following the steps outlined
in Fig. 19, which aim to reduce environmental impact and
minimize waste from both new manufacturing and the reuse
of old products. Remanufacturing involves the disassembly,
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 fail-
ures, 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 disas-
sembly of electrical machines to recover raw materials for
manufacturing new parts. The idea for recycling electrical
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Fig. 19 Circular economy of electrical steel Fe-Si

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 pro-
cess, 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. It is worth men-
tioning that alternative materials like soft magnetic compos-
ites 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 [79]. According to a recent study [61], reducing
copper in liquid steel during recycling can be highly benefi-
cial. Copper poses significant challenges in steel recycling,
requiring higher energy input and costs. Following this, the
shredded materials are transferred to an atomization pro-
cess 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
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(EDS spectra). If the powder contains acceptable impurities,
it can be utilized 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 mini-
mized, contributing to the development of a sustainable cir-
cular economy model. Moreover, the integration of digitali-
zation, automation, and data exchange plays a crucial role in
enabling and optimizing the recycling processes associated
with electric motors, as highlighted by recent research [179].
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 digitalization and automation, which drive
sustainable development and enhance resource management
in the industry.

7 Summary, conclusions, and future
direction

NGOES are one of the most widely and extensively used
for electrical steel applications due to their superior proper-
ties such as high permeability, high magnetization satura-
tions, 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, crys-
tallographic texture, and contamination levels. These vari-
ables are capable of some degree of manipulation during
the manufacturing process. This review paper 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
steel, it is essential to develop new manufacturing techniques
that optimize the microstructure and achieve high Si produc-
tion. The current manufacturing routes for electrical steel
sheet fabrication have been thoroughly studied from a metal-
lurgical 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
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phases, it is very challenging to fabricate these materials.
As aresult, alternative manufacturing techniques have been
reviewed in terms of their capabilities and limitations, as
described in previous sections. These alternative methods
provide promising avenues for overcoming the obstacles
posed by the high Si content of NGOES, paving the way
for enhanced manufacturing processes and enhanced per-
formance 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 intro-
duce shear plastic deformation across the sheet thickness,
which is essential for achieving desirable crystallographic
orientations, particularly the < 001 > texture, while prevent-
ing 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 necessi-
tate infrastructure modifications. In addition, the efficiency
of these operations is highly dependent on process param-
eters, 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 mate-
rial’s core. However, due to the significant cost involved
and environmental concerns, these operations are not con-
sidered 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 flex-
ibility of AM processes permits the use of powder mate-
rials with customized 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
optimization. It is noted that careful process optimization
is essential to avoid both microscopic and macroscopic
defects that could impair the magnetic performance of the
final products. Additionally, utilizing 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 customized chemical compositions, followed by high-
temperature rolling (below the recrystallization temperature)
to achieve the desired thickness.

To enhance the magnetic properties of NGOES, achiev-
ing a columnar grain structure with fewer grain bounda-
ries 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 manu-
facturing soft magnetic materials but extends to other criti-
cal 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 and develop-
ing new materials and concepts. For example, recent stud-
ies [180] have highlighted the use of polymeric matrices
for coating soft electronics, offering excellent insulation
and corrosion protection. This approach can be applied to
coat the stator of electrical machines (NGOES) manufac-
tured by thermomechanical, or AM, addressing cracks that
may occur during the manufacturing process. A similar
approach was taken by another study [181], where micro-
scopic cracks obtained from LPBF of 6.5% Fe-Si were
filled with epoxy resin, resulting in improved mechanical
performance by 40%.

In terms of developing alternative soft magnetic materi-
als, 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 process-
ing of cobalt, in particular, present significant challenges.
Nonetheless, in 2018, scientists at the University of Min-
nesota reported that ruthenium (Ru) possesses unique mag-
netic properties at room temperature. It is believed that Ru,
specifically in its metastable tetragonal phase, represents the
fourth ferromagnetic material, potentially revolutionizing
the electrical industry. These findings suggest that, based
on the Jahn-Teller magnetization effect [182], ferromagnetic
materials can be produced from a substance beyond the com-
monly known three elements. This breakthrough could be
a game changer in numerous everyday applications, includ-
ing 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 [183, 184].

For future research in manufacturing NGOES, several
pathways are recommended. Primarily, optimizing process
parameters remains paramount. This includes developing
new alloy compositions tailored specifically for NGOES
applications, further exploring AM for NGOES mass pro-
duction, advancing coating techniques, investigation of
crack formations, and enhancing characterization meth-
ods. Additionally, emphasis on research efforts focused on
recycling NGOES and reducing energy consumption in the
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manufacturing process to minimize the environmental foot-
print of production is required.
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