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Abstract: Amorphous and nanocrystalline alloys, as novel soft magnetic materials, can en-
able high efficiency in a wide range of power conversion techniques. Their wide application
requires a thorough understanding of the fundamental material mechanisms, typical char-
acteristics, device design, and applications. The first part of this review briefly overviews
the development of amorphous and nanocrystalline alloys, including the structures of soft
magnetic composites (SMCs), the key performance, and the underlying property-structure
correction mechanisms. The second part discusses three kinds of high-power conversion
applications of amorphous and nanocrystalline alloys, such as power electronics trans-
formers (PETs), high-power inductors, and high-power electric motors. Further detailed
analysis of these materials and applications are reviewed. Finally, some critical issues and
future challenges for material tailoring, device design, and power conversion application
are also highlighted.

Keywords: soft magnetic material; amorphous alloy; nanocrystalline alloy; power conver-
sion; transformer; inductor; electric motor; power loss

1. Introduction
Energy conversion is witnessing an irreversible trend towards the energy internet

for sustainability and efficiency [1]. New power equipment, such as power electronic
converters, play a pivotal role in harnessing wind, solar, and hydraulic energies, as well
as securing the stable operation of power systems. In recent years, the advance of wide
band gap semiconductors has brought in a revolution to higher frequency and higher
efficiency [2]. However, existing power devices with bulky sizes and heavy weights fail to
meet the development. The magnetic power cores with soft magnetic materials occupy the
most space and mass of power components and their auxiliary systems. The selection of
soft magnetic materials is of special significance for striking a balance between cost and
efficiency [3].

Several types of soft magnetic materials have been developed sequentially for greater
compactness and better electrical and magnetic characteristics. Additionally, a number of
compound soft magnetic materials with comprehensive striking performance have been
produced. Currently, amorphous and nanocrystalline materials exhibit the most attractive
application prospects.

High-efficient soft magnetic materials are selected according to the property require-
ments and servicing environments of the core, which is a complicated procedure for
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minimizing size, loss, leakage inductance, local heating, and vibration. Moreover, the
production techniques for ribbon materials have evolved many times, playing an essential
role in securing their overall performance.

Nowadays, soft magnetic materials have been widely applied to various high-power
conversion scenarios and magnetic devices in power electronics, as shown in Figure 1,
including high-power transformers, inductors, motors, and common mode chokes for
mitigating electromagnetic interference (EMI). Amorphous and nanocrystalline alloys offer
low core losses, high saturation flux densities, and excellent permeability, making them
ideal for applications where efficiency and size reductions are critical, while other soft
magnetic materials, such as silicon steel and ferrite, do not offer both low core loss and
high efficiency, especially at high frequency. Magnetic ribbons, especially amorphous and
nanocrystalline ribbons, play a crucial role in the development of soft magnetic materials
due to their excellent magnetic properties and reduced energy losses. Among the various
synthesis methods, melt spinning has emerged as a widely adopted and efficient technique
for fabricating magnetic ribbons. This method involves rapidly cooling a molten alloy onto
a rotating copper wheel, resulting in a thin ribbon with amorphous or nanocrystalline struc-
tures. Melt spinning not only provides high efficiency in ribbon synthesis but also allows
precise control over microstructural and magnetic characteristics [4,5]. This technique is
particularly suitable for the production of ribbons with high saturation magnetization, low
coercivity, and excellent permeability.

Energies 2025, 18, x FOR PEER REVIEW 2 of 33 
 

 

High-efficient soft magnetic materials are selected according to the property require-
ments and servicing environments of the core, which is a complicated procedure for min-
imizing size, loss, leakage inductance, local heating, and vibration. Moreover, the produc-
tion techniques for ribbon materials have evolved many times, playing an essential role 
in securing their overall performance. 

Nowadays, soft magnetic materials have been widely applied to various high-power 
conversion scenarios and magnetic devices in power electronics, as shown in Figure 1, 
including high-power transformers, inductors, motors, and common mode chokes for 
mitigating electromagnetic interference (EMI). Amorphous and nanocrystalline alloys of-
fer low core losses, high saturation flux densities, and excellent permeability, making 
them ideal for applications where efficiency and size reductions are critical, while other 
soft magnetic materials, such as silicon steel and ferrite, do not offer both low core loss 
and high efficiency, especially at high frequency. Magnetic ribbons, especially amorphous 
and nanocrystalline ribbons, play a crucial role in the development of soft magnetic ma-
terials due to their excellent magnetic properties and reduced energy losses. Among the 
various synthesis methods, melt spinning has emerged as a widely adopted and efficient 
technique for fabricating magnetic ribbons. This method involves rapidly cooling a mol-
ten alloy onto a rotating copper wheel, resulting in a thin ribbon with amorphous or nano-
crystalline structures. Melt spinning not only provides high efficiency in ribbon synthesis 
but also allows precise control over microstructural and magnetic characteristics [4,5]. 
This technique is particularly suitable for the production of ribbons with high saturation 
magnetization, low coercivity, and excellent permeability. 

 

Figure 1. Application scenarios of nanocomposite. 

This paper aims to discuss the advances in soft magnetic materials, especially for 
amorphous and nanocrystalline alloys, and the prospects of their significant applications 
in power conversion. The paper is presented as follows. In Section 2, the classification of 
soft magnetic materials and a well-rounded comparison of their properties are explored 
and discussed. Subsequently, the mechanisms underlying the amorphous and nanocrys-
talline materials are extrapolated. Moreover, the correlation between different engineer-
ing techniques (i.e., from the composition optimization to external treatment) and the re-
sulting properties are revealed. Key issues and the development of amorphous and nano-
crystalline materials are introduced. Sections 3 and 4 discuss the application of soft mag-
netic materials in high-power-density transformers and inductors. The following struc-
ture contains the specific requirements of electromagnetic properties of magnetic cores, 
the design optimization, and the comprehensive analysis of the power device. The opera-
tion conditions related to soft magnetic ribbon materials include temperature rise, vibra-
tion, and insulation issues. In Section 5, an evolution of high-power motors is introduced, 
followed by the particular request for soft magnetic materials and the analysis and opti-
mization of manufacturing and operation processes. In Section 6, concluding remarks on 

Figure 1. Application scenarios of nanocomposite.

This paper aims to discuss the advances in soft magnetic materials, especially for
amorphous and nanocrystalline alloys, and the prospects of their significant applications
in power conversion. The paper is presented as follows. In Section 2, the classification of
soft magnetic materials and a well-rounded comparison of their properties are explored
and discussed. Subsequently, the mechanisms underlying the amorphous and nanocrys-
talline materials are extrapolated. Moreover, the correlation between different engineering
techniques (i.e., from the composition optimization to external treatment) and the resulting
properties are revealed. Key issues and the development of amorphous and nanocrystalline
materials are introduced. Sections 3 and 4 discuss the application of soft magnetic materials
in high-power-density transformers and inductors. The following structure contains the
specific requirements of electromagnetic properties of magnetic cores, the design optimiza-
tion, and the comprehensive analysis of the power device. The operation conditions related
to soft magnetic ribbon materials include temperature rise, vibration, and insulation issues.
In Section 5, an evolution of high-power motors is introduced, followed by the particular
request for soft magnetic materials and the analysis and optimization of manufacturing and
operation processes. In Section 6, concluding remarks on the research status are summa-
rized, and the perspective for the development of amorphous and nanocrystalline materials
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alongside their applications is separated into three parts. It highlights the short-term,
intermediate-term, and long-term development of soft magnetic ribbon material.

2. An Overview of Soft Magnetic Materials
2.1. Magnetic Characteristics

Soft magnetic materials can be roughly separated into three kinds: soft ferrites, com-
posed of oxides based on Fe, Ni, Zn, Mn, and their combinations (MnZn and NiZn), are
bulk materials with high electric resistance; bulk crystalline alloys with grain sizes of
10 µm to 10 mm, such as FeSi, FeNi, and FeCo alloys; amorphous and nanocrystalline alloy
ribbons manufactured effectively by plane flow casting technique. The former two kinds
are technologically mature in manufacture and applications. Therefore, this paper focuses
on amorphous and nanocrystalline alloys.

Permeability is a critical parameter that affects electromagnetic properties and practical
applications. It describes the ability of a material to respond to an applied magnetic field.
Experimental measurements of permeability typically involve impedance analysis, the
hysteresis loop method, and the resonance method. The impedance analysis method is
widely used for high-frequency permeability measurement. By employing an impedance
analyzer to test the impedance of core materials at various frequencies, it is possible
to extract both the real and imaginary parts of the complex permeability. It is used to
analyze hysteresis and eddy current losses. The hysteresis loop method determines the
initial permeability and maximum permeability by recording the relationship between
the applied magnetic field and magnetization. It is more applicable for the evaluation
of magnetic materials under low-frequency or DC conditions. The resonance method is
used to measure the resonance frequency and quality factor of the sample, especially for
high-frequency applications. The permeability can be precisely extracted, making this
method widely used in the study of nanoscale magnetic materials.

Figure 2 shows the dependence of saturation magnetization on the frequency of
different materials. Metal amorphous nanocomposite (MANC) alloys represent a new
class of metal/oxide nanocomposites, characterized by the incorporation of oxide phases
within a metallic matrix. This unique structure enhances mechanical, magnetic, and thermal
properties by leveraging the synergistic effects between the metal and oxide components [6].
Recent advancements, as depicted in Figure 2, include the optimization of ribbon thinning
and alloy chemistries, which are pivotal for the development of next-generation MANC-
based materials [7].
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Table 1 summarizes the magnetic properties of soft magnetic materials. Bs is the
saturation magnetization, Hc is the coercivity, µmax is the maximum permeability, R is the
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electrical resistivity, λs is magnetization, and Tc is Curie temperature. Nanocrystalline
materials, such as Fe-Si-B-Cu-Nb (FINEMET), are highlighted in the table for their unique
properties. These materials exhibit low coercivity, ranging from 2–8 A/m, which is benefi-
cial for applications requiring easy magnetization and demagnetization. The maximum
permeability of FINEMET is notably high, varying from 50 to 120 × 103, indicating its
superior magnetic responsiveness and efficiency in magnetic circuits. Overall, amorphous
and nanocrystalline alloys exhibit high Bs and low coercivity, and their moderate resistivity
can be additionally improved by the interface insulation. Thus, they are beneficial to use in
high frequency conversions.

Table 1. Summary of magnetic properties of soft magnetic materials.

Material Bs (T) Hc (A/m) µmax (×103) R (Ωm) λs (ppm) Tc (K)

Fe-Co-Ln-B [8] 0.84–1.66 1.0–36 8.3–12.5 - 1–58 735–850
Fe-Si-B-Cu-Nb (FINEMET) [9] 1.18–1.56 0.45–5.2 27–209.1 - 0–20 843

Fe-Si-B-P-Cu [10] 1.82–1.85 5.8–7.6 24–27 - 2.3 728
Fe-Zr-B-Cu [11] 0.70–1.60 3.2–3.5 48 - −2–16.6 873

Permalloy (Fe15Ni80Mo5) [3] 0.80 0.3–2 500 7 × 10−8 1 690
Fe50Ni50 [3] 1.60 4 100 4.8 × 10−7 25 720

Sintered Mn-Zn ferrites [3] 0.4–0.55 5–20 1–10 10−2 −2 403–553

In 1967, the first amorphous soft magnetic alloys were prepared by using a rapid
solidification technique to produce the Fe-C-P system alloy [12]. Since the 1980s, amorphous
core transformers have been put on the market. Then, in 1988, the nanocrystalline structure
with ultra-fine BCC Fe grains embedded in an amorphous matrix was achieved by specified
heat treatment in the alloys with Cu addition, which was forced to dissolve during rapid
quenching and facilitated nuclei formation. Afterward, FINEMET became commercialized
based on the Fe-Si-B system. In the early 1990s, soft magnetic composites, known as
powder cores, began to gain researchers’ interest [13]. Soft magnetic composites (SMCs) are
often enhanced with the incorporation of insulating materials to improve their properties;
however, this process can inadvertently create air gaps that may diminish their relative
permeability. Furthermore, while SMCs composed of nanoscale particles hold promise
for superior performance, they have yet to be widely adopted in industrial settings. In
recent years, there have been constant efforts to interpret magnetism, like the intergranular
exchange effects. Intergranular exchange effects refer to the exchange coupling between
adjacent grains or nanoparticles. These effects arise due to the interaction of the spins of
adjacent grains, which are influenced by the boundary conditions, crystal structure, and
surface states of the nanoparticles. Nogués et al. demonstrated the influence of exchange
coupling in nanostructured materials, where the magnetic properties were significantly
affected by the coupling between adjacent grains [14]. Similarly, grain boundary effects
have been observed to modify the magnetic hysteresis and thermal stability of soft magnetic
materials [15]. In addition, designs of environmentally friendly rare earth-free compositions
have been studied in the past decades. To assess the environmental impact of the materials
used, existing strategies include Life Cycle Assessment (LCA) and material substitution.
LCA evaluates the environmental impact throughout the entire life cycle of the material,
while material substitution focuses on replacing harmful or scarce resources with more
sustainable alternatives.

2.2. Material Structure, Magnetism, and Correlation with Heat Treatment and Composition

Figure 3 shows the relationship between grain size and magnetic characteristics of
typical soft magnetic materials. Conventional soft magnetic materials, such as permalloy,
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exhibit large grain sizes, which compromise their mechanical properties, including defor-
mation resistance. In contrast, amorphous alloys lack atomic long-range order structure,
and nanocrystalline materials have small grain sizes, leading to the high ability to maintain
low Hc [16]. Weak structural correlations are formed inside the materials. Therefore, amor-
phous nanocomposites indicate superior mechanical characteristics. For example, their
yield strength can reach 3000 MPa, showcasing their exceptional strength and resilience.
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The increase in the coercive field with grain size can be attributed to the transition
from single-domain to multi-domain states in the grains. For small grains, the magneti-
zation reversal occurs via coherent rotation, which is dominant within a certain critical
radius. This process is strongly influenced by exchange interaction, which refers to the
quantum mechanical interaction between spins within a grain. The exchange interaction
provides a coupling mechanism that aligns spins in adjacent atomic sites, ensuring uniform
magnetization within the grain. For grains smaller than the critical radius, the exchange
interaction stabilizes the single-domain state by suppressing the formation of domain walls,
as the energy cost of forming a domain wall would outweigh the reduction in magnetostatic
energy. It leads to a coherent reversal process with a relatively low coercive field.

As the grain size increases beyond the critical radius, the exchange interaction alone
becomes insufficient to maintain a single-domain state. The increased grain size reduces
the relative influence of exchange energy compared to magnetostatic energy, allowing the
formation of multi-domain structures. In multi-domain grains, the magnetization reversal
mechanism transitions to domain wall motion, where domain walls propagate through the
material rather than through coherent rotation of all spins. This domain wall motion is also
influenced by the exchange interaction at a local level, as it determines the stability and
mobility of the domain walls. For instance, strong exchange coupling within grains can pin
domain walls, increasing the energy barrier for their motion and consequently raising the
coercive field. However, once the grains reach a size where intergranular coupling becomes
weaker, the individual grains behave more independently, leading to a more pronounced
multi-domain structure and a further increase in the coercive field [17].

The soft magnetic characteristics of amorphous and nanocrystalline materials can be
explained by the random anisotropy model due to their small grain size D. It indicates that
local anisotropies of the amorphous and nanocrystalline materials are averaged out. One
of the key points of the model is the average anisotropy constant, which is the effective
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first-order magnetocrystalline anisotropy constant averaged over the material, which is
related to the anisotropy of the crystals and is manifested in the different energies required
for magnetization along the different crystal axes, and this difference in energy is called the
magnetocrystalline anisotropy energy. Magnetization is enhanced along the easiest axes
and the exchange energy multiplies as A/Lex2, where A is the exchange stiffness, and Lex2 is
the length of correlation where magnetization remains constant. Actually, the microscopic
system is much more complicated due to the magnetoelastic and field-induced anisotropies.
It presents a decisive impact on the soft magnetic properties. It is accepted that long-range
anisotropies eventually decide the minimum anisotropy inside the materials.

To obtain a thorough understanding of the thermo-magnetic properties of nanocrys-
talline alloys, especially for the heat treatment technique, it is vital to have an insight
into intergranular exchange interaction [18]. As shown in Figure 4, the BCC grains of
nanocrystalline are exchange-coupled through the intergranular amorphous matrix. When
the temperature approaches Curie temperature Tc of an amorphous matrix, the domain
structure becomes irregular and small. Thus, soft magnetic properties deteriorate. Metic-
ulous alloy design must be carried out to achieve high Tc and possess a high ability of
intergranular exchange coupling. By combining the properties of various structural phases,
low magnetostriction could be accomplished.
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The composition of nanocrystalline alloys has been continuously investigated. Cur-
rently, Fe74Cu1Nb3Si13–16B6–9 behaves as an outstanding composition. Over the past
decades, few attempts have been made beyond this composition. It has been reported
that V can suppress the grain growth and stabilize Bs and coercivity. Mo can extend the
temperature difference between the onset of α-Fe crystallization and the precipitation of
the Fe-B phase [19]. Au and Cu elements can accelerate nucleation at the initial stage of
crystallization. Transitional elements, including Nb, Zr, and H, restrain the increase in Fe
grains [20].

Long-range nonuniformity of anisotropy is another factor that affects the magnetic
properties of nanocrystalline alloys. It depends on morphology defects and inner stress. The
angle between the apparent anisotropy direction and the external magnetic field determines
the permeability µ. To maximize permeability, it is desirable to maximize the number of
(100) planes of axes of magnetization and minimize the number of (111) planes. Meanwhile,
the induced anisotropies of amorphous materials decrease steadily with the temperature.
However, nanocrystalline alloys reduce induced anisotropies due to the intergranular
decoupling effect.

As mentioned above, anisotropies induced by external factors determine the mag-
netic characteristics of amorphous and nanocrystalline alloys. The effect of field-induced
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anisotropy exceeds the effects of magneto-crystalline and magnetoelastic anisotropies.
Anisotropy is closely related to the size of nanocrystalline and fine structure. It can be
achieved by the rapid cooling rate of melt liquid at 105–106 K·s−1. Particularly, mag-
netic field annealing and tensile stress field annealing (i.e., tension annealing) are of great
significance in obtaining uniform uniaxial anisotropy. During the magnetic field anneal-
ing process, the applied magnetic field rearranges the magnetic domain structure of the
material, inducing uniaxial anisotropy along the direction of the magnetic field, thereby
enhancing the magnetization ease in that direction. On the other hand, tensile stress anneal-
ing introduces stress to adjust the material’s microstructure, particularly the morphology
and alignment of the grains. The stress field changes the distribution of grain boundaries
and affects the orientation and growth patterns of the grains. It enhances the magnetic
properties of the material, particularly increasing permeability and reducing hysteresis loss
due to the change in the material’s anisotropy.

Stress field annealing is another promising technique to tailor the structure and
anisotropy of the material. Generally, plastic deformation is induced inside the material,
and uniaxial anisotropy (Ku) is linearly correlated with tensile stress. The nanocrystalline
alloys exhibit a decrease in unit power losses with an increase in tensile stress. In contrast,
conventional annealing without an imposed magnetic field causes an “R” shaped hysteresis
loop. Induced anisotropies are consistent with the direction of spontaneous magnetization.
Hence, the homogeneity of induced anisotropy by the applied field can be improved, which
is beneficial to enhance the magnetic characteristics of amorphous and nanocrystalline
alloys. If nanocrystalline alloys are crystallized without applied magnetic field and then
field-annealed, then the Ku depends on both annealing temperature Ta and time. However,
when the nanocrystallization process is accompanied by the applied magnetic field, then
Ku probably remains relatively constant, regardless of the variation of Ta [21].

Figure 5 shows the effects of heat treatment on the hysteresis loops of the magnetic ring.
Transverse field annealing causes a flat loop, while longitudinal field annealing contributes
to a rectangular “Z” loop. A higher permeability is often desired for amorphous and
nanocrystalline alloys. The rectangular hysteresis loops need to be carefully examined. It is
ascribed to the dynamic magnetization behavior by the induced anisotropy. For instance,
the increase in induced anisotropy enhances the expansion of domains and the localization
effect, thus enlarging the anomalous losses (i.e., excessive losses) [22].
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After considering the composition and anisotropy characteristics of the material,
amorphous and nanocrystalline alloys are usually fabricated into ribbons or sheets about
10–30 µm in thickness for industrial applications. The process of forming and fabricating
these alloys depends on rapid cooling methods. One of the most advanced liquid phase
cooling techniques is considered to be planar flow casting, which helps in achieving the
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desired physical properties and dimensions of the alloys. Ensuring material uniformity
and performance during the casting process is critically dependent on the optimization
of key process parameters. These include controlling the cooling rate to achieve the
desired microstructure, precisely regulating the casting temperature to prevent non-uniform
solidification, and managing the flow characteristics of the molten metal to minimize defects.
Furthermore, maintaining consistent mold temperatures and applying external pressure
can enhance material uniformity and reduce internal stresses. In the actual casting process,
the reservoir is in direct contact not only with the nozzle but also with the casting roll.
Hence, the shape of the sheets can remain stable and reach a maximum width of 300 mm.
To manufacture sheets into the desired geometry, a variety of cutting techniques can be
employed, including laser cutting, chemical etching, electric discharge machining, and
waterjet cutting [23,24]. Magnetic, thermal, and mechanical performances of the ribbons
strongly depend on the rolled, cutting, and curing techniques. This is evidenced by the
significant impact of the planar flow casting process on magnetic properties, such as
permeability and losses, the critical role of high cooling rates in maintaining an amorphous
structure to minimize thermal losses, and the challenges in mechanical performance due
to brittleness induced during annealing, limiting the application of these materials in
demanding environments [25,26].

In general, nanocrystalline alloys present superior thermal stability than amorphous
alloys. Firstly, the crystal structure of nanocrystalline alloys is stable. Secondly, the duration
of crystallization and field annealing of nanocrystalline is longer and more smooth than
that of the amorphous material. Finally, nanocrystalline alloys could withstand severe
thermal aging conditions with little fluctuation in µ. Meanwhile, nanocrystalline alloys
can reach higher saturation magnetization Bs. In addition, the major compositions, such as
Fe and Si, are relatively cheap. However, nanocrystalline alloys inevitably become brittle
during crystallization because of the structural relaxation and the deposition of α-Fe. It
limits the shape annealing of power cores. Moreover, the stress relief treatment required for
high µ amorphous alloys also enhances the embrittlement. These challenges underscore
the need for further research to optimize the balance between magnetic properties and
mechanical characteristics in nanocrystalline alloys.

3. Application in High-Power-Density Transformers
A high-power-density transformer is an essential part of the power system. Statisti-

cally, 10 kV and 35 kV distribution transformers account for 40–50% of total power loss
in China [27]. Nowadays, the development of transformers is growing toward enhanced
stability, energy conservation, compactness, high power density, and controllability [28].
In recent years, power electronic transformers (PETs) or solid-state transformers (SSTs)
have been competitive candidates for the establishment of flexible AC/DC power transmis-
sion, smart grid, microgrid, and renewable energy connections such as solar photovoltaic
systems [29,30]. By 2010, an overall capacity of 70 million kVA and 35 million kVA of
amorphous core transformers had been constructed. Table 2 presents the research findings
and performance of various existing materials in high-power-density transformers.
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Table 2. Comparison and improvement of different high-power-density transformers.

Type Material Properties Power Merits Demerits

Nanocrystalline
alloys [31]

Fe-Si-B-Cu-Nb
(FINEMET)

Bs = 0.6–2 T;
Hc = 0.5–1.0 A/m;

core loss:
104 kW/m3 at
100 kHz, 1.0 T

Up to 1 MW

High
permeability, low
losses, and low

magnetostriction

Brittle; high cost

Mn-Zn doft
ferrites [32] Mn-Zn

Bs = 0.2–0.5 T;
core loss:

50 kW/m3 at
100 kHz, 0.1 T;
low resistivity
(0.1–20 Ωm)

-

Excellent
low-frequency
performance;
low core loss

Low Bs; low Tc;
brittle; stress

sensitivity

Iron–silicon
alloys [33] Fe-Si

Bs = 1.96–2.12 T;
high Curie temp

(Tc ≈ 1030 K);
low resistivity

-

Moderate cost;
good thermal

stability;
excellent

mechanical
properties

Low-frequency
restrictions;

limited
availability;

brittle

Composite
magnetic

materials [33]

Soft magnetic
composites

(SMCs)

Bs = 0.7–1.0 T;
Hc = 10–30 A/m;
high resistivity

Up to 1 MW

Low noise
characteristics;

low eddy current
losses; good

thermal stability

Moderate
permeability;

higher iron loss
and lower

relative
permeability

Amorphous/
nanocrystalline

hybrids [32]

Fe-B-Si-C with
Nb addition

Bs = 1.2–1.4 T;
Hc = 5–10 A/m;
improved Curie

temp
(Tc = 600 K)

Up to 1.5 MW

Low coercivity;
high

permeability;
low loss across

wide frequencies

Complex
manufacturing

processes

3.1. Requirement and Utilization of Soft Magnetic Materials in Transformers

Generally, Faraday’s law of inductance can be used to determine the relationship
between the voltage and the current of a magnetic core inductance L. If the excitation
current of the winding is a sinusoidal waveform, the voltage of an ideal toroidal core with
inductance L can be depicted by the following:

V =
−µN2 A

l
I0ωcos (ωt) (1)

If V, µ, N, and L are constants, then the cross-sectional area A is negatively correlated
with frequency f (ω = 2πf ) [34]. Thus, an increase in frequency can significantly reduce
the size of the magnetic components, thereby cutting down the overall size and weight
of power converters. Furthermore, the power density would increase, resulting in the
improvement of the power conversion flexibility.

Nevertheless, the compaction of soft magnetic cores with limited size restricts heat-
dissipating (limited space for high-power windings). Therefore, soft magnetic materials
with superior characteristics, including magnetic parameters, mechanical properties, and
thermal behaviors, are required for high-power and high-frequency applications. Table 3
shows the characteristics of soft magnetic materials for high-power electronic applications.
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Table 3. Desired soft magnetic characteristics of materials.

Characteristics Explanation

Broadband capability Fit in with PWM excitations with multi-frequency components
Higher Bs Enhance the efficiency of power converters

Appropriate µ in driving field direction Reduce static hysteresis loss
High R with high thermal conductivity ρ Reduce high eddy current loss

3.2. Transformer Cores
3.2.1. Amorphous and Nanocrystalline Alloy Core Materials

Since the first commercial amorphous material (the Metglas) was manufactured, there
are three fundamental types of amorphous materials, including Fe-based, Co-based, and
Ni-based materials [35]. Iron-based materials are most commonly used. The high cost
of cobalt restricts the application of Co-based material. Table 4 shows the comparison
of the electromagnetic properties of amorphous core materials. Metglas is the world’s
first commercialized soft magnetic amorphous material, introduced by Hitachi Metals
Ltd. in Tokyo, Japan. VITROVAC materials are manufactured by VACUUMSCHMELZE
(VAC), headquartered in Hanau, Germany. Apart from the amorphous material, the
nanocrystalline materials with excellent magnetic characteristics, such as high Bs, high
µ, and high Tc, exhibit superior performance in high-frequency and high-power fields.
Table 5 shows the comparison of nanocrystalline materials with conventional materials. It
should be noted that the nanocrystalline alloys with a high Bs ≥ 1.7 T cannot be scalably
produced and commercialized up to now because of their poor amorphous formability for
wide ribbon production, fast heating rate requirement for grain refinement, and narrow
parameter window for uniform annealing for large cores. Additionally, it is believed
that such dilemmas cannot be overcome in the near future, stressing the need to explore
revolutionary strategies.

Table 4. Comparison of amorphous materials utilized in transformers.

Magnetic Materials Substrate Bs (T) Core Loss/0.3 T,
100 kHz (W/kg)

Resistivity
(µΩ·cm) ρ (g/cm3)

Metglas 2714A [35] Co 0.57 120 1.38 7.90
Metglas 2705M [35] Co 0.77 260 1.42 7.59

Metglas 2826MB [35] Ni 0.88 1360 1.38 7.90
Metglas 2605S3A [35] Fe 1.41 300 1.38 7.29
Metglas 2605SA1 [35] Fe 1.56 1400 1.30 7.18
VITROVAC 6025F [36] Co 0.40 100 1.40 7.8
VITROVAC 6030F [36] Co 0.70 110 1.30 7.75
VITROVAC 6155F [36] Co 0.90 130 1.10 7.90

Table 5. Comparison of nanocrystalline materials with conventional materials.

Magnetic Materials Bs (T) P10/1 P3/10 P2/10 P2/100 Ω ρ Hc

0.6 wt% Si-steel [37] 1.80 18.1 30 - - - - -
Grain oriented Si-steel [37] 2.03 27.1 - - - - - -
Fe-Cu-Mo-Si-B alloy [38] 1.75 5 - 8 40 - - -

Fe-Si-B-Cu alloy [39] 1.85 - - - - - 0.7 6.5
Fe-Si-B-P-Cu alloy [40] 1.76–1.94 - - - - - - 5–10

VITROPERM [35] 1.20 - 1.5 - 40 1.15 7.35 -
FINEMET [35] 1.23 - 5 - 80 1.20 7.30 -
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P10/1 represents the core losses at 1 T and 1 kHz, P3/10 represents the core losses
at 0.3 T and 10 kHz, P2/10 represents the core losses at 0.2 T and 10 kHz, and P2/100
represents the core losses at 0.2 T and 100 kHz, all with the unit W/kg. The unit of ρ is
g/cm3, and the unit of Hc is A·m−1.

Nanocrystalline material presents similar resistivity with amorphous alloy, while it
indicates a much lower core loss. Co-based Metglas 2714A, Metglas 2705M, and VITROVAC
6025F to 6155F exhibit improved core loss properties. However, the low Bs restricts its
applications in high-power-density fields.

The key aspects of transformer core design include surface treatment, heat treatment,
lamination, manufacture solidification, core shaping, and air gaps (cutting). In the case
of transformers used in the frequency range of kHz, toroidal, type CC, and shell type are
fundamental shapes. There are relevant experimental results showing that toroidal cores
have the highest efficiency and lowest cost, and the CC type has a high output power
range [41]. Currently, toroidal cores were used in the earliest transformers. Then, cutting
techniques for amorphous ribbons enable the accomplishment of low core loss by the
design of distributed-lap joint connected cores. However, distributed-lap joint wound cores
for HFT based on amorphous alloys have been barely commercially fabricated. Firstly, the
fabrication of thin film amorphous ribbons is difficult. Secondly, it is challenging to handle
the embrittlement of amorphous ribbons after annealing [42].

One solution is a mixed method combining consolidating and hot-cutting techniques.
The method utilized consolidation to reduce manufacturing time and hot cutting (e.g.,
laser cutting) to maintain the magnetic properties of stacked cores. Another solution is
a two-stage heat treatment process in which a toroidal core is rapidly heated at more
than 1000 K/s and rapidly cooled at more than −1000 K/s. This is a two-stage heat
treatment process in which a toroidal core is rapidly heated at more than −1000 K/s and
rapidly cooled at more than −1000 K/s [43,44]. It prevents the deterioration of ductility
of amorphous ribbons compared with the as-quenched state. Glue, such as polyester,
is a determining factor of stacking factor S = m/(V·ρ) during the consolidating process,
which is superior to polyethylene. The results of the study on the effect of different joint
types of stacked cores on core losses show that the efficiency of step-lap stacked cores is
higher than that of non-step-lap stacked cores and distributed-lap wound cores, where
it was also demonstrated that 1/µr is positively correlated with the increase in air gap
length [45]. When the permeability of the core material is high, the introduction of an
air gap avoids saturation magnetization and reduces the remanent magnetization Br but
increases the leakage inductance and power loss [46]. There are two typical types of air gaps,
i.e., concentrated and distributed gaps, as shown in Figure 6. The latter are distinguished
from concentrated air gaps in that their air gaps are divided into several parts to mitigate
fringing flux. Nevertheless, it increases the manufacturing cost. Therefore, it is necessary to
design the proper air gap size and configuration technique.

To enhance the magnetic properties of materials when subjected to high-frequency
excitation, advanced surface treatments are integrated into the manufacturing process.
These treatments encompass techniques such as deposition and plasma spraying, which are
designed to modify the material’s surface properties, thereby optimizing its performance in
high-frequency applications. Generally, oxides, nitrides, or fluorides serve as coating or film
layers. Ferrite and iron layers prepared through electrochemical methods exhibit excellent
magnetic properties [47]. ZrO addition is proven to reduce core loss and improve quality
factor Q = ωLeq/Req [48]. The reactive sputtering technique produces higher induced
anisotropy and Bs [49,50]. In particular, recent studies have demonstrated that controlled
sputtering conditions, such as those involving tandem-sputtering methods, can further
optimize magnetic properties by fine-tuning the nanostructure and anisotropy field, leading
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to enhanced performance in high-frequency applications [51]. A nanocrystalline flake
ribbon (NFR) was developed recently by indicating a lower Pc, higher Bs, and temperature
stability than ferrite N87 and N27 [52]. It presents potential applications in high-power-
density magnetic cores.
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3.2.2. Principle and Calculation of Magnetic Core Power Loss

The power loss model of sinusoidal voltage is primarily derived from Bertotti’s the-
ory [53]. In general, the core loss can be divided into three components, including eddy
current losses Pe, hysteresis losses Ph, and excess losses (i.e., anonymous losses) Pex. Pex
strongly depends on the domain wall structure, especially for the particle boundary inside
the material. The total core loss can be expressed as follows:

P = Ph + Pe + Pex

= Kh f B2
s +

σd2

12ρT
∫ T

0

∣∣∣ dB(t)
dt

∣∣∣2dt +
√

σGSV0
1
T
∫ T

0

∣∣∣ dB(t)
dt

∣∣∣1.5
dt

(2)

where Bs is the peak magnetization, f is the frequency of voltage, ρ is the resistivity of
material, d is the thickness of lamination, S is the cross-sectional area of the lamination, T is
the cycle of magnetization, and G is constant. V0 is the internal statistic coefficient [54].

Classical eddy current loss originates from magnetic domain wall motion, which is
described as Equation (3). d is the thickness of the material, and ρ is the resistivity. The
equation is available when d ≪ σ. In this case, skin effect can be reasonably ignored. It
indicates that the eddy current loss increases significantly as frequency increases.

Pe =
πd2B2

s f 2

6ρ
(3)

Generally, it is necessary to use the theoretical models for core loss evaluation. Preisach,
Jiles–Atherton (J-A), and Stoner–Wolhfarth (SW) models were generally used to calculate
the Pex. In the Preisach model, the magnetic material is decomposed into several magnetic
dipole units. The calculation of the hysteresis loop can be improved by a finite element
algorithm with variable temperature [55]. In the classical J-A model, Man is the anhysteretic
magnetization, which is given by Equation (4).

Man = Ms[coth(He/a)− aHe] (4)
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where He is the Weiss’ effective field and is H + αM, Ms is the saturation magnetization,
k is the hysteresis loss coefficient, α is the domain coupling, and c and a are parame-
ters depending on reversibility and shape. Subsequent modified models consider the
temperature, magnetoelastic effect, magnetomechanics, anisotropy, frequency, and stress
dependence [56–58].

The SW model was employed when it represents single-domain ellipsoidal particles,
as shown in Table 6, where W is the total energy of single-domain particles, Keff is the
structure and anisotropy of the particle, θ is the angle between magnetic torque and easy
axis, and ψ is the angle between the external magnetic field and easy magnetization axis [58].
However, the approach has limitations in its ability to dynamically model the behavior of
soft magnetic materials with flexibility. The process is also cumbersome and time-intensive,
as it relies on the iterative solution of the static magnetic energy minimization equation to
progress. In addition, researchers found that the orientation of domain walls significantly
changes the structure’s non-uniformity [59]. This can be modified by Pry and Bean’s model,
which considers the dynamics of domain wall motion of the materials [60].

Table 6. Models of hysteresis loss calculation.

Model Equation Pros Cons

Preisach classical form [61] B(t) =
s

µ(α, β)γ(α, β, H(t))dαdβ
Intuitive
accurate × Edomain

Preisach
vector form [62] B(t) =

∫ π2
−π2 ρ(θ)dθ

s
µ(α, β)γ(αβH(t))dαdβ

Angular dispersion
flexible

SW classical form [63] W(θ, ψ) = 1
2 Ke f f cos2θ + Ke f f cos4θ + Ke f f sin4θ Anisotropy specified × soft magnets

JA classical form [64] dM/dH = δM(Man−M)+kδcdMan/He
Kδ−α[δM(Man−M)+kδcdMan/He ]

Less parameters × Edomain
× anisotropy

Bertotti’s model is modified to evaluate the core losses under square wave and delta
voltage excitation. The key issue of Bertotti’s analytical model is the unknown parameters,
which are difficult to extract. Hence, it is time-consuming and inconvenient to use in
design applications. In contrast, Steinmetz’s empirical method predicts sinusoidal-excited
loss in a more concise way. The key weakness of the original Steinmetz model is the
mismatch between the assumption of sinusoidal excitations and the actual PWM excita-
tion. Numerous studies have investigated the effects of harmonic effects, flux density
variations and their instantaneous or peak-to-peak values, or the effect of the usage factor
KFWC, which corresponds to the ratio of the non-sinusoidal to the sinusoidal area of
a typical waveform [65–70]. These models are correspondingly modified Steinmetz ex-
pression (MSE), generalized Steinmetz expression (GSE), improved generalized Steinmetz
expression (IGSE), natural Steinmetz extension (NSE), equivalent elliptical loop (EEL), and
waveform coefficient Steinmetz equation (WcSE). Figure 7 shows the comparison results of
the aforementioned method. Different models exhibit distinct rates of change in magnetic
induction. WcSE predicts that core losses are lower than those predicted by any other
models. However, as the zero voltage period increases, the modified models, including
WcSE, start to exhibit core losses that are 1.2–1.3 times higher than OSE [71].

Researchers improved these models by considering the relaxation time during zero
voltage despite the extensive calculations and multiple parameters [72]. The impact of
duty cycle and frequency was considered [73]. Figure 8 illustrates the estimation results,
which are in agreement with the measured power loss. Transverse anisotropy Mn-Zn ferrite
samples have been measured at Bp = 100 mT up to about 1 MHz. It shows the analysis of the
magnetic loss behavior of the Mn-Zn ferrite. In addition to measuring the loss under trian-
gularly symmetric induction of WTRI05(f ), the loss under asymmetric induction (WTRI02(f ))
with duty cycle α = 0.2 and asymmetric induction (WTRI01(f )) with α = 0.1 (symbols) was
measured, and the loss decomposition of sinusoidally induced WSIN(f ) was performed
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to obtain the loss components and predicted and then compared with the experimental
results of WTRI05(f ), WTRI02(f ), and WTRI01(f ). Wrot,SIN(f ), a simplifying and relatively crude
approximation for the Mn-Zn ferrite, where the slope of the predicted Wrot,SIN(f ) undergoes
a rapid change around 1–2 MHz [74]. However, the effects of manufacturing-related factors,
such as strong and un-uniform external stress, solidification, surface treatment, servicing
temperature, etc., on the core loss have not yet been conducted. The method to analyze and
calculate the corresponding proportion remains unknown. Additionally, since there are
strong size effects on the magnetic properties of the cores, it is also challenging to verify the
simulated results.
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3.2.3. Thermal Simulation and Modeling

Accurate prediction of temperature distribution of transformers benefits for failure
diagnosis, as well as design optimization and testing. Finite element method (FEM),
computer fluid dynamics (CFD), and thermal network modeling are most preferred by
researchers [75]. CFD is more discretized, making it both more flexible and demanding in
terms of computing power. Moreover, the CFD method ignores the effects of turn insulation.
In contrast, Thermal network models can run faster and are more commonly used [76]. Basic
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components of dry-type transformers can be regarded as nodes in the thermal network.
The parameters of the thermal network can be described by Equations (5)–(8).

de = Pi/Pe (5)

Rcond =
1

2πλ
ln

r1

r2
(6)

Rconν =
1

hA
(7)

qrad =
σb
(
T4

1 − T4
2
)

1/ε1 + ((1 − ε1)/ε2)r1/r2
(8)

where de is the proportion of eddy current loss, Rcond and Rconv are thermal conduction
and convention resistances, respectively, λ is the thermal conductivity, r1 and r2 are the
inner and outer radius of windings simplified as a cylinder, h is the surface heat transfer
coefficient, σb is the Stefan–Boltzmann’s constant, T1 and T2 are absolute temperatures of
two radiating surfaces, and ε1 and ε2 are emissivity of surfaces, respectively.

A thermal model applied to the foil windings of a ventilated dry-type power trans-
former with a rating of 2000 kVA has been proposed, and the temperature distribution
has been determined by the Finite Element Method (FEM), followed by experimental
temperature measurements with thermocouples and used to validate the FEM results [77].
A genetic algorithm was applied to realize diameter optimization of cooling ducts and coils
by the CFD-based model [78]. A quasi-3D coupled-field method was proposed to study
temperature rise in ventilated transformer windings [79]. Artificial neural networks were
used to analyze winding temperature [80]. Researchers managed to couple FEM and CFD
methods by thermal network to sort out thermal parameters. It presents more appealing
precision than the empirical formula [81]. Results of the 3D coupled magneto-fluid-thermal
model free of empirical h agree with the testing results of hot-spot temperature [82]. A
particle filter optimization approach with support vector regression was used to predict
the hot spot temperature of SST [83].

3.2.4. Insulation and Vibration

Transformers operating under high-frequency electric stress with high power are
subjected to high frequency, high voltage, and heating. This necessitates a special insulation
design. To be specific, a qualified design should pass three dielectric tests: lightning impulse
test, voltage withstand test, and partial discharge evaluation [84]. The insulation of HFT
consists of main insulation, inter-turn insulation, and inter-layer insulation. The primary
insulation is situated between windings of varying voltage levels, as well as between the
lead wire and magnetic core, in addition to the ground.

Ds

Dsre f
= (

Tre f

T
)

0.4

(9)

where Tref and Dsref are the thickness and dielectric strength of the reference material,
respectively. Thus, the choice of insulation materials, along with the investigation of
insulation design, lays the foundation for a successful transformer construction. It should
be noted that additional attentions should be paid to the viscosity, infiltrations, shrinkage
coefficient, etc., of the dielectric materials, which has a strong influence on the uniformity
of insulation layer and the magnetic properties of the core.

Acoustic noise is generated by the complicated vibration of transformers. It originates
from electromagnetic excitations, such as the magnetostriction λ the Maxwell force of
the core, and the Lorentz force of the windings. The λs is different for different winding
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topologies, e.g., λs is 27 µm/m for Fe-based Metglas 2605SA1 and <0.2 µm/m for Co-based
VITROVAC 6030 [85]. It is worth noting that the noise level strongly depends on the
annealing process and external stress of the core, and the real magnetostriction deviates
from the documented λs largely. Experimental results indicated that the transformer tank
vibration can increase the average sound pressure level by 28 dB [86].

Magnetostriction is considered the primary cause of loss due to core vibration, which
is depicted by ∆l/l, where l is the material length, and ∆l is the difference of l [87,88].
Joule magnetostriction is primarily associated with core vibration, where λ is described
as a function of H and mechanical stress σ. The Maxwell force mainly occurs at the joints
of laminated cores and between layers [89]. Furthermore, the Maxwell force interacts
with magnetostriction to contribute to the vibrational behavior of soft magnetic materials,
especially noticeable in cut cores that incorporate air gaps, leading to significant vibrational
amplitudes. In comparative terms, the vibration and noise levels of transformer cores
made from Co-based amorphous alloys are found to be lower than those of their Fe-
based counterparts. Notably, transformer cores fabricated from nanocrystalline alloys
demonstrate reduced noise emissions, making them a favorable choice for high-frequency
transformer (HFT) designs, where acoustic signature is a critical consideration.

Conventional transformer design is basically a draining procedure of revising existing
ones based on the rule of thumbs. It has limited variables due to the excessive development
cycle. With the rise of artificial intelligence and smart software platforms, achieving a
more efficient and comprehensive design has become a realistic possibility. Currently, finite
element analysis is the most popular due to its flexibility and efficiency. Various parameters,
such as temperature rise, leakage inductance, and insulation, as well as frequency, voltage,
current, and turns ratio, are needed to be optimized. Typically, the optimization algorithm
takes into account factors such as ambient temperature, winding turns, wire gauge, core
size, winding structure, and insulation materials as input. Artificial neural network (ANN)
has been applied to develop a design platform for coaxial transformers [90]. Unlike other
MFT design procedures, there is a new design methodology that uses a modified version of
the area-product technique, which includes a clever modification of the core loss calculation,
where nanocrystalline cores are used. The core loss is calculated by a full analysis of the
dispersive inductance, and finally, for validation, the MFT model connected to the DAB
converter is simulated in Matlab-Simulink (The MathWorks, Tokyo, Japan, v2014a) [91].

Progress can also be found in the novel insulation design of high-frequency DC-DC
converter and MFT design. Recently, a new insulation and cooling structure has been
proposed for 100 kW parallel concentrically wound MFTs, and for the first time, a 3D-
printed winding with heat sinks has been demonstrated. Regarding recent research on
high-power MFT prototypes, a representative report on MFT design in 2021 shows that at
15 kHz, rated at 200 kW, the material is nanocrystalline, the cooling method is air-cooled,
the insulation voltage is 5.3 kV in partial discharge insulation tests, the efficiency is 99.84%,
and the power density is 19.23 kW/cm3 [92].

Design optimization of the power core minimizes the eddy current losses and me-
chanical vibrations, which are caused by magnetostriction correction models, such as the
Steinmetz Method of Experiences (MSE). It can estimate the losses in non-sinusoidal wave-
forms, such as the PWM waveform. In addition, strategies such as specializing in insulation
configurations, enhancing thermal management, and addressing complex electro-thermal–
mechanical field coupling effects can promote the development of high-power-density
transformers with better performance.
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4. Application in Power Inductors
4.1. Requirement and Utilization of Soft Magnetic Materials in Inductors

Soft magnetic materials can be used in the magnetic cores of high-power inductors. The
requirements of magnetic materials of inductors, such as amorphous and nanocrystalline
alloys, are similar to power transformers. The performance of inductors can be assessed by
the quality factor Q, which is defined by the equation Q = Estored/Elost. To maintain excellent
performance in the working frequency range of kHz and above, high µ, mechanical strength,
and packing density, low power loss and vibration, and excellent DC bias properties are
required for high-power inductors. One of the main distinctions between inductor and
transformer cores lies in their respective functions. Inductors can be used as temporary
energy storage devices, while transformers are power–magnitude conversion devices [93].
Therefore, although high permeability remains desirable for inductors, it is not as rigorously
essential as it is for transformers. Therefore, a wider range of magnetic materials can be
used for inductors.

Nanocrystalline powder cores, using soft magnetic composites (SMCs), have been
a heated research topic over the past two decades and generally have greater diversity.
The flexibility of adjustment in terms of powder size, ingredient proportion, dielectric
additives, and stress and field treatment contributes significantly to the versatility of this
approach. Comparison between nanocrystalline powder cores and conventional powder
cores reveals that the former exhibits superior loss reduction in higher frequency ranges,
such as 450 kHz and above [94]. The development of novel materials exhibiting exceptional
performance has been achieved for the purpose of inductor applications. Researchers
developed a powder core with a maximum µ of 35.5 and power loss of 562.2 mW/cm3 at
1 MHz by mixing amorphous Fe alloy and sub-micro α-Fe by 7:3 [95]. A recent study has
investigated a material with low-cost magnetic material properties for making cores for
resonant converter inductors. The material consists of an unsaturated polyester mineralized
resin, COR61-AA-531EX, and a 200-mesh iron powder with a particle size of 74 microns and
has the magnetic properties of a “soft magnetic composite” with good magnetic properties
in high-frequency and high-stress applications [96].

4.2. Configuration of Inductor Cores

In terms of the geometry of powder cores utilized by soft magnetic materials, there
are several typical types of cores, including nanocrystalline magnetic block cores (NMBCs),
nanocrystalline magnetic stacked cores (NMSCs), toroidal cores, and planar cores [97].
Toroidal cores consisting of Fe-Cu-Al-Si-B exhibit appealing denoising characteristics. They
are usually made up of laminated ribbons 14–22 µm in thickness. The width of air gaps
has been reported as the most influential factor on the inductance L and tunability [98].
In general, two types of air gaps in toroid cores can be prepared, such as the distributed
air gap and the concentrated air gap. The latter can reduce the overall µ of the core and,
thus, improve magnetization saturation. Nevertheless, it is hard to handle the issue of edge
flux generated out of concentrated air gaps. In view of that, the distributed air gaps with
insulation materials between the laminations are introduced in the cores to reduce the size
of air gaps. However, toroid cores have a weight limit of a few kilograms per core, rendering
them unsuitable for larger power conversion systems. In contrast, nanocrystalline magnetic
stacked chips (NMSCs) and block cores (NMBCs) can be fabricated to large sizes and
weights, as shown in Figure 9, and are mainly used in power electronic devices requiring
high core mass and magnetizing current frequencies in the 1–30 kHz range [99]. They
can also maintain a low power consumption of 2 w/kg at 10 kHz and 0.1 T. Different
construction methods for NMSCs and NMBCs are illustrated in the figure, and their
common feature is that they offer design choices for a variety of parameters, such as the
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number of laminations, the air gap width, and the configuration of the laminations or
blocks, so that the core design can be optimized for practical applications.

Energies 2025, 18, x FOR PEER REVIEW 18 of 33 
 

 

microns and has the magnetic properties of a “soft magnetic composite” with good mag-
netic properties in high-frequency and high-stress applications [96]. 

4.2. Configuration of Inductor Cores 

In terms of the geometry of powder cores utilized by soft magnetic materials, there 
are several typical types of cores, including nanocrystalline magnetic block cores 
(NMBCs), nanocrystalline magnetic stacked cores (NMSCs), toroidal cores, and planar 
cores [97]. Toroidal cores consisting of Fe-Cu-Al-Si-B exhibit appealing denoising charac-
teristics. They are usually made up of laminated ribbons 14–22 µm in thickness. The width 
of air gaps has been reported as the most influential factor on the inductance L and tuna-
bility [98]. In general, two types of air gaps in toroid cores can be prepared, such as the 
distributed air gap and the concentrated air gap. The latter can reduce the overall µ of the 
core and, thus, improve magnetization saturation. Nevertheless, it is hard to handle the 
issue of edge flux generated out of concentrated air gaps. In view of that, the distributed 
air gaps with insulation materials between the laminations are introduced in the cores to 
reduce the size of air gaps. However, toroid cores have a weight limit of a few kilograms 
per core, rendering them unsuitable for larger power conversion systems. In contrast, 
nanocrystalline magnetic stacked chips (NMSCs) and block cores (NMBCs) can be fabri-
cated to large sizes and weights, as shown in Figure 9, and are mainly used in power 
electronic devices requiring high core mass and magnetizing current frequencies in the 1–
30 kHz range [99]. They can also maintain a low power consumption of 2 w/kg at 10 kHz 
and 0.1 T. Different construction methods for NMSCs and NMBCs are illustrated in the 
figure, and their common feature is that they offer design choices for a variety of param-
eters, such as the number of laminations, the air gap width, and the configuration of the 
laminations or blocks, so that the core design can be optimized for practical applications. 

 

Figure 9. Construction of inductor cores: (a) NMSC; (b)NMBC. 

Furthermore, new types of configurations have been conducted for high-power in-
ductor core design. A single-layer core targeting 3–30 MHz frequency with quasi-distrib-
uted gaps based on pot cores was designed. It can achieve a quality factor of 980 [100]. A 
constructed concentric dual core for common mode inductors can lead to a significant 
reduction in near-field interference. A novel planar inductor configuration characterized 
by orthogonally distributed air gaps and with low AC winding losses has been proposed 
for an 8 kW, 250 kHz buck converter. 

4.3. Application in Inductor Cores 

Potential applications for nanocrystalline alloy inductors are to build energy conver-
sion elements, such as solid-state buck-converters, high-frequency chokes, wireless power 
transfer, and voltage tunable inductors. Table 7 shows a brief comparison of the applica-
tion in different power converters. 

Figure 9. Construction of inductor cores: (a) NMSC; (b) NMBC.

Furthermore, new types of configurations have been conducted for high-power induc-
tor core design. A single-layer core targeting 3–30 MHz frequency with quasi-distributed
gaps based on pot cores was designed. It can achieve a quality factor of 980 [100]. A
constructed concentric dual core for common mode inductors can lead to a significant
reduction in near-field interference. A novel planar inductor configuration characterized
by orthogonally distributed air gaps and with low AC winding losses has been proposed
for an 8 kW, 250 kHz buck converter.

4.3. Application in Inductor Cores

Potential applications for nanocrystalline alloy inductors are to build energy conver-
sion elements, such as solid-state buck-converters, high-frequency chokes, wireless power
transfer, and voltage tunable inductors. Table 7 shows a brief comparison of the application
in different power converters.

Table 7. Comparison and improvement of different inductor cores.

Type Composition ur
P (mW/cm3)

at 0.1 T and 100 kHz
Bs Tc (◦C) Ph Dependence

of f at Bp = 0.1 T

Sendust [101] Fe-Al-Si 100 900 1.0 500 1.07 × 10−4

Kool Mµ [94] Fe-Al-Si 14–125 - 1.0 500 -
Molypermalloy [101] Ni-Fe 100 700 0.6–1.0 410 2.76 × 10−5

High Flux [94] Fe-Ni 14–160 - 1.5 500 -
MPP [94] Fe-Ni-Mo 14–550 - 0.8 460 -
XFlux [94] Fe-Si 26–90 - 1.6 700 -

Mega Flux [94] Fe-Si 26–90 - 1.6 700 -

4.4. Design and Manufacturing of Power Inductor
4.4.1. Winding Design of Inductors

Similar to the power transformers, the winding design follows the loss evaluation,
configuration, parasitic parameters, etc. The first determining factor is manufacturing
flexibility. For lower AC resistance and high-frequency applications, both Litz wire and
copper foil are popular candidates. However, Litz wire is no longer suitable because of its
manufacturing inflexibility. Secondly, to reduce the power loss of inductors, much attention
must be given to achieving an evenly distributed magnetic field strength H across the
magnetic component. An auxiliary magnetic path can be regarded as a shunt with low µ to
reduce fringing flux [102]. For example, a cutting core can be introduced in the original
structure. In addition, foils are chosen to reduce the proximity effect of the windings [103].
Thirdly, when inductors are operating under a high dv/dt electric stress, the interwinding
capacitance is a type of parasitic parameter that is necessary for reduction. It can be
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realized by increasing the number of layers and applying thicker spacers [104]. Finally,
the inductor should be able to resist external magnetic fields. Equivalent current loops
and circuits have also been derived to illustrate the generation and elimination of induced
noise voltages in inductors with various winding configurations, where the direction of the
inductor input line end is defined as the x-direction, the direction of the inductor side is
defined as the y-direction, and the z-direction is defined as perpendicular to the plane of
the inductor [105].

4.4.2. Vibration and Noise

The noise and vibration of inductors are driven by Maxwell force, Laplace force, and
magnetostriction, which are constantly distorting the inductor cores and threatening the
reliability of inductors [106]. If the permeability of the core is a constant, the total deflection
of the yoke can be depicted as follows:

∆x = λT(B)(n − 1)lc − n
B2e

2µ0E
(10)

where e is the thickness of air gaps, E is the Young modulus of the air gap, λT is magne-
tostrictive coefficient, and B is the ideal no-fringing field. According to the quasi-state
equation, it is sensible to select materials with higher λT, like ceramic. In the future, a deli-
cate balance between λT, E, and pre-stress level may achieve opposite phases of Maxwell
force and magnetostriction, thereby canceling the distorting effect.

The addition of silicon rubber cushion and foam bindings can lessen the level of
acoustic noise of the amorphous alloy cores [107]. Various core geometries, including oval,
toroidal, and rectangular shapes, and magnetic materials, including HighFlux, MegaFlux,
and Sendust, were investigated [108]. The vibration and acoustic noise behaviors were
studied and compared.

Electromagnetic interference (EMI) filtering chokes are essential components in power
electronics systems to suppress conducted and radiated electromagnetic noise. These
chokes are primarily designed to mitigate common-mode and differential-mode noise,
ensuring the electromagnetic compatibility (EMC) of power systems. By introducing
inductance into the circuit, EMI chokes impede the high-frequency noise currents while
allowing low-frequency power currents to pass through with low loss.

Distributed parameter circuit models can be used to provide insight into the internal
physical properties of EMI filter chokes, which is useful for the initial design of chokes [109].
The distributed parameter circuit model of an EMI filtering choke usually consists of
a single RLC parameter per turn, which usually has a well-defined physical meaning.
Kovacic et al. [110] obtained these RLC parameters through analytical calculations. In ad-
dition, M.C. Caponet et al. demonstrated a five-step design procedure for the design of
EMI filters for power electronic equipment: (1) measure the noise impedance; (2) deter-
mine the sink impedance; (3) measure the noise spectrum (both common and differential
components) over a standardized bandwidth and check for the predominance of certain
components; (4) set the required attenuation of the selected mode at a specific frequency;
(5) select the filter topology and calculate the values of the components that satisfy a given
limit curve. This design procedure and the understanding of the noise components make
the design of filters easier and more optimized [111].

5. Application in Power Motor
Amorphous alloys have been applied for mature industrial use like aircraft power

plants [112–114], and the amorphous alloys were utilized in the stator teeth structure [115].
A motor with an amorphous stator core was developed in 1981 [116]. Application of
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amorphous cores can reduce motor power loss by 70% [117]. A high-speed amorphous
reluctance motor was designed, and its core loss was only one-fifth of silicon steel motors
at 48,000 rpm [117]. The amorphous alloy was utilized to fabricate a brushless permanent
DC motor [118]. In 2005, an axial flux permanent magnetic motor was built by [119] with
amorphous cut cores, yielding high power density. An axial gap motor with an amorphous
core to conserve space was manufactured [120]. In 2021, an amorphous inductor motor
was built by [121] to secure the mechanical strength of the rotor during operation. Lately,
there has been a rise in the development of electric motors that use less expensive rare earth
materials or even designs that eliminate the need for rare earth altogether. Depending on the
rotational speed, they can generate sufficient torque and maintain a stable output voltage.

Table 8 presents the research findings and performance of various existing materials
in power motor applications. The table provides a detailed comparison of material types,
properties, and power ratings, as well as their merits and demerits.

Table 8. Comparison and improvement of different power motors [122,123].

Type Material Properties Power Rate Merits Demerits

Nanocrystalline
Alloys

Fe-Si-B-Cu-Nb
(FINEMET)

Bs = 1.25–1.30 T;
Hc = 2–8 A/m;
Low core loss

Up to 100 kW Low core loss;
High permeability

Brittleness;
Limited thermal

stability

Amorphous Alloys Fe-B-Si-C
Bs = 1.2 T;

Hc = 2–6 A/m;
High resistivity

Up to 80 kW Excellent loss
performance

Noise issues;
Brittleness

Ferrites Mn-Zn Ferrite
Bs = 0.5–0.6 T;
Hc = 2–6 A/m;
High resistivity

<50 kW
High resistivity;

Low eddy current
loss

Low saturation
flux density

Si-Steel (Electrical
Steel) Fe-3%Si Bs = 1.8–2.0 T;

Hc = 40–80 A/m; >100 kW High saturation
flux density

High core losses at
high frequencies

Powder Core Fe-Si-Al (Sendust)
Bs = 1.0–1.2 T;

Hc = 10–20 A/m;
High resistivity

Up to 50 kW
Good

high-frequency
performance

Limited
permeability

However, the large-scale manufacture of motors inevitably introduces factors that may
affect the properties of materials. Processes such as cutting, punching, and heat treatment
can induce mechanical and thermal stresses, leading to microstructural changes such as
grain coarsening, defect formation, or partial amorphization. These changes may reduce
the crystallinity of nanocrystalline alloys, affecting their soft magnetic properties, including
increased losses and decreased permeability [124].

To address these challenges, advanced alloy designs incorporating grain boundary
stabilizers, such as Cu, Nb, or Mo, have been developed to enhance thermal and struc-
tural stability. Post-processing techniques, such as stress-relief annealing and controlled
heat treatments, can restore the crystallinity or mitigate the effects of structural disorder.
Grain boundary complexion diagrams have been developed to predict interfacial structure
and composition in binary and ternary alloys, which is particularly relevant for complex
alloys [125].

5.1. Amorphous and Nanocrystalline Alloy Requirements

Mechanical stability is a special requirement for soft magnetic materials when it comes
to their application in electrical machines, especially the stator cores. However, the major
challenge lies not only in the accurate analysis and simulation of complex unfavorable
external conditions but also the improvement of existing ribbon manufacturing techniques.



Energies 2025, 18, 482 21 of 31

Soft magnetic materials, such as amorphous and nanocrystalline alloys, are mainly
used as stator cores of motors. The power and efficiency performance of motors depends
on various factors, such as their size, speed, thermal efficiency, and magnetic utilization.
However, the average operating efficiency of the existing main series motor was only
87.6% [126]. As power density increases, high-performance magnetic materials are crucial
for ensuring reliability and minimizing power loss. Therefore, the magnetic material
targeted must have superior thermal, electromagnetic, and mechanical properties. The
requirements of the material performance include high thermal conductivity, high electrical
resistivity, high saturation magnetization, and low coercivity. Mechanical properties of the
magnetic material require high yield strength, ductility, and fatigue strength.

Figure 10 demonstrates the differences in magnetic and mechanical properties of
stator cores of motors [127]. When working at H of 100 A/m, the µr of amorphous and
nanocrystalline cores remain constant. It is reported that amorphous stator core motors
can achieve efficiency levels as high as 98%. However, the amorphous alloys present high
acoustic noise sound pressure levels above 400 Hz, which is undoubtedly one of the major
obstacles to its widespread use and areas of research focus. On the contrary, nanocrystalline
alloys induce less noise.
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Amorphous and nanocrystalline alloys are intrinsically thin and hard, which increases
the complexity of the coiling technique and limits the manufactured dimensions. Power
loss would increase when the materials were fabricated into motor cores. In addition, the
thermal conductivity of nanocrystalline materials is reduced due to the interfacial scattering
of nanomaterials, which is a challenge for the thermal management of motor stator cores.
The use of nanocrystalline materials for motor stator cores also faces the challenges of
relatively high costs, limited magnetic and thermal conductivity, and low µ values. Overall,
the soft magnetic composites, with their low cost, isotropic nature, and net-shaping, have
made them competitive candidates for applications in stator cores of power motors [128].

5.2. Performance Analysis of Stator Cores
5.2.1. Vibration and Noise of Stator Cores

Understanding vibration mechanisms is the premise for accurately predicting and
optimizing the operating properties. The radial vibrations of stator cores result from the
interactive effects of magnetostriction stress and Maxwell stress (Maxwell stress is the key
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point). The vibration behaviors of amorphous alloy, high silicon steel, and conventional
steel were measured and compared in [129]. Figure 11 shows the Campbell diagram under
squared flux density excitation. In addition, not only the 2nd harmonic trajectory but also
the trajectory of the multiples of the 2nd harmonic are clearly shown in the figure. It turned
out that the amorphous alloy exhibits a significantly higher sound pressure level than the
other two materials, as shown in Figure 11. It can reach 101.6 dB of peak value under
square flux voltage excitation.
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Figure 11. Comparison of sound pressure level (SPL) of (a) high silicon steel, (b) amorphous iron,
and (c) conventional steel under square flux density excitation. Copyright [129].

However, it can be reduced by the regulation of flux density inside the stator cores.
Meanwhile, the magnetostriction stress assumes a greater role in intensifying vibration as
the rotating speed increases. The uneven distribution of Maxwell force and magnetostric-
tion stress is attributed to the air gap eccentricity caused by slots and eccentricity. The
eccentricity of stators and rotors is composed of static eccentricity, dynamic eccentricity,
inclined eccentricity, and mixed eccentricity [130,131].

The aforementioned factors all result in direct relative displacement, leading to dis-
tortion of the magnetic flux field. Figure 12 shows the prominent spikes of slotted cores
in contrast with the smooth curves of slotless ones. Additionally, there exists a negative
correlation between the orders of harmonics and the level of vibration, which agrees with
FEA results. Therefore, to obtain a more accurate simulation of open-circuit magnetic field
distribution, it is essential to take slotted effects into consideration.
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Based on the analysis above, three parameters can be chosen as indicators for motor
operation, i.e., displacement, velocity, and acceleration. The root mean square value
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of circumferential displacement demonstrates a non-linear increase as the rotary speed
increases. The radial vibrations of stator cores are a result of the combined effects of
magnetostriction stress and Maxwell stress, with Maxwell stress being the dominant
factor [132].

5.2.2. Temperature Rise and Cooling

The temperature rise in amorphous motors is higher than that in silicon steel motors at
rated rotating speed. This is mainly due to the low thermal conductivity of amorphous alloy
than that of silicon steel. The power loss of amorphous motors at high frequencies, however,
is lower compared to that of silicon steel motors, thereby offering advantageous prospects
for the application of high-frequency amorphous motors [133]. Similar to transformers and
inductors, the thermal behaviors of motors can be modeled by the TNM method. The heat
coefficients of electrical motors in equivalent thermal networks are determined by single
value decomposition (SVD) during the early stages [134].

Most of the drive motors for electric vehicles utilize water cooling to mitigate tempera-
ture rise [135]. However, researchers are exploring alternatives to water cooling devices
due to their exorbitant cost and unwieldy dimensions, among which air cooling stands out
as a viable option. Air cooling can be achieved by circulating air through gaps between
windings at the drive end and the non-drive end of motors.

5.3. Design and Manufacturing of Power Motor

Designing motors with ribbon magnetic materials usually involves composition en-
gineering and geometry optimization. Fe-Ni-based material can reduce the core loss to
3 W at rated power and 100 Hz [136]. A proposed stator core consists of an inner layer
made of Metglas 2605SA1 and an outer layer made of Metglas 50A1000, and it reduces
back electromotive force compared with conventional cores [137]. A synchronous electrical
machine featuring unequal teeth width was built with amorphous alloys [138,139].

A modular stator with laminated teeth supplying radial flux embedded in the amor-
phous winding yoke was proposed, providing circumferential and axial flux [140]. Hybrid
excitation motors, which combine permanent magnet motors and electric excitation motors,
have gained popularity in this endeavor. It can enhance the magnetization by 39.9%. To
produce amorphous strips, a laminated cutting method can be used, where the material
undergoes a series of processes, starting with cutting and laminating, followed by molding,
heat treating and solidifying, and, finally, shaping the stator core by wire cutting or milling.
Figure 13 exhibits an example of an electrical machine made with an amorphous core and
another with amorphous teeth, characterized by cutting or shearing ribbon.
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The utilization of nanocomposite amorphous alloy has facilitated the spatial engineer-
ing of µ of motors, thereby underscoring the imperative for laminate engineering. Some
instances of manufacturing processes necessitating precise control include the manipula-
tion of local crystallographic texture and in-line processing involving masking and strip
alloys, as well as the induction of anisotropy through strain, field, and rolling. One study
employed very important band treatment techniques, including heat treatment, thermal
magnetic treatment, and thermo-mechanical treatments, such as stress annealing and mag-
netic field annealing. In addition, a triangular core bonded with epoxy resin is proposed in
this study to securely hold the stator [141].

6. Concluding Remarks and Prospects
Amorphous and nanocrystalline alloys are excellent candidates for applications in

lighter, smaller power electronic converters due to their excellent soft magnetic properties,
such as high permeability, saturation magnetization, and Curie temperature and low
coercivity and power loss. The heat treatment-induced embrittlement, the complicated
composition, and the strict manufacturing process present the key issues in power device
manufacture. Hence, research and development into the promotion of metal amorphous
nanocomposites, especially nanocrystalline and soft magnetic composites, are necessary
for the next power conversion.

The development of amorphous cores faces technical challenges due to the unique
properties of these materials, such as their disordered atomic structure and the need for
precise control over cooling rates during production. Achieving uniform properties across
large areas is particularly difficult because even slight variations in cooling rates can
lead to significant changes in magnetic performance and structural integrity. Meanwhile,
the complex fabrication procedure, lengthy compositions, and, thereby, the expensive
costs limit the application of nanocrystalline and soft magnetic composite cores. Life cycle
analysis of the manufacturing process and the role of each element, thus, need to be carefully
examined to resolve the issues of low thermal conductivity and mechanical brittleness.

Another important factor is the secure and stable real operation of cores fixed in
power electronic converters. Except for material property optimization, local overheating,
insulation, undesirable acoustic noise, and mechanical distortion should be integrated
into the design of magnetic cores. Mechanical and thermal characteristics transformation
from as-manufactured ribbons to the final geometry like toroidal cores should be carefully
studied. FEM modeling and experiment verification are very essential to the design and
application. Finally, artificial intelligence and machine learning can be integrated into the
implementation of power electronic converters to improve efficiency and performance. The
correlation between alloy composition and properties can be established, and possible new
materials can be predicted by machine learning models, such as Support Vector Machines
(SVMs). It can also predict the effects of different compositions and process parameters on
the properties of nanocrystalline alloys.

The microscopic mechanisms of magnetic phenomena in metallic amorphous nanocrys-
talline alloys are suggested to be investigated afterward, where domain wall motion should
be in the scope of the study. Domain wall motion is the movement of the boundary be-
tween regions of magnetic material with the direction of magnetization in response to an
external magnetic field. Permeability engineering is precisely the design and manipulation
of the magnetic properties of materials by controlling factors such as the wall motion of
magnetic domains, microstructure, and composition. Consequently, low-crystal volume
and composition optimization of nanocrystalline alloys are expected to be realized.

Future research will focus on the 3D magnetization behavior of metallic amorphous
nanocomposites and soft magnetic composites, as well as on the concept of spatially
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tunable permeability engineering, which opens up new possibilities for electromagnetism
applications, in particular in terms of improving energy efficiency and power density.
Spatially tunable permeability engineering refers to the advanced technique of deliberately
varying the magnetic permeability across different regions of a magnetic material or device.
It allows for the optimization of electromagnetic performance by tailoring the magnetic
field distribution and reducing losses. In practical applications, a multi-physical field
design optimization is presented, which involves the tuning of permeability curves in
the inductor and converter design, followed by the simultaneous optimization of both
the geometry and permeability of a given device considering the spatially correlated
permeability engineering [142]. Spatially tunable permeability engineering has the potential
to be extended to strain annealing technology and control.

With the widespread application of power electronics in electric vehicles, renew-
able energy systems, smart grids, and defense infrastructure, magnetic components have
demonstrated significant potential in external noise suppression and electromagnetic in-
terference (EMI) protection. The design of nanocrystalline and amorphous alloys enables
effective absorption and shielding of high-frequency noise. Structural optimizations, such
as distributed air gaps and multilayer winding configurations, further enhance noise
suppression capabilities.

Research directions such as cloud services and digital twins can enable intelligent
design and manufacturing of EM devices, considering the lifetime performance and relia-
bility control [143]. Future research should focus on building large-scale, cross-material,
structure, and application databases to support AI model training, as well as developing
multi-physics-coupled modeling techniques. The combined effects of electromagnetic,
thermal, and mechanical factors on material performance should be considered, thereby
accelerating innovation in the field of power electronics.
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