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Abstract

In this work, a coupled electromagnetic treatment (CEMT) was proposed to enhance the
magnetic performance of Mn-Zn power ferrites, addressing the increasing demand for
functionality and efficiency in soft magnetic materials. This study investigates the effects of
CEMT on the initial permeability and power loss of EP-13 Mn-Zn ferrite cores through
systematic experimental analysis. The optimal CEMT conditions were identified as a magnetic
field intensity of 1.5T, an electric field intensity of 1V, and 20 magnetization cycles. Under
these conditions, the initial permeability increased by 10.09% at 25°C and by 5.58% at 100°C.
The power loss was reduced by 2.80% at 25°C and by 6.81% at 100°C, while the coercivity
was reduced by 19.51%, and the saturation magnetization increased by 4.63%. Further
microstructural analysis revealed that CEMT effectively promoted the transformation of low-
angle to high-angle grain boundaries, facilitated dislocation rearrangement and annihilation,
and contributed to residual stress relaxation. A reduction in microstructural defects was also
observed at the grain boundaries. These changes reduced domain wall pinning and improved
domain wall maobility, resulting in lower power loss. In summary, the results demonstrate that
CEMT is an effective and environmentally friendly technique for optimizing the microstructure
and magnetic properties of Mn-Zn ferrites. This method offers a promising strategy for
improving initial permeability and reducing power loss in high-performance power ferrite
applications, while also demonstrating the flexibility and scalability of CEMT for future
industrial use.
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1. Introduction
Mn-Zn power ferrite is an important soft magnetic material that plays a crucial
role in the efficient operation of modern power electronics and electrical machines.
Due to its excellent properties, including high saturation magnetization, high initial
permeability, high chemical stability, and low power loss, it is widely used as a core
material in electronic devices such as transformers, converters, inverters, magneto-

fluidic devices, and gas sensors [1]. The advancement of power electronics toward
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miniaturization, lightweight design, and high efficiency has imposed increasingly
stringent requirements on the magnetic properties and loss characteristics of Mn-Zn
ferrite [2-4]. Among these properties, initial permeability (u;) and power loss (Pc) are
the most critical performance indicators [5]. For instance, in electric motor applications
within the transportation sector, where energy storage is limited, stringent requirements
for high efficiency and low power loss must be met. Mn-Zn ferrite cores are typically
used in alternating magnetic field environments, where magnetic losses generated
during dynamic magnetization significantly impact their performance. Excessive
magnetic losses not only result in energy waste but also lead to material heating and
permeability dispersion, ultimately affecting the long-term stability and operational
reliability of ferrite components [6,7]. Additionally, under identical operational
conditions, ferrite cores with higher initial permeability require fewer coil windings,
thereby reducing the overall size of components, optimizing material usage, and
lowering manufacturing costs, which enhances the overall economic efficiency of the

system.

Recently, reducing magnetic losses, improving the initial permeability of ferrite
cores, and enhancing material stability under high-frequency and varying temperature
conditions have become major research objectives in the field of soft magnetic
materials. Researchers have proposed various optimization strategies for different
production stages of Mn-Zn power ferrites, which can be generally divided into
elemental doping and process optimization [5,8]. Among these strategies, doping with
additional elements or oxides (such as Y20s, HfO:, B120s, and C020s) can optimize the
microstructure and adjust magnetic anisotropy, thereby reducing magnetic losses and
improving permeability [9-11]. For example, Zaspalis et al. [12] found that doping
Nb2Os into pure Mn-Zn ferrite significantly reduced total power loss per unit volume,
particularly those associated with magnetostriction and stress-induced hysteresis.
Similarly, Ji et al. [13] reported that Cr-Mg co-doping in NiCuZn ferrites effectively
enhances their magnetic performance, such as high permeability, high saturation
magnetization, and low coercivity, demonstrating promising potential for applications
in magnetic hyperthermia. Furthermore, the increase in electrical resistivity led to a
reduction in eddy current losses, further optimizing the material’s performance.
Additionally, modifying sintering parameters, including temperature, pressure, and

atmospheric conditions, can refine grain size and improve grain boundary
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characteristics, further enhancing magnetic performance [14]. Ying et al. [15] used a
cold sintering process to produce Mn-Zn ferrites with a relative density of 85.4% and

smaller grain sizes, achieving a notable reduction in power loss.

Despite the progress made in improving the magnetic properties of Mn-Zn ferrites,
most existing methods require modifications to the original manufacturing process,
leading to increased production costs, greater energy consumption, and challenges in
process control. Moreover, the microstructural defects introduced during the doping
process may compromise the long-term stability of the material’s magnetic
performance [16]. Current research has devoted limited attention to the role of non-
doping techniques in optimizing the magnetic properties of Mn-Zn ferrites. Therefore,
it is an important challenge to further enhance the magnetic performance of Mn-Zn
ferrites through material processing techniques without altering their chemical
composition.

The past few years have seen extensive use of electromagnetic field treatment
technology for material modification, which includes microstructural refinement, stress
relief, and grain refinement [17]. Klameck [18] demonstrated that magnetic fields can
induce dislocation motion and rearranged dislocation structures. As the magnetic field
intensity varies, alternating magnetostriction within the sample generates internal
magnetic vibrations, leading to the formation of distributed microplastic strain, which
subsequently influences the material’s microstructure. Pan et al. [19] reported that
pulsed current can generate a driving force for dislocations, facilitating their migration
and ultimately inducing microplastic deformation within the material. Furthermore, M.
N. Shipko et al. [20] investigated the effects of pulsed magnetic fields on the crystal
structure and macroscopic magnetic properties of hexagonal barium ferrites. They
found that pulsed magnetic treatment can modify the defect structure within the crystal
lattice, thereby influencing magnetic performance. These findings show that using
electromagnetic fields during processing has many benefits, like fixing small defects
and reducing leftover stress in materials, all while keeping the original size and surface
shape of the parts unchanged. Additionally, through the research conducted by Cai et
al. [21], it can be observed that compared to single-pulse field treatment, coupled
electromagnetic treatment (CEMT) demonstrates a more pronounced effect in
enhancing material performance and reducing residual stress. This is because, during

the treatment, the magnetic field and electric field act synergistically to provide driving
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force for dislocation movement, rearranging and uniformly distributing dislocations
entangled at grain boundaries and defects throughout the crystal. This comprehensive
effect of simultaneous time and space coupling fundamentally distinguishes CEMT
from traditional pulse magnetic field-induced magnetostrictive strain or pulse current
heating [22-25].

Compared with traditional strategies such as elemental doping and cold sintering,
which often require permanent compositional changes or complex processing
conditions, the CEMT offers a non-invasive and low-temperature approach to tailoring
microstructure and magnetic behavior. Moreover, this technique incurs no substantial
additional economic costs or time constraints, making it a promising approach for
material enhancement. The duration of the coupled electromagnetic treatment is only
3-10 minutes, which significantly shortens the processing time compared to
conventional modification techniques [23,26].

This study aims to investigate the effect of coupled electromagnetic treatment
(CEMT) on key magnetic properties of Mn-Zn ferrite, including magnetic loss and
initial permeability. We can identify optimal CEMT parameters by comparing the
magnetic performance of specimens under different parameters. Furthermore, we will
examine the microstructural evolution of Mn-Zn ferrite components before and after
processing under the optimal CEMT parameters to elucidate the underlying

mechanisms contributing to the improvement in magnetic performance.

2. Experimental procedure
2.1 Materials

The experimental material used in this study were EP-13 Mn-Zn ferrites with
external dimensions of 12.5x9.5x9mm and ®4.5mm (inner cylinder), as shown in Fig.
1(b). The EP-13 Mn-Zn ferrite cores used in this study were supplied by Yibin Yingtai
Optoelectronics Co., Ltd (China). The raw materials used in the production had a purity
of no less than 99.5%, including iron oxide (Fe2Oz), manganese tetroxide (Mnz04) and
zinc oxide (ZnO). The chemical composition of the tested Mn-Zn ferrites is listed in
Table 1. The manufacturing process of Mn-Zn ferrites includes ball milling, pre-firing,
secondary ball milling after adding an appropriate number of additives, granulation,

pressing, and sintering. All the ferrites used in the study were commercial products.
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Table 1 Chemical composition of Mn-Zn ferrite
Composition Mn Zn K Co Sn Fe
Wt.% 24.10 7.60 0.30 0.12 0.06 67.82

2.2 Coupled electromagnetic treatment experiments

The CEMT experiments were conducted using a CEMT experimental platform
independently designed and customized by Sichuan University. The CEMT experiment
platform consists of an electric and magnetic field generating unit, a PLC control unit,
and a power capacitor. The electromagnetic field processing unit comprises two copper
electrodes and a ring-shaped excitation coil. The sample is placed between the copper
electrodes, which are connected to the power source to generate pulsed electric fields.
The ring-shaped excitation coil is connected to the capacitor, and when the capacitor is
charged and discharged, pulsed currents flowing through the excitation coil generate
pulsed magnetic fields in the cavity space. The magnetic field intensity ranges from 0
to 2.5T. Pulsed currents are supplied by the power source, converting 380V/50Hz
industrial AC power to DC power, with a maximum current of 5000A, voltage range of
0-10V, and an adjustable pulse frequency. The PLC control unit synchronously operates
the current power supply and the excitation coil power supply to create different spatial
fields (single electric field, single magnetic field, coupled electromagnetic field) within
the cavity. Fig. 1 depicts a schematic diagram of the CEMT device used in this
experiment. The entire process was conducted at room temperature and standard
atmospheric pressure, achieving different treatments of manganese zinc ferrite: electric
treatment (CT), magnetic treatment (MT), and coupled electromagnetic treatment
(CEMT). The CEMT experimental processing parameters for the specimens in this
study are presented in Table 2. In this study, the ranges of electric and magnetic field
parameters were determined through a comprehensive consideration of prior
experimental reports, COMSOL simulation results, and the performance range of our
equipment. Previous studies have shown that an electric field in the range of 1V-1.2V
and a magnetic field in the range of 1-1.5T are sufficient to effectively drive dislocation
motion, promote dislocation rearrangement and annihilation, and activate
magnetostrictive strain, thereby improving microstructural and magnetic properties
[27,28]. Accordingly, we conducted gradient experiments with pulsed electric fields
from 0 to 1.5V and magnetic fields from 0 to 2T. The magnetic field was not set beyond

2T because excessively strong fields induced severe vibrations during treatment, which
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risked mechanical damage to the fragile ferrite specimens. We limited the maximum
pulsed electric field to 1.5V because Mn-Zn ferrites have extremely low electrical
conductivity, and COMSOL simulations further confirmed that voltages above this
threshold produced negligible changes in the internal field distribution. This parameter
design ensures coverage of the optimal treatment window suggested by literature while
maintaining compatibility with our device performance and industrial feasibility.
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Fig. 1 llustration of the experimental process: (a) schematic diagram of CEMT process, (b)
schematic diagram of specimen clamping

Table 2 CEMT processing parameters.

Treatment Sample number

#H0  #1  #2  #3  #4  #5  #6  #7T  #8

Electric field intensity

(V)
Magnetic field intensity

M

2.3 Magnetic performance test and microstructure observation
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The magnetic core loss and initial permeability of Mn-Zn ferrite subjected to
different CEMT were measured using the SY-8232 B-H analyzer under 100kHz and
200mT with temperature at 25°C and 100°C. All specimens were taken from the same
production batch of EP-13 Mn-Zn ferrites, and for each condition, three independent
samples with similar initial properties were tested. The power loss of the optimally
parameter-treated sample, which exhibited the most significant improvement in
magnetic properties, as well as the untreated sample, was measured over a wide

temperature range from 25°C to 125°C, with measurements taken at 25°C intervals.
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During the testing process, measurements were conducted sequentially from low to
high temperatures. After each lower-temperature measurement was completed, the
sample was heated to the next set temperature, followed by a stabilization period before
performing the high-temperature measurement. The initial magnetization and
hysteresis loop data of Mn-Zn ferrite core samples were measured under a magnetic
field range of -2T to +2T at room temperature (25°C) using a Quantum Design PPMS
comprehensive physical property analyzer.

The structural characterization of the samples was performed by X-Ray diffraction
(XRD) using X'pert Pro-P Analytical instrument (Cu-Ko X-Rays). The surface and
fracture surface microstructure of Mn-Zn ferrites were examined using a field emission
scanning electron microscope (Thermo Scientific ApreoSe USA). The elemental
composition at the grain boundaries was analyzed using energy dispersive spectroscopy
(EDS). The quasi-in-situ EBSD of Mn-Zn ferrite specimen before and after the CEMT
was performed using a JSSM7200F field emission SEM fitted with an EDAX EBSD
Velocity detector. The specific experimental steps were as follows: (1) Select the upper
surface of the central cylindrical region of the EP-13 specimen as the observation
surface. Use an IM4000II ion milling system for planar argon ion polishing. Perform
EBSD scanning with a step size of lum over an area of 402x402 um?. Locate the
observation surface and record the data, (2) Subject the specimen to CEMT, (3)
Reposition the scan area based on micro-indentation, perform EBSD scanning at the
same collection step size, and record the data, (4) Compare the EBSD results in the
same micro-region of the specimen before and after CEMT and analyze them using
HKL CHANNELS5 software.
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3. Results and discussion
3.1 Electromagnetic properties

As shown in Fig. 2(a)-(d), the initial permeability (x;) of EP-13 Mn-Zn ferrite is
relatively high, and it exhibits varying changes after CEMT processing. Each data point
represents the mean value of three independent samples, with error bars indicating
standard deviation. With a fixed electric field of 1V, the enhancement in the initial
permeability of EP-13 Mn-Zn ferrite initially increases and subsequently decreases as
the pulsed magnetic field strength rises. At 25°C, the most pronounced enhancements
are observed under pulsed magnetic field parameters of 0.5T and 1.5T, with increases
of 2.04% and 10.09%, respectively. At 100°C, the initial permeability increases by
5.58% under the 1.5T condition, while changes under other magnetic field parameters
are negligible. Furthermore, with a fixed magnetic field of 1.5T, the effect of increasing
the electric field on the initial permeability at both 25°C and 100°C exhibits a similar
trend. The most significant improvement is observed at 1V, resulting in enhancements

of 10.09% at 25°C and 5.58% at 100°C.

Generally, manganese-zinc ferrite is required to have a high permeability. In
practical applications, the permeability typically used is the initial permeability (u;),
which represents a macroscopic physical quantity describing the magnetization process
of manganese-zinc ferrite after it has been demagnetized in a weak magnetic field. Its
specific definition is given by the following equation:

1 AB 1[dB
wel g BT

1m ——
uy AH—0AH wuy ldHlyo

1)

ere u, is the vacuum magnetic permeability, and B is the magnetic induction intensity,

and H is the external magnetic field intensity.
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Fig. 2 Effect of CEMT on initial permeability (1;) of magnetic properties: (a) effect of
magnetic field parameters on initial permeability at 25°C, (b) effect of magnetic field
parameters on initial permeability at 100°C, (c) effect of electric field parameters on initial
permeability at 25°C, (d) effect of electric field parameters on initial permeability at 100°C.

Following CEMT processing, the power loss of EP-13 Mn-Zn ferrite is reduced. As
shown in Figs. 3(a) and (b), with a fixed electric field of 1V, power loss is significantly
decreased at 25°C under various pulsed magnetic field parameters, with the largest
reduction of 2.80% observed at 1.5T. At 100°C, the most pronounced decline in power
loss occurs at 1.5T, with a reduction of 6.81%, while power loss remains nearly
unchanged at other magnetic field conditions. Additionally, Fig. 3(c) and (d) reveal that,
under a fixed magnetic field of 1.5T, power loss decreases noticeably with increasing
electric field. At 25°C, significant reductions are observed at electric fields of 1V and
1.5V, with the largest reduction of 2.80% occurring at 1.5V. At 100°C, marked
reductions in power loss occur at electric fields of 0.5V and 1V, with the maximum

reduction of 6.81% seen at 1V, while power loss remains largely unchanged at 1.5V.

The differences in magnetic performance improvement under different
electromagnetic parameters are primarily due to the varying degrees of microstructural
refinement induced by the electromagnetic treatment. At lower magnetic and electric

field intensities, the magnetostriction effects and dislocation activation are weak, and
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the energy provided by the electromagnetic field is insufficient to drive significant
microstructural changes, resulting in limited improvement in magnetic properties. As
the magnetic field strength increases, the synergistic effect of pulsed currents and
magnetic fields becomes more effective in promoting dislocation slip and climb,
transforming low-angle grain boundaries into high-angle ones, and relieving residual
stress. These changes help reduce domain wall pinning and enhance domain wall
mobility, thereby improving initial permeability and reducing power loss. However, it
is worth noting that the stress induced by magnetostriction effects is non-uniform [7],
and studies have shown that the influence of electric fields on dislocation motion is
nonlinear [29]. When the field intensity becomes too high, excessive magnetostriction
deformation may lead to microplasticity and the formation of new defects, which can
offset the magnetic performance gains. Therefore, there exists an optimal range of
electromagnetic parameters that balances microstructural enhancement with structural

stability, maximizing improvements in magnetic properties.

0.40 0.24
(a) —— Pc Before CEMT(25°C) (b) —a— Pc Before CEMT (100°C)
—e— Pc After CEMT(25°C) —e— Pc After CEMT (100°C)
4 P
ﬁ g 0.22+
A 0.38 -
= —_
~ z
& Pt
A 0.20
0.36 [ Electric field intensity is 1V Electric field intensity is 1V
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Magnetic field in intensity (T) Magnetic field in intensity (T)
(c) —a—pe Before CEMT (25°0) | () g.24} —4— Pc Before CEMT(100°C)
0.40 —e— Pc After CEMT (25°C) —e— Pc After CEMT(100°C)
o ®)
e Z
el S 0.22}
= 0.38 !
£ B
& et
B 0.20}
0.361
Magnetic field intensity is 1.5 T Magnetic field intensity is 1.5 T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Electric field intensity (V) Electric field intensity (V)

Fig. 3 Effect of CEMT on power losses (Pc) of magnetic properties: (a) effect of magnetic

field parameters on power losses at 25°C, (b) effect of magnetic field parameters on power
losses at 100°C, (c) effect of electric field parameters on power losses at 25°C, (d) effect of
electric field parameters on power losses at 100°C.

For manganese-zinc ferrite, the initial permeability and power loss are two very

important parameters. The effect of CEMT on its magnetic performance needs to

10
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consider both factors comprehensively. Among the set parameter gradient groups, the
optimal CEMT parameters for electric field and magnetic field were 1V and 1.5T.

Since ferrite cores are often operated at a high temperature range from 80 to 100°C,
temperature characteristics of core losses are of critical importance. Namely, for Mn-
Zn power ferrites, not only core losses at room temperature but also core losses at the
high temperature range are vital to the stability and reliability of entire power transfer
components [6]. Power loss tests were conducted on the untreated sample (#0) and the
sample (#4) treated with optimal parameters (1V, 1.5T) over a wide temperature range
from 25°C to 125°C at 100kHz and 200mT. The results are presented in Fig. 4. It can
be observed that after treatment with optimal parameters, the power loss of the sample
is reduced across a wide temperature range compared to the untreated sample.
Generally, the core power losses (Pc) are composed of three loss factors, namely
hysteresis loss P, eddy current loss Pe, and residual loss Py [30]. The eddy current
phenomenon caused by the alternating current is the eddy current loss (Pe), the
hysteresis phenomenon caused by the magnetic core under the alternating magnetic
field is the hysteresis loss (Pn), and the residual loss caused by other factors is the

residual loss (Pr). The P¢ can be described as the following equation:
Pc:Pe+Ph+Pr (2)

The resistivity of manganese-zinc ferrites decreases exponentially with increasing
temperature, which means that the electrical conductivity increases exponentially with
rising temperature. Consequently, when the temperature exceeds 100°C, it can be
observed that the power loss begins to exhibit an increasing trend again. This is because
the effect of eddy current losses (Pe) on the core losses becomes greater when the

conductivity increases and hence the power consumption increases.
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Fig. 5 B-H hysteresis loop of EP-13 Mn-Zn ferrites at +2T after CEMT
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Table 3 Saturation magnetization intensity (Ms) and the coercivity (Hc) of EP-13 Mn-Zn
ferrites after CEMT

Sample number Ms (emu/g) Hc (Oe)
#0 87.09 4.92
#4 91.12 3.96

Fig. 5 shows the B-H hysteresis loop of the untreated sample (#0) and the sample
after CEMT (#4). It can be seen in the figure that the hysteresis loop of EP-13
manganese zinc ferrite before and after CEMT is narrow and exhibits obvious soft
magnetic material characteristics [1]. According to the data in Table 3, after CEMT
with the optimal parameters, the sample's coercivity of the sample decreased by 19.51%
and the saturation magnetization increased by 4.63%. In Mn-Zn ferrite, coercivity (Hc)
and permeability (u;) are interrelated: lower coercivity generally reflects reduced
resistance to domain wall motion and rotation, which in turn results in higher
permeability. After treatment, the observed reduction in coercivity indicates facilitated
domain wall motion, thereby contributing to the improvement in permeability [9].

3.2 Microstructure and elemental distribution

Fig. 6 shows the XRD images of the untreated (#0) and optimal parameter CEMT
samples (#4). From Fig. 6(a), it can be observed that sample #4 exhibits a spinel phase,
with clear and consistent characteristic peaks. There is no significant difference in
crystal integrity compared to the untreated sample. The chemical formula is
(MnosaZno.29Fe2.0704), indicating that the original spinel structure of the Mn-Zn ferrite
remains intact before and after the coupled electromagnetic treatment. To further study
the influence of CEMT on the crystal structure of the samples, Rietveld analysis of the
XRD patterns was conducted using Jade 6. The refined XRD patterns are presented in
Fig. 6(b) and (c). As shown in Table 4, the fitting parameters (Rwp, Rp, and y?) are
relatively low, indicating that the refinement results are within a reliable and acceptable
range [11]. The lattice constant of the Mn-Zn ferrite increased slightly by approximately
0.05% after treatment. The unchanged diffraction peak positions confirm that the phase
composition did not change. The increase in peak intensity indicates better lattice
ordering and fewer microstructural defects. These changes may help improve the
magnetic properties. The lattice parameter (a) was calculated by Bragg’s formula from
the strongest peak (311) [16].

a=V W+ +1? (3)
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where, dnw is spacing value of (311).
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Table 4 Refined structural parameters of Mn-Zn ferrites

Sample number a(A) Rp (%) Rwp (%) x2
#0 8.482 1.45 2.14 2.17
#4 8.487 2.11 2.92 1.92

Fig. 7 presents the SEM and BSE images of EP-13 Mn-Zn ferrite at various
magnifications. In the untreated sample (Fig. 7(a)), the dominant fracture mode is
intergranular, as indicated by the yellow dashed line separating intergranular and

14
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transgranular regions. In contrast, after CEMT (Fig. 7(d)), transgranular fracture
becomes the main mode, with only a few intergranular fractures remaining. The BSE
images in Figs. 7(b) and (e) further supports this distinction. In the untreated sample,
transgranular fractures are more numerous and clustered, while in the sample after
CEMT, they are fewer and more dispersed. Additionally, magnified grain boundary
images (Figs. 7(c) and (f)) show that the treatment results in more well-defined grain

boundaries, reduced grain spacmg and enhanced mtergranular bonding.
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Fig. 7 SEM and BSE mlcrographs of samples (a) SEM lmage of specimen #O (b) BSE image
specimen #0, (c) Grain boundary image of specimen #0, (d) SEM image of specimen #4, (e)
BSE image of specimen #4, (f) Grain boundary image of specimen #4

The magnetization process in low and vanishing-anisotropy soft magnetic
materials (e.g., soft ferrites and nanocrystalline ribbons, etc.) is usually shared by the
rotation of the spins inside the domains and the motion of the domain walls [4].
Although these two mechanisms coexist, their relative contributions depend on the
microstructural features of the material. When the grain size of Mn-Zn ferrite is large
and there are fewer pores, the magnetization mechanism is mainly reversible domain
wall motion. However, when the grain size of manganese zinc ferrite is small, there are
more pores, and the internal structure is uneven, the resistance to domain wall motion
increases, and reversible domain rotation becomes the main magnetization mechanism
[31]. Specifically, the mobility of domain walls is strongly influenced by pinning and
depinning processes. Pores, grain boundaries, and secondary phases act as pinning
centers that hinder domain wall motion, increasing coercivity and magnetic losses.
Kasahara et al. [32] provided direct in situ evidence using Lorentz microscopy and
electron holography that domain walls in Mn-Zn and Ni-Zn ferrites are strongly pinned
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at grain boundaries and pores, and depinning occurs only when the local magnetic field
is sufficient to overcome the associated energy barriers. Similarly, Sun et al. [33]
demonstrated that ZrO: precipitation and agglomeration in Mn-Zn ferrites introduce
additional pinning sites, significantly suppressing domain wall mobility and
deteriorating soft magnetic properties. In this study, CEMT reduces internal defects and
promotes the transformation of low-angle grain boundaries into high-angle ones,
thereby decreasing both the number and effectiveness of pinning centers. This
microstructural refinement enables smoother domain wall motion under a magnetic
field, reducing resistance to both wall motion and spin rotation during magnetization.
This enhances the ferrite core's magnetic performance and improves its reliability [34].

QL
E/rain boundary

Fig. 8 SEM and EDS micrographs of samples: (2) SEM image of transgranular fracture area
of specimen #0, (b) SEM image of intergranular fracture area of specimen #0, (c) EDS at
grain boundary of specimen #0, (d) SEM image of transgranular fracture area of specimen #4,
(e) SEM image of intergranular fracture area of specimen #4, (f) EDS at grain boundary
image of specimen #4

Fig. 8 shows a comparative analysis of the transgranular fracture regions in both
the untreated specimen (#0) and the specimen after CEMT (#4). In specimen #0,
microscopic defects such as cracks are clearly visible at and near the grain boundaries.
These defects act as initiation sites for damage initiation and propagation under external
forces, ultimately causing failure. Moreover, these grain boundary defects can pin
domain walls, increasing the energy loss during domain wall motion, which in turn
raises coercivity and leads to higher power loss [35]. Conversely, the cross-section of
the transgranular fracture area in samples (#4) shows a cleaner fracture surface with
well-defined grain boundaries and reduced grain boundary spacing. EDS analysis of

the grain boundaries indicates an increase in oxygen elements and a decrease in other
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elements in sample (#4). This observation is attributed to the CEMT repairs small
defects at the grain boundaries. The modified local chemical environment likely
enhances grain boundary cohesion. During this repair, the accumulation of
strengthening elements at the boundaries may enhance intergranular bonding strength.
Such changes could be associated with the formation of a less conductive grain
boundary region, which may hinder localized eddy current formation and thereby
contribute to a reduction in eddy current losses. Simultaneously, the CEMT process
induces residual compressive stress due to the magnetostriction effect and dislocation
movements, counteracting tensile residual stress from prior manufacturing processes.
This redistribution of stress reduces internal resistance to domain wall motion, thereby
lowering power loss and improving permeability [36].

3.3 EBSD observation

Fig. 9 presents the quasi-in-situ EBSD results of EP-13 Mn-Zn power ferrite
before and after CEMT. Figs. 9(a) and (b) show the distribution maps of Euler angles,
while Figs. 9(c) and (d) display the corresponding IPF maps. The colors of different
grains represent their different crystallographic orientation angles. The same regions
before and after treatment are marked by corresponding yellow dashed lines labeled 1,
2, and 3 in Figs. 9(a) and (b), and by black dashed lines labeled 1 and 2 in Figs. 9(c)
and (d), respectively. This phenomenon suggests that the combined effect of pulsed
current and electromagnetic fields induced some grains of the Mn-Zn ferrite to change
their crystal orientation. The change can be attributed to the reduction of dislocation
pinning, which allowed dislocations to slip and climb more easily, thereby altering
grain orientation. Additionally, the magnetostriction effect from the alternating
magnetic field may have introduced local lattice distortions, further facilitating
orientation adjustment [37]. The changes observed in the deformed regions of the Euler
angle and IPF maps also indicate that CEMT may have contributed to the release of
residual stress. Samples before treatment likely exhibited high internal stress and non-
uniform grain orientations, whereas treated samples showed a more uniform
crystallographic distribution. These microstructural modifications can influence
domain wall motion, thereby enhancing the initial permeability and reducing magnetic
loss. Moreover, the relaxation of internal stress is expected to improve the stability and

long-term service performance of ferrite materials [38].
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Fig.9 EBSD imges of EP-13 Mn—Zn ferrite before and er CEMT: (a) before CEMT, ()
after CEMT, (c) IPF map before CEMT, (b) IPF map after CEMT

In summary, the results indicate that CEMT influenced the crystallographic
orientation of Mn-Zn ferrite and may positively affect its magnetic properties by
regulating dislocation behavior and residual stress distribution. Further analysis,
including KAM (Kernel Average Misorientation) mapping and grain boundary angle
statistics, will provide deeper insights into the relationship between microstructural

evolution and magnetic property optimization.
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Fig. 10 GB map of EP-13 Mn-Zn ferrite before and after CEMT: (a) before CEMT, (b) after
CEMT, (c) grain boundary angle statistical diagram, (d) statistical table of grain boundary
angle content.

Fig. 10 illustrates the grain boundary (GB) maps of the EP-13 Mn-Zn ferrites
before and after CEMT with quasi-in-situ EBSD. Figs. 10(a) and 10(b) represent the
grain boundary angle distribution before and after treatment, with four regions showing
noticeable changes marked by black dashed lines and labeled as 1 to 4 in each image.
Fig. 10(c) provides a statistical distribution of grain boundary angles, and Fig. 10(d)
summarizes the proportions of different grain boundary angle categories. It is evident
from the images that the number of small-angle grain boundaries (SGB, 0-2°) and low-
angle grain boundaries (LAGB, 2-15°) decreases in the treated sample, while the
proportion of high-angle grain boundaries (HAGB, >15°) increases. Notably, the red-
marked SGBs in Fig. 10(b) are visibly fewer than those in Fig. 10(a), indicating that

CEMT significantly influenced grain boundary evolution. Further statistical analysis
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shows that before CEMT, the SGB content was 0.39%, the LAGB content was 3.92%,
and the HAGB content was 95.69%. After treatment, the SGB content decreased to
0.26%, the LAGB content decreased to 3.74%, and the HAGB content increased to
96.00%. This trend suggests that CEMT facilitates the transformation of low-angle
grain boundaries to high-angle grain boundaries, which is likely related to dislocation
rearrangement, migration, and the release of residual stress [39]. Combining the
analysis from Fig. 9, the grain boundary evolution further supports the occurrence of
microstructural reorganization. Dislocation theory suggests that the LAGBs primarily
consist of dislocation concentration, and a higher LAGB content implies the presence
of more dislocations and stress concentration within the grains [40]. The observed
increase in HAGBs implies reduced dislocation density and internal stress. This
transformation can weaken the pinning effect on magnetic domain walls, lowering the
resistance to domain wall motion and rotation. As a result, the initial permeability of
the Mn-Zn ferrite is enhanced, and magnetic losses are reduced. It is also noteworthy
that, considering the high resistivity of Mn-Zn ferrite and the low applied electric field
(1V), the theoretical Joule heating during CEMT is minimal, and no significant
temperature rise was observed in practice. This further confirms that the microstructural
changes, such as grain boundary evolution and orientation adjustment, are dominated

by field-assisted mechanisms rather than thermal effects.

Fig. 11 KAM map of EP-13 Mn-Zn ferrite before and after CEMT: (a) before CEMT, (b)
after CEMT

These microstructural optimizations may positively influence the enhancement of

magnetic properties. Further KAM analysis can help reveal the relationship between
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dislocation density changes and the optimization of magnetic performance. Previous
studies have demonstrated that KAM can be used to qualitatively characterize changes
in the true dislocation density [41]. To explore the relationship between the crystal
orientation, change and dislocation movement, the following formulas are used to
calculate the geometrically necessary dislocation (GND) density in the specimens:
20
pGND:E 4)

where p, ., represents geometrically necessary dislocation density, 6 is the mean value

of the kernel averaged misorientation in the selected area, p is the scanning step size, b

is the Burgers vector.

Fig. 11 presents the Kernel Average Misorientation (KAM) maps obtained through
quasi-in-situ EBSD before and after CEMT. Specifically, Figure 11(a) represents the
untreated state, while Figure 11(b) depicts the state after treatment. A clear reduction
in dislocation density can be observed in the treated sample, particularly in areas 1, 2,
and 3. Table 5 provides the statistical data for the average KAM values and geometric
dislocation density. Before treatment, the average misorientation angle (KAM value)
was 0.3571, which decreased to 0.2083 after treatment. The dislocation density was

1.701 before treatment and decreased to 0.992 after treatment.

Table 5 Mean value of KAM and geometric dislocation density of Mn-Zn ferrite

GB type 0/° Penp/10°m?
Before CEMT 0.3571 1.701
After CEMT 0.2083 0.992

The KAM maps (Fig. 11) and statistical data in Table 4 indicate a noticeable
reduction in dislocation density after CEMT. This change aligns with the observed
decrease in low-angle grain boundaries (LAGBSs) in Fig. 10, suggesting that CEMT
facilitates dislocation movement and annihilation. These processes not only refine the
microstructure but also relieve internal stress concentrations, which are beneficial for
enhancing magnetic performance and reducing energy loss [42]. The KAM analysis
results of this study indicate that the dislocation density of the specimens decreased by
approximately 41.7% after CEMT, while the proportion of low-angle grain boundaries
(LAGBS) decreased by 4.6%. These microstructural changes imply that residual stress
has been released, the number of domain wall pinning points has decreased, and the
obstacles to domain wall movement have been reduced. Correspondingly, magnetic

property test results indicate that the coercivity decreased by 19.51%. Since the initial
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permeability (y;) is inversely proportional to the coercivity (Hc), the initial permeability
increased by 10.09% and 5.58% at 25°C and 100°C, respectively. This correspondence
between microstructural optimization and macroscopic performance improvement
indicates that CEMT plays a direct structural regulatory role in enhancing the magnetic

properties of ferrites.

~

Before CEMT After CEMT
Fig. 12 Schematic diagram of the mechanism of EMCT

This microstructural evolution results from the synergistic effects of pulsed
electric and magnetic fields. The pulsed current drives charge redistribution and defect
mitigation, while the alternating magnetic field induces magnetostrictive strain that
enables crystallographic reorientation and reduces lattice distortions. As a result, both
dislocation density and residual stress are reduced, and domain walls can move more
easily, leading to improved permeability and lower energy loss. This explanation is
supported by prior studies. Shipko et al. [43] demonstrated that pulsed magnetic fields
can alter the distribution of cation vacancies and relax local lattice distortions,
effectively reducing internal stress concentrations. Alshits et al. [29] further reported
that electric fields can drive dislocation motion through localized charge effects and
electron wind forces, enabling dislocation glide and annihilation.

Fig. 12 offers a schematic representation of microstructural change during CEMT.
Before treatment, dislocations (T-shaped symbols) are pinned at defects and grain
boundaries (black circles), where they accumulate and act as obstacles to domain wall
motion. After CEMT, dislocation motion and annihilation are facilitated, resulting in
fewer pinning sites and a lower overall dislocation density. The grains are filled with
different patterns to indicate their crystallographic orientations, while the changes
highlighted by black arrows illustrate grain reorientation induced by the treatment.

These combined effects reduce obstacles to domain wall motion, enabling permeability
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enhancement and energy loss reduction. Notably, excessive field intensities may induce
additional microplastic deformation, indicating the need to optimize CEMT parameters
to balance performance enhancement and microstructural stability.

In summary, CEMT effectively affects the crystal orientation of Mn-Zn ferrite
(Fig. 9) and promotes the evolution of grain boundaries evolution (Fig. 10),
particularly by reducing LAGBs that act as a barrier to domain wall motion. These
microstructural improvements are supported by KAM analysis (Fig. 11), which
demonstrates the release of residual stress and optimization of dislocation structures.
Compared to traditional methods, CEMT provides a novel, non-chemical pathway for
improving Mn-Zn ferrite performance through microstructure-driven magnetic
regulation. In this study, the EP-13 Mn-Zn ferrite employed was a widely used
commercial product rather than a laboratory-specific sample. Our results demonstrate
an increase in permeability and a reduction in power loss, corresponding to an estimated
5-7% improvement in energy efficiency for transformer cores under high-frequency
operation relative to untreated commercial products. This study has verified the
feasibility of using CEMT to improve the magnetic properties of Mn-Zn ferrites, and
future work will extend this approach to device-level validation and scaling up for more

complex core geometries.

4. Conclusions

To address the need for improved magnetic performance and reduced power loss
in Mn-Zn ferrites, this study applied a novel coupled electromagnetic treatment (CEMT)
to EP-13 Mn-Zn ferrite. The effects of different processing parameters were
systematically investigated, and the resulting magnetic properties were analyzed. The
main conclusions are as follows:

(1) CEMT effectively enhances the magnetic properties of Mn-Zn ferrite. Initial
permeability and power loss exhibited notable variations under different CEMT
conditions. The variation trend indicates that the optimization of electromagnetic field
parameters directly influences these properties.

(2) Under the optimal CEMT parameters (magnetic field strength of 1.5T and
electric field intensity of 1V), the initial permeability increased by 10.09% at 25°C and
by 5.58% at 100°C. The power loss was reduced by 2.80% at 25°C and by 6.81% at
100°C. Additionally, the coercivity decreased by 19.51%, and the saturation
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magnetization increased by 4.63%.

(3) The CEMT facilitates grain reorientation, reduces the proportion of low-angle
grain boundaries (LAGBs), and promotes the dislocations rearrangement and
annihilation. These microstructural changes lead to a more ordered grain structure and
contribute to the relaxation of residual stress within the ferrite. As a result, magnetic
domain wall motion encounters less resistance during magnetization, thereby
enhancing domain wall mobility and reducing overall energy loss.

(4) CEMT is a promising and environmentally friendly technique for optimizing
soft magnetic materials. It supports real-time parameter adjustment during processing,
making it more flexible and potentially scalable for industrial applications. This study
provides a foundation for the application of CEMT in improving the performance of
Mn-Zn ferrites, demonstrating its potential for next-generation power ferrite
applications. Future research will focus on refining treatment parameters and exploring
its applicability to other soft magnetic materials.

(5) Future work should focus on scaling up CEMT to complex ferrite core
geometries and evaluating its long-term stability under thermal cycling and magnetic
aging conditions. Such efforts will be critical to verifying the industrial applicability of
CEMT and ensuring the durability of its magnetic property enhancements in high-
frequency power electronic devices.
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