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Preface

Soft magnetic materials normally show no magnetic properties outside of a magnetic field but
can be easily magnetized and demagnetized within magnetic fields. Most soft magnetic materials
have small coercive field strengths, in the same order as the Earth’s magnetic field (about 40 A/m) or
lower.

Soft magnetic materials are widely used in electronics, energy conversion, information
processing, and many other application scenarios. Indeed, it is safe to assume that whenever you
use electricity, soft magnetic materials are working in the background.

Recently, technological progress in soft magnetic materials has focused on the processing
of rapidly quenched amorphous and nanocrystalline materials (either in the form of ribbons
or powders), as well as improvements in the magnetic properties of soft magnetic composites
(SMCs) and soft ferrites to fit the requirements of high-frequency devices driven by Wide-Bandgap
Semiconductors (S5iC/GaN). Moreover, new soft magnetic devices have also been successively
designed for the rapid development of fabrication methods and new applications.

The aim of this Special Issue was to present the latest achievements in the synthesis,
fundamentals, characterization, and applications of soft magnetic materials, including soft ferrites,
alloys, and composites, together with their processing technology, characterization, and applications
in electronics, motors, wave absorbing, sensors, communications, etc.

Seventeen papers are published in this Special Issue. For convenience of reading, these papers
can be divided into four categories according to the contents of their studies: I. Soft Ferrite Materials;
II. Soft Magnetic Alloys and Composites; IIl. Characterization of Soft Magnetic Materials; and IV.
Applications of Soft Magnetic Materials.

We congratulate all the authors published in this collection for their remarkable results presented
in these papers. We truly believe that these works will help the research community to enhance their

understanding of the present status and trends in soft magnetic materials and their applications.

Shenglei Che
Editor
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1. Introduction

Soft magnetic materials normally show no magnetic properties outside of a magnetic
field but can be easily magnetized and demagnetized within magnetic fields. Most soft
magnetic materials have small coercive field strengths, in the same order as the Earth’s
magnetic field (about 40 A/m) or lower.

Soft magnetic materials are widely used in electronics, energy conversion, information
processing, and many other application scenarios. Indeed, it is safe to assume that whenever
you use electricity, there are soft magnetic materials working for you.

Recently, technological progress in soft magnetic materials has been focused on the
processing of rapidly quenched amorphous and nanocrystalline materials (either in the
form of ribbons or powders), as well as the improvement in magnetic properties of soft
magnetic composites (SMCs) and soft ferrites to fit the requirements of high-frequency
devices driven by Wide Bandgap Semiconductors (SiC/GaN). Moreover, new soft magnetic
devices have also been successively designed for the rapid development of fabrication
methods and new applications.

The aim of this Special Issue is to present the latest achievements in the synthesis,
fundamentals, characterization, and applications of soft magnetic materials, including soft
ferrites, alloys, and composites, together with their processing technology, characterization,
and applications in electronics, motors, wave absorbing, sensors, communications, etc.

Seventeen papers are published in this Special Issue. For the convenience of intro-
duction, these papers can be divided into four categories according to the contents of
their studies.

2. Soft Ferrite Materials

Soft ferrites mainly include MnZn ferrites and NiZn ferrites. As a kind of ceramics,
ferrites are normally prepared via a sintering process at 900-1450 °C. To prepare soft
ferrites with small grain sizes and better high-frequency properties, Ying et al. applied
cold sintering technique to sinter MnZn ferrites at around 300 °C and obtained a densified,
fine-grained, high-frequency MnZn ferrite bulk [1]. The relative density could be increased
to 97.2% by annealing the samples at 950 °C for 6 h. Annealing also reduced the power loss
at high frequencies.

Shang et al. synthesized homogeneous MnZn ferrite fibers using the solvothermal
method and used them as a reinforcing phase to prepare homogeneous-fiber-reinforced
MnZn ferrite materials [2]. The best magnetic and mechanical properties were obtained at
a fiber content of about 2 wt%.

Ma et al. measured the differential-mode magnetic noise in MnZn soft ferrites for
magnetic shielding and analyzed and optimized the structural parameters of the shield on
the differential-mode magnetic noise; some useful results for suppressing magnetic noise
and breaking through the sensitivity of the magnetometer were obtained [3].
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3. Soft Magnetic Alloys and Composites

High saturation magnetization and low coercivity FeCo soft magnetic thin films with
different thicknesses were prepared via magnetron sputtering by controlling the thickness
and deposition temperature in a paper by Yang et al. [4]. This FeCo thin film with high
saturation magnetization and low coercivity could be an ideal candidate for high-frequency
electronic devices.

Wang et al. reported a novel photodecomposition method to create a ZnO insulating
layer on FeSiAl powders [5]. Combined with conventional coupling treatment processes, a
thin and dense Zn-O-Si insulating layer was coated on the surface of iron powder in situ.
Treating the iron powder before coating by photodecomposition led to a synergistic effect,
significantly reduced the core loss, while the effective permeability only decreased slightly.

Zhu et al. studied the effect of epoxy resin (EP) on the insulated coating and pressing
effect of FeSiAl magnetic powders by changing the content of EP and characterized the soft
magnetic properties of the powders and SMPCs and revealed that best overall performance
can be obtained when the EP content was 1 wt.% [6].

Wau et al. reported an FeSi3.5 easy-plane composite with high permeability and ultra-
low loss at the MHz frequency band [7]. Through loss measurement and separation, they
found that the real reason why magnetic materials do not work properly at MHz due to
overheat is dramatical increase of the excess loss and the easy-plane composite can greatly
reduce the excess loss. This makes the easy-plane FeSi3.5 composite become an excellent
soft magnetic composite and it is possible for magnetic devices to operate properly at
higher frequencies, especially at the MHz band and above.

Du et al. studied the changes of microstructure, magnetostriction properties and
hardness of the Fe73Ga27—xAlx alloy and (Fe73Ga27—xAlx)99.9La0.1 alloy (x =0, 0.5, 1.5,
2.5,3.5,4.5) by doping Al into the Fe73Ga27 and (Fe73Ga27)99.9La0.1 alloy, respectively [8].
The results indicated that trace La doping can improve the magnetostriction properties
and deformation resistance of Fe-Ga alloy, which provides a new design idea for the Fe-Ga
alloy, broadening their application in the field of practical production.

4. Characterization of Soft Magnetic Materials

In order to solve the problem that the relative permeability of the permalloy is missing
and difficult to measure accurately in an extremely weak magnetic field (EWME, <1 nT),
Sun et al. proposed a method to measure the permeability in EWMEF based on the Rayleigh
model [9]. This method can obtain the relative permeability in any EWMF and avoid test
errors caused by extremely weak magnetization signals.

Cheng et al. proposed a novel method of measuring the remanence of materials in a
magnetic shielding cylinder, which prevents interference from the Earth’s magnetic field
and reduces the measurement error [10]. This method is used to test concrete components,
composite materials, and metal materials commonly applied in magnetic shielding devices
and determine the materials that can be used for magnetic shielding devices with 1 nT,
10 nT, and 100 nT as residual magnetic field targets.

Wang et al. built a test system that combined temperature, stress, and electromagnetic
fields along with other fields at the same time [11]. It can accurately simulate the actual
complex working conditions of a motor and explore the dynamic characteristics of non-
grain oriented (NGO) silicon steel. The rationality of this method was verified by checking
the test results of the prototype, and the calculation accuracy of the motor model was found
to be improved.

Zhang et al. investigated the magnetomechanical coupling factors (k) and damping
factors (Q—1) of FeSiB amorphous ribbons annealed in air at different temperatures [12].
The k and Q—1 of FeSiB-based epoxied laminates with different stacking numbers show that
a —3 dB bandwidth and Young’s modulus are expressed in terms of the magnetomechanical
power efficiency for high lamination stacking.
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5. Applications of Soft Magnetic Materials

As the core part of an electrical driving system, the electrical machine faces the extreme
challenge of maintaining a high power density and high efficiency output under complex
working conditions. The research and development of new soft magnetic materials has
an important impact on solving the current bottlenecks of electrical machines. Li et al.
studied the variation trends of magnetic properties of ultra-thin grain-oriented electrical
silicon steel (GOES) under thermal-mechanical-electric-magnetic fields and explored its
possible application in motors [13]. They verified that grain-oriented silicon steel has great
application prospects in the drive motors (IPMs) of electric vehicles, and it is an effective
means to break the bottleneck of current motor design.

High silicon steel has low loss and high mechanical strength, making it extremely
suitable as a high-speed motor rotor core material. Ma et al. investigated the feasibility
of using high silicon steel as the material of an interior rotor high-speed motor [14] and
verified the results via theoretical analysis and experimental characterization.

Fang et al. proposed a high-performance magnetic shielding structure composed of
MnZn ferrite and mu-metal film [15]. The use of the mu-metal film with a high magnetic
permeability restrains the decrease in the magnetic shielding coefficient caused by the
magnetic leakage between the gap of magnetic annuli. This proposed combined magnetic
shielding is of great significance to further promoting the performance of atomic sensors
sensitive to magnetic fields.

Ferrite magnetic shields are widely used in ultra-high-sensitivity atomic sensors be-
cause of their low noise characteristics. However, their noise level varies with temperature
and affects the performance of the spin-exchange relaxation-free (SERF) co-magnetometer.
Pang et al. established the thermal magnetic noise model of a ferrite magnetic shield
and calculated the thermal magnetic noise of ferrite more accurately by testing the low-
frequency complex permeability at different temperatures [16]. The experimental results
demonstrated the effectiveness of the proposed method.

Magnetic shields are an important part of electronic equipment, ultra-sensitive atomic
sensors, and in basic physics experiments. Particularly in spin-exchange relaxation-free
(SERF) co-magnetometers, the magnetic shield is an important component for maintaining
the SERF state. Liu et al. applied different amorphous and nanocrystalline materials as
the innermost magnetic shielding layers of an SERF co-magnetometer and analyzed their
magnetic noise characteristics [17]. The experimental results show that compared with an
amorphous material, using a nanocrystalline material as the inner magnetic shield layer
can effectively reduce the magnetic noise and improve the sensitivity and precision of the
rotation measurement.

The Guest Editors would like to congratulate all the authors published in this Special
Issue for the remarkable results presented in these papers. We truly believe that these
works will help the research community to enhance their understanding of the present
status and trends in soft magnetic materials and their applications.
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Abstract: The densified MnZn ferrite ceramics were prepared using the cold sintering process under
pressure, with an acetate ethanol solution used as the transient solvent. The effects of the transient
solvent, the pressure and annealing temperature on the density, and the micromorphology and
magnetic properties of the sintered MnZn ferrites were studied. The densified MnZn ferrite was
obtained using the cold sintering process and its relative density reached up to 85.4%. The transient
solvent and high pressure are essential to the cold sintering process for MnZn ferrite. The annealing
treatment is indispensable in obtaining the sample with the higher density. The relative density was
further increased to 97.2% for the sample annealed at 950 °C for 6 h. The increase in the annealing
temperature reduces the power loss at high frequencies.

Keywords: MnZn ferrite; cold sintering process; power loss; high frequency

1. Introduction

MnZn ferrites are the core materials in power transformers, sensors and other elec-
tronic devices due to their excellent soft magnetic performance, such as high initial perme-
ability (y;), high flux density (Bs), low power loss (P¢) and relatively high Curie tempera-
ture (Tc) [1-6]. With the continuous development of 5G communication technology and
third generation wide band gap (WBG) semiconductors, electronic devices are developing
toward miniaturization and high efficiency [7-9]. When the magnetic core in the electronic
device is subjected to an AC magnetic field, some of the power is lost in the core and
dissipated as heat and sometimes noise. The lost power is termed as power loss. Low
power loss is the crucial factor for high efficiency in electronic devices. Increasing the
operating frequency is the essential way to achieve miniaturization. However, P, increases
dramatically when the frequency increases to above 500 kHz, due to the dramatic increase
in eddy current loss (Pey) and residual loss (Pyry). In order to reduce the Pey and Pyy, it is
necessary to refine the grain of the MnZn ferrite to nearly a single domain, namely smaller
than 3 um.

To achieve the purpose of grain refinement, an effective method is to reduce the
sintering temperature [10,11]. In recent years, the cold sintering process (CSP), as an energy-
efficient sintering technology, has emerged. The CSP is a technique according to which
the densified ceramics or metals are sintered at low temperatures, typically below 300 °C
and high pressure, with the aid of a transient solvent [12-15]. In the typical cold sintering
process, the introduction of a certain amount of liquid is indispensable. The ceramic powder
is uniformly wetted with a small amount of solvent, and the particle surface is decomposed
and/or partially dissolved in the solvent and forms a supersaturated solution in the system.
The application of high pressure at an appropriate temperature triggers the dissolved solute
to precipitate in the interstices between the particles. This process is usually referred to as

Materials 2023, 16, 3454. https:/ /doi.org/10.3390/mal6093454 5
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“dissolution precipitation” [12,16-18]. To date, some ceramics and metals with high density,
ranging from mono-, di-, ternary, quaternary and pentameric compounds, have been
successfully prepared using CSP [19,20]. Zinc ferrite was successfully prepared using CSP
and the sample density reached 93% of the theoretical density after annealing treatment [21].
Mingming Si [22] prepared zinc oxide/polyetheretherketone (PEEK) composites with
excellent performance using the cold sintering method.

In order to refine the grain of MnZn ferrite to nearly a single domain with a grain
size of less than 3 um, the cold sintering process was employed in this work. The cold
sintering process can inhibit the growth of grains during the ceramic sintering process and
obtain a densified ceramic with uniform and fine-grain size. The cold sintering process
can effectively reduce the volatilization of the elements, which occurs in the traditional
sintering process due to the high sintering temperature. To focus on the effect of the cold
sintering process during the preparation of the fine-grain MnZn ferrite, grain boundary
additives were not added to this series of samples. The effects of the transient solvent,
the pressure and annealing temperature on the density, and the micromorphology and
magnetic properties of the sintered MnZn ferrite were studied. The densified MnZn ferrite
was successfully prepared. The relative density of the as-CSPed sample reached up to
85.4%. After annealed at 950 °C for 6 h, the relative density of the sample was further
increased to 97.2%.

2. Experimental

MnZn ferrite powders were firstly prepared by solid state reaction. The raw materials,
namely Fe;O3, Mn3O, and ZnO, with a purity of 99% were weighed, according to the
stoichiometry of Mny ggsZng pa9Fe 06304. This composition was also used to investigate
the effect of low-temperature sintering on MnZn ferrites in our previous work [11]. It was
beneficial for us to compare the different properties of the MnZn ferrites sintered by these
two processes. The mixtures were calcined at 970 °C in the nitrogen atmosphere. After
that, the obtained MnZn ferrite was ball milled into powders. The flow chart of the CSP for
MnZn ferrite is shown in Figure 1. Firstly, the calcined MnZn ferrite powder (50 g) and
ethanol solution acetic acid (150 g) with a concentration of 4 M were mixed in a beaker and
then stirred for 24 h. After pretreatment, the beaker was placed in an oven at 80 °C for 6 h
to obtain the dried powder. Then 12 wt% acetate ethanol at a concentration of 2 M was
added to the dried powder and they were ground together in a mortar for 30 min. The cold
sintering process was carried out in a steel mold with an outer diameter of 16 mm and an
inner diameter of 8 mm, which was surrounded by a heating element with a temperature
control system. Then, 2 g mixtures were placed in the steel mold and heated to 330 °C
at a rate of 4 °C/min. Meanwhile, uniaxial pressure was applied to the mold vertically
for 2 h. Finally, the samples obtained by cold sintering were annealed for 6 h at higher
temperatures (850 or 950 °C) in an atmosphere of nitrogen.

The crystal structures of the samples were examined from 10 to 80° with a scanning
speed of 20°/min using an X-ray diffractometer (XRD) (Ultima IV, Rigaku, Japan) with Cu
K, radiation. The microstructure and cross-sectional morphology of the sintered samples
were observed using a scanning electron microscope (SEM) (SU1510, Hitachi, Japan). Prior
to the SEM measurements, the cross-sections were sanded using sandpaper of different
sizes, from 400 to 7000 mesh, and then etched in 4% HF acid solution for 90 s. The
average grain size (D) was estimated. The infrared (IR) spectra were measured using an
infrared spectrometer (Nicolet 6700, Thermo, USA). The thermal gravimetric (TG) curves
were measured in the temperature range from 25 to 900 °C using a thermal gravimetric
analyzer (TG209 F1, Netzsch, Germany). The sample density (p) was measured using the
Archimedes drainage method. The P, was measured using an AC BH curve analyzer
(5Y-8218, IWATSU, Japan).
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Figure 1. Flow chart of the cold sintering process for MnZn ferrite.

3. Results and Discussion
3.1. Effect of Solvents on the Cold Sintering

Figure 2 shows the XRD patterns of the calcined, as-CSPed and annealed MnZn ferrite
samples. The diffraction peaks of the calcined sample are basically consistent with those of
the MnZn ferrite, but two impure diffraction peaks of MnO were found at around 41.1°
and 60°. The MnO peaks disappeared in the as-CSPed and annealed samples. During
the calcination process, the raw materials of Fe;O3, Mn3O4 and ZnO undergo a solid-
state reaction and, consequently, form spinel phase MnZn ferrite with releasing oxygen.
The equilibrium oxygen partial pressure of the solid-state reaction is higher at a high
temperature. In this work, the calcination was carried out in nitrogen, so the reaction
atmosphere was reductive compared to the equilibrium oxygen partial pressure. Therefore,
Mn3Oy partially reverted to MnO during the calcination. It was also found that the
diffraction peaks of the as-CSPed sample were wider than those of the calcined sample. In
CSP, the acetic acid treatment leads to the formation of an amorphous layer on the surface
of the powder, which weakens the crystallinity of the powder. Therefore, the XRD peaks
become wider.

To detect the valency change of the Mn ions, the infrared (IR) spectra were measured
for the calcined, as-CSPed and annealed MnZn ferrite samples, as shown in Figure 3. It was
found that three absorption peaks appeared at 549, 669 and 875 cm ™. These peaks hardly
changed for the calcined, as-CSPed and annealed MnZn ferrite samples. The absorption
peak for the Mn?* ion in the manganese ferrite ranged from 545-550 cm~! [23]. Therefore,
the 549 cm~! peak in this series of samples was ascribed to Mn?* ion. In Mn,03, the
characteristic absorption peaks appeared at 668 and 870 cm ! [24]. Therefore, the 669 and
875 cm~! peaks were ascribed to Mn>* ion. It is obvious that the 669 and 875 cm ™! peaks
were very weak and the 549 cm ! peak was much stronger than these two peaks in this
series of samples. Thus, Mn ions in this series of samples mainly existed in the form of
Mn?*, and the number of Mn3* was very small.

Since MnZn ferrite is partially soluble in acetic acid, an ethanol solution of acetate was
chosen as the transient solvent for the cold sintering process [21]. During the cold sintering
process, Mn, Zn and Fe dissolve in the transient solvent in the ionic state. With an increase
in pressure at high temperature, MnZn ferrite grains begin to contact each other and form
necks at the contact points, and Mn?*, Zn?* and Fe®" ions also gradually diffuse to the
vicinity of the grain neck with the solvent and precipitate. Thus, the diffraction peaks for
MnO disappear in the XRD pattern of the as-CSPed sample. The diffraction peaks of the
annealed sample are narrower than those of the as-CSPed sample, as shown in Figure 2. It
may be due to the fact that the gain size of the annealed samples becomes larger.
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Figure 2. XRD of the calcined, as-CSPed and annealed MnZn ferrite samples.
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Figure 3. Infrared spectra taken in the frequency range 400-1500 cm ™" for the calcined, as-CSPed
and annealed MnZn ferrite samples.

Figure 4 shows the SEM fractural morphology of the samples without the ethanol
solution of acetate and with the 12 wt% ethanol solution of acetate after the cold sintering
process. It can be seen that the grain adhesion without the ethanol solution of acetate is
poor and there are many pores. The sintering traces are not obvious. The sample with the
ethanol solution of acetate, as a transient solvent, has better particle adhesion and less pores,
exhibiting better sintering. By measuring the sample density, the density of the as-CSPed
sample without the ethanol solution of acetate was 3.53 g/cm?, while that with the ethanol
solution of acetate increased to 4.08 g/ cm?. Thus, the introduction of the moderate ethanol
solution of acetate is beneficial for increasing the densification in the CSP.

The experimental setup can be regarded as a well-closed system. Due to the slow
heating rate, the transient solvent can be retained for a long time. Therefore, the system is in
a non-equilibrium state before the solvent completely evaporates. The acetic acid solution
has a wetting effect on the grains, which reduces the friction between grains. At the same
time, the Mn?*, Zn?* and FeZ" ions on the grain surface dissolve, and defects are formed in
the MnZn ferrite grain surface. Under the action of high stress, the local pressure between
the two grains is very high, which enhances the dissolution of the contact interface between
the solid and the liquid. Due to the greater chemical potential in the contact area between
the particles, the particles diffuse through the liquid phase and precipitate at locations
away from the force contact area. During the holding process, the solid transfer accelerates,
the supersaturation increases significantly as the transient solvent evaporates, and small
particles begin to grow, which leads to larger grains [25,26].
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Figure 4. Fractural SEM images of the sample after cold sintering: (a) without ethanol acetate solution
and (b) with 12 wt% ethanol acetate solution.

3.2. Effect of Pressure on Cold Sintering

Figure 5 shows the fractural morphology of the sample after the cold sintering under
different pressures. When the pressure is lower than 1000 MPa, most of the grains exist
individually and the pores are obvious. As the pressure exceeds 1000 MPa, some grains
connect, and the pores between the grains become smaller. This indicates that high pressure
promotes the cold sintering.

In the conventional sintering process, the driving force for powder consolidation is
provided by thermal energy at the high sintering temperature. In the cold sintering process,
the driving force is mainly provided by the mechanical energy originating from the large
external pressure, and the applied pressure increases the solubility of the particles with
sharp edges. In this system, a relatively high temperature of 330 °C and a high pressure
exceeding 1000 MPa promotes the solubility of the MnZn ferrite and, meanwhile, the
evaporation of the liquid phase, which results in the formation of a supersaturated liquid
and mass transport via diffusion.

Due to the synergy of the external applied pressure and the capillary stress exerted by
the liquid, the atoms diffuse through the liquid from the higher chemical potential areas to
the regions of lower chemical potential, where precipitation occurs [18]. The contact areas
are found at high chemical potential, and precipitation occurs instead where the chemical
potential is lower, away from the contact areas. This is demonstrated by the morphological
change of the sample, as shown in Figure 5. As the pressure increases, the original pores
between the grains are filled with substances, linking the grains and the grains become tighter.

Figure 6 shows the densities and relative density of the samples after cold sintering
at different pressures. The density of sample increases with the increasing pressure and
reaches 4.31 g/cm?3. The relative density reaches 85.4%. This also implies that the applied
pressure improves the CSP densification.

A sintering body with a relative density of over 85% can be considered to be almost
dense enough in some cases of usage, but it is still lower than the normal relative density
of ferrite cores, i.e., 90%. Subsequently, an annealing treatment was investigated.
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Figure 5. Morphology of the MnZn ferrites after cold sintering under the pressure: (a) 600, (b) 800,
(c) 1000, (d) 1200 and (e) 1400 MPa at 330 °C for 2 h.
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Figure 6. Densities and relative densities of the samples after cold sintering under different pressures.
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3.3. Effect of Annealing Treatment

A fully densified structure may not be achieved for the MnZn ferrite using just a
one-step CSP, due to the limited dissolution and formation of the grains. In this case, a
post-annealing process is necessary to further increase the crystallinity and the density.
Figure 7 shows the fractural morphology of the MnZn ferrite samples after annealing at high
temperatures of 850 and 950 °C for 6 h. After being annealed at 850 °C, the sample is not
dense and many pores exist, which means that 850 °C is not high enough for densification.
As the annealing temperature increases to 950 °C, the grains grow, the pores decrease and
the sample exhibits good densification.

We further measured the TG curve of the as-CSP sample (Figure 8). When the temper-
ature exceeds 850 °C, the TG curve starts to decrease. This indicates the further solid-phase
reaction and the densification process. When the sample is annealed at 850 °C, the solid-
phase reaction between the powders is not sufficient, there still exist many pores in the
sample and the degree of densification is not enough. When increasing the annealed
temperature, the solid-phase reaction is promoted, grains are grown and the pores are
removed, so the density increases.

Figure 7. SEM images of the MnZn ferrite samples after annealing at: (a) 850 °C and (b) 950 °C for 6 h.
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Figure 8. TG curve of the as-CSPed sample.
Figure 9 shows the CSP pressure dependence of the density of the samples before
and after annealing at 950 °C for 6 h. The density of the samples with different pressures

before annealing was 3.78-4.31 g/cm?, and the density increased to 4.80-4.91 g/cm?3 after
annealing at 950 °C.

11
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Figure 9. Densities of the samples with different CSP pressures after annealing at 950 °C.

Therefore, the annealing treatment significantly enhanced the density of the sample.
Figure 10 shows the relative densities of the samples with different CSP pressures after
annealing. The relative density increased remarkably after annealing. The highest relative
density increased up to 97.2%, which is compared with the densities of most MnZn ferrites
prepared using the conventional high-temperature sintering process. The conventional
high-temperature sintering process requires the use of temperatures above 1100 °C to
densify the MnZn ferrite.
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Figure 10. Relative densities of the samples with different CSP pressures after annealing at 950 °C.

After the treatment of grinding and etching, the fractural images of the samples at
different pressures after annealing at 950 °C were measured by SEM. Figure 11 shows the
corresponding SEM images of the samples. The statistical histogram of the particle size
is shown in the corresponding illustration. The grain size was calculated and is shown
in Table 1. For the sample with the CSP pressure below 1000 MPa, there are some pores
between the grains and the sample is not very compact. When the pressure increases up
to above 1200 MPa, the pores decrease and the sample becomes more compact. Therefore,
the increase in pressure promotes densification of the sample after annealing. At the same
time, the average grain size also increases from 2.67 to 2.90 um. This is attributed to

12
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the fact that the pressure during the cold sintering stage promotes the growth of crystal
grains. Due to the no grain boundary phase formed in these samples, there also exist
some pores caused by the small grain abscission in the etching process. The average grain
size in this series of samples was less than 3 pm, which was also less that the critical size
(3.8 £ 0.7 pm) of a single domain in MnZn ferrites. Reducing the grain size below the
single-domain size is beneficial to reduce the power loss at high frequencies [27].

Table 1. Average grain size of the MnZn ferrites sintered at different CSP pressures.

Pressure (MPa) 600 800 1000 1200 1400
Dge (Lm) 2.67 2.72 2.80 2.87 2.90

Dye=2.67£0.10 pm Dyye=2.7240.10 pm

Dyyye=28740.10 um

Dye=2.8040.10 um

Dye=2.90£0.10 pm

Figure 11. SEM images of samples with different CSP pressure: (a) 600, (b) 800, (c) 1000, (d) 1200 and
(e) 1400 Mpa after annealing at 950 °C.
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3.4. Magnetic Properties

Figure 12 shows the temperature dependence of the Py, [Peo(T)] for the samples
after annealing at 850 and 950 °C for 6 h, under the conditions of 500 kHz/10 mT and
1 MHz/10 mT. The power loss of MnZn ferrite increases with temperature and frequency.
The P., of MnZn ferrite annealed at 850 °C was 342 and 520 kW /cm? at 500 kHz/10 mT and
1 MHz/10 mT, 25 °C, respectively. When the annealing temperature increased to 950 °C,
the P, was greatly reduced to 75 and 108 kW / m? at 500 kHz/10 mT and 1 MHz/10 mT,
respectively. Figure 13 shows the P, (T) curves for the annealed sample after annealing at
950 °C for 6 h, under the conditions of 500 kHz/30 mT and 1 MHz/30 mT. The P,(T) curves
show similar behavior to those under 10 mT. When the magnetic flux density increased
from 10 to 30 mT, the P., increased.

500 900
850°C
ool @10mT, 500kHz o] @10mT, 1MHz

4001

700 1
350 —_— / _——._/‘

S

(a)

=23
(=3
=]

w
=3
S

5y

(=3

=

]
3

Pey (KkW/m®)
[\ N
S ¢

Pey (KW/m*)

—

o

=3

't
@
(=3
=
't

—
o
S
1
oo
(=3
=]
't

-

(b)

o
=3
'
=
(=3
(=
't

=)

(=

20 40 60 80 100 120 140 20 40 60 80 100 120 140
T (0 T (T

Figure 12. The P, (T) curves of the CSP samples at different frequencies: (a) 500 kHz and (b) 1 MHz
after annealing for 6 h.
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Figure 13. Temperature dependence of P, for the sample annealed at 950 °C under 500 kHz/30 mT
and 1 MHz/30 mT.

As the annealing temperature increases, the density of the sample increases and the
porosity decreases. Thus, the power loss decreases. However, compared to the traditional
sintering process, the power loss of the CSP samples was higher. The grain boundary of
MnZn ferrites can only be formed above 1000 °C [28]. In the conventional sintering process,
additives such as CaCOj3, SiO, and V,Os are generally added to form a high-resistance glass
phase on the grain boundary [29-33]. The formation of the high-resistance grain boundary
will remarkably reduce the Pc,. In this series of samples, the high-resistance grain boundary

14
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was not formed. In the next work, the grain boundary additives and sintering aid will be
co-added to improve the formation of the high-resistance grain boundary and to reduce
the power loss. Through the construction of the high-resistance grain boundary in the fine-
grained MnZn ferrite, the power loss at a high frequency may be reduced dramatically and
make it a good candidate material with a magnetic core for the high-frequency switching

power supply.

4. Conclusions

In this study, MnZn ferrites with fine grains and high density were prepared using the
cold sintering process. It is found that the transient solvent and high pressure are the key
factors for the CSP process for MnZn ferrite. The as-CSPed MnZn ferrite with a relative
density of up to 85% was obtained. After being annealed at 950 °C for 6 h, the relative
density was further increased to 97%, while the average grain size was maintained at less
than 3.0 um. The increase in the annealing temperature reduces the P¢;s at high frequencies
of 500 kHz and 1 MHz.

This work confirms that it is feasible to prepare densified fine-grain MnZn ferrite using
CSP, which is a different process from the traditional low-temperature sintering process.
The grains of the sample prepared by CSP are more uniform and the average grain size
was smaller than the critical size of a single domain. The average grain size in this series
of samples was also smaller than that in the sample prepared by the low-temperature
sintering process [11]. This work lays a solid foundation for the follow-up development of
low-P¢, MnZn ferrite by CSP for high frequency applications.
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Abstract: MnZn ferrite homogeneous fibers were synthesized via a simple solvothermal method and
they were used as a reinforcing phase to prepare homogeneous-fiber-reinforced MnZn ferrite materi-
als. The effects of MnZn ferrite homogeneous fibers (0 wt% to 4 wt%) doping on the microstructure,
magnetic, and mechanical properties of MnZn ferrite materials were studied systematically. The
results showed that MnZn ferrite homogeneous fibers exhibited high purity, good crystallinity, and
smooth 1D fibrous structures, which were homogeneous with MnZn ferrite materials. Simultaneously,
a certain content of MnZn ferrite homogeneous fibers helped MnZn ferrite materials exhibit more
uniform and compact crystal structures, less porosity, and fewer grain boundaries. In addition, the
homogeneous-fiber-reinforced MnZn ferrite materials possessed superior magnetic and mechanical
properties such as higher effective permeability, lower magnetic loss, and higher Vickers hardness
compared to ordinary MnZn ferrite materials. In addition, the magnetic and mechanical properties of
homogeneous-fiber-reinforced MnZn ferrite materials first increased and then gradually decreased as
the homogeneous fiber content increased from 0 wt% to 4 wt%. The best magnetic and mechanical
properties of materials were obtained as the fiber content was about 2 wt%.

Keywords: MnZn ferrite homogeneous fibers; homogeneous-fiber-reinforced MnZn ferrite; microstructure;
magnetic properties; mechanical properties

1. Introduction

MnZn ferrite is an important member of the soft magnetic materials, which has been
widely used in network communication, information storage, automatic control, medical
diagnosis, and various apparatuses from household appliances to scientific equipment [1-3].
Moreover, it has superior characteristics such as high magnetic permeability, high electrical
resistivity, high stability, large magnetic induction, and low magnetic loss [4-6]. Thus, it is
crucial to develop MnZn ferrite exhibiting better performances with the rapid development
of modern science and technology.

After decades of studies, it is well known that doping a small amount of oxides is one
of the most effective strategies for improving the performances of MnZn ferrite. Common
oxides doped in MnZn ferrite have been systematically researched and can be divided
into three types: First, dopants such as SiO, [7], CaO [8], and HfO; [9] tend to change
the chemical compositions and further adjust the resistivity of grain boundaries. The
first kind of dopants can enhance the resistivity and lower the loss of MnZn ferrite, but
the segregation of the above cations at the grain boundaries may bring down the initial
permeability of the material due to magnetic dilution. Second, soluble oxides involving
TiO; [10], SnO, [11], NiO [12], and Co,0O3 [13] are easy to dissolve into the lattices and
alter the performance. The second kind of dopants can effectively adjust the intrinsic
magnetic properties of MnZn ferrite. However, they may also reduce partial magnetic
properties of the material. Third, dopants with low melting points such as V,0s5 [14],
Biy O3 [15], and MoOj [16] can modify the microstructure of the MnZn ferrite during the
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process of sintering. The third kind of dopants is critical for improving the permeability
and reducing the loss of MnZn ferrite. Larger amounts of non-magnetic dopants will
damage the microstructure and reduce the properties of the material. Accordingly, it can be
found that the addition of the above dopants can improve some performances of MnZn
ferrite, but often lead to the deterioration of other performances. Therefore, the MnZn
ferrite homogeneous-fiber- and particle-co-reinforced structure is proposed to prepare the
MnZn ferrite with excellent microstructure, magnetic, and mechanical properties.

In this work, MnZn ferrite homogenous fibers synthesized by the solvothermal method
were used as the reinforcing phase to prepare homogeneous-fiber-reinforced MnZn ferrite
materials. The microstructure, phase composition, magnetic, and mechanical properties
of materials were characterized by scanning electron microscopy (SEM), X-ray diffraction
(XRD), an LCR meter, a magnetic automatic test device, and a hardness tester. Furthermore,
the effect of homogeneous fiber content (0 wt% to 4 wt%) on the homogeneous-fiber-
reinforced MnZn ferrite materials was investigated in detail.

2. Experimental Details
2.1. Synthesis of MnZn Ferrite Homogenous Fibers

MnSO;-4H,0 (>99%), ZnSO4-7Hy0 (>99%), FeSO4-7Hy0 (>99%), HyCrO4 (>98%),
ethylene glycol (EG, >99%), and deionized water were used as raw materials. In a typical
process, 0.5 mmol MnSO4-4H,0O, 0.5 mmol ZnSO,4-7H,0, and 2 mmol FeSO,-7H,0O were
dissolved in a mixture of EG and deionized water with a volume of 30 mL (EG:water = 3:1).
Then, 3 mmol HyC,O4 was added into the above mixture under continuous stirring for
60 min. Subsequently, the obtained mixture was transferred into a Para polyphenyl-lined
autoclave of 50 mL capacity and heated at 120 °C for 24 h. After that, the products were
centrifuged to separate solids, washed with ethanol and deionized water for several times,
and dried in an oven at 80 °C for 12 h. Finally, the as-prepared precursor fibers were
annealed in air atmosphere at 500 °C for 2 h. The MnZn ferrite homogenous fibers, as a
nominal composition of Mng 5Zn( 5sFe,Oy4, were collected by the solvothermal method.

2.2. Synthesis of Homogeneous-Fiber-Reinforced MnZn Ferrites

MnO (>99%), ZnO (>99%), Fe,O3 (>99%), and MnZn ferrite homogenous fibers
(Mng 5Zng 5Fe,O4, made by our laboratory) were used as raw materials. The preparation
process was as follows: First, MnO, ZnO, and Fe,O3; were evenly mixed for 120 min at
a speed of 300 r/min in the planetary mill. After that, the evenly mixed powders were
dried at 90 °C for 10 h in the oven. Subsequently, the dried powders were pre-sintered
at 850 °C for 2.5 h in an air atmosphere and cooled to room temperature. Next, the
pre-sintered materials were evenly mixed for 120 min at a speed of 300 r/min, and then
dried at 90 °C for 10 h. Additionally, the dried materials were mixed with 0.85 wt%
polyvinyl alcohol for granulation, followed by 50 mesh screening to obtain the MnZn
ferrite powders. Then, the as-prepared MnZn ferrite homogenous fibers of 1 wt%, 2 wt%,
3 wt%, and 4 wt%, together with MnZn ferrite powders, were evenly mixed and dried
to obtain the 1 wt%, 2 wt%, 3 wt%, and 4 wt% homogeneous-fiber-reinforced MnZn
ferrite composite powders. After that, the composite powders were pressed into toroidal
shapes with the dimensions of OD (outer diameter) 20 mm, ID (inner diameter) 10 mm,
and h (height) 8 mm under an external load of 350 MPa for 15 min. Finally, the annular
samples were sintered at 1280 °C for 6 h in a Blank equilibrium atmosphere-controlled
sintering system to obtain the required 1 wt%, 2 wt%, 3 wt%, and 4 wt% homogeneous-
fiber-reinforced MnZn ferrite samples. In addition, the ordinary MnZn ferrite sample was
prepared with 0 wt% MnZn ferrite homogeneous fibers by the above preparation process.

2.3. Characterizations

The surface morphology of the samples was characterized by SEM (Supra 35VP, ZEISS,
Jena, Germany). The phase composition and crystallographic structure of the samples
were analyzed by XRD (D8 Advance, Bruker, Karlsruhe, Germany) over the 20 range
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of 10° and 80° with Cu K« irradiation (A = 0.15418 nm) at 40 kV and 40 mA. The LCR
meter (IM3570A988-06, HIOKI E.E. CORPORATION, Hioki, Japan) was used to measure
the effective permeability of the samples at room temperature with a frequency range of
10 kHz to 1000 kHz. The magnetic automatic test device (MATS-3000SA, Hunan Linkjoin
Technology Co., Ltd., Loudi, China) was used to measure the magnetic loss of the samples at
room temperature in the frequency range from 10 kHz to 1000 kHz. The Vickers hardness of
the samples was determined on a hardness tester (HV-1000ZDT, Shanghai Jvjing Precision
Instrument Manufacturing Co., Ltd., Shanghai, China). The load was 200 g and the loading
time was 15 s.

3. Results and Discussion
3.1. Characterization of the MnZn Ferrite Homogeneous Fibers

The general SEM image of the as-prepared MnZn ferrite homogeneous fibers is shown
in Figure 1a. It can be seen that the typical MnZn ferrite homogeneous fibers exhibited a 1D
fibrous structure with a large aspect ratio and had a smooth surface area. The XRD pattern of
the corresponding MnZn ferrite homogeneous fibers is shown in Figure 1b. It can be observed
that the major diffraction peaks appearing at 18.1°,29.8°, 35.1°, 36.7°, 42.6°, 52.9°, 56.3°, 61.8°,
and 73.3° were assigned to the (111), (220), (311), (222), (400), (422), (511), (440), and (622)
planes, respectively, and matched well with the standard powder diffraction data of MnZn
ferrite, which indicated the high purity and good crystallinity of MnZn ferrite homogeneous
fibers. In addition, the MnZn ferrite homogeneous fibers had the same chemical composition
as the MnZn ferrites. Therefore, it can be known that the MnZn ferrite homogeneous fibers
prepared by the solvothermal method had high purity, good crystallinity, and smooth 1D
fibrous structures, which were homogeneous with MnZn ferrites.
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Figure 1. (a,b) SEM image and XRD spectrum of the MnZn ferrite homogeneous fibers.

3.2. Microstructure Characterization Analysis of MnZn Ferrite

The SEM images of typical MnZn ferrite samples are shown in Figure 2. Figure 2a,b
display a cross-sectional morphology of ordinary MnZn ferrite with 0 wt% MnZn ferrite
homogeneous fibers. Figure 2¢,d reveal a representative cross-sectional morphology of
homogeneous-fiber-reinforced MnZn ferrite with 2 wt% MnZn ferrite homogeneous fibers.
It can be clearly seen from Figure 2a,b that the 0 wt% ordinary MnZn ferrite sample had a
relatively good crystal structure, while there were small pores between the grains of the
sample. With the introduction of MnZn ferrite homogenous fibers, it can be noticed from
Figure 2¢,d that the 2 wt% homogeneous-fiber-reinforced MnZn ferrite sample had a more
uniform and compact crystal structure. Meanwhile, the sample exhibited less porosity and
fewer grain boundaries.
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Figure 2. SEM images of typical MnZn ferrite samples. (a,b) 0 wt% ordinary MnZn ferrite;
(c,d) 2 wt% homogeneous-fiber-reinforced MnZn ferrite.

This was because the introduction of MnZn ferrite homogenous fibers took the bridge
between the grains, which could induce grain crystallization and promote the homogeneity
of the materials. In addition, the nanoscale MnZn ferrite homogeneous fibers with finer
grain size than the MnZn ferrite particles could make the composite powders rearrange
at the low-temperature sintering stage, and the homogeneous fibers can be filled into the
small pores between the grains, gradually eliminating the pores and grain boundaries
of materials. Thus, the homogeneous-fiber-reinforced MnZn ferrite exhibited a better
microstructure compared with the ordinary MnZn ferrite.

3.3. Magnetic Properties Analysis of the Homogeneous Fiber Reinforced MnZn Ferrite

To understand the function of MnZn ferrite homogeneous fibers on the magnetic
properties of the homogeneous-fiber-reinforced MnZn ferrites, the effective permeability
and magnetic loss of the homogeneous-fiber-reinforced MnZn ferrite samples prepared
with different fiber contents (0 wt% to 4 wt%) were measured by an LCR meter and magnetic
automatic test device, respectively. The effective permeability of the homogeneous-fiber-
reinforced MnZn ferrite samples with different fiber contents (0 wt% to 4 wt%) versus
frequency at room temperature is shown in Figure 3. It can be seen that the effective
permeability of all samples first decreased and then gradually increased with the increase
in the frequency range from 10 kHz to 1000 kHz. At the same frequency, the effective
permeability of the 1 wt%, 2 wt%, 3 wt%, and 4 wt% homogeneous-fiber-reinforced MnZn
ferrite samples was higher than that of the ordinary MnZn ferrite sample with 0 wt%
homogeneous fibers. In addition, it can be found that the effective permeability of the
homogeneous-fiber-reinforced MnZn ferrite samples increased with the increase in fiber
content as the content of MnZn ferrite homogeneous fibers was less than 2 wt%, and then
gradually decreased with the increase in fiber content as the fiber content was larger than
2 wt%. The effective permeability reached a maximum as the fiber content was 2 wt%.
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Figure 3. Effective permeability of the homogeneous-fiber-reinforced MnZn ferrite samples versus
frequency at room temperature: (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, and (e) 4 wt%.

It can be known that the internal grain size and grain interface structure of MnZn
ferrite materials affected the dynamic balance during the magnetization process [17]. The
permeability was directly proportional to the average grain sizes and inversely proportional
to the number of grain boundaries and pores [18]. Ordinary MnZn ferrite with 0 wt%
homogeneous fibers had more pores and grain boundaries than the homogeneous-fiber-
reinforced MnZn ferrites, so the effective permeability was relatively low. As the homogeneous
fiber content increased, the crystal grains gradually grew and became uniform, so the pores
were gradually eliminated and the effective permeability gradually increased. When the
homogeneous fiber content exceeded 2 wt%, owing to the fact that the fibers deposited at
grain boundaries and impeded domain wall motion, the permeability decreased.

Figure 4 shows the magnetic loss of the homogeneous-fiber-reinforced MnZn ferrite
samples with different fiber contents (0 wt% to 4 wt%) versus frequency at room temper-
ature. It can be found that the magnetic loss of all samples increased gradually with the
increase in frequency. At the same frequency, the magnetic loss of the homogeneous-fiber-
reinforced MnZn ferrite samples with the fiber content from 1 wt% to 4 wt% was lower than
that of the ordinary MnZn ferrite sample with 0 wt% homogeneous fibers. In addition, the
magnetic loss of the homogeneous-fiber-reinforced MnZn ferrite samples first decreased
and then gradually increased with the rise in the homogeneous fiber contents from 1 wt%
to 4 wt%. The minimum magnetic loss was obtained as the fiber content was 2 wt%.

The cause of this phenomenon was that the MnZn ferrite with 2 wt% homogeneous fibers
had a uniform and compact crystal structure, which could effectively restrain the interaction
between magnetic particles and greatly reduce the magnetic loss. Thus, a certain content of
MnZn ferrite homogenous fibers was beneficial to improve the magnetic properties of MnZn
ferrite materials. Meanwhile, the homogeneous-fiber-reinforced MnZn ferrite materials
exhibited the best magnetic properties as the fiber content was about 2 wt%.
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Figure 4. Magnetic loss of the homogeneous-fiber-reinforced MnZn ferrite samples versus frequency
at room temperature: (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, and (e) 4 wt%.

3.4. Mechanical Properties Analysis of the Homogeneous-Fiber-Reinforced MnZn Ferrite

To study the impact of the MnZn ferrite homogeneous fibers on the mechanical
properties of the homogeneous-fiber-reinforced MnZn ferrites, the Vickers hardness of
the homogeneous-fiber-reinforced MnZn ferrite samples synthesized with different fiber
contents (0 wt% to 4 wt%) was measured by the hardness tester. Figure 5 shows the Vickers
hardness of the homogeneous-fiber-reinforced MnZn ferrite samples with different fiber
contents (0 wt% to 4 wt%). Meanwhile, the Vickers hardness values for seven groups of
repetitive tests of the homogeneous-fiber-reinforced MnZn ferrite samples with different
fiber contents (0 wt% to 4 wt%) are shown in Table 1. As we can see, the average Vickers
hardness values of 0 wt%, 1 wt%, 2 wt%, 3 wt%, and 4 wt% homogeneous-fiber-reinforced
MnZn ferrite samples were 530.1, 579.6, 603.3, 585.1, and 540.9 HYV, respectively. The
corresponding standard deviations of the samples were 3.49, 2.16, 2.06, 3.06, and 2.96 HV. It
can be seen that the deviations in Vickers hardness for the samples were within a certain
range. The results indicated that the 1 wt%, 2 wt%, 3 wt%, and 4 wt% homogeneous-
fiber-reinforced MnZn ferrite samples had a much higher Vickers hardness than the 0 wt%
ordinary MnZn ferrite sample. At the same time, the Vickers hardness of the corresponding
homogeneous-fiber-reinforced MnZn ferrite samples first increased and then gradually
decreased with the increase in homogeneous fiber contents from 1 wt% to 4 wt%. In
addition, the maximum Vickers hardness was obtained as the fiber content was 2 wt%,
which was consistent with the test results of magnetic properties.

It is known that good crystal structure is the guarantee of materials with high magnetic
and mechanical properties. For the homogeneous-fiber-reinforced MnZn ferrite materials,
the MnZn ferrite homogeneous fibers were used as the reinforcing phase to construct a co-
reinforced structure of homogeneous fibers and particles. In this co-reinforced structure, the
homogeneous fibers could effectively weaken the damage caused by stress concentration, so
the particles could improve the microregional stress distribution of materials [19,20]. In the
crystallization process, the added homogeneous fibers could bridge between the original
particles, providing more paths for the diffusion of atoms during sintering, strengthening
the reaction and crystallization kinetic conditions. In addition, the addition of fibers had
an impact on the movement of dislocations on the matrix. The fibers were obstacles for
the dislocation movement, and internal stresses also occurred. Therefore, the hardness of
MnZn ferrite materials increased. More importantly, the MnZn ferrite homogeneous fibers
had the same chemical composition, perfect lattice matching, and good surface wettability
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with the MnZn ferrite particles [21,22]. It can completely overcome the problem of unstable
interface structures between heterogeneous fibers and particles, due to their different
thermal conductivity, thermal expansion coefficient, elastic modulus, and Poisson’s ratio.
Accordingly, the strength and stability of homogeneous-fiber-reinforced MnZn ferrite
materials were enhanced. Thus, doping a certain content of MnZn ferrite homogenous fibers
gave an optimized crystal structure of MnZn ferrite materials, improving the strength and
stability of materials. Meanwhile, homogeneous-fiber-reinforced MnZn ferrite materials
exhibited the best mechanical properties as the fiber content was about 2 wt%.
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Figure 5. Vickers hardness of homogeneous-fiber-reinforced MnZn ferrite samples with different
fiber contents: (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, and (e) 4 wt%.

Table 1. Vickers hardness values for seven repetitions of homogeneous-fiber-reinforced MnZn ferrite
samples with different fiber contents: (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, and (e) 4 wt%.

Vickers Hardness (HV) Standard
Samples 1 ) 3 1 5 p - Average Value (HV)  peyiation (HV)
(a) 0 wt% 525.2 526.7 529.7 528.2 531.2 534.3 535.3 530.1 3.49
(b) 1 wt% 580.1 579.0 577.8 583.6 578.4 581.3 576.7 579.6 2.16
(c) 2 wt% 606.6 601.6 605.3 601.6 600.4 603.5 604.1 603.3 2.06
(d) 3 wt% 567.6 569.8 573.2 566.5 572.1 571.5 568.1 585.1 3.06
(e) 4 wt% 542.1 537.4 545.2 540.5 541.5 543.6 536.3 540.9 2.96

4. Conclusions

In this paper, we put forward a MnZn ferrite homogeneous-fiber- and particle-co-
reinforced structure and revealed the effect of MnZn ferrite homogeneous fibers (0 wt% to
4 wt%) doping on the microstructures as well as magnetic and mechanical characteristics of
MnZn ferrite materials. The result showed that MnZn ferrite homogeneous fibers prepared
via the solvothermal method exhibited high purity, good crystallinity, and smooth 1D
fibrous structures, which were homogeneous with MnZn ferrite materials. In addition, the
homogeneous-fiber-reinforced MnZn ferrite materials had a denser crystal structure, less
porosity, and fewer grain boundaries, exhibiting excellent properties of high permeability,
low magnetic loss, and high Vickers hardness in comparison to 0 wt% ordinary MnZn ferrite
materials. Simultaneously, the magnetic and mechanical properties of the homogeneous-
fiber-reinforced MnZn ferrites first increased and then gradually decreased with the rise
in the homogeneous fiber contents from 1 wt% to 4 wt%. The optimal content of the
homogeneous fibers was around 2 wt%.
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Abstract: The magnetic noise generated by the ferrite magnetic shield affects the performance of
ultra-sensitive atomic sensors. Differential measurement can effectively suppress the influence of
common-mode (CM) magnetic noise, but the limit of suppression capability is not clear at present.
In this paper, a finite element analysis model using power loss to calculate differential-mode (DM)
magnetic noise under a ferrite magnetic shield is proposed. The experimental results confirm the
feasibility of the model. An ultrahigh-sensitive magnetometer was built, the single channel magnetic
noise measured and the differential-mode (DM) magnetic noise are 0.70 fT/ Hz!/2 and 0.10 fT/Hz!/2
@30 Hz. The DM magnetic noise calculated by the proposed model is less than 5% different from
the actual measured value. To effectively reduce DM magnetic noise, we analyze and optimize the
structure parameters of the shield on the DM magnetic noise. When the outer diameter is fixed, the
model is used to analyze the influence of the ratio of ferrite magnetic shielding thickness to outer
diameter, the ratio of length to outer diameter, and the air gap between magnetic annuli on DM
magnetic noise. The results show that the axial DM magnetic noise and radial DM magnetic noise
reach the optimal values when the thickness to outer diameter ratio is 0.08 and 0.1. The ratio of length
to outer diameter is negatively correlated with DM magnetic noise, and the air gap (0.1-1 mm) is
independent of DM magnetic noise. The axial DM magnetic noise is less than that of radial DM
magnetic noise. These results are useful for suppressing magnetic noise and breaking through the
sensitivity of the magnetometer.

Keywords: magnetic shield; Mn-Zn ferrite; differential-mode magnetic noise; SERF magnetometer

1. Introduction

Passive magnetic shields can attenuate the magnetic field of the environment and
make their internal magnetic field close to zero, which is widely used in biological magnetic
measurement [1-3], frontier scientific experiments [4,5], and ultra-high precision physical
measurement [6-8].

Mu-metal materials with high permeability (>30,000) are widely used in passive
magnetic shields [9-11]. However, the high electrically conducting mu-metal materials
also generated high intrinsic magnetic noise owing to Johnson current, which becomes the
main factor limiting the sensitivity of many atomic sensors, especially ultra-high sensitive
atomic magnetometers [12-14]. MnZn ferrite materials with high resistivity (~1 {2-m) and
high permeability have been increasingly used to provide magnetic shielding performance
but have much lower magnetic noise than that of mu-metal materials [15-18]. It has been
gradually applied to many atomic sensors, including atomic magnetometer [1-3], atomic
gyroscope, low field nuclear magnetic resonance, etc. Ferrite materials were first used in
magnetic shields by Kornack et al. and the sensitivity of 0.75 fT/Hz!/? in the ferrite shield
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was achieved [19]. It is 25 times lower than that of the mu-metal shield in a comparable
size. Although the use of ferrite materials significantly reduces the amplitude of magnetic
noise, it is still much higher than the quantum noise and probe light noise of the atomic
magnetometer, which is the most critical factor limiting the further improvement of the
sensitivity, and further improving the sensitivity can discover new natural phenomena and
reveal new scientific laws [19]. By subtracting the signals from adjacent sensors, the CM
magnetic noise is partially eliminated and the DM noise is obtained, which can improve
the sensitivity. It has been used in many kinds of ultra-high sensitivity sensors [20-22].

Many groups have studied differential measurement [23,24]. Differential measurement
has been widely used in super conductive quantum interference devices [25,26], and
then used in the atomic magnetometer. The magnetic noise gradient and the distance
between the measurement points are the most important factors influencing the reduction
capability of the CM magnetic noise for differential measurement. After correcting the
small difference of absolute sensitivity between two adjacent magnetometer channels, a
first-order gradiometer was formed by Kominis et al. [12]. Lee et al. studied the magnetic
noise of the magnetic shielding structure, and explained that the ability of differential
measurement to reduce the magnetic noise can also be analyzed with fluctuation dissipation
theory [15,27,28]. However, there are few studies on the DM magnetic noise of a ferrite
magnetic shield.

In this study, by calculating the hysteresis loss of ferrite material, the theoretical
analysis model of the DM magnetic noise of a ferrite shield is established by using the
finite element method (FEM) with element software (ANSYS Maxwell 3D 16.0). We built a
magnetometer experimental setup, measured the differential sensitivity of the device in
a ferrite magnetic shield, and separated the DM magnetic noise. The calculated results
are in good agreement with the experimental results, which proves the accuracy of the
FEM model. Finally, according to the proposed calculation model, the influence of fer-
rite magnetic shielding thickness to outer diameter ratio, length to outer diameter ratio
and the air gap between magnetic annuli on the DM magnetic noise is analyzed using
differential measurement.

2. Methods
2.1. Magnetic Field Response and Differential Measurement Model

The ultra-sensitive magnetometer experimental setup based on atomic spin effect
usually uses a two-light configuration in which the pump light and probe light is perpen-
dicular to each other. The time evolution process of alkali atom spin dynamics can be
solved analytically by using the Bloch equation [21,29,30]

%P = é YeP X (Bres + B) + Rp (57 — P) = RyatP| (1)
where P is the electron spin polarization vector, B is the magnetic field vector to be mea-
sured, Bres is the residual interference magnetic field, Q is the slowing-down factor. 7, is
the gyromagnetic ratio, Rp is the pumping rate, and s is the average photon spin. R, is the
spin-relaxation rate.

Spin polarization can be detected by the rotation angle 6 of the polarization plane
of the linearly polarized light passing through the polarized atom. When the probe light
direction is along the x-direction, the rotation angle is

for — fo1 \ Apy for — fo2
(for — for)* — (Tp1/2)* (for — fo2)* — (Tpa/2)?

where [ is the interaction distance between the probe light and the polarized atom. I'p; and
I'p, are the pressure broadening of D1 and D2 lines. fp is the frequency of the probe light.
Ap1 and Ap; are the oscillation intensity of probe light D1 and D2 lines, respectively. fp;
and fp; are the resonant frequencies of probe light D1 and D2 lines, respectively.

0 = glnrecp;[—ADl | @
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In order to suppress the influence of the light intensity and frequency fluctuation of
the probe light on the measurement sensitivity, a photo elastic modulator (PEM) can be
used to modulate the optical rotation angle at high frequency. The photoelectric detector is
used to convert the optical signal into an electrical signal, and finally the output voltage of
the magnetometer is

Vout = nlpae P9 3)

where 77 is the conversion coefficient of the photodetector, Ij is the incident light intensity
of the detection light, « is the modulation angle of the photo elastic modulator, and OD
is the optical depth. When the interference magnetic field is compensated, the magnetic
field to be measured is small and only in the y-direction, and 6 « B. In order to further
suppress the influence of magnetic noise, the common method is to take the magnetic
noise in the central area of the magnetic shield as common mode noise and suppress it by
differential measurement [20]. The magnetic noise that cannot be suppressed is named DM
magnetic noise. The magnetic field measurement constructed by differential measurement
is shown in Figure 1. Two beams are used to detect the magnetic fields at different positions.
After being received by two detectors, the voltage values of these two signals are directly
subtracted by a differential circuit to eliminate common mode magnetic noise.

Pump
PEM laser Polanzer

Gradient
ifference

Cell

Polarizer 14k

Ref'in

Lock-in
Probe

lser v 3

Single channel| | Differential
signal signal

Figure 1. The model of differential measurement.

The reduction capability of differential measurement on CM magnetic noise can be
calculated by the frequency response and power spectral density of the magnetometer [20].
In order to facilitate the analysis of the differential measurement method, the output signal
in Equation (3) can be written as the property of frequency domain. The output signal V(f)
of a channel can be represented by the theoretical frequency response function K(f), the
magnetic field B(f), and the voltage noise N(f) independent of the magnetic field:

V(f) = K(f)B(f) + N(f) 4

In actual measurement, the frequency response function is also affected by the mag-
netic field gradient, light field gradient, temperature gradient, and temperature error, so
it needs to be recalibrated. It is assumed that the actually calibrated frequency response
function is Kest(f), the output of the magnetometer will change,

N(f)
Kest (f )

where B(f) = V(f)/Kest(f) and AK(f) = K(f) /Kest(f)-

B(f) = AK(f)B(f) +

©)
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After the difference between the two channels, the power spectral density of the
differential measurement is

2

PIBY(f)] 6)

2

Kalh) = Kalf) "prp, ()] + PIBY (f)] +

Kest (f)

K> (f)
Kest(f)

P =

where P[Bg,.(f)] is the power spectral density of far-field magnetic noise. B and B," are
the power spectral density of the output voltage affected by the DM magnetic noise of the
first channel and second channel. When the frequency responses of the two channels of the
gradiometer are exactly the same, the far-field magnetic noise can be completely eliminated
by difference, but the DM magnetic noise cannot be suppressed by this method. In the next
section, the theoretical measurement models of space magnetic noise distribution and the
DM magnetic noise of a ferrite magnetic shield will be established.

2.2. Analysis of Differential Reduction Capability

The magnetic noise of the magnetic shield was analyzed based on the generalized
Nyquist relation. According to this relation, the magnetic noise can be calculated by
calculating the power loss P of the magnetic shield induced by the hypothetical excitation

coil [19,31,32]

 VakT\/2P ]

- wAI @
where k is the Boltzmann constant, w = 271f is the angular frequency, A is the area of the
excitation coil, and T is the Kelvin temperature. The hypothetical excitation coil is placed
in the hollow cylindrical shield and an oscillating current I = I,, sin(wt) flows in a coil. The
power loss mainly contains the eddy current loss P = [}, 1/ 20E%dv and the hysteresis loss
P, = [, 1/2wp” H?dv. H and E are the magnetic field strength and electric field intensity.
p" represents the imaginary part of the complex permeability y = ' —ip”. o is the electrical
conductivity. We cannot measure the loss of the magnetic shield by placing the excitation
coil in the magnetic shield by experiment and the actual impedance of the excitation coil
cannot be ignored. The loss caused by the current generated by the hypothetical excitation
loop is indirectly calculated by the complex permeability and conductivity of the magnetic
shielding material. For metal materials, such as silicon steel sheet and mu-metal, the
conductivity is high and the eddy current noise is large (¢ ~ 10° Q~! m~1), resulting in a
large magnetic noise, about ~10 fT/Hz!/2 [11]. For the ferrite materials, the conductivity
is very weak (¢ ~ 10 Q! m™1), so the eddy current loss is very small and hysteresis loss
is dominant. Magnetic noise of the ferrite shield is less than ~1 fT/ Hz'/2 [14]. The radial
magnetic noise at the center of the magnetic shield can be rewritten as

- VKT, / [, w H2dV

= el ®

where [|, H*dV can be numerically calculated using FEM. During FEM simulation, a single
turn excitation coil is placed at the center of the hollow cylindrical shield as shown in
Figure 2a, and the volume fraction of the magnetic field intensity of the magnetic shield
is calculated using the finite element software (ANSYS Maxwell 3D 16.0). Finally, the
magnetic noise is calculated. Ferrite materials have a low permeability and shielding
coefficient, so they are usually placed inside the magnetic shield of multi-layer mu-metal
to shield the noise of mu-metal, and the noise generated by itself is low. Because the
residual magnetic field in the mu-metal shield is small, the complex permeability is a
fixed value in the Rayleigh range of ferrite, independent of frequency, which is proved
in Reference [14]. The magnetic noise produced by the magnetic shield belongs to far
source magnetic noise, which can be suppressed by differential method, and the reduction
capability can be simulated by FEM. One excitation coil of the single turn is replaced by the
gradient coil.

6B
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Figure 2. FEM simulation diagram of magnetic noise. (a) Simulation diagram of magnetic noise at the
center of the magnetic shield, (b) simulation diagram of magnetic noise reduction with differential
measurement configurations. The red solid line is the excitation gradient coil with axial configuration,
and the blue dotted line is the excitation gradient coil with radial configuration.

The FEM simulation diagram is shown in Figure 2b. As mentioned in the previous
section, the magnetic noise is still calculated by the power loss P of the magnetic shield
caused by the excitation coil. However, in the differential method, the excitation coil is
changed from a single coil to a pair of gradient coils, and the central line of the coils is
called the baseline length d [14]. Gradient configuration is divided into axial gradient
configuration and radial gradient configuration. The baseline of the gradient coil in the
axial gradient configuration coincides with the axial center line, and the gradient coil in the
radial gradient configuration coincides with the radial center line. The DM magnetic noise

can be expressed as
VA4KT, / fV u’ Hgig2dV
OBaiff =

VAl

where fv Hgig*dV was numerically calculated with the gradient configuration. The re-
duction capability can be evaluated by the ratio of magnetic noise to DM magnetic noise
0B/ 6By

To prevent the influence of the parameters set by the simulation on the results, we
verified this by changing I from 0.1 to 10 A and the diameter of loop from 1 to 20 mm in
the simulation, and the simulation results were approximately the same. In this paper,

©)
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the global adaptive grid is used to encrypt the grid at the location with large local error
(such as the gap), while the grid at other locations is slightly thicker. By setting different
grid sizes and comparing the output results, we not only improve the calculation accuracy,
but also reduce the simulation time and resource allocation. The suppression effect of the
gradient measurement can be further analyzed by the finite element method.

3. Experimental Setup and Results
3.1. Magnetic Field Response and Differential Measurement Model

The main components of MnZn ferrite are Fe,O3, Mn30Oy4, and ZnO. The doping of
trace elements is used to improve the performance of ferrite, obtain higher mechanical and
magnetic properties, improve permeability, and lower hysteresis loss. SiO, can improve the
temperature coefficient and mechanical strength of soft ferrite, but it will increase the loss.
In order to reduce its adverse effects, CaO is added to improve the resistivity and reduce
the loss. A small amount of doping of Co** and Ti** is also used to improve temperature
characteristics and reduce losses. The XRD patterns of Mn,Zn;_,Fej 0404 samples are
presented in Figure 3. The XRD pattern of Mn-Zn ferrite, which is in good agreement with
the standard JCPDS (10-0467), indicates the sample is in the spinel phase structures. The
average lattice constant a of the ferrite sample is 8.50 A. The crystallite size is estimated to
be 228.6 nm based on the Scherrer’s formula, and the main peak occurs at 35°.

(311)

(511)

(220)

S
(222)

intensity (arb. units)

T T I T T T T T T T T T T

25 30 3 40 45 50 55 60 65
20 (°)

Figure 3. XRD patterns of MnyZn;_,Fe; 9504 samples.

During the ferrite molding process, the molding pressure and temperature were
optimized. The final pressure was 130 MPa and the sintering temperature was 1400 °C,
and the sintering was carried out under the protection of nitrogen.

In order to accurately calculate the magnetic noise, the complex permeability of ferrite
materials is also measured by the experimental impedance analysis method. The real part
of the relative complex permeability 3 is 10,500 and the imaginary part of the relative
complex permeability i is 155.13.

3.2. Magnetic Noise Measurement

The loss generated by the gradient coil is proposed to simulate the differential re-
duction capability in the ferrite magnetic shield. To verify the accuracy of the calculation,
the spin-exchange relaxation-free (SERF) magnetic field measurement device is built to
measure the DM magnetic noise. A spherical Pyrex cell (25 mm in diameter) contains a
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drop of potassium, 50 Torr nitrogen, and 1.3 atm *He. The cell is heated to 208 °C through
an electric heating oven. The magnetic shielding system consists of five layers of mu-metal
magnetic shield and one layer of ferrite magnetic shield. At low frequency, the shielding
coefficient exceeds 10°. The ferrite shield is assembled with five annuli and two end caps, as
shown in Figure 4. The height of each annulus is 45 mm and the thickness of the end cap is
10 mm. The outer diameter of the ferrite magnetic shield is about 140 mm and the thickness
is 13 mm. The air gap between annulus is about 0.1 mm. This is because the ferrite magnetic
shield is composed of multiple annuli. The ceramic adhesive is used for bonding between
annuli. The thickness of the glue leads to the air gap, which can be measured with a feeler
gauge. The width of the air gap can also be controlled by the thickness of the glue. The
residual magnetic field inside the magnetic shield is about 0.3 nT and the gradient is about
0.5nT/cm. The residual magnetic field and magnetic field gradient are compensated in situ
by the triaxial coil. The circularly polarized pump beam and linearly polarized probe beam
cross orthogonally and illuminate cells at the same time. The probe light is modulated by a
PEM, and collected by two detectors at the same time—see Figure 5a. In order to prevent
the influence of vibration on the measurement, all optical devices and magnetic shielding
systems are placed on the mechanical vibration isolation platform, as shown in Figure 5b.

Figure 4. Ferrite magnetic shield and magnetic annulus. The ferrite magnetic shield has four through
holes with a diameter of 25 mm in the transverse direction and two through holes with a diameter of
35 mm in the longitudinal direction.
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Figure 5. Optical path schematic diagram and actual diagram of magnetic field measuring device.
(a) Optical path diagram under differential measurement configuration, (b) actual diagram of device.
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Figure 6 shows the magnetic field sensitivity of the magnetic field measuring device,
including single channel sensitivity, differential sensitivity, and various noises. The 30 Hz
peak in the figure is the applied 30 Hz, 10 pTrms calibration signal, which is used to calculate
the sensitivity. The sensitivity (red solid line) after gradient difference is significantly less
than that of single channel sensitivity (purple solid line). The probe noise (blue solid line) is
close to the gradient differential sensitivity. We use differential sensitivity dBgj¢ to subtract
probe noise 8By qpe to extract DM magnetic noise (green dotted line). DM magnetic noise is
0.1 fT/Hz!/2@30 Hz. According to the comparison between probe noise and DM magnetic
noise, it can be seen that in the low-frequency stage (below 30 Hz), probe noise and DM
magnetic noise jointly affect the improvement of differential sensitivity, and in the high-
frequency stage (above 30 Hz), probe noise is the most important factor. The black solid
line is the simulation result of gradient noise using the method proposed in Section 2. The
main reason for the difference between the measured noise and the theoretical calculation
noise in the low-frequency stage is the influence of low-frequency vibration noise. The DM
magnetic noise calculated by the proposed model is less than 5% different from the actual
measured value. The calculated results are in good agreement with the actual measured
results, which proves the correctness of the proposed model.
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Figure 6. Noise spectrum of magnetic field measuring device. The purple solid line is the single
channel sensitivity, about 0.7 fT/ Hz/2, above 30 Hz. The red solid line indicates the gradient
differential sensitivity. Above 30 Hz, the differential sensitivity is about 0.18 fT/Hz!/2. DM magnetic
noise is 0.1 fT/Hz'/2@30 Hz. The blue solid line indicates probe noise. The green dotted line indicates
DM magnetic noise. Black is realized as simulated DM magnetic noise.

4. Noise Reduction Capability of Differential Measurement

After proving the effectiveness of the calculation model, in order to further increase
the differential sensitivity in the future, we carry out parameter analysis and optimization
to provide guidance. In the study, the real and imaginary parts of the relative complex
permeability are actually measured. The resistivity of the ferrite magnetic shield is about
1 (3-m, and the cut-off frequency is much higher than the measurement bandwidth of the
magnetometer. Therefore, within 100 Hz, the imaginary part and real part of complex

33



Materials 2022, 15, 8704

The radial magnetic noise (fT/Hz"?@1 Hz)
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permeability do not change with frequency. Firstly, in order to evaluate the reduction
capability, we first analyzed the magnetic noise of the ferrite magnetic shield under non
differential measurement. In different application fields [14,27,32-34], the outer diameters
of ferrite magnetic shielding are usually 60 mm, 140 mm, and 200 mm. In this paper,
the above dimensions of magnetic shielding are used. When the outer diameter is fixed
(D = 60 mm, 140 mm, 200 mm), we analyze the influence of the ratio  of ferrite magnetic
shielding thickness to outer diameter on magnetic noise. The curve of magnetic noise of
the ferrite magnetic shield with f is shown in Figure 7. The variation law of magnetic
noise is the same as that of reference [14], which also proves the accuracy of this model.
The optimal value of radial magnetic noise (a) is always = 0.14, while the optimal value
of axial magnetic noise (b) is B = 0.16, and the axial magnetic noise is less than the radial
magnetic noise.
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Figure 7. The curve of magnetic noise of ferrite magnetic shielding with p under different diameters,
(a) radial magnetic noise, (b) axial magnetic noise.

In addition, we also explored the relationship between DM magnetic noise and g when
the outer diameter is fixed, as shown in Figure 8. Differential measurement can significantly
suppress the magnetic noise and the DM magnetic noise increases with the increase of
the baseline d. With the increase of B, the radial and axial DM magnetic noise increases
initially and decrease afterwards, and there is an optimal value. When g = 0.08, the radial
DM magnetic noise (a) reaches the minimum, which is less than the thickness when the
radial magnetic noise reaches the minimum, § = 0.14. When the structural parameters
of ferrite magnetic shielding are the same, the axial DM magnetic noise (b) is less than
that of radial DM magnetic noise. When f = 0.1, the axial DM magnetic noise reaches the
minimum. The results of the above analysis are applicable to ferrite magnetic shielding of
any outer diameter.

Table 1 summarizes the magnetic noise and DM magnetic noise under optimal f.
Under any outer diameter, the axial reduction capability is greater than the reduction
capability, and the larger the outer diameter, the greater the difference. The outer diameter
increased from 60 mm to 200 mm, and the difference of axial and radial reduction capability
increased from 1.03 to 5.02. When the baseline length increased from 0.5 mm to 2 mm, the
reduction capability of any outer diameter decreased by 72%. Reducing the magnetic noise
of ferrite magnetic shielding can effectively reduce the DM magnetic noise and improve
the reduction ability.
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magnetic noise value is in the red box.

Table 1. Optimal magnetic noise and DM magnetic noise.

Magnetic Noise (fT/Hz'2@1 Hz) Diameter D = 60 mm D=140mm D =200 mm

Radial magnetic noise 7.67 2.16 1.26
Axial magnetic noise 5.66 1.59 0.94
Radial DM noise 0.50 0.06 0.03
Axial DM noise 0.35 0.04 0.02

d=0.5mm
Radial reduction capability 15.24 35.73 50.30
Axial reduction capability 16.27 38.89 55.32
Radial DM noise 0.96 0.12 0.07
Axial DM noise 0.66 0.08 0.03

d=15mm
Radial reduction capability 7.97 18.73 17.83
Axial reduction capability 8.52 20.23 29.06
Radial DM noise 1.83 0.22 0.09
Axial DM noise 1.23 0.15 0.06

d=2mm

Radial reduction capability 419 9.78 13.87
Axial reduction capability 1.35 10.49 15.11

The ratio of length to outer diameter o of ferrite magnetic shielding is also a main
parameter for designing magnetic shielding results. Reference [14] shows that when o is
greater than 2.5, the magnetic noise remains unchanged with the change of «. This paper
explores the relationship between DM magnetic noise and «, and further improves the
design of the ferrite magnetic shielding structure. When o is greater than 3, the change rate
of axial DM magnetic noise and radial DM magnetic noise with « is less than 1%, as shown
in Figure 9. It is considered that the DM magnetic noise is independent of o«. When o is
less than 1, the axial DM magnetic noise is greater than the radial DM magnetic noise, and
the influence of « on the axial DM magnetic noise is more intense. When « is greater than
1, the axial DM magnetic noise is less than the radial DM magnetic noise.
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withd = 0.5 mm.

We use the same method to discuss the influence of the air gap of the magnetic annuli
on the DM magnetic noise. The size of the air gap of the magnetic annuli will not affect the
optimal thickness. When o is greater than 3 and consists of five magnetic annuli, the air
gap (w = 0.1-1 mm) does not affect the DM magnetic noise at the optimal thickness.

In a word, differential measurement can significantly suppress magnetic noise and the
lower baseline indicates the better suppression effect. The outside diameter, thickness, and
aspect ratio of ferrite will affect the effect of differential measurement. In order to achieve
low gradient DM magnetic noise, the thickness of the ferrite shield should be designed to
be 0.008 times the outer diameter, and the aspect ratio should be greater than 3.

5. Conclusions

In this study, a numerical simulation model of the influence of ferrite magnetic shield-
ing on the gradient differential method is established. By calculating the power loss of
ferrite caused by the gradient coil, the DM magnetic noise can be calculated equivalently. In
order to verify the accuracy of the calculation model, we built a magnetic field measurement
device to actually test the gradient magnetic noise. The measured DM magnetic noise is
about 0.1 fT/Hz!'/2, which is in perfect agreement with the calculated value.

Using this model, the influence of structural parameters of ferrite magnetic shielding
(outer diameter, thickness, aspect ratio, air gap) on gradient magnetic noise is discussed.
The results show that differential measurement can significantly reduce the magnetic
noise, and the lower baseline indicates the better suppression effect. When the magnetic
shielding diameter increases from 60 mm to 200 mm, the magnetic noise suppression
ability increases by four times. When the outer diameter is fixed, the DM magnetic noise
decreases first and then increases with the increase of thickness. When the thickness
is 0.08 times the outer diameter, the DM magnetic noise reaches the lowest. Under the
condition of optimal thickness, the air gap between the magnetic rings does not affect the
DM magnetic noise. These results are useful for spatial correlation estimation and common
mode magnetic noise suppression. The above results support the design of low-noise
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ferrite magnetic shielding and lay a foundation for improving the differential sensitivity of
magnetic field measurement.
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Abstract: FeCo thin films with high saturation magnetization (4 mMs) can be applied in high-
frequency electronic devices such as thin film inductors and microwave noise suppressors. However,
due to its large magnetocrystalline anisotropy constant and magnetostrictive coefficient of FeCo, the
coercivity (Hc) of FeCo films is generally high, which is detrimental to the soft magnetic properties.
Meanwhile, the thickness and deposition temperature have significant effects on the coercivity and
saturation magnetization of FeCo films. In this paper, FeCo thin films with different thicknesses were
prepared by magnetron sputtering at different temperatures. The effects of thickness and deposition
temperature on the microstructure and magnetic properties of FeCo thin films were systematically
studied. When the film thickness increases from 50 nm to 800 nm, the coercivity would decrease from
309 Oe to 160 Oe. However, the saturation magnetization decreases from 22.1 kG to 15.3 kG. After
that, we try to further increase the deposition temperature from room temperature (RT) to 475 °C. It
is intriguing to find that the coercivity greatly decreased from 160 Oe to 3 Oe (decreased by 98%), and
the saturation magnetization increased from 15.3 kG to 23.5 kG (increased by 53%) for the film with
thickness of 800 nm. For the film with thickness of 50 nm, the coercivity also greatly decreased from
309 Oe to 10 Oe (decreased by 96%), but the saturation magnetization did not change significantly.
It is contributed to the increase of deposition temperature, which will lead to the increase of grain
size and the decrease of the number of grain boundaries. And the coercivity decreases as the number
of grain boundaries decreases. Meanwhile, for the thicker films, when increasing the deposition
temperature the thermal stress increases, which changes the appearance of (200) texture, and the
saturation magnetization increases. Whereas, it has a negligible effect on the orientation of thin films
with small thickness (50 nm). This indicates that high-temperature deposition is beneficial to the
soft magnetic properties of FeCo thin films, particularly for the films with larger thickness. This
FeCo thin film with high saturation magnetization and low coercivity could be an ideal candidate for
high-frequency electronic devices.

Keywords: FeCo thin film; saturation magnetization; coercivity; thickness; deposition temperature

1. Introduction

With the development of the electronic information industry, the high frequency,
miniaturization and integration are required for the electronic devices [1-3]. According
to the Snoek’s limit, the initial permeability is inversely proportional to the ferromagnetic
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resonance frequency under a certain saturation magnetization [4]. Therefore, to obtain
superior soft magnetic properties at high frequency, magnetic materials should have high
saturation magnetization. Among commercial magnetic materials, the saturation mag-
netization of FeCo is the highest, reaching 24.5 kG when the Fe content is 65% [5]. The
study by Najafi et al. also showed that the ratio of Fe and Co had a significant effect on
the saturation magnetization, and the saturation magnetization reached the maximum
when the Fe content was about 70% [6]. Moreover, according to Acher’s limit [7], the film
material can exceed the restriction of Snoek’s limit, so FeCo films are ideal candidates for
high-frequency electronic devices such as thin film inductors [8,9] and microwave noise
suppressors [10,11]. However, due to the large magnetocrystalline anisotropy constant
(~10 kJ/m?) and magnetostrictive coefficient (4~6 x 107?), the coercivity of FeCo films is
generally high, which is detrimental to the soft magnetic properties and hysteresis loss [12].

In order to reduce the coercivity of FeCo thin films, many studies have been investi-
gated, such as adding under layer [13-16] or adding the third element [17-19] to change
the microstructure of the film and reduce the coercivity. However, this method may lead to
a decrease in saturation magnetization. Himalay Basumatary et al., studied the effect of
deposition temperature on the magnetic properties of FeGa thin films and found that high
temperature deposition can greatly reduce the coercivity, since high temperature deposition
could be a feasible method to improve the soft magnetic properties of thin films [20]. There
exist some studies on the effects of high temperature deposition on the magnetic properties
of FeCo-based alloy thin films [21-24]. However, the relationships between structure and
magnetic properties have not yet been systematically studied. Moreover, the above studies
have only focused on thin films with relatively small thickness. However, in practical
applications a certain thickness of the film is required to provide sufficient magnetic signal,
and the thickness of the film has a great influence on the magnetic properties [25].

Therefore, in our work, FeCo thin films with different thicknesses were prepared
by magnetron sputtering at different temperatures. The effects of thickness and deposi-
tion temperature on the microstructure and magnetic properties of FeCo thin films were
systematically studied.

2. Experimental

FeCo target is purchased from AT&M Co., Ltd. (Beijing, China), and the composition
is Fe: Co = 65:35 (atomic ratio). The Si substrates are purchased from Zhejiang Lijing Silicon
Material Co., Ltd. (Quzhou, China) The experimental flow is shown in Figure 1. FeCo
thin films with different thicknesses were deposited on Si (100) substrates using the DC
magnetron sputtering technique under varying deposition temperatures. The base pressure
of the magnetron sputtering system was 5 x 10~* Pa. Sputtering pressure and power were
kept constant at 0.8 Pa and 120 W, respectively, for all the depositions. Thin films with
thicknesses of 50 nm, 100 nm, 200 nm, 400 nm, 800 nm and 1200 nm were deposited at
room temperature. Additionally, thin films with thicknesses of 50 nm and 800 nm were
deposited at different temperatures such as 25 °C, 200 °C, 300 °C, 400 °C, 425 °C, 450 °C,
475 °C, 500 °C, 525 °C and 550 °C. The crystal structure was analyzed by X-ray diffraction
(XRD, Philips X’pert pro M, Amsterdam, The Netherlands). Hysteresis loops were detected
with the Physical Property Measurement System (PPMS, Quantum Design PPMS-9), and
the magnetic field is parallel to the plane of the film in the test. Surface morphology and
cross-sectional morphology were characterized by scanning electron microscopy (SEM,
SU8220, Hitachi Limited, Tokyo, Japan). Thin film stress is tested by film stress tester (FST,
SuPro FST5000, Shenzhen, China).
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Figure 1. Flow chart for the preparation and testing of FeCo films.

High 4nMs
and
Low Hc

Preparation Measurement

FeCo Films

FeCo film

Optimization

3. Results and Discussion

Representative GIXRD patterns of FeCo thin films with different thicknesses are
shown in Figure 2. It can be observed that the (200) diffraction peak gradually disappeared
with the increase in thickness. This is due to the film stress decreasing with the increase
in film thickness, as shown in Figure 3. Energy minimization is required during grain
growth of thin films. When the film thickness is relatively larger, the stress of the film is
relatively smaller and the surface energy is dominant. FeCo is body-centered cubic (bcc)
structure, and the close-packed plane is (110). Therefore, to minimize the surface energy,
the preferred orientation of the film is (110). When the film thickness decreases, the film
stress increases. In addition to surface energy, strain energy also needs to be considered.
Since the (200) texture of FeCo thin film is insensitive to stress, the surface energy increased
by the transformation from (110) texture to (200) texture is less than the decrease in strain
energy, resulting in the appearance of (200) diffraction peak [26]. The film stress decreases
with increasing the film thickness, because during the film growth process the shrinkage
of grain boundaries on the growth surface will lead to a tensile stress. However, with the
increase in film thickness the grain size increases, resulting in a decreasing number of grain
boundary, so the shrinkage decreases and the stress decreases [25].
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Figure 2. GI-XRD patterns for FeCo thin films with different thickness.

Figure 4 shows that for FeCo films with a thickness of 800 nm, when the deposition
temperature increases, the (200) diffraction peak re-emerged. This is due to the thermal
expansion coefficients of the film and substrate being different. During thin film deposition,
the film and substrate are in a compatible deformation state at a specific temperature. When
the film is deposited, both the film and the substrate return to room temperature. The
change in temperature leads to an inconsistent shrinkage deformation of the film and the
substrate, and the thermal stress will be generated in the film due to the discrepancy of
the thermal expansion coefficient. As shown in Figure 3, when the deposition temperature
increases from 25 °C to 475 °C the film stress increases from 486.91 MPa to 715.53 MPa.
Therefore, to reduce the strain energy (200) texture appears in the film. For FeCo thin
films with a thickness of 50 nm, it is different from the film with a thickness of 800 nm, the
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diffraction peak does not change significantly with the increase in temperature, and the
(200) diffraction peak can be obtained when deposited at 25 °C, as shown in Figure 5.
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Figure 3. Stress distribution of FeCo thin films with different thicknesses and deposition temperatures:
(a) 100 nm, 25 °C, (b) 800 nm, 25 °C, (c) 800 nm, 475 °C; and (d) the average stress.
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Figure 5. GI-XRD patterns for FeCo thin films with thickness of 50 nm deposited at different temperatures.
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In order to evaluate the effects of deposition temperature on the grain size variation,
Figure 6 displays the surface morphologies of FeCo thin films with thickness of 800 nm
deposited at different temperatures. It shows that as the deposition temperature increases,
the grain size increases significantly. Relative works have already demonstrated that an
increase in deposition temperature will lead to the increase in grain size of FeCo thin
films [22,23,27]. The increase in deposition temperature will lead to the decrease in nucle-
ation rate and the increase in grain growth rate. Under the comprehensive effect of the two
factors, the grain size increases with the increase in deposition temperature [20]. Figure 7
shows that when the deposition temperature is lower than 475 °C, the surface roughness
increases with enhancing the deposition temperature due to the increase in the grain size,
but it is not obvious. However, when the deposition temperature increases from 475 °C
to 550 °C, the roughness increases significantly, and the film density obviously decreases.
For FeCo films with a thickness of 50 nm, the variation in microstructure with deposition
temperatures is similar to that of 800 nm, except for the relatively small grain size, as shown
in Figure 8.

2 S
T ~<"‘ be Tu-’; &
A Y
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Figure 6. Surface morphologies of FeCo thin films with thickness of 800 nm deposited at (a) 25 °C,
(b) 200 °C, (c) 400 °C, (d) 475 °C and (e) 550 °C.

T

Figure 7. Cross-sectional morphologies of FeCo thin films with thickness of 800 nm deposited at
(a) 25 °C, (b) 200 °C, (c) 400 °C, (d) 475 °C and (e) 550 °C.
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Figure 8. Surface morphologies of FeCo thin films with thickness of 50 nm deposited at (a) 25 °C,
(b) 200 °C, (c) 400 °C, (d) 475 °C and (e) 550 °C.

Figure 9 shows the variation in coercivity and saturation magnetization of FeCo films
with different thicknesses. It indicates that the saturation magnetization and coercivity
decrease first, and then remain stable with the increase in thickness. When the film thickness
increases from 50 nm to 800 nm, the coercivity decreases from 309 Oe to 160 Oe, and the
saturation magnetization decreases from 22.1 kG to 15.3 kG. The decrease in saturation
magnetization is related to the disappearance of the (200) diffraction peak. Due to the
effect of demagnetization field, the effective magnetization of the film should be located
in the film plane. However, in practice there is an angle between the direction of effective
magnetization and the film plane for FeCo film. Compared with (110) texture, the effective
magnetization of (200) texture is closer to the film plane [28]. Therefore, the films with
(200) texture would have higher saturation magnetization. Previous studies revealed that
reducing film stress could significantly reduce coercivity [29]. This is because the stress in
the film may lead to the magnetostrictive effect, resulting in magnetic anisotropy. As the
thickness increases, the stress of the film decreases, so the coercivity decreases.
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Figure 9. (a) Demagnetization curves of FeCo films with different thickness, and (b) dependence of
the coercivity and saturation magnetization on thicknesses.

In addition, the variation in coercivity and saturation magnetization of FeCo films with
thickness of 800 nm and deposited at different temperatures are analyzed in Figure 10. When
the deposition temperature is lower than 475 °C, the saturation magnetization increases and
the coercivity decreases with gradually increasing the deposition temperature. The reason for
the change in saturation magnetization is the same as mentioned above. When the deposition
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temperature increases, the thermal stress of the film increases, resulting in the existence of
(200) texture in the film, and the saturation magnetization of the film increases. The decrease
in coercivity is related to the change in grain size. The reverse magnetization process of soft
magnetic materials is mainly realized by domain wall displacement. When increasing the
deposition temperature, the grain size increases, the number of grain boundaries decreases,
the blocking effect of grain boundaries on domain wall displacement is weakened, and the
coercivity decreases. The greater roughness in the film gives rise to the surface defects, which
can act as pinning centers to hinder domain movement, resulting in a higher coercivity [20].
When the deposition temperature is higher than 475 °C, the roughness of the film becomes
even higher. At this condition, the effect of roughness on the coercivity of the film is
dominant, so the coercivity begins to increase. Meanwhile, the saturation magnetization
starts to decrease because the density of the film decreases.
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Figure 10. (a) Demagnetization curves of FeCo films with thickness of 800 nm deposited at
different temperatures, and (b) dependence of the coercivity and saturation magnetization on
deposition temperature.

Figure 11 shows the variation in coercivity and saturation magnetization of FeCo
films with thickness of 50 nm deposited at different temperatures. When enhancing the
deposition temperature, the variation trend of coercivity of FeCo film with thickness of
50 nm is similar to that of FeCo film with thickness of 800 nm, which decreases first and then
increases. The coercivity is also closely related to the grain size and roughness. However,
the saturation magnetization changes differently. The deposition temperature has little
effect on the saturation magnetization of FeCo films with a thickness of 50 nm. It may be
due to the FeCo films with thickness of 50 nm deposited at 25 °C also having (200) texture,
and the deposition temperature has negligible effect on the orientation of thin films.
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Figure 11. (a) Demagnetization curves of FeCo films with thickness of 50 nm deposited at
different temperatures, and (b) dependence of the coercivity and saturation magnetization on

deposition temperature.
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Comparing the results of Figures 10 and 11, it can be seen that the effect of high
temperature deposition on the magnetic properties of FeCo films with different thicknesses
is not exactly consistent. For the FeCo film with a thickness of 800 nm, when the deposition
temperature increases from 25 °C to 475 °C the coercivity decreases from 160 Oe to 3 Oe
(decreased by 98%), and the saturation magnetization increases from 15.3 kG to 23.5 kG
(increased by 53%). For FeCo thin films with a thickness of 50 nm, when the deposition
temperature increases from 25 °C to 425 °C the coercivity decreases from 309 Oe to 10 Oe
(decreased by 96%), but the saturation magnetization does not change significantly. This
indicates that high-temperature deposition is beneficial to the soft magnetic properties of
FeCo thin films, particularly for the films with larger thickness, and is available for future
application in high-frequency electronic devices.

4. Conclusions

In summary, the effects of thickness and deposition temperature on the microstructure
and magnetic properties of FeCo thin films were investigated. With the increase in film
thickness, the decrease in stress leads to the disappearance of (200) texture, which reduces
the saturation magnetization. When the film thickness increases from 50 nm to 800 nm, the
saturation magnetization decreases from 22.1 kG to 15.3 kG. However, when the thicker
film is deposited at high temperature, the increase in thermal stress leads to the reappear-
ance of (200) texture, and the saturation magnetization of the 800 nm film increases from
15.3 kG to 23.5 kG. Additionally, (200) texture also exists in the thin films with small thickness
deposited at room temperature, so the deposition temperature has little effect on the satura-
tion magnetization. When the deposition temperature increases, the grain size obviously
increases, resulting in a significant reduction in coercivity. For FeCo films with a thickness
of 800 nm, when the deposition temperature increases from 25 °C to 475 °C the coercivity
can be reduced by 98% to 3 Oe. This FeCo thin film with high saturation magnetization and
low coercivity could be an ideal candidate for high-frequency electronic devices.
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Abstract: The major method used to reduce the magnetic loss of soft magnetic composites (SMCs) is
to coat the magnetic powder with an insulating layer, but the permeability is usually sacrificed in
the process. In order to achieve a better balance between low losses and high permeability, a novel
photodecomposition method was used in this study to create a ZnO insulating layer. The effect of the
concentration of diethyl zinc on the formation of a ZnO insulating film by photodecomposition was
studied. The ZnO film was best formed with a diethyl zinc n-hexane solution at a concentration of
around 0.40 mol/L. Combined with conventional coupling treatment processes, a thin and dense
insulating layer was coated on the surface of iron powder in situ. Treating the iron powder before
coating by photodecomposition led to a synergistic effect, significantly reduced core loss, and the
effective permeability only decreased slightly. An iron-based soft magnetic composite with a loss
value of 124 kW/m3 and an effective permeability of 107 was obtained at the frequency of 100 kHz
and a magnetic field intensity of 20 mT.

Keywords: Fe-based soft magnetic composite; photodecomposition; insulation layer; coupling
treatment; ZnO

1. Introduction

Soft magnetic composites (SMCs) allow the miniaturization and high frequency of
electromagnetic devices, exhibit low eddy current losses over a relatively wide frequency
range, and fill the application gaps between metal laminates and ferrites. Therefore, SMCs
are promising candidates for the development of efficient and lightweight electromagnetic
devices [1].

The coating of the insulating layer on a magnetic powder surface is the core process in
the preparation of soft magnetic composites, and it can serve to suppress eddy currents
in soft magnetic alloys. The materials used for insulation layers are often categorized into
three categories: an organic insulation layer [2], an inorganic insulation layer [3-8], and an
organic—inorganic composite insulating layer. The inorganic oxide materials commonly
used to prepare coatings are mainly Al,Os3 [3], ZrO; [4], MgO [5], Fe3Oy4 [6], and ferrite [7].
There is also a novel Li-Al-O insulating layer [9].

For soft magnetic composites moving towards miniaturization and light weight, in
the case of medium-frequency applications, it is necessary to reduce the magnetic loss so as
to obtain high permeability. However, during the insulation coating process, it is difficult
to achieve a balance between the effective permeability and the core loss, with low losses
often decreasing the permeability.

For this reason, the following three requirements are proposed in the preparation of
soft magnetic composites. First, the pressure needs to be as high as possible to reduce the
presence of pores and to obtain a dense material. Second, the coating process needs to
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minimize the introduction of non-magnetic phases. Third, the insulating layer should be
thin, dense, and uniform to the greatest extent possible, forming a relatively tight bond
with the matrix phase so that the insulating layer can firmly adhere to the matrix phase.

A variety of methods for coating, such as the sol-gel method [10], the ball milling
method [11], the bonding method [12], and the liquid phase method [13], have been used,
all having their own advantages and disadvantages. But in most coating processes, it is
very difficult to obtain an ideal coating, i.e., as thin as a mono-atom layer, fully dense,
continuous and with a high electric resistance.

In this paper, a novel method with a controllable reaction process is proposed, which
can coat a thin, dense, and uniform insulating layer on the surface of soft magnetic powder.
It was expected that a sample with low loss and high permeability could be obtained using
this method.

2. Experimental
2.1. Procedure

Reduced iron powders (purity > 99.5%; 0.2% Si, 0.003% P, and 0.015% S) provided by
Jilin Huaxing Powder Metallurgy Technology Co. Ltd. with an average powder size of
75 um were used as the matrix material.

The process of coating the insulating layer on the surface of the iron powders was as
follows. Firstly, the silane coupling agent (KH550, 5 wt.% of the weight of the magnetic
powder) was fully mixed with ethanol solution, then the iron powders were poured into
it and stirred, and the surface of the iron powders was coated by ultrasonic treatment for
30 min. Secondly, after coupling treatment, the iron powders were washed with anhydrous
ethanol many times and then transferred to a quartz glass bottle. Additionally, diethyl zinc
[Zn(CyH5),] solution and n-ethane (CgH14) solvents were added to the quartz glass bottle.
Since diethyl zinc can easily be oxidized and hydrolyzed when encountering air, it was
required to add diethyl zinc in a glove box with an oxygen content and water content of
less than 5 ppm. Next, the quartz glass bottle was irradiated with an ultraviolet lamp with
a wavelength range of 610 nm to 500 nm to achieve the photodecomposition of diethyl zinc
(as shown in Figure 1). In the process of photocatalysis, a certain flow of air was regularly
introduced into the quartz glass bottle. After a period of photodecomposition, the iron
powders were removed by centrifugation and then transferred to a vacuum-drying oven
and dried at 80 °C for 3 h.

Zn(C,H;), solution
—— Fe raw powder

~~ stirrer

[ 1]

Figure 1. Schematic diagram of iron powders coated with ZnO by photodecomposition.

The preparation process of the Fe-based soft magnetic composites was as follows. Zinc
stearate (0.5 wt.%) acted as the lubricant and was mixed with the as-dried powders in the
agate mortar. Then, the fully mixed powders were compacted at 1000 MPa into a ring with
an outer diameter of 12.7 mm and an inner diameter of 7.5 mm. Finally, the rings were
annealed at 773 K for 3 h under Ar atmosphere [14].
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2.2. Characterization

The morphology of the coated Fe powders was observed via scanning electron mi-
croscopy (SEM, Hitachi SU1510, Tokyo, Japan). The element content of the coating layer
was analyzed via X-ray fluorescence (XRF, ZSX Primusll, Rigaku, Tokyo, Japan). The
microscopic structures and elemental distribution of the polished cross-sectional Fe-based
soft magnetic composite samples were analyzed via field-emission scanning electron mi-
croscopy (FESEM, Tescan mira3 Zeiss sigma 500, Brno, The Czech Republic) coupled with
an energy dispersive spectrometer (EDS). Effective permeability was tested using an LCR
meter (E4980A, Agilent, Santa Clara, CA, USA) with a frequency from around 5 kHz to
300 kHz at a voltage of 500 mV, based on Equation (1):

pte = L-1,-1072/(0.477- Ap-N?) (1)

where L is inductance; [, and A, are the effective length and area of the magnetic path,
respectively; and N is the number of turns [15]. The core losses of the SMC rings were
measured using a B-H curve analyzer (5Y-8218, INATSU, Tokyo, Japan, with less than
0.5% tolerance) in a frequency ambit of 20-100 kHz and with a magnetic excitation level of
20 mT.

The total core loss (Pcy) of the sift magnetic materials can be divided into hysteresis loss
(Py), eddy current loss (P,y), and residual loss (Pey.) according to the generation mechanism;
the relationship can be expressed by the following Equation (2):

KgD?B;, f*

Pcv—Ph+Ped+Pexc—KHB f+ +Pexc (2)

where Ky and Kp are constants; B, is magnetic flux density (mT); p is the resistivity (QQ-m);
D is the grain size, which can be regarded as a constant for a certain sample; & corresponds
to the Steinmetz coefficient; and f is the frequency [16]. Usually, o = 1-2 for SMCs and
o = 2-3 for ferrite materials.
When P, is divided by f, Equation (2) can be expressed as Equation (3):
PCU & P PL’XC

KgD?B2f  Pexc
— = 4+ = KyBj, + ——"= +
T p f

By measuring the loss at different frequencies, a curve of % ~ f can be drawn. The

®)

intercept of the ordinate is the hysteresis loss (%). Then, the eddy current loss (%) is
separated, which is linearly related to the frequency. The rest of the non-linear part is
related to the residual loss (%).

3. Results and Discussion

Effect of Surface Treatment Methods on the Morphology and Magnetic Properties of
Coated Iron Powders

The quality of the coating on the surface of iron powder depends on the compactness
of the coating layer and the adhesion with the iron matrix. For this reason, the effects of
different surface treatment methods on the formation of coating layer on the iron powder
surface were studied, and the different morphologies are shown in Figure 2. Figure 2a
shows the powder coated by ultraviolet light decomposition in the diethyl zinc solution.
It can be observed that the surface of the iron powder had many products generated
by photodecomposition, and the gullies in the iron powder were obviously filled with
coarser particles.
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Figure 2. SEM of photolytically coated iron powder with different treatments: (a) Zn(CyHs),,
(b) Zn(CyHs), + CgHuy, (¢) 5 wt.% KH550, and (d) 5 wt.% KH550 and (Zn(CyHs), + CgHig).

Figure 2b shows the powder coated by ultraviolet light decomposition in the same
mass diethyl zinc solution diluted to 0.4 mol/L by an n-hexane solvent. The surface
insulation products appeared to be slightly fewer compared with those shown in Figure 2a,
and the surface was smoother.

Figure 2c shows the powder coated by coupling with 5 wt.% KHS550, and it can be
seen that there was no significant change on the surface of the iron powder. This is due to
the thinness of the organosilane film.

Figure 2d shows the powder coated by coupled with 5 wt.% KH550, and then coated
by ultraviolet light decomposition in a mixed solution of 0.4 mol/L diethyl zinc and n-
ethane. It can be seen that the coating layer on the powder surface was filmy, and some of
the powder surface was scattered with some non-filmed insulating particles.

The iron powder samples obtained from the different solution coating treatments,
shown in Figure 2, were analyzed by XRF, and the results are shown in Table 1. Although
the accuracy of XRF is not very high, it can be seen that the sample powder treated with
diethyl zinc solution only had a higher content of Zn or ZnO in the XRF elements, but as
can be seen in Figure 2, the size of the particles produced by photodecomposition was
large. However, more non-magnetic phase Zn or ZnO content will lead to the decrease of
saturation magnetization (Ms) of magnetic particles (see Figure S1).

Table 1. Elemental effects of different treatments on the prepared powders.

Element (at%) ZD(C2H5)Z ZH(C2H5)2 + C6H14 KH550 KH550 and (ZH(C2H5)2 + C6H14)
Fe 88.27 98.26 99.65 97.57
Zn 11.73 1.74 0 217
Si 0 0 0.35 0.26

With respect to diethyl zinc with the same percentage content of iron powder, when
the n-hexane solvent was added for dilution, the concentration of diethyl zinc decreased,
and the corresponding proportion of zinc or zinc oxide obtained after photodecomposition
was also reduced by about one-tenth.
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P, KW/m3)

When the iron powder surface was pretreated by coupling with 5 wt.% KH550, the
Zn content was elevated relative to that without pretreatment, which indicated that the
coupling treatment was beneficial to the formation of a zinc coating layer on the iron
powder surface through photocatalytic decomposition. This may be because the coupling
modification of the surface by KH550 reduced the agglomeration between the surface
particles and increased the specific surface area of the powder, which resulted in more Zn
or ZnO deposited on the surface of the sample [17].

Figure 3 shows the core loss and effective permeability of the magnetic ring pressed
with iron powders coated using different treatments methods. It can be seen that the highest
core loss and the poor high-frequency stability of the permeability were obtained when the
iron powders were coated using photolysis with only the diethyl zinc solution. When the
iron powders were coated with the product of the photodecomposition of the diethyl zinc
diluted with n-hexane solvent, the core loss of the sample was reduced by about two-thirds,
and the high-frequency stability of the permeability was better compared to that of the
samples prepared without the n-hexane solvent. When the iron powder was pre-coupled
with KH550 and then coated with a low concentration of diethyl zinc solution, it was found
that the core loss was significantly reduced and the effective permeability not only remained
at a high value of about 107, but also had excellent high-frequency stability. Coupling
treatment and photodecomposition coating were integrated together and produced good
results, which cannot be achieved by using these treatments individually. In order to further
explore the influence of different surface treatment methods on the core loss, the measured
core loss values of the three samples were separated, respectively.

16001 _a— 7n(C,Hy), (a) 180 4 —=—Zn(C,Hy), (b)
14004 _o— Zn(C,H,),-C¢Hy, 160 4 —e—Zn(C,H;),-CcH
12009 _o_KH550 :T 1401 —a— KH550
1000 1 KH550-Zn(C,H,),-C H,, = 1201 —v—KH550-Zn(C,H;),-C¢H,4
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= 80-
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Figure 3. (a) Core loss and (b) effective permeability of the coated Fe-based magnetic ring prepared
with different surface treatments.

We referred to the formula according to the Bertotti’s loss separation model [18],
Pey = Py + Ppy & Pexe, Wwhere Py, Pyy, P, and Py represent total core loss, eddy current loss,
hysteresis loss, and residual loss, respectively. Hysteresis loss (P},) is generally related to the
powder particle size, internal stress, and the purity of the entire matrix phase. Eddy current
loss (P,y) is related to material resistivity and thickness. Residual loss (Peyc) is closely related
to the magnetization rate [19]. When the frequency is below 500 KHz, residual loss (Pyc) is
usually very small for iron-based SMCs; most of the core loss is from hysteresis loss (P},)
and eddy current loss (P,y) [20,21].

The loss separation results for the iron-based soft magnetic composites prepared
by different surface treatments are shown in Figure 4 (at B = 20 mT, f = 100 kHz). As
previously discussed, when diethyl zinc was not diluted, the ZnO content produced
by photodecomposition was higher. For magnetic particles, the introduction of ZnO
increased the impurity mass. Therefore, the magnetic hysteresis loss of the sample coated
by photodegradation of undiluted diethyl zinc was higher than that diluted with ethane.

52



Materials 2022, 15, 8660

1000

P,
__L®

800

600

P, kKW/m?

400

200

— B

Zn(C,Hs);  Zn(C,H;),-CeHyy KH550 KH550-Zn(C,H;),-C¢H,,

Figure 4. Separation of iron loss for samples prepared by different surface treatments at f = 100 kHz
and B =20 mT.

The integrity and uniformity of the insulating layer on the surface of iron powder
are conducive to improving the resistivity of the composite magnetic ring, thus reducing
eddy current loss. The coarse ZnO grains generated by photodecomposition in a high
concentration of diethyl zinc solution led to the formation of a thick and discontinuous
insulation layer. However, after the concentration of diethyl zinc was diluted, the ZnO
grains generated were fine. In addition, after the organic silane film was obtained using
the pre-coupling treatment for the iron powder, it was coated with ZnO. The silane film
and ZnO played a synergistic role, which increased the adhesion between the coating
and the substrate and formed a uniform insulating layer, thereby greatly reducing eddy
current loss.

To confirm the formation of a homogeneous insulating layer on the surface of the
sample as predicted by the loss separation data, the sample treated using pre-coupling
and subsequent photodecomposition was polished on the cross-section, and the element
distribution around the iron particles was observed by EDS, as shown in Figure 5. It can
be seen from the figure that the iron particles were isolated by Zn, O, and Si elements,
and the distribution of these three elements was consistent in the area. This proves that a
relatively uniform and dense Zn-O-Si insulation layer was formed. It can also be seen that
the thickness of the insulating layer was small, which verifies that the photodecomposition
method can indeed deposit a thin, dense, and uniform insulating layer. The thin insulating
layer caused a weaker magnetic dilution effect and was able to obtain a higher magnetic
permeability. This was also consistent with the high effective permeability shown in
Figure 3b.

Surface — OH + H,N(CH,),Si(OCH); + H,O — Surface(O — Si),OH + CH30H  (4)

Surface(O — Si)nOH + C;Hs — Zn — C;Hs — Surface(O — Si)nO — Zn — CoHs + CoHg  (5)

Surface(O — Si)nO — Zn — CoHs + 70, ¥ Surface(O — Si)nO — Zn — O + C,Hg  (6)
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Pre—coupling treatment

Figure 5. EDS spectra of polished cross-section samples coated with 5 wt.% KH550 + Zn(C;Hs), +
C6H14.

Combining the above results, the simultaneous use of coupling treatment and pho-
todecomposition coating achieved remarkable performance improvements and a good
synergistic effect. For this synergistic mechanism, Figure 6 shows our speculations regard-
ing this. During the pre-coupling treatment, the hydroxyl group adsorbed on the surface of
iron powder reacted with KH550 for dehydration, producing (O — Si),OH organosilane
film (see Equation (4)), whereas, after adding diethyl zinc, the diethyl zinc reacted with the
hydroxyl group of organosilane film, bonding them to form (O — Si),O — Zn — C,H5 (see
Equation (5)) [22]. Under sufficient UV energy and an aerobic environment, the intermedi-
ate chemical bond of —Zn — CyHs is dissociated and generates ZnO (as in Equation (6)),
which is deposited on the surface of iron powder together with organosilane film, thereby
achieving a thin and dense insulating layer. IR of iron powder with different treatments are
shown in Figure S2. After pre-coupling treatment and photodecomposition of iron powder,
the characteristic absorption peaks of Si-O bond and Zn-O bond appear at 1077.58 cm ™!
and 472.25 cm ™! respectively, which may prove the occurrence of Equation (6).

photodecomposition

quartz glass bottie
ZOHEH,), solution
e Fe raw powder

* stirrer

Figure 6. Schematic diagram of Fe@Zn-O-Si prepared using the pre-coupling and photodecomposi-
tion treatment.

In order to further investigate the effect of the diethyl zinc concentration on the coating
quality of the iron powder surface, we specified the premise of diethyl zinc relative to the
mass of the magnetic powder, and diluted the diethyl zinc with an n-ethane solvent to obtain
different molar concentrations of diethyl zinc solutions; additionally, photodegradation
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coating treatment was performed on the iron powder pre-coupled with 5 wt.% KH550. The
morphology of the iron powder obtained is shown in Figure 7.

Figure 7. SEM images of iron powder coated using photolysis in diethyl zinc solutions of different
concentrations: (a) 0.24 mol/L, (b) 0.32 mol/L, (c) 0.40 mol/L, and (d) 0.48 mol /L.

When the concentration of diethyl zinc was low, a cracked orange-peel-shaped insu-
lating layer was formed on the surface of the iron powder, which is shown in the circle
of Figure 7a. When the diethyl zinc concentration increased, the cracks on the surface
insulation layer gradually started to become smaller, as shown in the circle in Figure 7b.
When the concentration rose further to 0.40 mol/L, most of the surface insulating layer
had started to form a film. Finally, when the concentration rose to 0.48 mol/L (as shown in
Figure 7d), the orange-peel insulating layer appeared again, and the cracks of the surface
insulating layer became larger, as shown in the circles.

Figure 8 shows the core loss and effective permeability of the magnetic ring pressed
with iron powders coated by photolysis in diethyl zinc solutions of different concentrations.
It can be seen that the concentration of the diethyl zinc solution had a large effect on the core
loss, and the core loss value was first reduced but then increased again with the increase in
the diethyl zinc solution concentration.

1000 140
—=—0.24mol/L ( a) (b) —=—0.24mol/L
—e—0.32mol/L —e—0.32mol/L
8004 —*—0.40mol/L 120 —4A—0.40mol/L
—¥—0.48mol/L b . ) —v—0.48mol/L
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Figure 8. (a) Loss and (b) effective permeability of SMC rings made by the photodecomposition of
coated iron powder with diethyl zinc solutions of different concentrations.
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From this, we were able to determine the optimal solution concentration. Combined
with the SEM images shown in Figure 7, it was found that the optimal concentration was
0.40 mol/L. At this time, the powder surface was essentially coated with a film similar
to a Zn-O-5i compound. When the concentration of the solution was further increased,
the core loss was not reduced but was, instead, increased, which corresponds to the rule
of insulating film formation quality. In general, the effective permeability decreased with
increasing diethyl zinc solution concentrations due to the magnetic dilution effect, but, in
this section, the effective permeability first decreased and then increased.

We speculate that the photodecomposition products tended to be produced on the
sample surface first, and when the diethyl zinc solution concentration was higher, they
tended to be produced in the solution. Thus, the magnetic dilution effect was diminished
again, and the effective permeability became higher. When the diethyl zinc solution
concentration was 0.40 mol/L, the effective permeability was larger and more stable with
regard to the frequency changes. However, when the concentration of KH550 was increased
from 2 wt.% to 6 wt.%, the fluctuation of loss and effective permeability of the SMC rings
was not as obvious as that of n-ethane, the relatively optimized KH550 concentration was
5 wt.% (see Figures S3 and 54).

In summary, after the pre-coupling treatment with 5 wt.% KH550, the iron powder
surface was coated with an excellent insulating film by photolysis in the 0.40 mol/L diethyl
zinc solution. The composite magnet prepared with the coated iron powders had an
excellent core loss of 124 kW /m? and an effective permeability of 107 when the magnetic
field strength was 20 mT and the frequency was 100 kHz.

4. Conclusions

In this paper, a thin and dense insulating layer was coated on the surface of iron
powder in situ using pre-coupling treatment and the photodecomposition of diethyl zinc
so as to obtain samples with low core losses and high effective permeability. The concen-
tration of diethyl zinc was found to be related to the size of the ZnO grains generated by
photodecomposition, which also determined the denseness of the insulating film. A high
concentration of diethyl zinc resulted in coarse ZnO grains, and the surface insulation
products showed the appearance of cracked orange peel, while dilution by the n-hexane
solvent resulted in fine zinc oxide grains. The iron powder was pre-coupled and then
coated by photodecomposition, and the superposition of the two treatments achieved a
synergistic effect, generating a composite insulation layer that was similar to Zn-O-Si. The
insulation layer not only improved the adhesion to the matrix, but it was also more dense.
The eddy current loss was obviously reduced, and the thin insulation layer weakened
the magnetic dilution effect, so the effective permeability was high. At a magnetic field
strength of 20 mT and a frequency of 100 kHz, the loss value was about 124 kW/m? and
the effective permeability was about 107.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma15238660/s1, Figure S1: Magnetisation curves of iron powder
and photolytically coated iron powder with different treatments; Figure S2: IR of iron powder; iron
powder surface treated with 5 wt.% KH550; iron powder surface treated with 5 wt.% KH550&(Zn
(C2H5) 2+C6H14) and ZnO obtained by photodecomposition; Figure S3: SEM morphology of iron
powders treated with different KH550 ratios (a) 2 wt.%, (b) 3 wt.%, (c) 4 wt.%, (d) 5 wt.% and (e)
6 wt.% after photolytic coating; Figure S4: (a) Loss and (b) effective permeability of the SMC rings
obtained after coating with iron powder treated with 2 wt.%, 3 wt.%, 4 wt.%, 5 wt.% and 6 wt.%
KH550.
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Abstract: FeSiAl is a commonly used soft magnetic material because of its high resistivity, low core
loss, and low cost. In order to systematically study the effect of epoxy resin (EP) on the insulated
coating and pressing effect of FeSiAl magnetic powders, six groups of composite powders and their
corresponding soft magnetic powder cores (SMPCs) were prepared by changing the content of EP,
and the soft magnetic properties of the powders and SMPCs were characterized. The results showed
that FeSiAl powders exhibited good sphericity and morphology. The M of FeSiAl/EP composite
powders was between 117.4-124.8 emu~g{1 after adding (0.3, 0.5, 0.7, 1, 1.5, and 2 wt. %) EP. The
permeability u. of SMPCs increased first and then decreased with the increase in EP content. Among
them, when the EP content was 1 wt. %, the corresponding SMPCs had the highest y. and excellent
DC bias performance (63%, 100 Oe). In the whole test frequency range (50~1000 kHz), SMPCs with
1 wt. % EP content had the lowest core loss (1733.9 mW-cm ™3 at 20 mT and 1000 kHz). After that, the
loss separation study in the low-frequency range (50~250 kHz) was conducted, and the hysteresis loss
and eddy current loss of SMPCs with 1 wt. % EP content were also the lowest. In addition, SMPCs
also exhibited the best overall performance when the EP content was 1 wt. %. The results of this
study can guide the design of composite insulation coating schemes and promote the development
of soft magnetic materials for medium and high frequency applications.

Keywords: FeSiAl magnetic powder cores; epoxy resin; loss separate; soft magnetic properties

1. Introduction

Soft magnetic powder cores (SMPCs) are a kind of soft magnetic composite made by
pressing magnetic powders coated with insulating materials. They exhibit great potential
in downstream fields such as photovoltaics, energy storage, variable frequency air condi-
tioning, new energy vehicles, charging piles, uninterrupted power supplies (UPS), 5G base
stations, and servers due to their excellent soft magnetic properties, flexible shape, and
easy processing [1-3].

Insulated coating and pressing are the keys to preparing SMPCs. How to minimize
the eddy current loss between magnetic powder cores and ensure the pressing effect of
composite magnetic powder cores has always been a research hotspot. In recent years, some
scholars have deposited inorganic insulation layers such as SiO,, TiO,, and Al,O3 [4-9] on
the surfaces of magnetic powders by the sol-gel method and prepared ferrite insulation
layers such as MnZn and NiZn [10-13] by the coprecipitation method to obtain SMPCs with
excellent comprehensive performance. However, these two methods have many drawbacks,
such as a complex coating process, high production cost, and unstable insulation properties.
Additionally, most of the above-mentioned coatings are limited to small-scale research in
the laboratory, and it is difficult to promote them to industrial mass production.
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Epoxy resin (EP) is an organic insulating agent with both insulation and binding
properties. It is widely used in the preparation process of SMPCs because it is easy
to adhere to the surfaces of particles to achieve a uniform coating [14]. Based on the
sol-gel method, Zhou et al. [15] prepared TiO, insulating layers on the surfaces of the
magnetic powders by a hydrolysis condensation reaction and added 2 wt. % EP as a
binder to improve the compressibility of FeSiBCCr/TiO, SMPCs. Chi et al. [16] used
FeSiBCP amorphous powders as raw materials and prepared Fe3O4 nano-scale insulation
layers by hydrothermal reaction in an alkaline environment and then embedded EP into
the Fe;04 coating matrix by mechanical mixing, which further improved the structural
uniformity of composite coatings and the high-frequency comprehensive performance of
SMPCs. Liu et al. [17] prepared FeSiBCCr@phosphate@EP core—shell structured SMPCs
with excellent soft magnetic properties by using EP as the second insulation layer after the
magnetic powders were passivated by phosphoric acid, which further reduced the core
loss (1118.7 mW-cm ™2 at 20 mT and 1000 kHz). It can be seen that the organic insulating
agent EP can effectively enhance the compressibility of SMPCs and reduce the eddy current
loss; thus, it is commonly used as the main or secondary insulating material.

The FeSiAl powders produced by gas atomization have high sphericity, high per-
meability, low coercivity, high resistivity, and good wear resistance. Additionally, the
magnetostriction coefficient and magnetic anisotropy constant of the FeSiAl alloy both
tend to almost zero, so it is a kind of magnetic powder with excellent soft magnetic proper-
ties [18]. However, there are few systematic studies on the preparation of FeSiAl SMPCs
only using EP as the insulating agent, and the relationship between the optimum addition
amount and the characteristics of FeSiAl powder is still unknown. Therefore, in this paper,
FeSiAI@EP SMPCs were prepared by using EP as the insulating agent, and the effects of
EP content on the coating effect and soft magnetic properties of SMPCs were studied by
various means to investigate the influence mechanism, which could provide the theoretical
basis and practical guidance for the development and design of a composite insulated
coating scheme.

2. Materials and Methods
2.1. Preparation of FeSiAl Powders

The experimental raw materials used in this study were FeSiAl crystalline powders
(Qingdao Yunlu Advanced Materials Technology Co., Ltd, Qingdao, China) prepared by
the gas atomization process. The composition was 8.7 wt. % Si, 5.6 wt. % Al, and 85.7 wt. %
Fe. Epoxy resin was purchased from Shandong Huijia Magnetoelectricity Technology Co.,
Ltd. in Dezhou, China.

2.2. Preparation of SMPCs

Firstly, EP solution was prepared with 0.3, 0.5, 0.7, 1, 1.5, and 2 wt. % solute EP and
10 wt. % solvent acetone, respectively. The 2.5 kg FeSiAl powders were poured into the
mixer, and the solution was poured after stirring for 30 s at room temperature. The heating
temperature was 100 °C, and the stirring was 1~2 h until the powders were uniformly
coated. The coated powders were sieved through a standard sieve of —140 mesh and were
named P1~P6 according to the EP content. The powders (with the mass of 2 g) were
compacted into annular SMPC samples of ® 14 mm x ® 8 mm x h 3.1 mm by two-way
pressing with a pressure of 1800 MPa at room temperature. Subsequently, the annular
SMPCs were annealed in vacuum at 200 °C for 1 h to release the internal stress caused by
pressing and to enhance the strength of SMPCs. The specific preparation process is shown
in Figure 1. SMPCs corresponding to P1~P6 composite powders were named S1-56.
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Figure 1. Schematic diagram of fabrication process for FeSiAl SMPCs.

2.3. Characterization

The microscopic morphology of FeSiAl raw powders and coated composite powders
was observed by scanning electron microscopy (SEM, Phenom Pro Desktop SEM, Phenom-
World BV, Eindhoven, The Netherlands). The particle size of FeSiAl powders was measured
by a laser particle size analyzer (BT-9300S, Bettersize Instruments Ltd., Dandong, China).
The phase of each sample was analyzed by X-ray diffraction (XRD, D2 PHASER, BRUKER
AXS, Karlsruhe, Germany) using Cu K radiation with A = 0.15406 nm. The step size was
0.02°, the scanning range was 30°~90°, the tube voltage was 30 kV, and the tube current
was 10 mA. The saturation magnetization of each sample was measured by a vibrating
sample magnetometer (VSM, Lake Shore 8604, Lake Shore Cryotronics, Inc., Westerville,
OH, USA). The measurement range of saturation magnetization was & 10,000 Oe, and the
step size was 200 Oe. The DC bias performance of each sample at 100 kHz and 1 V and the
effective permeability y, within the frequency range of 10 kHz~1 MHz were tested using
the TH2816B/TH2826 LCR tester. The density of the SMPCs was measured according to
the Archimedes drainage method. The coercivity of SMPCs was measured by a TD8220 soft
magnetic DC tester. The resistivity of SMPCs was obtained by a four-probe method using
an ST2742B automatic powder resistivity tester. The core loss of SMPCs was measured by a
B-H analyzer IWATSU-5Y-8219) in the frequency range of 50 to 250 kHz. The maximum
magnetic flux densities (B,;) were 0.01 T, 0.03 T, and 0.05 T, respectively. In addition, the
core loss P, of SMPCs was also measured at B, = 0.02 T and f = 100 kHz~1 MHz.

The effective permeability was calculated by the following equation [17]:

o ng
He = 1 0N2A,

)

where L is the inductance, I, is the mean flux density path length, N is the number of coil
turns, A, is the cross-section area of the SMPCs, and j is the permeability of vacuum,
47t x 1077 H/m.

3. Results
3.1. Characterization of FeSiAl Powders

Figure 2 is the XRD pattern of FeSiAl raw powder PO and other composite powders
P1~P6. It can be seen from Figure 2 that all the XRD patterns of the powders show three
distinct sharp diffraction peaks. According to the Scherrer formula, the average grain size
of FeSiAl powder is 22.4 nm. Among them, the peak intensity of PO is the highest, and the
peak intensity of P1~P6 decreases in turn, indicating that the content of the crystal phase
in the composite powders gradually decreases with the increase in EP content. The three
diffraction peaks are located at 44.73°, 65.21°, and 82.69°, respectively, and Miller indices
are (220), (400), and (422), respectively, which are the characteristic peaks of the typical
FCC structure Aly3Fe;Sig 7 crystal phase [19]. EP is a kind of organic polymer compound,
so EP is an amorphous material that shows a broad diffuse halo in XRD. However, the
EP content added in this study is less, and the corresponding peak is overlapped by the
diffraction peak of the Aly3Fe3Sig7 crystal phase; thus, the EP is not detected by XRD in
the five samples.

61



Materials 2023, 16, 1270

(220) Cu Ka ¢ AlysFe.Si
J (400) (422)
PO e ~
o) ) R
: B\
S P2 N N
=
§7) P3 N
C -
g
< P4 k L L
P5 A n o
s ) . N
30 40 50 60 70 80 )

2 Theta (degree)

Figure 2. XRD patterns of FeSiAl powders PO~P6.

Figure 3 is the particle size distribution of FeSiAl powders. It can be seen from Figure 3
that the powder particle size deviates from the normal distribution with a dsg of 45.86 pum,
exhibiting a generally coarse particle size. As can be seen from the SEM image in the inset
of Figure 3, the FeSiAl powders show high sphericity and smooth surfaces.
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Figure 3. Size distribution of FeSiAl raw powders; the inset is the SEM image of FeSiAl powders.

The SEM images shown in Figure 4 PO-P6 show the evolution of the surface morphol-
ogy of FeSiAl powders under different EP contents. It can be seen that with the increase of
EP content, the surface of the powders is gradually dim, and small particles adhere to the
surfaces of large particles. Among them, obvious EP agglomerations on the surface of P5
and P6 can be observed, while there is less for P4. This indicates that when the EP content
exceeds 1 wt. %, the powder surface is unevenly coated, resulting in agglomerations of EP.
It is worth mentioning that by controlling the amount of EP added, small particles adhere
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to the surface of large particles, which is beneficial to reduce the air gaps between particles
in the subsequent pressing process and improve the compressibility and density of SMPCs.

Figure 4. SEM images of FeSiAl powders PO~P6.

Figure 5 shows the hysteresis loops of FeSiAl powders and composite powders P1~P6
measured at room temperature. It can be seen from the enlarged view that the Ms of
each sample is not consistent. Among them, the M; of the raw powders is the highest
(127.3 emu-g 1), while the M; of the coated powders is between 117.4~124.8 emu-g !,
which is lower than that of the raw powders. This decrease indicates that the presence
of the non-magnetic insulating layers occupies a certain volume fraction, resulting in a
decrease in the M of the composite powders under the magnetic dilution effect [20].
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Figure 5. The hysteresis loops of powders P0~P6.

3.2. Performance Characterization of SMPCs

The frequency dependence of the effective permeability y, of S1 to S6 is shown in
Figure 6a. In the frequency range of 10 kHz to 1 MHz, the . of the 6 SMPCs decreases
with increasing frequency. Among them, S1 shows the worst frequency stability because
of the thinnest insulating layers. When the EP content increases from 0.5 to 2.0 wt. %,
the thickness of the insulating layers increases, and the stability of the permeability of the
corresponding SMPCs at high frequency is also improved.
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Figure 6. (a) Variations in the effective permeability with frequency for S1~S6; (b) ;@100 kHz and
density for S1~56.

It can be seen from Figure 6b that the y. of SMPCs increases from 33.9 to 38.2 with the
increase of EP content from 0.3 to 1.5 wt. %, but when the EP content continues to increase
to 2.0 wt. %, the permeability decreases to 36.7. The permeability of SMPCs increases first
and then decreases with the increase of EP content. It is well known that the variation of
He is closely related to the density of SMPCs, the air gaps, and the microstructure of the
insulating layers. Therefore, in this paper, the Archimedes principle is applied to calculate
the density of SMPCs. Firstly, the mass w of the sample in air and the mass w, of the
sample after being hung on the wire are measured. Then the sample is put into water and
the mass w3 is measured. The volume of the sample is calculated by the equal volume
method. Finally, the density is calculated according to Equation (2) as follows:

Wi
p - (Wz _ W3) (2)

where p is the sample density, g:cm~3, and p; is the density of water used for weighing,
which is 1.00 g-cm 2. As shown in Figure 6b, it can be seen that the variation trend of ,
is consistent with density. It can be speculated that when the EP content increases from
0.3 to 1.5 wt. %, small particles adhere to the surfaces of large particles, and the air gaps
between particles decrease, which improves the compressibility of SMPCs and the volume
fraction of the magnetic materials, resulting in an increase in p,. When the non-magnetic
insulating material is excessive, the powder coating is uneven, the air gaps increase, and
the demagnetization field in the magnetic powder cores increases, resulting in a decrease
in p, [21].

The DC bias is defined as the ratio of the permeability of SMPCs in the applied
magnetic field to that without the magnetic field. The DC bias of the samples is shown
in Figure 7. The DC bias performance of S1~56 shows an overall attenuation trend with
the increase of the applied magnetic field. Especially when the magnetic field intensity is
greater than 10 Oe, the percent permeability begins to drop sharply, from 99% at 10 Oe to
about 64% at 100 Oe. Theoretically, the permeability of SMPCs is directly related to the
volume fraction of air gaps. Although the air gaps in SMPCs play a role in pinning the
magnetic domain walls during the magnetization process and hinder the attenuation of
the permeability, the density of SMPCs also decreases due to the air gaps, resulting in a
decrease in the permeability [22]. Therefore, under the same magnetic field intensity, the
lower the permeability of SMPCs, the stronger the ability to resist saturation attenuation,
that is, the better the DC bias performance, as can be seen from the inset in Figure 7.

Figure 8a is the core loss versus frequency curve of SMPC samples. It can be found
that with the increase in the EP content, the core losses decrease first and then increase.
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Among them, the core losses of S4 are the lowest, and the core losses of other samples are
relatively close, as shown in Figure 8b. The role of the EP is to increase the resistivity of the
SMPCs by uniformly coating the particles with insulation layers, thereby greatly reducing
core losses, but the content of EP should not be excessive.
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Figure 7. DC bias field dependence for SMPCs S1~56 at magnetic field of 1~100 Oe.

The core loss of magnetic devices occupies a large proportion of switching between
power supply and motor, so it is necessary to study the core losses of SMPCs. Figure 9a
shows the relationship between P, and magnetic induction intensity for 6 samples at
f =100 kHz, while Figure 9b shows the relationship between P, and frequency for 6 sam-
ples at B, = 50 mT. The core losses of S1~56 increase with the increase in magnetic induction
intensity and frequency. It can be seen from Figure 9b that, in the range of 50~100 kHz, the
P, of samples is relatively close, but as the frequency continues to increase, the P, of the
6 samples begins to show a significant difference, indicating that the SMPCs prepared in
this study are suitable for medium and high frequencies. In addition, when the EP content
is increased from 0.3 to 1 wt. %, the P, showed a decreasing trend, whereas when the EP
content further increased from 1 to 2 wt. %, P¢, increased slightly. Among them, S4 shows
the lowest core loss of 512 mW-cm™ (at 100 kHz and 50 mT).
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In order to further explore the influence mechanism of EP content on the core loss of
SMPCs, the loss separation of P, for 6 samples was studied. In theory, the core loss P, can
be expressed as [23]:

Pey = Py + Pe + Pex (3)

where Py}, Pe, and Pey are hysteresis loss, eddy current loss, and residual loss, respectively.
Among them, the residual loss Pey is mainly caused by the magnetization relaxation process
or dispersion. Itis a frequency-independent constant under a low-frequency weak magnetic
field, and its value is generally small. Compared with Py, and P, Pex is negligible. Therefore,
Pey is ignored in the loss separation analysis of this paper. Figure 9¢c,d show the curves
of P, and P. with frequencies. With the increase in EP content, P, and P. decrease first
and then increase. P}, refers to SMPCs in an alternating magnetic field due to the repeated
magnetization hysteresis phenomenon caused by the consumption of energy, which can be
expressed as follows:

Pa=Ch Bu"f 4

where Cy, is the hysteresis coefficient, By, is the magnetic induction intensity, f is the
frequency, and « is the simulation coefficient. Cy, is related to H; the lower value of Cy,
represents a lower Py,. Figure 9e shows the Cy, and H. of FeSiAI@EP SMPCs with different
EP content. With the gradual increase in EP content, H. decreased from 0.801 Oe to 0.664
Oe, and then increased to 1.046 Oe, while C}, decreased from 418 to 334, and then increased
to 402.8, which is consistent with the changing trend of P}, in Figure 9c.

The eddy current loss Pe refers to the energy loss caused by the induced current
generated by SMPCs in the alternating magnetic field. P. can be expressed as [24]:

Pe=Ce-By?-f2=C-By?-f*-d*/p )

where C, is the eddy current coefficient, C is the proportional constant, 4 is the diameter
of composite magnetic powders, and p is resistivity. It can be seen that Pe is proportional
to the square of the diameter of the magnetic powders and inversely proportional to the
resistivity of SMPCs; that is, the size of the particles should also be taken into account while
coating the powders to reduce the eddy current path. It can be seen from Figure 9f that the
resistivity of the composite magnetic powders increases continuously with the increase in
EP content, which is not consistent with the changing trend of P, for FeSiAI@EP SMPCs.
This is because the agglomeration of the particles occurs due to the excessive amount of
EP (1.5~2 wt. %), reducing the local resistivity of SMPCs, as shown in Figure 4f,g. The
uneven coating causes the eddy current path of the particles inside the SMPCs to become
relatively large, resulting in an abnormal increase in Pe. In addition, the agglomeration
of the particles further increases the diameter 4 of the magnetic powders, resulting in the
negative effect of increasing eddy current loss beyond the positive effect of decreasing
eddy current loss caused by the increased resistivity, so P will increase inversely with the
increase in EP. Therefore, the content of the insulating agent EP should be controlled within
a proper range. It can be seen from the hysteresis loss in Figure 9c and the eddy current
loss in Figure 9d that the core losses are the lowest when the EP content is 1 wt. %, which
also shows that the insulation coating effect of the 5S4 sample in this study is the best.
Based on the discussion of all the above experimental results, considering the proper-
ties of saturation magnetization, permeability, DC bias performance, and core losses of the
6 samples, it is considered that the SMPC with the best comprehensive performance in the
high-frequency range is sample S4 with 1 wt. % EP. Table 1 summarizes the soft magnetic
properties of FeSiAI@EP SMPCs prepared in this study. It can be seen from the table that
the samples in this study show high saturation magnetization (117.4~124.8 emu-g~!) and
low core losses under different conditions (512.0~630.9 mW-cm™ at 50 mT and 50 kHz;
1733.9~2110.3 mW-cm™ at 20 mT and 1 MHz). The samples also have a high permeability
(33.9 to 38.2) and show excellent stability in the high-frequency range. In addition, the
excellent DC bias performance (62.7 to 66.5, 100 Oe) of SMPCs meets the requirements
of high-end inductors and transformer coils. The improvement of saturation magneti-
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zation, permeability, and core losses also expands the application range of SMPCs into
the low-frequency, high-frequency, and high current fields. It is worth mentioning that
the insulating agent used in this paper is only EP, and its insulation effect is not the best,
resulting in relatively high core losses. However, after the improvement of the subsequent
coating process, it is expected to further improve the comprehensive performance of SMPCs,

especially the core losses.

—0— 81
600  —@— S2
—0— S3
o500 —9O—S4
g ——S5
] o
= 400 } S6
E
@
2300 F
o
8200 F
100
=100 kHz
0 1 1 1 1
10 20 30 40 50
Magnetic induction(mT)
(c)900 |
800
E 700}
o
= L
é 600
$ 500
o
2 400 |
[}
o
o 300 F
[
>
T 200 |
100 | B,,=50 mT
O 1 1 1 1 1
50 100 150 200 250
Frequency (kHz)
) 15l
418.10 20260 | 450
394.40 :
0\39;.20 -
S, g}/
° .
— . 1.046
B 1.0 F . 2 a0
8 0.801 0.783 7
T ) 7 0.664
05} 1150
0.0 0

S1

S2

sS4
Samples

Figure 9. (a) Simulation results for frequency dependence of the core losses of S1~56 under different
magnetic induction. Pe, (b), Py, (c), and Pe (d) of FeSiAI@EP SMPCs with different frequencies. (e) The
coercivity and the coefficient of hysteresis loss of the samples. (f) The resistivity and the coefficient of

S5

S6

(b)
2000
N
£
© 1500
=
£
-
12}
1723
© 1000 |
Q
o
o
500 |
O 1 1 1 1 1
50 100 150 200 250
Frequency (kHz)
() 1400 |
1200 |
En
£ 1000 |
L
=
E 800
[}
3
< 600
e
]
400
200
0 1 1 1 1
50 100 150 200 250
Frequency (kHz)
® s 8;.78 834 856 19
i - 8.18 8.23 )
\o\o °/
\ / 673 18
7.19
col ° 1,
S
e}
:\; 4413 16
=
Zar 7
@ 45
[0
4
{4
2F
0726 0.951 43
0.501 %
0.104
L P ,
S1 S2 S3 sS4 S5 S6
Samples

eddy current loss of the samples of S1~56.

67




Materials 2023, 16, 1270

Table 1. Comparison of soft magnetic properties of SMPCs prepared in this work.

M p He Core Loss, Pgy, (mW-cm™) DC-Bias (%)
Sample
emu-g~1 g-cm—3 100 kHz 50 kHz/50 mT 100 kHz/50 mT 1 MHz/20 mT 100 Oe
S1 1174 5.56 33.9 243.7 630.9 2110.3 66.5
S2 118.2 5.64 35.1 2249 581.1 2068.1 64.7
S3 120.3 5.64 35.0 210.0 559.3 1985.8 64.8
S4 120.8 5.71 36.1 199.3 512.0 1733.9 63.3
S5 124.8 5.83 38.2 233.9 595.7 1972.5 62.7
S6 122.8 5.74 36.7 239.7 614.4 2044.5 63.1

4. Conclusions

In order to explore the influence mechanism of organic insulating agent EP on the
soft magnetic properties of FeSiAl SMPCs, the properties of FeSiAl composite magnetic
powders with different EP contents and the corresponding FeSiAI@EP SMPCs were tested
and characterized by various means. The main conclusions are as follows:

e  With the increase in EP content, the permeability of SMPCs increased from 33.9 to
38.2, and then decreased to 36.7, which showed a trend of increasing first and then
decreasing. Six SMPCs had high DC bias performance, between 62~67% (100 Oe).

e  The loss separation analysis of SMPCs in the range of 50~250 kHz showed that when
the EP content was 1 wt. %, the coating of sample S4 was the most uniform, resulting
in the lowest coercivity and hysteresis losses. The smaller magnetic powder particles
also curbed the deterioration of eddy current losses and thus obtained the lowest
core losses.

e In the high-frequency range, due to uniform EP coating and high density of SMPCs,
S4 exhibited the lowest core losses (1733.9 mW-cm~3 at 20 mT and 1000 kHz), high
permeability (36.1), and excellent DC bias performance (63%, 100 Oe).

The FeSiAI@EP SMPCs with EP content of 1 wt. % prepared in this study have excellent
comprehensive soft magnetic properties, and the core losses can be further reduced by
the improvement of the subsequent coating process, which is helpful to the development

and design of FeSiAl insulated coating schemes and the preparation of high-performance
FeSiAl SMPCs.
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Abstract: An easy-plane FeSi3 5 composite with excellent magnetic properties and loss properties
at MHz were proposed. The easy-plane FeSis 5 composite has ultra-low loss at 10 MHz and 4 mT,
about 372.88 kW /m3. In order to explore the reason that the P., of easy-plane FeSiz 5 composite is
ultra-low, a none easy-plane FeSiz 5 composite, without easy-plane processing as a control group,
measured the microstructure, and the magnetic and loss properties. We first found that the real reason
why magnetic materials do not work properly at MHz due to overheat is dramatical increase of the
excess loss and the easy-plane composite can greatly re-duce the excess loss by loss measurement and
separation. The total loss of none easy-plane FeSi3 5 composite is much higher than that of easy-plane
FeSi3 5 composite, where the excess loss is a major part in the total loss and even over 80% in the
none easy-plane FeSi3 5 composite. The easy-plane FeSi3 5 composite can greatly reduce the total loss
compared to the none easy-plane FeSi3 5 composite, from 2785.8 kW / m?3 to 500.42 kW/m?3 (3 MHz,
8 mT), with the main reduction being the excess loss, from 2435.2 kW / m?3 to 204.93 kW/m?3 (3 MHz,
8 mT), reduced by 91.58%. Furthermore, the easy-plane FeSi3 5 composite also has excellent magnetic
properties, high permeability and ferromagnetic resonance frequencies. This makes the easy-plane
FeSi3 5 composite become an excellent soft magnetic composite and it is possible for magnetic devices
to operate properly at higher frequencies, especially at the MHz band and above.
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1. Introduction

With the development of electrical and electronic technology, soft magnetic materials
are used as core components in daily life. Their magnetic properties and loss properties
directly affect the power density and conversion efficiency [1]. In the further development
of electrical and electronic devices, magnetic devices (inductor, power converters, etc.)
are required to develop in the direction of miniaturization and high efficiency [2-5]. In
the past, soft magnetic materials do not need to operate at higher frequencies due to the
low operating frequency of power semiconductors. But now, the appearance of the third-
generation wide bandgap semiconductors (WBG) has provided a high-frequency scenario
to soft magnetic materials [6]. The conversion efficiency Py, and size of soft magnetic
materials in power devices (for example inductance, transformer, etc.) can be optimized
because WBG increases the operating frequency, which can be described:

Pth = CmeAer (1)

where C is the conversion efficiency coefficient, f is the operating frequency, By, is the
maximum magnetic flux density, A, is the effective sectional area, and W is the number of
turns. However, soft magnetic materials have developed a problem, which makes them
unable to work properly due to overheating at higher frequencies when WBG increases
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the operating frequency above MHz. Especially with the commercialization of SiC and
GaN, the problem that soft magnetic materials cannot work properly at higher frequencies
becomes more serious. A review, published in 2018 in Science, noted that none of the soft
magnetic materials available today can cope with this daunting challenge. However, it
also pointed out that soft magnetic composites (SMCs) have the potential to solve this
problem [6].

Traditional SMCs are often used in electric motors, transformers, inductors and sensors
due to high permeability, high-saturation magnetization and high-ferromagnetic resonance
frequency [7-10]. When the devices try to work at higher frequencies, SMCs also have the
same problem, which makes them unable to work properly due to overheating, resulting
in a huge loss [6,11]. This overheating was thought to be caused by the eddy current loss
at higher frequencies in the previous research [11-14]. Addressing the sharp increase in
the loss at higher frequencies will provide a means of dealing with WBG and making soft
magnetic materials work effectively.

The easy-plane soft magnetic materials are materials with a special magnetic configu-
ration, where easy magnetization axes distributed in parallel planes with the same type
enables the formation of the easy magnetization plane. According to the physical origins
for the formation of the easy magnetization plane, easy-plane soft magnetic materials are
divided into the magnetocrystalline-easy-plane soft magnetic materials (the easy magneti-
zation axes are determined by the minimal of the magnetocrystalline anisotropy energy)
and the magnetostatic-easy-plane soft magnetic materials (the easy magnetization axes are
determined by the minimal of the magnetostatic energy). In the easy magnetization plane,
the magnetization of easy-plane soft magnetic material is more easily saturated, remanence
and coercivity of easy-plane soft magnetic materials are lower and the easy-plane soft mag-
netic materials has higher permeability and ferromagnetic resonance frequencies. When
prepared as composites, the easy-plane soft magnetic composites maintain the excellent
properties of the easy-plane soft magnetic materials, and also have the advantages of the
composites. In the field of wave absorption, excellent results have been achieved due to
the excellent performance of easy-plane soft magnetic composites [15-18]. Therefore, the
easy-plane soft magnetic composites have the potential to address challenges posed by
energy problem and WBG.

In the up-to-date published SMCs, measurement frequency of most studies are 1 MHz
and below, such as FeSiCr (4 = 37, 560 kW / m? at 1 MHz, 20 mT and u=47.5,7086 kW/ m3
at 1 MHz, 50 mT) [19,20], Fe73SigB19P5C3Moj (i = 34.63, ~500 kW /m? at 1 MHz, 20 mT) [21],
flake pure iron (¢ = 67, 306.6 kW/m? at 1 MHz, 3 mT and u = 10, 3.285 kW/m? at 3.5 MHz,
0.1 mT) [22], etc. There are almost no studies with high frequency and high maximum
magnetic flux density. However, in this paper, we measured for the total loss P, of the
easy-plane FeSi3 5 composite at 10 MHz and 4 mT, and we found that the easy-plane FeSij; 5
composite has an ultra-low loss. The P, of the easy-plane FeSiz 5 composite and none
easy-plane FeSi3 5 composite was measured and analyzed at 3 MHz and 8 mT for this
study; the reason for their ultra-low loss. We first found that the real reason why magnetic
materials do not work properly at higher frequencies is due to overheating, which shows
a dramatical increase in the excess loss of Py, and the easy-plane FeSi3 5 composite can
greatly reduce the total loss of P, and the main part of the reduction is the Pey.. The easy-
plane FeSi3 5 composite has high permeability, high-ferromagnetic resonance frequencies
and a lower loss compared with the none easy-plane FeSiz 5 composite by measurement
and separation of loss. It is found that the sharp increase in the excess loss combined with
frequency far exceeded the eddy current loss, and the excess loss becomes the most main
part of total loss. The easy-plane FeSi3 5 composite not only has higher permeability and
higher ferromagnetic resonance frequencies, but can also effectively reduce the excess loss.
Thus, the easy-plane FeSi; 5 composite has the potential to deal with the overheating of soft
magnetic materials due to excessive loss at higher frequencies, and is effectively utilized
for devices at higher frequencies, especially at MHz and above.
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2. Experiment

FeSi3 5 are the tradition spherical particles, obtained by purchasing. The tradition
spherical FeSij 5 particles are easy-plane processed to obtain the easy-plane FeSis 5 particles,
and the tradition spherical FeSi; 5 particles are named the none easy-plane FeSis 5 particles.
The easy-plane FeSiz 5 particles were compounded with polyurethane (PU) to prepare
a polyurethane-based composite with 60 vol% (optimal volume fraction obtained after
extensive experiments), and oriented in a rotating magnetic field (1 T) for 10 min. After the
composite was heated to 90 °C, it was pressed into a ring-shaped composite with an outer
diameter of 7 mm, an inner diameter of 3.04 mm and a thickness of 1 mm. And the none
easy-plane FeSi3 5 composite was prepared using the same method.

The morphology of both particles and the composites were characterized by SEM
(Apreo S, Thermo Fisher Scientific, Waltham, MA, USA). The vibrating sample magne-
tometer (VSM) (Microsence EV9, MicroSense, Lowell, MA, USA) was used to measure
the hysteresis loop, and the degree of the plane orientation of two composites were also
obtained by VSM data. The complex permeability of the composite was measured by a
precision impedance analyzer (Agilent E4991B, Agilent, Santa Clara, CA, USA) and vector
network analyzer (Agilent E8363B, Agilent, Santa Clara, CA, USA) at 1 MHz~18 GHz. The
power loss was measured by a B-H analyzer (5Y-8218, Iwatsu, Tokyo, Japan).

3. Result

The Py, of the easy-plane FeSi3 5 composite was measured at 10 MHz and 4 mT. It is
found that the easy-plane FeSiz 5 composite has an ultra-low loss of about 372.88 kW / m3.
The result is rare in SMC. In order to explore the reason that the P, of the easy-plane
FeSi3 5 composite is ultra-low, the none easy-plane FeSi3 5 composite, without easy-plane
processing as a control group, measured the microstructure, magnetic properties and
loss properties.

3.1. Morphology and Microstructure

Figure 1 shows the morphology and microstructures of the none easy-plane FeSi3 5
particles (a,b) and the easy-plane FeSij 5 particles (d,e), cross sections of the none easy-plane
FeSis 5 (c) and easy-plane FeSis 5 composite (f), respectively. The thickness of the none
easy-plane FeSis 5 particles is 44.35 um, and the thickness of the easy-plane FeSi; 5 particles
is 1.14 um, thus the latter is much smaller than the former. The microstructures of the none
easy-plane FeSij 5 composite are a homogenous mixture of none easy-plane FeSis 5 particles
and PU; the microstructure of the easy-plane composite is an ordered laminar structure
because of the orientation process.

3.2. Static Magnetic Performance and Degree of the Plane Orientation

Figure 2 shows the static magnetic properties of FeSis 5 particles (a), hysteresis loops
and the degree of plane orientation (DPO) of the none easy-plane FeSi3 5 composite (b)
and easy-plane FeSi3 5 composite (c). The saturation magnetization (M) and the coercivity
(H,) of original FeSi3 5 is 184 emu/g and 3.32 Oe. The degree of plane orientation was
characterized by measuring hysteresis loops of the in-plane and out-of-plane direction. The
DPO can be expressed by Equation (2) [23]:

DPO(%) = MM zats 5 100% @)
where M; is the saturation magnetization, and M, ._,ys is the remanent magnetism in
the z-axis direction. For the none easy-plane FeSi3 5 composite, the hysteresis loops of the
in-plane and out-of-plane direction coincide. Neither the in-plane direction or out-of-plane
direction was magnetized to saturation (about 154 emu/g). For the easy-plane FeSis 5
composite, the hysteresis loops of the in-plane and out-of-plane direction are different. The
in-plane direction is more easily magnetized to saturation (about 173.5 emu/g) than the
out-of-plane direction (Table 1).

72



Materials 2023, 16, 5133

40 el
3 35 —Fit ;
~30 42.68+0.99 um

Ll i 11
%o 40 50 60 70 80 90
Size (um)

Figure 1. The SEM of the none easy-plane FeSi 5 particles (a,b) and the cross sections of the composite (c),
the SEM of the easy-plane FeSis 5 particles (d,e) and the cross sections of the composite (f).

{a) 200 : (b) 200 (c) 200
FeSis ¢ None easy- Easy-plane
150 L 150+ Fesi 150 b :
particles plane Fesi; ¢ FeSis 5
100+ M,=184 emu/g 100  Composite 100} composite
= ol H.=3.32 Oe = sol —=—in-plane e sol —=—in-plane
3 3 —e— gut-of-plane = —— put-of-plane
§ 0 g ° 5 °[DPo=99.50%
— 0.4 = 0.4 = =37 (o 4
= 50 02 - = -s0p 02 | = ol i _...Jg,,w
-100 | o 100} 00 -100 | Dpe
0.2 -0.2 & ?‘M—
-150 0l 150 70‘4// -150f -4 j
-4 -2 2 4 -0 5 510 80 40 40 80|
U 1 1 1 1 _200 1 1 1 I _200 I ' 1 L
-20000 -10000 O 10000 20000 -20000 -10000 O 10000 20000 -20000 -10000 O 10000 20000
H (Oe) H (Oe) H (Oe)

Figure 2. The hysteresis loop of FeSis 5 particles (a), hysteresis loops and DPO of the none easy-plane
FeSi3 5 composite (b) and easy-plane FeSis 5 composite (c).

Table 1. The M;, M, and H, of the in-plane and out-of-plane direction and DPO of the none easy-
plane FeSi3 5 composite and easy-plane FeSi3 5 composite.

In-Plane Out-of-Plane
DPO
M; M, H, M; M, H,
None easy-plane FeSijz 5 154.45 0.24 6.71 153.78 0.18 7.18
Easy-Plane FeSij 5 173.53 2.28 10.19 163.00 0.87 57.79 99.50%

3.3. Complex Permeability and Magnetic Spectra Simulation

Figure 3 shows the magnetic spectra and spectra simulation of the none easy-plane
FeSi3 5 and the easy-plane FeSi3 5 composite with 60 vol%. For the none easy-plane FeSis 5
composite, the real part of permeability is 30. It has a resonance peak at 20 MHz in the
imaginary part of permeability. For the easy-plane FeSi35 composite, the real part of
permeability is 62. Two resonance peaks appear in the imaginary part of the permeability.
The domain wall resonance peak is observed in a lower frequency (100 MHz), and the
natural resonance is observed in a higher frequency (1.5 GHz). According to the domain
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wall motion mechanism and spin rotation mechanism, magnetic spectra can be simulated
by Equations (3) and (4) [24-28]:

po= :u:iw + :uépin

L2 2 .2 2.2
_ Butan(@3=?) | iy () ] ©)
-7, 2 2
(wdwiwz) +w2‘52 [wgpin7w2(1+“2)] +4w2w§pin“2

"

po= Faw + :uspin

2 2 2 2
Wi,,?(dw‘”ﬁ XspinWspin V& {wspin"_w (H—“ )} (4)
(2 2\ 252 2
(w3, —w?) +w?p {wgpm_wz(]-i-ﬂ)] +Hw?w? a2

where pt/, and ‘ugpm are the real part of permeability for the domain wall motion mechanism
and spin rotation mechanism, and y/; and ],t/s’p ., are the imaginary part of permeability
for the domain wall motion mechanism and spin rotation mechanism, respectively. w,,,
Xdw and p are the domain wall resonance frequency, static susceptibility and damping
factor for the domain wall component. wspin, Xspin and a is the resonance frequency, static
susceptibility and damping factor for the spin rotation component. w is the frequency
of the applied field (w = 27 f). According to Equations (3) and (4), the magnetic spectra
are simulated and six parameters (wWgw, Xdw, B Wspin, Xspin, &) are obtained (Figure 3b,c
and Table 2).
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Figure 3. The complex permeability (a) and the spectra simulation of the none easy-plane FeSis 5
composite (b) and the easy-plane FeSij 5 composite (c) with 60 vol%.
Table 2. The six parameters in the magnetic spectra of the none easy-plane FeSi3 5 composite and
easy-plane FeSij; 5 composite.
Domain Wall Motion Spin Rotation
Hi " "
Xaw — fro (MHz)  f7™) (MHz) B Xspin fopin (GHz) ™) (GHz) &
None easy-plane FeSij 5 28 13 120 9 1 x 1010 14 0.35 0.05 7
Easy-Plane FeSij 5 66 45 840 100 4 % 10%0 20 7 1.5 5

The theoretical domain wall resonance frequency and natural resonance frequency
of the none easy-plane FeSiz5 composite are 120 MHz and 350 MHz. The real part of
permeability for the domain wall component and spin rotation are 13 and 14. The theoretical
domain wall resonance peak and natural resonance peak of the easy-plane FeSi3 5 composite
are 840 MHz and 7 GHz. The real part of permeability for the domain wall component and
spin rotation are 45 and 20.

3.4. Power Loss and Loss Separation

Figure 4 shows the power loss and loss separation of the none easy-plane FeSi; 5
composite and the easy-plane FeSis 5 composite. The easy-plane FeSi3 5 composite exhibits
a desired total loss Ps, of 500.42 kW /m? under the test conditions of 8 mT and 3 MHz.
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In general, the P, rapidly increases with increasing frequency, and the maximum P, of
the easy-plane FeSiz 5 composite (500.42 kW /m?) is much lower than that of the none
easy-plane FeSi3 5 composite (2785.8 kW /m?).
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Figure 4. The total loss (a), loss separation (b,c), hysteresis loss (d), eddy current loss (e) and excess
loss (f) of the none easy-plane FeSiz 5 composite and easy-plane FeSiz 5 composite.

According to classic Bertottit’s loss separation theory, the total loss of P, can be
separated into three different parts: hysteresis loss Py, eddy current loss Py4, and excess
loss Pexc. The expression can be described [29]:

Peo = Chyst Biyf + Ceday By f? + cexc By f¥ ®)

where c¢j,5; and a are the coefficients of hysteresis loss, c,44y is the coefficient of current

eddy loss, and cex¢, x and y are the coefficients of excess loss. The coefficients in each term
are shown in Table 3.

Table 3. Simulated parameters for loss separation of the none easy-plane FeSij 5 composite and
easy-plane FeSi3 5 composite.

p hyst P, eddy Pexc

inter intra
Chyst u Ceddy Ceddy Cexc x y

None easy-plane FeSiz 5 composite 9.2463 243  514x10712 218 x107*  4.02x10°* 221 1.76
Easy-Plane FeSis 5 composite 42.897 269  818x1077  378x107  416x10°° 243 197

For the none easy-plane FeSi3 5 composite, P,y is the largest proportion of the total loss,
about 2435.2 kW /m? (8 mT and 3 MHz), and Ppyst and Peyqy, are small percentages of the

total loss, about 224.79 kW /m? and 125.77 kW /m?3. For the easy-plane FeSiz 5 composite,
Pegay is the smallest proportion of the total loss, about 0.689 kW / m3, and Ppyst and Pexc
are main part of total loss, about 294.8 kW/m?3 and 204.93 kW/m?. Although the DPhyst
of the none easy-plane FeSi3 5 composite is less than that of easy-plane FeSi3 5 composite,
the difference between them is only 70 kW/m3 under the test conditions of 8 mT and
3 MHz. For the P4, and Pexc, the advantages of the easy-plane FeSiz 5 composite are
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shown. The P44, of the easy-plane FeSiz 5 composite is 2(1]—0 for that of the none easy-plane

FeSis 5 composite. The P,y of the easy-plane FeSis 5 composite is % for that of the none
easy-plane FeSi3 5 composite.

4. Discussion

The easy-plane FeSij 5 composite has excellent magnetic properties and loss properties
at higher frequencies compared with the none easy-plane FeSiz 5 composite. The easy-plane
FeSiz 5 composite has higher permeability and higher ferromagnetic resonance frequencies
than the none easy-plane FeSis 5 composite, which is beneficial for reducing the excitation
current, turns and achieving device miniaturization. And the P, of the easy-plane FeSis 5
composite (500.42 kW / m?) is lower and about % for than that of the none easy-plane FeSij 5
composite (2785.8 kW/m3). It is emphasized that the easy-plane FeSiz 5 composite has
lower P, compared with the none easy-plane FeSi3 5 composite because of the significant
reduction in Py rather than the decrease of Ppyy,. The Py, of the none easy-plane FeSi; 5
composite and easy-plane FeSi3 5 composite is only a small proportion of total loss (as
shown in Figure 4b,c). The P4, of the none easy-plane FeSi; 5 composite and easy-plane
FeSi3 5 composite, respectively, only accounts for 4.5% and 0.14% of the total loss at 8 mT
and 3 MHz (as shown in Figure 5b,e). Both the none easy-plane FeSi3 5 composite and
easy-plane FeSis 5 composite have a particle size of microns, and are composite materials

(high resistivity). Therefore, they have a low intra-particle eddy current loss Pég;ry” and

inter-particle eddy current loss P;gé‘fy’ And the easy-plane FeSij3 5 composite with smaller
particle thickness can have a lower P4, (as shown in Figure 4e) compared with the none
the easy-plane FeSis 5 composite. Therefore, the P4, will not become a relatively large
part of the loss and a major issue at higher frequencies of SMCs.
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Figure 5. The percentage of loss of each part and loss separation of the none easy-plane FeSis 5
composite (a—c) and easy-plane FeSi3 5 composite (d—f).

It is found that P,y becomes the main loss when increasing the frequency, according
to the experimental results (as shown in Figure 4b,c). The P,y of none the easy-plane
FeSiz 5 composite and easy-plane composite both occupies the larger portion of the total
loss, which accounts for 87.4% (2435.2 kW /m?:2785.8 kW /m?) and 40.9% (204.93 kW /m3:
500.42 kW /m?3) of the total loss at 8 mT and 3 MHz, respectively (as shown in Figure 5b,e).
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Whether the none easy-plane FeSi3 5 composite or easy-plane FeSi3 5 composite, the Py,
both dramatically increases with frequency. For the none easy-plane FeSis 5 composite, the
Py sharply increases and becomes the main part of the total loss in the range of 200 kHz to
1200 kHz, accounting for about 80% of the total loss. For the easy-plane FeSi3 5 composite,
the main loss is Py, at a low frequency. As the frequency increases, the Py of the easy-
plane FeSi3 5 composite rapidly increases and becomes one of the main losses. Therefore,
as the frequency increases, the dramatical increase of P,y. becomes a serious problem to
soft magnetic materials in higher frequency applications, especially after reaching the
MHz band.

Both of the none easy-plane FeSi3 5 composite and easy-plane FeSiz 5 composite can
maintain a low loss at a lower frequency, but the easy-plane FeSis5 composite has an
obvious advantage in the high-frequency band. For the none easy-plane FeSi3 5 composite,
the dramatical increase in P,y alongside frequency leads to a rapid increase in total loss, the
P,y . isover Physt at 250 kHz, about 20 kW /m?; along with the rapid increase in frequency, the
P, accounts for about 80% of the total loss at 1 MHz, about 342.8 kW /m?; the P, reaches
about 2435.2 kW/m? while the frequency continuously increases to 3 MHz (Figure 5c). For
the easy-plane FeSi3 5 composite, the Pey. is about 0.75 kW / m? at 250 kHz, 24.61 kW /m3
at 1 MHz and 204.93 kW /m? at 3 MHz (Figure 5f). Compared with the none easy-plane
FeSi3 5 composite, the Py, in the easy-plane FeSis 5 composite is lower. This phenomenon
is possibly related to the domain wall resonance frequency, and we will continue to study
this in the future. As shown in Figure 3, the domain wall resonance frequency of the
easy-plane FeSij 5 composite and none easy-plane FeSi3 5 composite is 100 MHz and 9 MHz,
respectively. Due to the domain wall resonance frequency of the none easy-plane FeSis 5
composite being low, the P,y dramatically increases with frequency and the frequency
is only 250 kHz when the Py exceeds the Py (Figure 5¢). For the easy-plane FeSiz 5
composite, Py still increases with frequency, but the rate of the increase of P, with
frequency is lower, due to the high-domain-wall frequency, and Pey exceeds the Physt only
when the frequency is higher than 3 MHz (Figure 5f). The high-domain-wall resonance
frequency can push the frequency point, where the excess loss dramatically increases to
a higher frequency, thus the easy-plane material with a higher domain wall resonance
frequency can well inhibit the increase in excess loss with frequency.

The performance factor (PF) is a parameter that describes the energy transformation
efficiency and can be expressed as the product of B, and f by Equation (1):

PF = By f (6)

The PF is calculated by simulated parameters in Table 2. It is found that PF and
total loss of the easy-plane FeSi3 5 composite is much more excellent than that of the none
easy-plane FeSi3 5 composite. This indicates that the easy-plane FeSi3 5 composite has
a higher transformation efficiency and lower loss compared with the none easy-plane
FeSi3 5 composite, and that the easy-plane FeSis 5 composite is more suitable for operating
at higher frequencies. In addition, the currently published results of SMCs operating
at higher frequencies are compared with those of the easy-plane FeSi3 5 composite. The
easy-plane FeSiz 5 composite still has an advantage in permeability, operating frequency
and transformation efficiency (as shown Figure 6b in Table 4).

Table 4. Magnetic properties and loss properties of various up-to-date published SMCs above 1 MHz.

- - PF
SMCs Initial Permeability Power Loss (under 500 kKW/m®)
. . 500.42 kW /m? .
The easy-plane FeSi3 5 composite 62.5 (3 MHz, 8 mT) 23.96 This work
Amorphous FeSiCr + carbonyl 37 560 kW /m3 16 [19]
iron @ resin (1 MHz, 20 mT)
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Table 4. Cont.

fpe o1s PF
SMCs Initial Permeability Power Loss (under 500 kKW/m?)
Amorphous Fe;3SigB10P5C3Mos ~500 kW /m?3
@ epoxy resin 34.63 (1 MHz, 20 mT) 20 [21]
Amorphous
. . 7086 kW /m?
FeSiCr/ ph0§phat1ng process and 475 (1 MHz, 50 mT) 5 [20]
polyimide coating
67 306.6 kW /m?3 5
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Figure 6. The PF calculate curve of the none easy-plane FeSis 5 composite and the easy-plane FeSis 5
composite at 500 kW /m? (a). The PF of different SMCs at 500 kW /m? (b) [19-22].

5. Conclusions

The easy-plane FeSiz 5 composite has an ultra-low loss at 10 MHz, 4mT (372.88 kW /m?).
The reason for the ultra-low loss of the easy-plane FeSis 5 composite at higher frequencies
is because of setting up a control group (the none easy-plane FeSi3 5 composite). For the
first time, we found that the root cause of the failure in soft magnetic composites to work
properly at higher frequencies was due to the dramatic increase in the P,y.. The rate of in-
crease and the percentage of the Pexc is much larger than that of the Pj,s; and the Py4y,. The
P,y accounts for a large portion of the P.,; the portion continues to sharply increase with
frequency, and conventional loss reduction methods have no effect on the P.y.. In addition,
we also found that the easy-plane composite can effectively reduce the Py.. Compared
with the none easy-plane composite, the easy-plane composite can greatly reduce P,y from
2435.2 kW /m?3 to 204.93 kW /m?>. This substantial reduction can greatly reduce the P;,. And
the easy-plane composite also has excellent magnetic properties, high permeability and
ferromagnetic resonance frequencies. Thus, the easy-plane composite has strong potential
to be applied for inductor and transformer cores at higher frequencies, especially at the
MHz band and above.
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Abstract: The changes of microstructure, magnetostriction properties and hardness of the Fey3Gayy_ Al
alloy and (Fey3Gayy_yAlx)gggLag 1 alloy (x =0, 0.5, 1.5, 2.5, 3.5, 4.5) were studied by doping Al into
the Fey3Gayy and (Fey3Gapy)gg gLag 1 alloy, respectively. The results show that both the FeyzGayy_Alx
alloy and (FeyzGapy_xAlx)g99Lag 1 alloy are dominated by the A2 phase, and the alloy grains are
obvious columnar crystals with certain orientations along the water-cooled direction. A proportion
of Al atoms replaced Ga atoms, which changed the lattice constant of the alloy, caused lattice
distortion, and produced vacancy effects which affected the magnetostriction properties. La atoms
were difficult to dissolve in the matrix alloy which made the alloy grains smaller and enhanced
the orientation along the (100) direction, resulting in greater magneto-crystalline anisotropy and
greater tetragonal distortion, which is conducive to improving the magnetostriction properties.
Fe;3Gapy 5Aly 5 alloy has a saturation magnetostrictive strain of 74 ppm and a hardness value of
268.064 HV, taking into account the advantages of saturated magnetostrictive strain and high hardness.
The maximum saturation magnetostrictive strain of the (Fe;3Gaps 5Alp5)99 9Lag 1 alloy is 115 ppm
and the hardness is 278.096 HV, indicating that trace La doping can improve the magnetostriction
properties and deformation resistance of Fe-Ga alloy, which provides a new design idea for the Fe-Ga
alloy, broadening their application in the field of practical production.

Keywords: Al addition; La addition; microstructure; microhardness; magnetostriction

1. Introduction

Due to the advantages of high energy density, fast response speed, high Curie tem-
perature and excellent magnetostriction properties, the Tb-Dy-Fe alloy was widely used
in sensors, brakes, transducers, micro displacement drivers and shock absorbers in the
1970s [1-4], but its large saturation magnetic field and poor mechanical performance limited
its extensive application [5]. As a new type of magnetostrictive material developed after
Tb-Dy-Fe, the Fe-Ga alloy has the advantages of a low saturated magnetic field, good
mechanical properties and low material cost. Although the saturation magnetostrictive
strain of a single crystal Fe-Ga alloy along the (100) easy magnetization direction can reach
up to 400 ppm [6], its wide utilization is limited by its complex preparation process, poor
mechanical properties at room temperature, high cost and size limitation [7]. The saturation
magnetostrictive coefficient of the polycrystalline Fe-Ga alloy is low. In order to improve
its magnetostriction properties, researchers have carried out extensive research on element
doping, alloy preparation processes, heat treatment processes and pre-compression stress
treatment. As an effective and simple method of improving the magnetostriction properties,
element doping has attracted the attention of many magnetic researchers.

The Al and Ga elements belong to the same main group with similar atomic radii,
and the Al atom can replace the Ga atom to solve the Fe (Ga) matrix. Studies have
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shown that the saturation magnetostrictive strain does not decrease significantly when
Al doping is less than 10% in an Fe-Ga alloy, and Al has the advantage of having good
ductility, processability and low price. Li Hua [8] studied the Feg;Gajs5Al35 alloy and
its saturation magnetostrictive strain is 202 ppm. Srisukhumboworncha [9] studied the
directionally grown FegyGajs5Als alloy and found that its saturation magnetostrictive strain
reached 234 ppm. Han Zhiyong [10] found that the saturation magnetostrictive strain of
the Feg;Gaj3 polycrystalline alloy reached 286 ppm under a 20 Mpa preload, which was
34.27% higher than the saturation magnetostriction under a zero-preload stress.

By reason of the 4f electron layer and strong spin—orbit effect of rare earth elements,
the Fe-Ga alloy A2 phase is preferentially oriented along the (100) direction, contributing
to greater magneto-crystalline anisotropy, thus heightening the magnetostriction coeffi-
cient. The saturation magnetostrictive value of the FegzGai7Tbg s alloy is 149 ppm, as
measured by Yu Quangong [11]. Jiang Liping [12] found that the saturation magnetostric-
tive value of the FegzGaj7Dyj, alloy reached 300 ppm. Meng Chongzheng [13] prepared
the (Feg3Gaj7)999Tbg 1 alloy by directional solidification and its saturation magnetostrictive
value clocked up 255 pm. Yao Zhanquan [14] measured that the saturation magnetostrictive
value of the FegzGa17Ceq g alloy was up to 356 ppm and discovered the second phase CeGa,
distributing in a network at the grain boundary of Fe-Ga solid solution phase. All these
studies demonstrate that rare earth doping can effectively enhance the magnetostrictive
coefficient of the alloy.

As a light rare earth element with the lowest atomic number, La lacks the 4f electron
layer and has a price that is more competitive than heavy rare-earth elements. As the Fe-Ga
binary phase diagram shows, the saturation magnetostrictive value of the Fejoy_xGay alloy
presents two peak values at x = 17~19 and x = 27~29 [15]. In this paper, the Fey3Gayy and
(Fe73Gapy)g9 9Lag 1 alloys are selected as the matrices to be doped with Al element, respec-
tively, and their effects on the saturation magnetostrictive strain and hardness are studied.

2. Materials and Methods

Fe, Ga, Al, La metal elements with purity greater than 99.95% were selected as raw
materials and 70 g of raw materials were weighed using an electronic balance. The circulat-
ing water cooler was started before smelting. Firstly, the vacuum pressure was kept below
10 Pa by using a mechanical pump. The molecular pump was then turned on, eventually
making the vacuum degree under 5 x 1073 Pa and aerating with high purity argon as the
protective gas. During alloy smelting, the arc current was maintained at 50400 A. After the
sample was completely cooled under the action of circulating water, the sample was turned
over and smelted repeatedly three times to obtain a sample with uniform composition and
good shape.

An AxiolmagerAim metallographic microscope was used to observe the structure and
grain orientation of alloy grain boundaries and matrices. An X-ray Diffractometer (XRD) of
X-PertPro type was used to analyze lattice constants and determine phase compositions of
alloys and the Sima500 scanning electron microscope produced by Carl Zeiss of Germany
was utilized to observe the microstructure of the alloy and clarify the composition of
different areas of the alloy through its own energy spectrometer. The magnetostrictive
values of the alloys were measured using the resistance strain gauge method and the
microhardness of the alloys were gauged with a MH-5AC microhardness tester.

3. Results
3.1. XRD Analysis

Figure 1 shows the X-ray diffraction patterns of the Fey3Gapy_yAlc and
Fe73Gagy_xAly)g9oLlag alloys. The test angle ranges 20-100° and the step length is
0.02°/min. From Figure 1, the characteristic peak of the alloy remains unchanged af-
ter doping with Al and La and it is still composed of three diffraction peaks (110), (200)
and (211). The alloy phase is mainly composed of the A2 phase. Compared with the
standard diffraction spectrum of bec Fe, the characteristic peaks of the Fey3Gayy_ Al and
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Fe73Gagy_Aly)g99Lag 1 alloys appear to have a small angle deviation, which is related to
Al atoms substituting Ga atoms in the Fe (Ga) solid solution [16]. Although Al and Ga
belong to the same main group, they dissolved well with each other without a second
phase requiring to be generated. The radius of the Al atom (1.43 A) was larger than the Ga
atom, (1.40 A), when the Al atom replaced the Ga atom in the solid solution lattice resulting
in distortion in the alloy lattice, therefore showing a small angle shift of the diffraction
peak [17]. Despite no new diffraction peak generating in the alloy diffraction spectrum after
doping with La, the intensity of the (200) diffraction peak showed obvious change. On the
basis of the following paragraph, when the Iygg,1119 reached a maximum value of 140.77%,
the (200) diffraction peak became the main peak, indicating that La doping enhanced the
(100) orientation of the alloy.

(100) a (100) 00) a1 b
x=4.5
x=4.5 (200) (211)
- x=3.5 j\ A - x=3.5 jL N
= =
; =2.5 3
= A I Sl s A
% x=1.5 A ~N % x=1.5 L /L
E E
x=0.5 JL x=0.5 Jt A A
x=0 jk /\ x=0 A N
20 30 40 50 60 70 8 90 100 20 30 40 S50 60 70 8 90 100
20(deg.) 20(deg.)

Figure 1. X-ray diffraction patterns of FeysGazy_yAj, and FeysGapy_yAlx)ggglag alloys;
(a) Fez3Gagy_xAjy;(b) FezzGanz—xAlx)gogLag 1

Table 1 is the lattice constant a(A) and the relative intensity of the diffraction peak
(Inpo/1119) obtained by calculating the XRD patterns of the Fey3Gazy_yAlx and
(FezsGagy_xAly)gggLag 1 alloys. The second and third columns display the results of lattice
constants (a) and Ipgg,/1110(%) of the Fe73Gagy_Aly alloys which change with Al content. In
the Fey3Gagy_(Aly alloy, the lattice constant first increases and then decreases following the
Al content, reaching maximum at x = 2.5% and minimum at x = 1.5% several times. The
Ixoo/1110(%) of the alloy also shows a trend of increasing first and then decreasing, showing
two inflection points appearing at x = 1.5% and 3.5%, respectively. The Al atoms gradually
replace the Ga atoms in the alloy, resulting in the variation of lattice constant and lattice gap
generating a vacancy effect [18], which affects the magnetostriction properties. According
to the displacement solid solution theory in the basis of material science [19], when atoms
with a large radius replace atoms with a small radius to form a solid solution, the lattice
constant of the alloy will increase.

Table 1. Lattice constants a(A) and relative peak intensities (Igp/I119) obtained by calculating XRD
patterns of Fe;3Gayy_Aly alloy and FeysGapy_yAly)gg gLag 1 alloy.

Types of Alloys Fe73Gay,;_Aly (Fey3Gayy_ Alx)gggLag g
x(%) a(A) T200/T110(%) a(A) T200/T110(%)
0 2.9251 83.8 2.9142 42.8
0.5 2.9263 9.3 2.9155 221
15 2.9289 33.1 2.9157 89.0
2.5 2.9203 80.4 29132 140.77
3.5 2.9215 46.7 2.9184 28.6
4.5 2.9243 10.0 2.9226 26.9

The fourth and fifth columns list the results of lattice constants a(A) and Iy 71110(%)
of the (Fey3Gapy_xAly)g9gLag 1 alloy with varying Al content. The lattice constant generally
increases first and then decreases after doping with a small amount of La. However, the
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lattice constant values are all smaller than those of the Fe;3Gayy_Aly alloy with the same Al
composition, indicating that it is difficult for La to be dissolved in the matrix. The Ippy /1119
(%) of the alloy generally presents a trend of waveform change, attaining the maximum
value of 140.77% at x = 2.5%. The increase in the I,o /1119 ratio reflects that the preferred
orientation of the alloy in the (100) direction is enhanced at this time. The (100) direction is
the internal stress gradient direction of grain growth and the easy magnetization direction
of the Fe-Ga alloy [20], which has a major impact on the magnetostrictive property of
the alloy.

3.2. Analysis of Alloy Structure and Morphology

Figure 2 presents a metallographic photo of the Fey3Gayy_«Aly alloy. It shows that the
alloy structure is made up of a gray matrix phase and a black dot which disperses in the
matrix and at the grain boundary. The Fey3Gagy 5Aly 5 alloy has visibly more black dots
than other alloys. The grain shape of the alloy appears columnar and its orientation along
the direction of water cooling is very clearly shown. As mentioned in the literature, the gray
matrix phase structure is the Fe (Ga) solid solution phase with a bec structure [21]. There
are three reasons for the formation of black dot tissue. Firstly, Al atoms are not completely
dissolved in the matrix alloy and the rest of the Al exists in the form of inclusions, growing
into the black dots. Secondly, during solidification, a fraction of Ga atoms exists in the form
of point precipitates to form a Ga-rich phase. Thirdly, it might be caused by matrix phase
shedding in the process of grinding and polishing.

Figure 2. The metallographic photos of Fey3Gayy_4Aly alloy (a) x =0, (b) x=0.5, (¢) x=1.5, (d) x = 2.5,
(e) x=3.5, (f)yx =4.5.

Figure 3 presents the metallographic photo of the (Fe;3Gayy_xAly)ggg9Llag; alloy. It
can be seen from Figure 3 that, although the alloy is still dominated by columnar crystals
with a certain orientation along the water-cooled direction, the microstructure morphology
changes greatly. The black precipitates vary from point to sheet, spreading at the grain
boundary. According to the following scanning photos and EDS composition analysis, La
elements exist in the form of a precipitated phase, which is consistent with the literature [22].
The atomic radius of La (2.74 A) is far larger than Ga and Al atoms and the rare earth
element is difficult to dissolve in the matrix phase of the Fe-Ga alloy, resulting in the
decrease in the lattice constant of the alloy and the role of refining the grains. As the
literature references, the finer the metal grains are, the higher the strength and hardness
are, and the better the plasticity and toughness [23]. It can be predicted that after adding
La the hardness of the alloy will be greater than the alloy without La doping.
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Figure 3. The metallographic photos of (Fey3Gayy_xAlx)gg9Lag 1 alloy (a) x =0, (b) x =0.5, (¢) x=1.5,
(d)x=2.5,(e) x=3.5, (f) x =45.

The Fe73Gagy_(Aly alloy and (Fey3Gagy_xAlx)g99Lag alloy at x = 0 % and x = 2.5%
exhibited a preferred orientation in the (100) direction and, as shown in Figure 4, this
composition point alloy has excellent magnetostriction properties and hardness. In order to
further ascertain the composition of the matrix phase and precipitated phase, spot analysis
and surface analysis were carried out using scanning electron microscopy and composition
analysis of the selected area was carried out by the EDS. Figure 4a—d are SEM photos of the
Fez3Gagy_«Aly alloy (x = 0% and x = 2.5%), Figure 4e and Figure 4f are SEM photos of the
(FezsGany_xAlx)gg gLag 1 alloy (x = 0% and x = 2.5%). The grain boundary phases include A,
D, G and J. Matrix phases include B, E, H and K. Precipitated phases include C, F, I and L.

Figure 4. (a) x =0, (b) x =0, (c) x = 2.5, (d) x = 2.5 are SEM images of Fey3Gayy_4Aly alloy; (e) x =0,
(f) x = 2.5 are SEM images of (Fey3Gayy_yAlx)gggLag 1 alloy.

Table 2 displays the EDS results in different areas of the Fe;3Gapy_yAlx and
(Fer3Gagy_xAlyx)g99Lag 1 alloys. Zone B is the matrix phase composition of the FeyzGayy
alloy. EDS composition analysis shows that the atomic ratio of Fe to Ga is 73.87:26.13,
which is close to the nominal composition, suggesting that the alloy is uniformly melted
without component segregation. The H zone and K point are the matrix phase compo-
nents of (Fey3Gagy)ggglag 1 and (Fey3Gagg 5Als 5)99 9Lag 1, of which the relative content of
La elements are 0.06%, which is far lower than the precipitates of I point (15.30%) and L
point (23.75%), indicating that it is difficult for the La element to dissolve in the matrix.
Zone E and point F are the matrix phase and precipitate phase of the Fey3Gass5Al, 5 alloy,
respectively. The relative content of the Al element at point F (1.42%) is evidently higher
than that of the Al element at zone E (0.72%), which evinces a part of the Al atoms in the
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alloy of this composition entering the matrix to replace Ga atoms. Additionally, because the
radius of Al atoms is greater than that of Ga atoms, the lattice constant of the Fe;3Gans 5Al) 5
alloy will be reduced when solid solution is formed.

Table 2. EDS analysis results of Fey3sGazy_yAlx and (FeysGazy_xAlx)ggglagy alloys in
different regions.

Fe;3Gay, , Aly (Fe73Gay;_(Alx)gggLagy
Micro-Zones Micro-Zones
Fe Ga Al Fe Ga Al La
A 69.33  30.67 0 G 50.39  39.65 0 9.96
x=0 B 73.87 26.13 0 x=0 H 75.25 24.69 0 0.06
C 77.56 22.44 0 1 36.92 47.78 0 15.30
D 72.02 2752 0.46 ] 7499  23.87 1.10 0.05
x=25 E 72.22 27.06 0.72 x=25 K 74.77 23.99 2.19 0.06
F 80.06 18.52 1.42 L 17.68 58.13 0.44 23.75

In order to determine the composition of the black dots in the Fe;3Gayy_yAlx (x =0,
0.5, 1.5, 2.5, 3.5, 4.5) alloy, two points of each component were selected for EDS analysis
under SEM. Figure 5 presents the SEM images of each component of the Fe;3Gayy_(Aly
alloy and Table 3 displays the EDS component analysis results for each alloy.

Figure 5. The black dots tissue of Fey3Gagy_xAly alloy ((a) x =0, (b) x = 0.5, (¢) x = 1.5, (d) x = 2.5,
(e) x =3.5, (f) x = 4.5) observed by SEM.

Table 3. EDS analysis of black dots tissue of Fe;3Gayy_xAly alloy (x =0, 0.5, 1.5, 2.5, 3.5, 4.5) alloy.

Fe73Gaz7_xAlx Fe73Ga27_xAlx
Micro-Zones Micro-Zones
Fe Ga Al Fe Ga Al
o A 8345  16.55 0 s G 71.75 2671 1.53
x= B 7387  26.13 0 X=2 H 7194 2595 2.11
05 C 2981 1030  59.89 a5 I 7777 22.10 0.13
x=b D 3039 916 6045 T ] 7824 2176 0
s E 76.82  23.18 0 45 K 3425 1007  55.68
x=1 F 77.08  22.92 0 X=% L 7254  24.81 2.65

According to the results in Table 3, the composition of the large proportion of black
dots is similar to the composition of their respective matrix. Observing the points C, D and
K, the relative contents of Al elements were 59.89, 60.45 and 55.68, respectively, which were
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higher than those of Fe and Ga, and a Ga-rich region was not observed in the alloy. We can
therefore speculate that the black dots tissue in the alloy is more likely to be composed of
the deciduous matrix phase and Al element in the form of inclusion.

3.3. Magnetostriction Properties

Figure 6a displays saturation magnetostrictive strain(As) curve of the Fey3Gagy_ Al
alloy changing with external magnetic field. As Figure 6a shows, the saturation magne-
tostrictive strain of the alloy rises with the increase in the external magnetic field. When
the magnetic field strength reaches 15000e, the As remains invariable with the external
magnetic field, reflecting that it is saturated at this time. Figure 6b presents the curve of
the As for the Fey3Gayy_(Aly alloy with Al content transformation. In Figure 6b, its As
curve varies within 58-76 ppm. The maximum value of the As curve reaches 76 ppm at
x = 0% and the As of the alloys descend in the range of 0-1.5%. When the Al content in
the alloy is low, Al atoms dissolve into the alloy instead of Ga atoms «-Fe, conducing the
augmentation of the lattice constant, the attenuation of the vacancy effect, the increase in
electron density around the alloy and the decrease in magnetostriction performance. The
As curve between x = 1.5% and 2.5% ascends slightly. After doping appropriate amounts
of the Al element, the adjacent Ga-Ga atom pair in the (100) direction of the Fe-Ga alloy
is destroyed [24], contributing to lattice distortion, forming short-range ordered clusters,
and reducing the shear modulus of the alloy, which is conducive to improving the magne-
tostriction properties. As Al content continues to increase, the As curve decreases within
the range of x = 2.5-4.5%. When the addition of Al content becomes higher, the number
of valence electrons transferred in the alloy will also rise, leading to an augmentation in
the number of electrons on the secondary energy band. Only when the electrons on the
secondary energy band are filled, will the remaining valence electrons be transferred to
another magnetic energy band, resulting in a diminution in the magnetic moment of the Fe
atom and the magnetostriction properties of the alloy [25].
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Figure 6. (a) Magnetostrictive curves of Fey3Gayy_ Al alloy; (b) Saturation magnetostrictive strain
curve of alloys.

Figure 7a shows the curve of the saturation magnetostriction strain of the
(Fez3Gagy_xAlx)g99Lag alloy alteration with the external magnetic field. According to
Figures 6 and 7a, the As curves of the alloy increase with the addition of the external mag-
netic field. When the external magnetic field strength reaches 16000e, the As curve remains
at the saturated state. Figure 6b shows the curve of As for the alloy changing with the Al
content. After adding the La element, the As of the alloys is kept within 73-115 ppm, which
is meliorative in comparison to the Fe;3Gagy_ Al alloy. In a range of x = 0-0.5%, the As of
the alloy diminishes due to the increase in the lattice constant. According to literature [26],
the lattice constant of the alloy rises, the void in the lattice decreases, and the vacancy effect
weakens, which is beneficial to the magnetostriction performance. Within x = 0.5-2.5%, the
As of the alloy rises and reaches the maximum value of 115 ppm at x = 2.5%. After adding
the La element in the Fe-Ga alloy, large portions of the La exist in the form of precipitates,
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but a small amount will still dissolve in the matrix, leading to preferred orientation in the
(100) direction, greater magneto-crystalline anisotropy and a greater tetragonal distortion
range, which enhances the magnetostrictive property [27]. At 2.5-4.5%, As reduces continu-
ously, which is the result of the joint action of the increase in the lattice constant and the
decrease in Ippy /1110 (%) and is consistent with the previous theory.
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Figure 7. (a) Magnetostrictive curves of Fe;3Gayy_yAlyx)gg gLag 1 alloy; (b) Saturation magnetostrictive
strain curve of alloys.

3.4. Microhardness

Figure 8 presents the curve of microhardness of the Fey3Gayy_yAly alloy and the
Fey3Gagy_xAly)gggLag 1 alloy varying with Al content. Figure 8a shows that the hardness of
the Fey3Gagy_(Aly alloy increases first and then decreases with the change of Al content. In
comparison to the Fey3Gayy alloy, after the addition of the Al element, the hardness values of
the Fey3Gayy_yAly alloy rise, which is related to the increase in ductility and plasticity after
adding the Al element to the alloy [28]. The microhardness of the alloy measures up to the
maximum value 273.183 HV at 2.5%. Compared with the alloys of undoped Al, although
the hardness of the alloy increases by 6.6%, the As decreases by 10.5%. While the As of the
alloy at x = 3.5% decreases by 2.6%, the hardness value increases by 4.6%. Therefore, by
replacing the Ga element with appropriate Al elements in practical production, the Fe-Ga
alloy device can obtain more economic benefits and excellent comprehensive properties.
In light of Figure 8b, the hardness value of the alloy of x = 2.5% is up to the crest value
278.096 HV, which is higher than any of the Fe;3Gayy_Aly alloys in accordance with the
previous prediction results, suggesting that the appropriate composition of the La element
doped into the Fe-Ga alloy can play a role in refining the grain and increasing the hardness
of the alloy.
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Figure 8. Microhardness (a) FeysGayy_yAly; (b) Fez3Gazy_yAlx)gggLag 1.
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4. Conclusions

The Fe73Gagy_xAly alloy and Fey3Gagy—_xAlx)gg 9Lag 1 alloys are still dominated by the
A2 phase, but its diffraction peak position has a small angle deviation in comparison to
the standard diffraction spectrum of o-Fe. After Al and La doping, the lattice constant
and Ipg9 /1110 ratio of the alloy change, resulting in lattice distortion, further affecting the
magnetostriction properties of the alloy.

The grains of the Fe;3Gagy_«Alx and FeyzGagy_(Alyx)gg9Lag 1 alloys appear as distinct
columnar crystals with certain orientations along the water-cooled direction. Moreover, the
grains of the Fey3Gagy_yAlyx)gg9Lag 1 alloy are finer, exhibiting higher hardness values. It
can be further speculated that the other mechanical properties of the alloys will be more
excellent. EDS analysis shows that the Al element partially dissolves in the Fe-Ga solid
solution, while the La element hardly gets inside the Fe-Ga alloy matrix, with masses of
them existing in the form of the precipitation phase.

The saturation magnetostrictive strains of the Fey3Gayy_cAly alloy are between
58-76 ppm. Doping Al with proper composition can not only reduce the production
cost, but also improve the hardness and magnetostriction properties. The saturation mag-
netostrictive strains of the FeysGayy_xAl)gggLag; alloy is in the range of 74-115 ppm,
which proves that a small amount of La doping can wholly enhance the saturation mag-
netostrictive strain of Fe-Ga-Al. The hardness (278.096 HV) and the maximum saturation
magnetostrictive strain (115 ppm) of the alloy at x = 2.5% are higher than those of other
alloys, indicating that La doping can effectively meliorate the saturation magnetostrictive
coefficient of the alloy and augment the hardness of the alloy.
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Abstract: In order to solve the problem that the relative permeability of the permalloy is missing
and difficult to measure accurately in an extremely weak magnetic field (EWME, <1 nT), a method
to measure the permeability in EWMEF based on the Rayleigh model is proposed in this paper. In
this method, the Rayleigh model for the magnetic material was first introduced. Then, the test
system for measuring the permeability of permalloy for the standard ring specimen was set up.
Based on the test data and the Rayleigh model, the functional expression applied to obtain the
permeability in EWMEF is achieved. Finally, the feasibility and accuracy of the method are verified by
the permeability measurement of the custom large-size ring specimen in EWMF (<1 nT) and residual
field measurement based on the four-layer shielding cylinder. This method can obtain the relative
permeability in any EWMF and avoid test errors caused by extremely weak magnetization signals.

Keywords: permalloy; extremely weak magnetic field; relative permeability; Rayleigh model

1. Introduction

The magnetically shielded room (MSR) used high permeable magnetic materials and
high conductivity materials, such as permalloy and aluminum, to prevent the external
magnetic field from entering its interior. Based on the principle of flux shunt [1-3] and
eddy current loss [4,5], it can be used to provide an extremely weak magnetic field (EWMF)
environment. In this environment, many frontier research studies for different kinds of
fields can be carried out: for example, the measurement of weak signals such as magnetic
heart and brain [6-8], the measurement of geophysical research samples [9], the measure-
ment of electric dipole moments [10], the study of high-precision magnetic measuring
instruments [11,12] and so on.

The MSR was first built by Bob ]. Patton and John L. Fitch, who mainly used it for
geophysical research [13]. Since then, many researchers around the world have successively
developed the MSR, whose types include cuboid [14-18], cylinder [19] and spheroid-
like [20,21]. The common feature of the existing MSR is the nested structure with multi-layer
permalloy and aluminum, with the purpose of obtaining an EWMF environment (<1 nT).
One of the most typical representatives is the Berlin Magnetically Shielded Room 2 (BMSR-
2) built by the Physikalisch-Technische Bundesanstalt (PTB) [16]. BMSR-2 is composed
of seven layers of permalloy and one layer of aluminum. With this design structure, the
innermost layer of permalloy needs to work in the extremely low residual field: about
1 nT or even lower. Because the permeability of the permalloy varies nonlinearly with
the applied magnetic field, it is necessary to obtain the permeability in EWME. However,
the permeability is generally measured at an applied magnetic field about 100 nT, which
is considered to be the initial permeability. Using these data in the development of MSR
could lead to a considerable overestimation of the shielding factor [22].
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In order to solve this problem, Li et al. built an EWMEF test system with a specialized
large-sized ring specimen placed in a magnetic shielding cylinder, and the capability of the
test system for the applied static magnetization field can reach as low as 4.5 x 107> A/m
(=~0.057 nT) [22]. This method can directly obtain the desired permeability under EWME,
but the problems of the test errors and additional cost of time and money also exist due
to the magnetic flux drift and the specialized large size ring and more turns of secondary
windings (>400). Yamazaki et al. proposed a method of shielding effects (SEs) measurement
for the multi-layer mu-metal cylinders and finite element analysis for the nonlinear model
to obtain the incremental permeability of mu-metal in low magnetic fields [23]. In this
method, a much more high-resolution magnetic field measurement sensor, such as a
superconducting quantum interference device magnetometer and atomic magnetometer, is
needed to achieve permeability in low magnetic fields, which limits its applied range due to
the high-cost and special working environment of the sensors. British physicist Lord John
Rayleigh [24] proposed that the parabolic dependence between the magnetic flux density of
ferromagnetic materials and the magnetization field can be used to describe the hysteresis
phenomenon of iron and steel under the low magnetizing fields (called the Rayleigh model).
Since then, some scholars used the Rayleigh model to obtain the initial permeability of
magnetic materials [25,26]. They established a shielding factor test system with Helmholtz
coils applied for generating a 5 Hz and low-amplitude homogeneous magnetic field and
finite element analysis applied for identifying the two important parameters in the Rayleigh
model. These methods can be used to test the amplitude permeability of mu-metal thin
foils less than 0.2 mm thick at 5 Hz, but the relative initial permeability at static magnetic
fields cannot be obtained.

To obtain the data at an extremely weak static magnetic field, a method to measure
the permeability of permalloy in EWMEF based on the Rayleigh model is proposed. The
method is divided into two processes: testing and identification. A ring specimen with
standard size was used to obtain the magnetic characteristics of permalloy in the conven-
tional magnetic field range. The identification process uses the Rayleigh model, fitting
the test data in the Rayleigh region to obtain the initial permeability and the Rayleigh
constant. The feasibility and accuracy of the proposed method were verified by building
a permeability test system with an applied magnetic field less than 1 nT and a residual
field test system with a four-layer permalloy cylinder. The proposed method can accurately
obtain the relative permeability of permalloy in EWMF without the custom larger-size ring
specimen, low magnetic field test environment and high-resolution sensor, and even the
initial permeability when the magnetic field intensity tends to zero.

The arrangement of the remaining contents of this paper is as follows. In Section 2,
the Rayleigh model for the magnetic material is first introduced. Then, the principle of
the permeability measurement is presented. Test results and discussion are presented in
Section 3. In Section 4, brief conclusions are summarized.

2. Principle of Permeability Measurement
2.1. Rayleigh Model for Magnetic Material

The model of the magnetization curve in a low magnetic field (Rayleigh region)
proposed by Lord Rayleigh is shown in Equation (1), which is used to describe the nonlinear
relationship between the magnetic flux density (B) and magnetic field strength (H)

B = popiH + aH?, (1)
where gy = 47t x 1077 T-m/A is the permeability of vacuum; y; is the relative initial

permeability of the magnetic material; p; = lim(B/H/uo)(H—0), and a is the Rayleigh
constant.
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According to Equation (1) and the function between the magnetic flux density (B) and
the magnetic field strength (H), B = upoH, the relative permeability of the permalloy, y, can
be expressed as

a
=45 o Hit o H 2

Equation (2) shows that the relative permeability of the material increases linearly
with H in the Rayleigh region, and the intercept is the initial permeability.

The two parameters, y; and 4, are especially significant for the magnetization process
of the Rayleigh region caused by the shift of the magnetic domain walls. The initial
permeability p; is related to the reversible motion, which represents the linear increase
in the magnetic flux density within the volume of the material under the influence of an
increasing magnetizing field. The Rayleigh constant a is used to sketch nonlinear effects
from the irreversible magnetization shift, which gradually covers the linear dependence
with the increasing magnetizing field. The two parameters need to be identified by the
experimental test and function fitting. Then, the B-H curves and the relative permeability
curves can be obtained based on Equations (1) and (2), respectively.

2.2. The Measurement for Magnetic Material

In this paper, the simulated impact method was presented to test the B-H curves.
During the test, the closed ring specimen with a primary winding and a secondary winding
is used. The primary winding with direct-current (I1) injected is used to generate a magnetic
field strength H, with a minimum value to be 0.01 mA. Based on the Ampere circuital
theorem, the magnetic field strength (H) can be expressed as

Ny

H ,
L,

®)

where Nj is the turn number of the primary winding, and Le is the effective magnetic
circuit length. The secondary winding is used to detect flux linkage (¢) in the ring with
a minimum value to be 0.1 yWb. According to the law of electromagnetic induction, the
magnetic flux density (B) can be expressed as

¢
B= , 4
N,S. 4)
where N is the turn number of the secondary winding, and Se is the effective cross-sectional
area. Before the experiment, L. and Se of the specimen can be calculated by using the size
of the ring according to the SJ/T10281 standard, which can be expressed as

C2
Lo=—L
e C2 7 (5)
_G
Se C2 ’ (6)
where C; and C; are the constants of the ring specimen and can be expressed as
c == 1n<R1) o @)
1= R,) °
471(1% - I%) R\ 3
—_\72 (2t
C = 7 ln(R2> , 8)

where Ry, R and d are the outer diameter, inner diameter and thickness of the ring specimen,
as shown in Figure 1, respectively. As the parameters are determined, the B-H curves can
be calculated according to the applied current (I;) and the tested flux linkage (¢).
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ring specimen overhead view side view

d

Figure 1. The overhead view and side view of the ring specimen.

Equations (3)—(8) clearly show that the measurement range of the permeability is
determined by the size of the ring specimen and the turns of the primary and secondary
windings. To measure the B-H curve in the EWMF, we can need to increase the effective
magnetic circuit length and reduce the turn of the primary winding to apply desired low
magnetic field, and we also need to increase the effective cross-sectional area and the turns
of the secondary winding to improve the detection signal of the magnetic flux.

3. Test Results and Discussion
3.1. The Test Method in EWMEF Based on the Rayleigh Model

In order to obtain the data of an EWMF accurately and simply, two parts including
the measurement process and identification process were performed. The measurement
process provides relevant data for the identification process.

In the measurement process, the test system, mainly used to measure the B-H curve of
permalloy, is first set up, as shown in Figure 2. The test system consists of a ring specimen
with a primary winding and a secondary winding, test equipment with a direct-current
power supply and a flux meter, and a software system. The test steps are performed as
follows:

1.  The dimensions of the ring specimen (outer diameter A, inner diameter B, and height
C) were measured using vernier calipers.

2. The effective magnetic circuit length (L) and cross-sectional area (Se) of the ring
specimen were calculated according to the SJ/T10281 standard, and the turns of the
primary and secondary windings were obtained according to the measured magnetic
field range and Equations (3)—(8).

3. The primary and secondary windings are wound around the ring specimen. Notably,
the high-temperature resistant tape should be used for insulation between windings
and ring specimen, and the secondary winding should be wound before the primary
winding.

4.  The primary and secondary windings are connected to the power supply and the flux
meter, respectively. The size of the measured ring, the turns of two windings, the
range of magnetic field strength (H is set from 0.08 to 800 A/m) and other parameters
are accurately set in the software. The value of the measured initial permeability
corresponds to the one at the magnetic field strength of 0.08 A/m.

5. Based on Equations (3) and (4), the B-H curve, the permeability curve and the param-
eters including initial permeability (y;) (H is 0.08 A/m) can be determined.

Then, the identification process is performed as follows. First, based on the measured
B-H data in the Rayleigh region, the two key parameters, the initial permeability and
the Rayleigh constant, can be identified by the function fitting. After that, extrapolating
the measured data of the B-H curve according to the Rayleigh model with determined
parameters, the B-H curve at an EWMEF can be determined.
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Figure 2. The outline of the common test system.

3.2. The Test Results and Discussion
(@) Test and parameter identification results for the Rayleigh model

In this work, 1]85, one of the permalloys with high permeability, provided by Beijing
Beiye Functional Materials Corporation, was chosen. The parameters of the ring specimen
are shown in Table 1, which are the commonly used parameters for the magnetic material
test. The result for the B-H curve with H ranging from 0.008 to 800 A/m is shown in
Figure 3a. Notably, the lower limit value of H is one order of magnitude lower than the set
value, which is determined by the working principle of the test equipment. In addition, the
curve related to the permeability and H was obtained by the first-order derivative of the
B-H curve, which is shown in Figure 3b.

Table 1. Parameters of the tested standard ring specimen.

Symbol Quantity Standard Ring
A outer diameter 40 mm
B inner diameter 32 mm
C Thickness 2 mm
Ny turns of the primary winding 60
Nj turns of the secondary winding 20

In order to determine Rayleigh constant 2 and the relative initial permeability y;, the
identification process related to the function fitting was performed based on the measure-
ment data and Equation (1). The Rayleigh region should be lower than the coercivity (H)
for permalloy with high permeability. The fitting data were chosen to be in the range of
0.01 A/m to (0.5 x Hc) A/m according to the previous studies for other soft magnetic
materials in [27,28]. The fitting results are shown by the blue solid line in Figure 3, demon-
strating a good agreement between the fitting curve and the test data. The fitting function
is B = 0.3001H? + 0.0906H. The Rayleigh constant is 0.3001, and the relative initial perme-
ability is 72097, which is significantly lower than the measured relative permeability, being
91072 at 0.08 A/m. It can intuitively illustrate that the shielding effectiveness of the MSR
can be overestimated using the permeability at 0.08 A/m.
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Figure 3. The comparison of the measurement and fitting curves. (a) The B-H curves. (b) The relative
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(b) Verification for the proposed method

Firstly, in order to verify the feasibility of the proposed method, an EWMEF test system
was built to measure the permeability of the permalloy in a low magnetic field, as shown
in Figure 4. Different from the common test system, a custom large-size ring specimen
and a four-layer magnetic shielding cylinder were introduced in the EWMF test system.
The magnetic shielding cylinder is utilized to eliminate the interference of magnetostatic
signals and extremely low-frequency magnetic fields in the geomagnetic environment.
The custom ring specimen is used to measure the permeability in the EWME, and the
parameters are shown in Table 2. Based on the parameters of the custom ring specimen
and Equations (3)—(8), the minimum of the magnetization field is calculated to be about
4.59 x 1075 A/m, less than 1 nT, and the minimum of the measurable magnetic flux density

is about 1 x 1078 T, which is larger than the magnetic flux measurement resolution of the
magnetic material testing instrument. Considering the accuracy and resolution of the test
system, the permeability in the magnetic field strength from 8 x 107> A/m to 25 A/m was
chosen. In addition, due to the testing magnetic flux signal being so small as an EWMF
applied in permalloy that it is easily affected by geomagnetic field and other interfering
magnetic fields, the tested ring specimen was put in the magnetic shielding cylinder with
the residual field less than 1 nT as the measurement is performed. The procedure of the

measurement in the EWMEF is the same as that of the common test system except for the
range of magnetic field strength (here, H is from 8 x 107> A/m to 25 A/m).

Table 2. Parameters of the tested custom ring specimen.

Symbol Quantity Custom Ring
A outer diameter 100 mm
B inner diameter 50 mm
C Thickness 1 mm
N turns of the primary winding 1
Ny turns of the secondary winding 450
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Figure 4. The outline of an extremely weak magnetic field (EWMF) test system.

The measured results for the B-H curve and permeability curve of a custom large-size
ring specimen in the EWMF are shown as the green dot line in Figure 5, which is consistent
with the fitting curve of the Rayleigh model, as the blue solid line in Figure 5 shows. The
measured minimum permeability at the H being 8 x 1075A/m (0.1 nT) is 71,876, illustrating
a 0.33% difference from the permeability (72,116) obtained by the fitting function of the
Rayleigh model.
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Figure 5. The comparison of four methods and the measurement data. (a) The B-H curves. (b) The
relative permeability curves.

Secondly, to verify the optimal applicability of the Rayleigh model for the description
of the relationship between the permeability and extremely weak magnetic field, the other
three function models, including linear fitting (Linear method), 4th order polynomial
fitting (Poly4 method) and one-phase exponential growth function (ExpGrow1 method),
are selected for comparison. The comparison results are shown in Table 3 and Figure 5.
As can be seen from the data in Table 3, compared with the other three models, the error
between the fitted permeability and the measured value of the proposed method is the
smallest. In addition, the curve obtained by the proposed method in Figure 5 is more
consistent with the variation trend of the test data in the EWMF.
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Table 3. Comparison of four methods and the measurement data.

Symbol Fitting Function i Mg« 105 A/m * Error Ratio *
Measurement - - 71,876 -
proposed method B = 0.3001H2 + 0.0906H 72,097 72,116 0.33%
Linear method B =0.1095H 87,137 87,137 21.23%
Poly4 method B =3.5652H* — 1.9207H3 + 0.4775H? + 0.0865H 68,834 68,864 4.19%
ExpGrow1 method B = —0.020188 + 0.01559¢(H+0.05273)/0.20399 78,757 78,787 8.77%

* The penultimate column in the table represents the relative permeability when H is 8 x 10~ A/m. The last
column in the table represents the error ratio between the measurement data and the permeability when H is
8x 107> A/m.

Finally, using the available four-layer magnetic shielding cylinder in our laboratory,
the accuracy and validity of the Rayleigh model in estimating the shielding effect under
EWMF were further analyzed and verified. The shielding cylinder shown in Figure 4
is composed of four layers of permalloy and one layer of aluminum, and its inner layer
diameter and length are 36 cm and 90 cm, respectively. The thickness and layer spacing of
the four-layer permalloy are the same as 1.6 mm and 1 cm, respectively. In this paper, finite
element analysis was utilized to calculate the residual field in the center of the shielding
cylinder. As the background magnetic field and B-H curve obtained by the Rayleigh model
were set in the finite element model, the residual field in the center of the shielding cylinder
was calculated to be 0.938 nT. While at the same position, the residual field was measured
to be 0.987 nT after the shielding cylinder was degaussed, which has only 5% difference
from the simulation. There is a good agreement between the simulation analysis and the
actual measurement.

4. Conclusions

This paper proposes a method to measure the permeability of permalloy in EWMF
based on the Rayleigh model. In this method, the magnetization and permeability curves
were first obtained by measuring the ring permalloy of standard size. Then, two impor-
tant parameters of the Rayleigh model, the relative initial permeability and the Rayleigh
constant, were identified by function fitting the test data in the Rayleigh region. With the
functional expression of the Rayleigh model, the measured data for the magnetization and
permeability curves can be extrapolated to any desired weak magnetic fields or even zero
magnetic fields.

The feasibility of the proposed method was verified by establishing an EWMEF test
system. The relative permeability of 8 x 107°A/m, the lowest magnetic field that can
be measured by EWMEF test system, is only 0.33% different from that obtained by the
proposed method. Furthermore, the accuracy of the proposed method was also verified
by comparing the results between analysis and measurement with the existing four-layer
magnetic shielding cylinder in the laboratory. Using the relative permeability obtained by
the proposed method in the analysis, the central remanences obtained by the analysis and
measurement have a 5% difference, showing a good agreement.

The method proposed in this paper for obtaining the permeability in EWMF is accurate
and easy to carry out, without considering the custom large-size ring specimen, extremely
weak magnetic test environment and high-resolution magnetic field measurement sensor.
It also can be applied for the permeability measurement in EWMEF of other soft magnetic
materials. The method proposed mainly studies the magnetization curve and relative
permeability curve of permalloy when the amplitude of the low magnetic field changes
while its magnetic characteristics under varying magnetic fields are not involved in this

paper.

Author Contributions: Conceptualization, J.S. and Y.L. (Yan Lu); methodology, J.S. and Y.L. (Yan Lu);
software, Y.L. (Yan Lu); validation, J.S., Y.L. (Yan Lu), L.Z., Y.L. (Yun Le) and X.Z.; formal analysis,
Y.L. (Yan Lu); investigation, Y.L. (Yan Lu) and L.Z.; resources, ].S. and Y.L. (Yun Le); data curation,

98



Materials 2022, 15, 7353

Y.L. (Yan Lu) and X.Z.; writing—original draft preparation, Y.L. (Yan Lu); writing—review and
editing, ].S., Y.L. (Yan Lu), L.Z., Y.L. (Yun Le) and X.Z.; supervision, Y.L. (Yan Lu) and X.Z.; project
administration, J.S., L.Z. and Y.L. (Yun Le); funding acquisition, ].S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 52075017.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, J.; Quan, W.; Han, B.; Wang, Z.; Fang, J. Design and Optimization of Multilayer Cylindrical Magnetic Shield for SERF Atomic
Magnetometer Application. IEEE Sens. |. 2020, 20, 1793-1800. [CrossRef]

2. Kuvitkovic, J.; Patel, S.; Pamidi, S. Magnetic Shielding Characteristics of Hybrid High-Temperature Superconductor/Ferromagnetic
Material Multilayer Shields. IEEE Trans. Appl. Supercond. 2017, 27, 1-5. [CrossRef]

3. Packer, M.; Hobson, PJ.; Davis, A.; Holmes, N.; Leggett, J.; Glover, P.; Hardwicke, N.L.; Brookes, M.].; Bowtell, R.; Fromhold, T.M.
Magnetic Field Design in a Cylindrical High-Permeability Shield: The Combination of Simple Building Blocks and a Genetic
Algorithm. J. Appl. Phys. 2022, 131, 093902. [CrossRef]

4. Ates, K,; Carlak, H.E; Ozen, S. Dosimetry Analysis of the Magnetic Field of Underground Power Cables and Magnetic Field
Mitigation Using an Electromagnetic Shielding Technique. Int. J. Occup. Saf. Ergon. 2022, 28, 1672-1682. [CrossRef]

5. Matsuzawa, S.; Kojima, T.; Mizuno, K.; Kagawa, K.; Wakamatsu, A. Electromagnetic Simulation of Low-Frequency Magnetic
Shielding of a Welded Steel Plate. IEEE Trans. Electromagn. Compat. 2021, 63, 1896-1903. [CrossRef]

6. Holmes, N.; Leggett, J.; Boto, E.; Roberts, G.; Hill, RM.; Tierney, T.M.; Shah, V.; Barnes, G.R.; Brookes, M.].; Bowtell, R. A Bi-Planar
Coil System for Nulling Background Magnetic Fields in Scalp Mounted Magnetoencephalography. Neuroimage 2018, 181, 760-774.
[CrossRef]

7. Yang, J; Zhang, X.; Han, B.; Wang, J.; Wang, L. Design of Biplanar Coils for Degrading Residual Field in Magnetic Shielding
Room. IEEE Trans. Instrum. Meas. 2021, 70, 1-10. [CrossRef]

8.  Yang, K;; Wu, D.; Gao, W,; Ni, T.; Zhang, Q.; Zhang, H.; Huang, D. Calibration of SQUID Magnetometers in Multichannel MCG
System Based on Bi-Planar Coil. IEEE Trans. Instrum. Meas. 2022, 71, 1-9. [CrossRef]

9. Afach, S,; Bison, G.; Bodek, K.; Burri, F.; Chowdhuri, Z.; Daum, M.; Fertl, M.; Franke, B.; Grujic, Z.; Helaine, V.; et al. Dynamic
Stabilization of the Magnetic Field Surrounding the Neutron Electric Dipole Moment Spectrometer at the Paul Scherrer Institute.
J. Appl. Phys. 2014, 116, 084510. [CrossRef]

10.  Kuchler, E; Babcock, E.; Burghoff, M.; Chupp, T.; Degenkolb, S.; Fan, I.; Fierlinger, P.; Gong, F.; Kraegeloh, E.; Kilian, W.; et al. A
New Search for the Atomic EDM of 129Xe at FRM-II. Hyperfine Interact. 2016, 237, 95. [CrossRef]

11.  Tashiro, K.; Wakiwaka, H.; Matsumura, K.; Okano, K. Desktop Magnetic Shielding System for the Calibration of High-Sensitivity
Magnetometers. IEEE Trans. Magn. 2011, 47, 4270-4273. [CrossRef]

12.  Zhao, J.; Ding, M,; Lu, J.; Yang, K.; Ma, D.; Yao, H.; Han, B.; Liu, G. Determination of Spin Polarization in Spin-Exchange
Relaxation-Free Atomic Magnetometer Using Transient Response. IEEE Trans. Instrum. Meas. 2020, 69, 845-852. [CrossRef]

13.  Patton, B.J.; Fitch, ].L. Design of a Room-Size Magnetic Shield. J. Geophys. Res. 1962, 67, 1117-1121. [CrossRef]

14. Mager, A. Grossrdumige magnetische abschirmungen. |. Magn. Magn. Mater. 1976, 2, 245-255. [CrossRef]

15. Mager, A. The Berlin Magnetically Shielded Room (BMSR), Section A: Design and Construction. In Biomagnetism; Erné, S.N.,
Hahlbohm, H.-D., Liibbig, H., Eds.; De Gruyter: Berlin, Germany; Boston, MA, USA, 1981; pp. 51-78.

16. Bork, J. The 8-Layered Magnetically Shielded Room of the PTB: Design and Construction. In Proceedings of the Biomag 2000 12th
International Conference on Biomagnetism, Espoo, Finland, 13-17 August 2001; pp. 970-973.

17.  Jin, S.; Kuwahata, A.; Chikaki, S.; Hatano, M.; Sekino, M. Passive Shimming of Magnetically Shielded Room Using Ferromagnetic
Plates. IEEE Trans. Magn. 2022, 58, 1-5. [CrossRef]

18.  Zhao, Y,; Sun, Z.; Pan, D.; Lin, S,; Jin, Y.; Li, L. A New Approach to Calculate the Shielding Factor of Magnetic Shields Comprising
Nonlinear Ferromagnetic Materials under Arbitrary Disturbances. Energies 2019, 12, 2048. [CrossRef]

19. Li, J.; Quan, W,; Han, B.; Liu, F; Xing, L.; Liu, G. Multilayer Cylindrical Magnetic Shield for SERF Atomic Co-Magnetometer
Application. IEEE Sens. J. 2019, 19, 2916-2923. [CrossRef]

20. Harakawa, K.; Kajiwara, G.; Kazami, K.; Ogata, H.; Kado, H. Evaluation of a High-Performance Magnetically Shielded Room for
Biomagnetic Measurement. IEEE Trans. Magn. 1996, 32, 5256-5260. [CrossRef]

21. Cohen, D. Large-Volume Conventional Magnetic Shields. Rev. Phys. Appl. 1970, 5, 53-58. [CrossRef]

22. Liyi, L.; Zhiyin, S.; Donghua, P; Jiaxi, L.; Feng, Y. An Approach to Analyzing Magnetically Shielded Room Comprising

Discontinuous Layers Considering Permeability in Low Magnetic Field. IEEE Trans. Magn. 2014, 50, 1-4. [CrossRef]

99



Materials 2022, 15, 7353

23.

24.

25.

26.

27.

28.

Yamazaki, K.; Kato, K.; Muramatsu, K.; Haga, A.; Kobayashi, K.; Kamata, K.; Fujiwara, K.; Yamaguchi, T. Incremental Permeability
of Mu-Metal in Low Magnetic Fields for the Design of Multilayer-Type Magnetically Shielded Rooms. IEEE Trans. Magn. 2005, 41,
4087-4089. [CrossRef]

Rayleigh, L. XXV Notes on Electricity and Magnetism. —III. On the Behavior of Iron and Steel under the Operation of Feeble
Magnetic Forces. Philos. Mag. ]. Seri. 1887, 23, 225-245. [CrossRef]

Canova, A.; Freschi, F.; Giaccone, L.; Repetto, M. Numerical Modeling and Material Characterization for Multilayer Magnetically
Shielded Room Design. IEEE Trans. Magn. 2018, 54, 1-4. [CrossRef]

Canova, A.; Freschi, F; Giaccone, L.; Repetto, M.; Solimene, L. Identification of Material Properties and Optimal Design of
Magnetically Shielded Rooms. Magnetochemistry 2021, 7, 23. [CrossRef]

Kachniarz, M.; Szewczyk, R. Study on the Rayleigh Hysteresis Model and Its Applicability in Modeling Magnetic Hysteresis
Phenomenon in Ferromagnetic Materials. Acta Phys. Pol. A 2017, 131, 1244-1250. [CrossRef]

Kachniarz, M.; Kotakowska, K.; Salach, J.; Szewczyk, R.; Nowak, P. Magnetoelastic Villari Effect in Structural Steel Magnetized in
the Rayleigh Region. Acta Phys. Pol. A 2018, 133, 660—-662. [CrossRef]

100



P

== materials

Article

Testing and Analysis Method of Low Remanence Materials for
Magnetic Shielding Device

Yuan Cheng 12, Yaozhi Luo !, Ruihong Shen 2%, Deyu Kong 3* and Weiyong Zhou *

Citation: Cheng, Y.; Luo, Y.; Shen, R.;
Kong, D.; Zhou, W. Testing and
Analysis Method of Low Remanence
Materials for Magnetic Shielding
Device. Materials 2023, 16, 681.
https://doi.org/10.3390/
mal6020681

Academic Editor: Alexander A.
Lebedev

Received: 14 December 2022
Revised: 3 January 2023
Accepted: 5 January 2023
Published: 10 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310027, China

China United Engineering Co., Ltd., Hangzhou 310022, China

College of Civil Engineering, Zhejiang University of Technology, Hangzhou 310023, China

School of Instrumentation Science and Optoelectronics Engineering, Beihang University, Beijing 100191, China
*  Correspondence: srh_1023@163.com (R.S.); kongdeyu@zjut.edu.cn (D.K.)

R R S

Abstract: Magnetic shielding devices with a grid structure of multiple layers of highly magnetically
permeable materials (such as permalloy) can achieve remanent magnetic fields at the nanotesla (nT)
level or even lower. The remanence of the material inside the magnetic shield, such as the building
materials used in the support structure, can cause serious damage to the internal remanence of the
magnetic shield. Therefore, it is of great significance to detect the remanence of the materials used
inside the magnetic shielding device. The existing test methods do not limit the test environment, the
test process is vulnerable to additional magnetic field interference and did not consider the real results
of the material in the weak magnetic environment. In this paper, a novel method of measuring the
remanence of materials in a magnetic shielding cylinder is proposed, which prevents the interference
of the earth’s magnetic field and reduces the measurement error. This method is used to test concrete
components, composite materials and metal materials commonly applicated in magnetic shielding
devices and determine the materials that can be used for magnetic shielding devices with 1 nT, 10 nT
and 100 nT as residual magnetic field targets.

Keywords: magnetic shielding device; low remanence material; extremely weak magnetic field

1. Introduction

Large-scale magnetic shielding devices, used high permeable magnetic materials and
high conductivity materials, such as permalloy and aluminum, to prevent the external
magnetic field from entering its interior, based on the flux shunt effect [1-3] and eddy
current effect [4,5], are used to provide extremely weak magnetic field environment. In the
weak magnetic environment, many scholars have carried out frontier work, such as the
measurement of biological signals such as magnetocardiography and magnetoencephalog-
raphy [6-8], the measurement of geophysical research samples [9], the measurement of
electric dipole moments [10], research on high-precision magnetic measuring instruments,
such as serf atomic gyroscopes and magnetometers [11,12] and so on. Since the internal
magnetic field of the magnetic shielding device is very small, the remanence of internal
supporting structures (such as platforms for placing instruments) and scientific instru-
ments equipment (such as cardio brain magnetic equipment) may have a greater impact on
the internal magnetic field, so the remanence of the magnetic shielding device should be
analyzed when selecting the supporting material of the magnetic shielding device.

Borradaile et al. [13] put the tested sample into a square container and used Molspin
“BigSpin” magnetometer to test the remanence of the material. Feinberg et al. [14] used
DC-SQUID sensors to design a three-axis remanence to test the low-temperature rema-
nence and magnetism of magnetic minerals and provide explanations for geophysical
phenomena such as core dynamics and paleoclimate. Bilardello et al. [15] tested the hys-
teresis loop of rock samples in geology through vibrating sample magnetometer (VSM),
and analyzed the remanence and other magnetic properties. He et al. [16] improved the
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low-temperature calibration system of the Hall probe and established a low-temperature
remanence measurement system for bulk permanent magnets, which can accurately test
the remanence performance of bulk permanent magnets. Biedermann et al. [17] used a
vibrating sample magnetometer to test the hysteresis and thermomagic of rock samples.
It is used to determine the saturation magnetization, coercivity and remanence of rock
samples to analyze the influence of seismic slip-on rock magnetism. Robustelli et al. [18]
measured the Thermomagnetic susceptibility curves of the sample by heating the sample
to 700 °C, and then cooling it to room temperature to measure the magnetic signature
along interpolate sheet zones. Lund et al. [19] tested the hysteresis loop of deep-sea sed-
iment samples through the MicroMag cycle. The remanence, saturation magnetization
and coercivity were calculated to estimate the particle size distribution and percentage
of ferromagnetic minerals and titanomagnetite minerals. Monaico et al. [20] studied the
magnetization curve of coaxial core-shell magnetic nanostructures with vibrating sample
magnetometer, analyzed the influence of different Ni content on remanence, squareness
ratio, and coefficient. Wei et al. [21] tested the remanence in the iron core of the power
transformer through the LCR tester and predicted the remanence through the relationship
between it and the measured magnetization inductance.

For previous studies, the main purpose is to infer geological changes based on the
magnetic analysis of rocks, there are mainly two methods to test the remanence of materials:
one is to obtain the material’s remanence properties by testing the material’s hysteresis
loop, which tests the magnitude of remanence in relation to the magnetization magnitude
and cannot accurately reflect the material’s remanence during application. Additionally,
the other is to test the magnetic field near the material directly by a magnetometer to obtain
the material’s remanence value, but the existing methods for measuring the remanence of
materials do not limit the testing environment, and they are directly tested in the earth’s
magnetic field. Because the earth’s magnetic field has hundreds of nT fluctuations, when
measuring the remanence of materials less than hundreds of nT, it is impossible to accu-
rately calculate the remanence of materials according to the change of the fluxgate value,
which leads to large test errors. Furthermore, the previous test results of material rema-
nence did not consider the real results of the material in the weak magnetic environment,
but the purpose of this study is to analyze the remanence of building and support structure
materials used in the magnetic shielding device, so it is not applicable. In order to select the
building materials and support materials that can be used in large-scale extremely weak
magnetic field magnetic shielding devices, this paper uses a fluxgate magnetometer to
test the material samples. The test process is carried out in a magnetic shielding cylinder
to eliminate the interference of the external magnetic field. Firstly, test the internal envi-
ronmental magnetic field of the magnetic shielding cylinder, and then test the magnetic
field around the material. The true remanence of the material is the magnetic field around
the material minus the internal environmental magnetic field. The method proposed in
this paper avoids the interference of the earth’s magnetic field and other magnetic fields,
improves the measurement accuracy, and can directly test the remanence of materials in
a weak magnetic environment, it is significant to analyze the materials of building and
support structure inside the magnetic shielding device.

The rest of this paper is arranged as follows. In Section 2, the principles of testing and
calculation of material remanence are first introduced, followed by the testing procedures.
Section 3 presents the test results and discussion. Section 4 summarizes brief conclusions.

2. Principle of Remanence Measurement

In this paper, a fluxgate magnetometer (CTW-6M, resolution: 0.2 nT, range: 100,000 nT)
is used to test the remanence of materials commonly used in magnetic shielding devices
(concrete materials, composite materials and metal materials), during the test, the material
is placed in a magnetic shielding cylinder to cancel the effect of the Earth’s magnetic
field influences.
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The remanence of a material B, is the absolute value of the test magnetic field Br
minus the background magnetic field Bp:

B, = |Br — Bp| D)

where B, is the material remanence, Br is the test magnetic field, Bp is the background
magnetic field (including the environmental magnetic field in the barrel and the sensor bias).

The magnetic shielding cylinder used in the test has a four-layer permalloy structure.
The remanence of the magnetic shielding cylinder can be calculated by the magnetic
shielding factor S:

Bgp = — )

where B is the Earth’s magnetic field.
For the shielding coefficient of a single-layer shielding cylinder, the formula can be
calculated as follows [22]:
_ 2utR?
L3
where S is the shielding coefficient; y is the relative permeability; R is the radius of the
shielding layer; t is the thickness of the shielding layer; L is the length of the shielding layer.
The formula for calculating the shielding factor of the multi-layer magnetic shielding
cylinder is:

5 ®)

. ]
S: =S [ Si [1 - (Dgl) 4)
where S; is the n-layer shielding coefficient; S; is the i-th layer shielding coefficient (the
outermost is the first layer).

Since the magnetic shielding cylinder is a long strip structure, there is a gradient in
the internal magnetic field. The area with small magnetic field in the magnetic shielding
cylinder is determined as the test area through the experimental test. It can be seen from
the results that the closer to the shielding layer, the lower the internal remanence, but due
to the magnetic concentration of permalloy, it cannot be infinitely close to the cylindrical
wall. Therefore, choosing a location 150 mm to 250 mm from the bottom of the magnetic
shielding cylinder for testing, as shown in Figure 1.

Magnetic
shielding
cylinder ————

Figure 1. Schematic diagram of the test position in the magnetic shielding cylinder.

When the test area in the magnetic shielding cylinder is determined, the test flow
diagram is shown in Figure 2, and the test steps are as follows:

(1) Turn on the fluxgate magnetometer and preheat for 10 min;

(2) Open the door of the magnetic shielding cylinder, place the magnetometer probe on
the test platform inside the magnetic shielding cylinder, and move the probe to the center;

(3) Close the door of the magnetic shielding cylinder and test the internal magnetic
field BB of the magnetic shielding cylinder;
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(4) Open the door of the magnetic shielding cylinder and place the sample to be tested
on the head of the magnetometer probe;

(5) Close the door of the magnetic shielding cylinder and test the current situation of
the magnetic field Bt inside the magnetic shielding cylinder;

(6) Calculate the material remanence by Formula (1);

(7) Repeat (1)—(6) to test the next sample.

Test the residual magnetic field value Bs L, Put the sample into the magnetic
inside the magnetic shielding cylinder shielding cylinder

¥

Obtain the sample to be tested

Take the difference between the
) tic field Br and th idual
Obtain the remanence Br of the sample e magne I.C I.e Tanc the resl u.a — Test the magnetic field value Br

magnetic field Bs of the magnetic

shielding cylinder

Figure 2. Schematic diagram of test process.

The test device is shown in Figure 3.

Fluxgate
magnetometer

Figure 3. Magnetic shielding cylinder and fluxgate magnetometer.

3. Test Results and Discussion
3.1. Remanence Test of Concrete Component Materials

Concrete is often used as the supporting structure of large magnetic shielding devices.
According to building requirements, the remanence test is carried out on some commonly
used stones and gravels in concrete. The test samples are shown in Figure 4:

Following the test steps described above, the results are show in Table 1:

Table 1. Concrete material remanence test results.

Test Sample Test Magnetic Field By (nT) Background Magnetic Field Bg (nT) Remanence Br (nT)
Sample 1 —27.7 6.4 34.1
Sample 2 242 6.4 17.8
Sample 3 —91.6 6.4 98.0
Sample 4 418 6.4 0.4
Sample 5 —168.2 6.4 174.6
Sample 6 -1.8 6.4 8.2
Sample 7 —39.2 6.4 45.6
Sample 8 12.7 6.4 6.3
Sample 9 —134 6.4 19.8

Sample 10 80.3 6.4 739
Sample 11 35.4 6.4 29.0
Sample 12 3.3 6.4 3.1
Sample 13 —1244.2 6.4 1250.6
Sample 14 -1.0 6.4 74
Sample 15 —1005.2 6.4 1011.6
Sample 16 5.6 5.3 0.3
Sample 17 19.9 53 14.6
Sample 18 —31.2 53 36.5
Sample 19 6.5 53 12
Sample 20 43 53 1.0
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Figure 4. Test samples, sample 1 (sand from Hangzhou), sample 2 (sand from Jiande), sample 3 (sand
from Ganjiang),sample 4 (dolomite), sample 5 (tuff), sample 6 (limestone), sample 7 (cement gravel),
sample 8 (clay ceramsite from Jiaxing), sample 9 (clay ceramsite from Hubei), sample 10 (mortar
block), sample 11 (grey cement mortar block), sample 12 (white cement mortar block), sample 13 (red

brick), sample 14 (ceramic sheet), sample 15 (concrete block), sample 16 (white cement), sample 17
(grey cement), sample 18 (fly ash), sample 19 (quartz sand), sample 20 (mineral powder).

3.2. Remanence Testing of Composite Materials

Composite materials are commonly used as reinforcement for large magnetic shielding
devices. According to the building requirements, the remanence test is carried out on the
composite bars. The test sample is shown in Figure 5:

Figure 5. Test samples, sample 1 (vinyl resin), sample 2 (glass fiber), sample 3 (basalt fiber composite
bar), sample 4 (carbon fiber composite bar).

Following the test steps described above, the results are show in Table 2:
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Table 2. Composite materials remanence test results.

Test Sample Test Magnetic Field By (nT)  Background Magnetic Field Bg (nT) Remanence Br (nT)
Sample 1 3.5 3.4 0.1
Sample 2 3.8 3.4 0.4
Sample 3 3.8 3.4 04
Sample 4 4.1 3.4 0.7
3.3. Remanence Test of Metal Structural Materials
Metal materials are commonly used as internal supporting structures and supporting grids
of large magnetic shielding devices. According to the building requirements, the remanence
test is carried out on the metal structural materials. The test sample is shown in Figure 6:
“
Figure 6. Test samples, sample 1 (aluminum alloy), sample 2 (copper), sample 3 (pure aluminum),
sample 4 (carbon steel).
Following the test steps described above, the results are show in Table 3:
Table 3. Metal structural materials remanence test results.
Test Sample Test Magnetic Field By (nT)  Background Magnetic Field Bg (nT) Remanence Br (nT)
Sample 1 3.8 3.4 0.4
Sample 2 3.9 3.4 0.5
Sample 3 3.7 3.4 0.3
Sample 4 8013.1 3.4 8009.7

3.4. Discussion

Different research objects have different requirements for the internal weak magnetic
environment of the magnetic shielding device. For magnetocardiography and magnetoen-
cephalography, the internal magnetic field of the magnetic shielding device is often required
to be less than 1 nT. For instruments such as serf gyroscopes, the internal magnetic field
of the magnetic shielding device needs to be less than 10 nT. For animal and plant weak
magnetic environment experiments, the internal magnetic field of the magnetic shielding
device needs to be less than 100 nT. Therefore, the magnetic shielding devices of different
objects need to be constructed with appropriate remanence and corresponding materials
(such as external support materials, internal structural materials).

According to the above requirements for the use of the internal space of the magnetic
shielding device, when selecting an application area, it is common to select a vertical
distance (usually 0.2 m to 0.5 m) from the materials described in this paper. According to
the test results, if the magnetic field values of 1 nT, 10 nT and 100 nT is to be reached in the
magnetic shielding device, the remanence of the supporting materials shall be lower than
5nT, 50 nT and 140 nT, respectively, in the distance between the above materials.

Therefore, the materials that can be used for <1 nT space after comparison are show
in Table 4:
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Table 4. Materials available inside the space of <1 nT.

Test Sample Remanence Br (nT)

Concrete component material sample 4 (dolomite) 0.4
Concrete component material sample 12 (white cement mortar block) 3.1
Concrete component material sample 16 (white cement) 0.3
Concrete component material sample 19 (quartz sand) 1.2
Concrete component material sample 20 (mineral powder) 1.0
Composite materials sample 1 (vinyl resin) 0

Composite materials sample 2 (glass fiber) 0.4
Composite materials sample 3 (basalt fiber composite bar) 04
Composite materials sample 4 (carbon steel) 0.7
Metal structural materials sample 1 (aluminum alloy) 0.4
Metal structural materials sample 2 (copper) 0.5
Metal structural materials sample 3 (pure aluminum) 0.3

The materials that can be used in the space of <10 nT are show in Table 5 (Materials
other than those listed in Table 4):

Table 5. Materials available inside the space of <10 nT.

Test Sample Remanence Br (nT)
Concrete component material sample 6 (limestone) 8.2
Concrete component material sample 8 (clay ceramsite from Jiaxing) 6.3
Concrete component material sample 14 (ceramic sheet) 7.4
Concrete component material sample 17 (grey cement) 14.6

The materials that can be used in the space of <50 nT are show in Table 6 (Materials
other than those listed in Tables 4 and 5):

Table 6. Materials available inside the space of <100 nT.

Test Sample Remanence Br (nT)
Concrete component material sample 1 (sand from Hangzhou) 34.1
Concrete component material sample 2 (sand from Jiande) 17.8
Concrete component material sample 7 (cement gravel) 45.6
Concrete component material sample 9 (clay ceramsite from Hubei) 19.8
Concrete component material sample 11 (grey cement mortar block) 29.0
Concrete component material sample 18 (fly ash) 36.5

In summary, the concrete composites with low remanence are concrete composites
sample 2 (sand from Jiande), sample 6 (limestone), sample 12 (white cement mortar block),
sample 16 (white cement) and sample 20 (mineral powder), the composite material with
lower remanence is composite material sample 1 (vinyl resin), and the metal structure
material with lower remanence is metal structure material sample 3 (pure aluminum).
After obtaining the remanence value of the material, the corresponding magnetic field
strength can be calculated through the vacuum permeability yg and substituted into the
finite element simulation calculation, which can evaluate the influence of the remanence of
the internal materials on the shielding device and improve the accuracy of the simulation
calculation of the magnetic shielding device.

4. Conclusions

In order to reduce the adverse effects to the weak magnetic environment caused by
the materials of the support and platform (including concrete member materials (stone,
sand), composite materials and metal materials) in the extremely weak magnetic field, this
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paper proposes a method to test the remanence of materials by placing the tested samples
in the magnetic shielding cylinder and using a fluxgate magnetometer. This method first
tests the internal magnetic field of the magnetic shielding cylinder, and then the magnetic
field around the material. The true remanence of a material is the magnetic field around
the material minus the internal environmental magnetic field. This method can eliminate
the interference of the external magnetic field on the test and obtain more accurate results.
Through the test and analysis in this paper, in the 1 nT environment, concrete materials such
as dolomite, white cement mortar block and white cement, composite materials such as
vinyl resin and glass fiber, and metal materials such as aluminum alloy and copper can be
used. In the 10 nT environment, concrete materials such as limestone, clay ceramsite from
Jiaxing, and ceramic sheet can be used, and in the 100 nT environment, concrete materials
such as cement gravel, grey cement mortar block, and fly ash can be used. Furthermore,
the simulation accuracy of magnetic shielding device can be improved by combining test
results of material remanence with finite element simulation and provide a basis for the
structural support materials and platform materials used for the magnetic shielding device.
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Abstract: High-speed, high-efficiency and high-power density are the main development trends
of high-performance motors in the future. At present, the design accuracy of traditional electric
machines is already high enough; however, for the future demand of high performance and utilization
in special environments (such as aviation and aerospace fields), more thorough research of materials’
performance under multi-physics field (MPF) conditions is still needed. In this paper, a test system
that combined temperature, stress and electromagnetic fields along with other fields, at the same
time, is built. It can accurately simulate the actual complex working conditions of the motor and
explore the dynamic characteristics of non-grain oriented (NGO) silicon steel. The rationality of this
method is verified by checking the test result of the prototype, and the calculation accuracy of the

motor model is improved.

Keywords: non-grain oriented silicon steel; multi-physics field; high-performance motors; efficiency

1. Introduction

Silicon steel is one of the most important materials in motor. Under the actual work-
ing state of the motor, the core material is in a physical field where temperature, stress,
frequency conversion and other external fields are coupled at the same time. For example,
when the built-in permanent magnet synchronous motor is running at high speed, the
alternating frequency of the magnetic field in iron core is high [1], and the iron loss increases
exponentially as the frequency increases [2]. In addition, high frequency will also cause
skin effects on the surface of silicon steel sheet, which will further increase the iron loss [3].
The loss of certain grades of silicon steel will increase several times when giving them
compressive stress from 0 MPa to 100 MPa [4,5]. Silicon steel material will appear as a
dynamic strain aging phenomenon under the action of temperature [6], and its tensile
strength will change at the same time. Similarly, the heat dissipation problem and demag-
netization problem caused by temperature rise during the operation of permanent magnet
synchronous motor indicate that it is necessary to consider the influence of frequency, stress
and temperature on the core material.

Traditional motor design and finite element analysis are calculated iteratively through
the basic data of materials under power frequency, no external force and constant tempera-
ture conditions. However, with the improvement of the requirements for high-performance
motors in the future, how to accurately calculate and predict the performance of motors
under extreme conditions is particularly important. The magnetic properties and mechan-
ical properties of silicon steel under MPF have gradually become a research hotspot. In
Reference [7], the author explored the influence of stress and temperature on the iron loss
of silicon steel, and completed the modification of the calculation coefficient of iron loss
according to the influence.

Many scholars have studied the effect of a single physical field (SPF) change on silicon
steel sheets” magnetic properties. In addition to the excitations, the microstructure of
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silicon steel will change with the change in stress [8,9], thus causing effects to its magnetic
properties. When it is applied with external force, silicon steel will show magneto elastic
properties [10] and stress demagnetization [7], which will also promote or deteriorate the
magnetization of silicon steel. With the increase in tensile stress, most of the silicon steel
will show a trend that its magnetic density firstly increases and then decreases. However,
the effect of stress on silicon steel sheet loss is not infinite. When stress reaches a certain
value, the loss will remain in a relatively stable numerical range [11].

By applying the temperature field to Epstein coils, Chen’s team explored the influence
of temperature rise on the magnetic properties of soft magnetic materials, and found that
the magnetic density of materials decreased with the increase in temperature [12]. The
influence of temperature on the electromagnetic properties of 0.5 mm medium grade NGO
silicon steel was studied, and the action mechanism model was proposed [13]. Temperature
coefficient K and effective resistivity of silicon steel lamination was subsequently introduced
to explore the change trend of iron loss with temperature, and came to a conclusion that
the iron loss decreases with temperature rise [14].

In 2016, American scholar G.M.R. Negri [15] conducted experiments involving thermal,
metallurgical and electromagnetic measurements on silicon steel, simulated the evolution
process of loss using the scalar hysteresis model and predicted the aging of silicon steel
based on the Arrhenius formula, providing important significance for motor design. Sim-
ilarly, Andreas Krings and Oskar Wallmark studied the influence of motor operating
temperature on its magnetic performance and proposed a core loss model including tem-
perature influence coefficient [16]. After them, different researchers continuously corrected
the temperature coefficient of this iron loss model through experimental measurement, and
verified the correctness of the modified model by testing the silicon steel and motor [17,18].
Some scholars have summarized relevant laws by studying the magnetic properties and
mechanical properties of NGO silicon steel within a certain temperature range [19-21]. In
addition, there are some scholars who also studied the electromagnetic characteristics of
oriented silicon steel at different ambient temperatures [22].

In conclusion, more domestic and foreign scholars are paying attention to the char-
acteristics of silicon steel under MPE. However, in the actual motor design process, some
designers still rely on the fixed model and basic material data provided by the commercial
finite element simulation software and empirical coefficients to design the motor. They
still lack the understanding of the nature and change mechanism of the material under the
influence of MPF, as well as the final impact on the motor performance.

The first part of this paper summarizes the current research status of the magnetic
properties of materials under MPF. In the second part, a high-power density drive motor is
designed, and three main factors that affect the characteristics of soft magnetic materials
under extreme operating conditions are proposed, which are temperature, stress and
frequency. In the third part, a magnetic characteristic test method based on “temperature
stress electromagnetic” three-field coupling is proposed, which can proximately simulate
the real situation of electrical steel when it runs inside the motor. In the fourth part,
30ADG1500 is used as the experimental object to find out the dynamic characteristics of
NGO silicon steel under MPF, and the motor’s efficiency is simulated and compared when
the influence factors are not considered and when the influence factors are considered.
The rationality of the method is verified through the test result of the prototype and the
calculation accuracy is improved by this method. Finally, the conclusion is summarized.

2. Motor Design and Multi-Physics Coupling Field Analysis

In order to explore the influence of magnetic characteristics of silicon steel on motor
performance, we have designed a new type of high-power density motor based on the
actual requirements of engineering, so that electric vehicles can maintain good performance
under starting, climbing and braking conditions. Based on the consideration of the motor’s
performance using flux weakening speed regulation method and the prototype manufac-
turing capability, we chose the interior permanent magnet rotor, which adopts the design
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of 48 slots and 8 poles, and the peak speed of the motor can reach 9000 rpm. Detailed
parameters of the motor are shown in Table 1.

Table 1. Detailed parameters of the motor.

Parameter Value
Rated /Peak torque (Nm) 40/150
Rated /Peak power (kW) 20/40
Rated /Peak speed (rpm) 4774/9000
Stack length (mm) 144
Working temperature (°C) —40~60

In order to further explore what kind of MPF environment the core will be in when
the motor is running at high speed, the finite element simulation of the motor was carried
out by Motor-CAD and Ansys software. Based on the actual working conditions of electric
vehicles, we set the ambient temperature as 60 °C, and predicted the temperature rise and
magnetic density of the driving motor at the peak speed, as shown in Figure 1.

Winding-Max
L
L

125°C&60MPa
(Pressure stress)

100°C&200MPa (Tensile stress )

Rotor-Avg
98.6°C r

0.6T
Stator-Avg 04T
8 5

SET EE =

(b)

Figure 1. Temperature distribution and magnetic density distribution @ 9000 rpm. (a) Temperature
rise simulation (flow rate: 15 L/min); (b) finite element simulation; (c) finite element model.

When the motor speed reaches 9000 rpm, the magnetic bridge of the rotor will bear
about 200 MPa of centrifugal force, which belongs to tensile stress for silicon steel and will
affect its loss characteristics. In addition, the fit between the stator and the casing adopts
the interference method. According to the interference amount, the calculation shows that
the stator will bear about 60 MPa of compressive stress, which will also affect the magnetic
characteristics of the silicon steel. Therefore, in the simulation analysis and calculation
of the model, we divided the model into four areas according to the actual situation, and
applied the characteristic data of silicon steel in different states. The purpose is to improve
the accuracy of the calculation.

The color of the magnetic density indicates the degree of saturation of the silicon steel
material used in the motor. The red area will heat slightly more than the other areas. As
can be seen from Figure 1, the magnetic density of the stator teeth is from 1.8 T to 2 T, the
magnetic density of the yoke is mostly between 1 T and 1.2 T, and the average temperature
of the iron core is about 120 °C at the peak rotating speed. The magnetic density of most
parts of the rotor are from 1 T to 1.4 T, and its maximum temperature is about 100 °C, which
is concentrated around the permanent magnet.

In the production process of the motor, the casing and stator usually fixed by in-
terference fit, and the rotor material will be affected by centrifugal force when rotating.
Considering those affects, area A of the rotor core is in the physical field of 100 °C and
0 MPa, area B is in the physical field of 100 °C and 200 Mpa of tensile stress (TS), area C of
the stator core is in the physical field of about 130 °C and 0 MPa of tensile stress and area D
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High and low temperature
alternating test device

Mechanical loads

is in the physical field of 125 °C and 60 MPa of compressive stress (PS). Therefore, in order
to improve the calculation accuracy, it is necessary to consider the magnetic properties of
materials under MPF.

3. Experiments under Varying Ambient Conditions

In the harsh aerospace environment such as extremely low temperature, high temper-
ature or vacuum, the parameters of permanent magnet synchronous motor vary greatly,
and silicon steel’s characteristic is also prone to nonlinear changes. The coupling relation-
ship among electromagnetic, temperature, fluid, stress and other fields of MPF cannot be
ignored. How to accurately test the magnetic properties of silicon steel under MPF and
speculate on the motor performance has become a key technical problem.

3.1. Test Platform

In this paper, a test system for magnetic properties of silicon steel based on the MPF
environment of “temperature, stress and electromagnetic” is established. The test system is
composed of three core modules: electromagnetic characteristic test module, mechanical
characteristic test module and adjustable test environment module. The magnetic testing
equipment adopted a commercial equipment on the market. In addition, in order to test
the characteristics of the sample under more applicable conditions, we also customized a
tension machine and a device that can adjust the temperature environment, which uniquely
coupled the three parts together. This system can not only test the properties of silicon steel
under SPF, but also complete the properties of silicon steel under MPF.

As shown in Figure 2, the test platform can simultaneously change temperature, stress,
frequency, magnetic field strength and other major variables. We cut the size and shape
of the sample according to the relevant national standards, and wrapped the copper wire
around the left and right sides of the sample. During the experiment, the sample is fixed in
the equipment with adjustable temperature by the tension machine, and the copper wire is
drawn to the magnetic characteristics test equipment. In this way, we can test the magnetic
properties of the sample, for example, BH and BP data. The design of the test system not
only innovatively coupled multiple devices together to provide different environments for
silicon steel testing, but also saved space.

Magnetic Measurement System of Silicon Steel

Sample  Tension Test Machine Adjustable Temperature
/ Equipment

Magnetic

L —" | Measurement

/ Equipment

Output BH and BP Data

/ T
e
/ L1

Electromagnetic load
input and magnetic
characteristic output

¥
Copper Wire

(b)

Figure 2. Test platform. (a) Actual test system; (b) schematic diagram.

When the temperature field is applied, the sample is heated by air heat conduction,
and the temperature is fed back by the sensor and adjusted in time. The temperature of the
object under test can be varied by contact-free heating or cooling in hot or cold air, so as to
avoid interference as much as possible and reduce magnetic leakage of the sample during
the test. By applying different voltage, current, frequency and magnetic field intensity to

113



Materials 2022, 15, 8305

the sample of a commercial magnetic testing equipment of silicon steel, we can obtain the
characteristics data of silicon steel samples under different electromagnetic fields. Coupled
together, the three devices can be used to load different stress, temperature, electromagnetic
and other environments, providing a wider range of support for the magnetic properties of
silicon steel testing. Therefore, we can guide the material selection and optimal design of
the motor.

3.2. Function of Testing Device

Through the thermal simulation analysis of the motor model based on the Motor-
CAD software above, it is not difficult to find that the core will be in the environment of
high temperature, high frequency and high stress. Therefore, the magnetic properties of
silicon steel under multiple physical fields can more accurately reflect the performance of
the motor at high speed. Based on this, the following four variables are set in this paper,
and 30ADG1500 NGO silicon steel is used as the research object to analyze its magnetic
properties. The test range of the test device in this paper is shown in Table 2 below:

Table 2. Test range of the testing device.

Parameter Range
Stress —60-200 MPa
Temperature —40~150 °C
Frequency 40~1000 Hz
Magnetic field strength 0~10,000 A/m

4. Analysis and Prototype
4.1. Analysis of Magnetic Properties of Materials
4.1.1. Magnetic Properties of Silicon Steel Considering Temperature, Stress and Frequency

It was found that the magnetic properties of silicon steel are affected by both stress
and temperature. The stress has an effect on the microstructure of silicon steel, which leads
to the difference of hysteresis coefficient of different frequencies in the calculation of iron
loss. In addition, temperature affects the calculation coefficient of the eddy current loss
at different frequencies. Therefore, for the characteristics of silicon steel under multiple
physical fields, we need to consider the influence of stress, temperature and frequency on
magnetic characteristics of silicon steel for calculation and analysis. Refer to the following
formula for calculating iron loss:

Pro = Py + P = ky,(0) fBu + ke(T) f?B2, (1)

kj, and k. are, respectively, the hysteresis loss coefficient and eddy current loss coefficient
after data fitting.

In order to clearly express the influence of temperature, stress and frequency on the
magnetic properties of silicon steel, this paper selected the experimental results under the
magnetic field strength of 1000 A/m to draw curves., as shown in Figure 3. In order to
show the magnetic properties of silicon steel with the change in stress and temperature, it
is drawn as a function of temperature and two-way stresses.

It can be seen that the magnetic density of NGO silicon steel will decrease with the
increase in temperature. Compressive stress will also reduce the magnetic density of
materials. However, the magnetic density first increases and then decreases with the
increase in tensile stress, and reaches a maximum value near 30 MPa. In addition, the
magnetic density is more affected by tensile stress at low temperature; with the increase in
temperature, the influence of tensile stress on magnetic density decreases gradually.

When the motor is running at a rated speed, the frequency is about 400 Hz. So, the
loss of 30ADG1500 under 1 T and 400 Hz was tested, and the changing trend is shown in
Figure 4.
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Figure 4. Iron loss under 400 Hz and 1 T. (a) The trend of P under MPF; (b) P under SPF.

It can be seen that the loss of NGO silicon steel will decrease with the increase in
temperature; with the increase in applied stress, it first decreases and then increases,
reaching a minimum value around 30 MPa. The trend of loss change is opposite to that
of the magnetic density change. At high temperature, the loss is greatly affected by
tensile stress, and the influence of tensile stress decreases with the decrease in temperature.
However, the compressive stress will make the material loss deteriorate to a large extent,
and the deterioration extent will gradually increase with the increase in compressive stress.

As the motor’s speed increases, the frequency of the motor increases gradually. When
the motor operates at peak value, the operating frequency rises to 800 Hz. In Figure 5, the
changing trend of silicon steel’s loss with temperature and stress at 1.2 T and 800 Hz was
plotted. The changing trend of loss with stress and temperature is generally consistent with
Figure 4, but the turning point of tensile stress of loss trend is reduced from 30 MPa to
25 MPa.

From the experimental data above, at different temperatures, their magnetic properties
will show different levels of sensitivity to tensile stress. For example, at low temperature,
the iron core’s magnetic density is more affected by tensile stress, while the loss is less
affected; with the increase in temperature, the influence of tensile stress on magnetic density
decreases and the influence of tensile stress on loss increases.
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4.1.2. Comparison of Magnetic Properties of Materials

Figure 6 shows the comparison of magnetic properties of the NGO silicon steel with
and without considering MPFE.

40

000160025 CAONPS — 100°CR200WPa (T5) -50Hz

: 2 by | —— 100°C&200MPa (TS) ~400Hz
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Figure 6. The magnetic characteristic of NGO silicon steel. (a) B-H curves; (b) B-P curves.

From the above figure, it can be seen that the magnetic properties of silicon steel
will change under the action of temperature, stress, frequency and other external fields.
In conclusion, in the future design process of high-performance motors, the calculation
accuracy of the model will be greatly improved by considering the magnetic characteristics
of silicon steel under MPFE.

4.2. Analysis of Simulation Results

In this subsection, we replace the A, B, C and D regions of the motor model with
the corresponding magnetic characteristics data under high temperature and stress, and
compare the motor simulation characteristics of silicon steel under the condition of consid-
ering MPF with that of not considering MPF. Based on the data from the test, motor’s loss
diagram and efficiency comparison diagram are drawn.

Figure 7 shows the analysis of the magnetic characteristic data for 1 T and 400 Hz of
the core material tested in the previous article under MPE. At 4775 rpm, motor’s iron loss
considering single electromagnetic field is 233.46 W, and iron loss considering the coupling
of MPF including electromagnetic, stress and temperature is 268.29 W. The iron loss of the
motor has increased by 34.83 W, which is about 14.9%. At the speed of 9000 rpm, motor’s
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iron loss considering single electromagnetic field is 466.92 W, and iron loss considering
MPF is 536.58 W, the iron loss of the motor has increased by 69.66 W, which is about 14.92%.

Torque (N.m)

Iron loss (W/kg) Iron loss (W/kg)

4775rpm-233.46W/kg
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(a) (b)

Figure 7. Comparison of motor’s iron loss map. (a) Iron loss of SPF; (b) iron loss of MPF.

With the increase in rotating speed, the proportion of copper loss decreases and the
proportion of iron loss increases, and the influence of the characteristics of iron core material
on the motor performance increases gradually. Therefore, for the design of high-speed
motors, considering the characteristics of iron core materials under MPF can not only more
truly reflect the motor performance, but also greatly improve the calculation accuracy.

The loss of the motor during operation is mainly composed of iron loss, copper loss
and mechanical loss. For the high-speed motor, efficiency as a very important index, iron
loss plays a more important role. For example, for electric vehicles, the high efficiency of
the motor can bring about an increase in the driving range. Therefore, we need to analyze
the actual loss of the motor at high speed with the help of the magnetic characteristics
data of silicon steel under MPE. In order to verify the reliability of the previous test, we
compared and analyzed the efficiency of the motor under SPF and MPF, and drew the
efficiency graph pair in the form of contour lines, as shown in Figure 8. The numerical
statistics of the efficiency are shown in Table 3.

When the motor runs at the peak speed, the stator and rotor core are in a high-
temperature state, and the influence of tensile stress on the loss of silicon steel sheet will
increase. It can be seen from the table and contour diagram that for the area where the
motor efficiency is greater than 95%, the calculated value of motor efficiency considering
the characteristic data of silicon steel in SPF is 26.21%, and the calculated value of motor
efficiency considering the characteristic data of silicon steel in MPF is 16.67%. The ratio of
the area of the high-efficiency area to the total area decreased by 9.54%. In addition, the
maximum efficiency of the motor decreased by 0.31%.

Therefore, in the process of motor design, if only the magnetic characteristics of iron
core materials under a SPF are considered, the efficiency of motor simulation will be a bit
high, which may possibly lead to the problem of insufficient performance after prototype
manufacturing, and have a certain impact on the accuracy of motor design. Therefore, in
the design of a high-performance motor, MPF has great practical value for improving the
accuracy of motor simulation calculation.
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Table 3. Comparison of efficiency ratios under two working conditions.

Efficiency SPF MPF
Area of efficiency >85% 84.33% 82.55%
Area of efficiency >90% 71.83% 68.38%
Area of efficiency >95% 26.21% 16.67%
Maximum efficiency 96.29% 95.98%

4.3. Prototype Testing

To verify the work of this paper, a 20/40 kW motor prototype was installed on a
0-15,000 rpm test bench for testing, as shown in Figure 9.

Figure 9. Prototype and test equipment.

4.3.1. Temperature Rise Comparison

The load testing was carried out on the prototype with the flow of cooling water was
15 L/min, and the inlet temperature was 65 °C. The test results were compared with the
simulation results as Figure 10.
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Figure 10. Temperature comparison between simulation and prototype test.

As shown in Figure 10, Under the working condition of 30 s peak operation, the
simulated temperature rise is about 55 °C and the measured temperature rise is about 62 °C.
Different silicon steels usually have different coatings and will also have different levels
of sensitivity to temperature rise. After the research, it was found that the coating of the
silicon steel we used would make the temperature rise of the core slightly higher than that
of other silicon steels. In addition, other non-standard processes in the production process
will also have errors in simulation and testing. Therefore, we should strive to improve the
accuracy of processing.

4.3.2. Efficiency Comparison

The efficiency simulation data considering MPF were compared with the measured
efficiency data as Figure 11.

- - - Test
Simulation

T T T T T
1500 3000 4500 6000 7500 9000
Speed (rpm)

Figure 11. Temperature comparison between simulation and prototype test.

It can be seen from the Figure 11 that the simulation data under the consideration of
MPF is more realistic. Although the area of the high-efficiency area of the motor has been
reduced, the total error is within 3% and the maximum efficiency point error is within 0.5%.
In addition, in the actual production process of the motor, due to other problems such as
process and coating, the efficiency of the motor will also decline slightly.

5. Discussion

At present, most motor designs are calculated based on material test data at 50 Hz,
0 MPa and room temperature. However, for future high-performance and special motor
requirements, more careful design and precise research under extreme working conditions
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References

are still needed. For this reason, the research significance of this paper is to improve the
accuracy of model calculations under complex working conditions, and to explore the
magnetic characteristics and mechanical properties of silicon steel under MPF from the
perspective of material properties testing.

In the experiments carried out in this paper, the main factors such as high temperature,
stress and frequency were considered. In the next phase of the test work, we will optimize
the function of the test equipment and complete the material characteristics test at extremely
low temperature.

6. Conclusions

Based on the analysis of a high-power density motor of an electric vehicle, this paper
used 1 T and 400 Hz and 1.2 T and 800 Hz working conditions as examples to explore the
characteristics of 30ADG1500 iron core material under the MPF of electromagnetic, stress
and temperature fields. A summary of our findings is as follows:

1. The magnetic density decreases with the increase in temperature and compressive
stress, and firstly increases and then decreases with the increase in tensile stress. The
influence of tensile stress on magnetic density at low temperature is greater than that at
high temperature.

2. The iron loss of materials will decrease with the increase in temperature; With
the increase in tensile stress, the iron loss firstly decreases and then increases, and the
influence increases at high temperature. The compressive stress will only worsen the iron
loss situation.

In the process of motor design, with the increase in motor speed, the proportion of
iron loss is increasing. The magnetic characteristics of iron core materials play a vital role in
motor performance. Based on the experiment, it was found that the iron loss of the motor
considering the MPF will increase by around 14.9%, leading to a decrease in the actual
efficiency of the motor. The range of efficiency greater than 95% will decrease by 9.54%.
Finally, the validity of the conclusion is verified by the prototype test result. Therefore,
when designing high-performance motors, it is necessary to consider the characteristics of
iron core materials under MPF, such as electromagnetic, stress and temperature fields, to
improve the calculation accuracy of the model and increase the reliability of motor design.
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Abstract: Understanding the correlation between magnetomechanical coupling factors (k) and damp-
ing factors (Q~ ') is a key pathway toward enhancing the magnetomechanical power conversion
efficiency in laminated magnetoelectric (ME) composites by manipulating the magnetic and mechani-
cal properties of Fe-based amorphous metals through engineering. The k and Q! factors of FeSiB
amorphous ribbons annealed in air at different temperatures are investigated. It is found that k and
Q1 factors are affected by both magnetic and elastic properties. The magnetic and elastic properties
are characterized in terms of the magnetomechanical power efficiency for low-temperature annealing.
The k and Q™! of FeSiB-based epoxied laminates with different stacking numbers show that a —3 dB
bandwidth and Young’s modulus are expressed in terms of the magnetomechanical power efficiency
for high lamination stacking.

Keywords: Fe-based amorphous alloys; magnetomechanical coupling; damping factor

1. Introduction

In recent years, Fe-based amorphous alloys with significant magnetomechanical effects
have been successfully used in laminated magnetoelectric (ME) composites, which usually
consist of piezoelectric and magnetostrictive layers [1-5]. The ME energy coupling of
laminated piezoelectric/magnetostrictive composites can be described as magnetic energy
converted to mechanical energy and then to electric energy through the strain/stress
coupling between these two types of materials [2]. When a magnetic field is applied to
ME composites, their ferromagnetic layers shrink or stretch due to the magnetostrictive
effect; then, the resulting strain/stress is transferred to the piezoelectric material, leading to
a voltage change [2]. Devices based on laminated ME structures have shown promising
potential for use in magnetic sensors, acoustically driven antennas and power conversion
devices due to their high energy conversion efficiency [1-4,6-11].

As a key component of ME structures, Fe-based amorphous alloys should possess
a relatively high conversion efficiency between magnetic power and mechanical power.
To develop such materials, the requirement is to balance two or more parameters, as
relevant parameters in materials usually impact one another to a significant degree [1].
However, keeping a parameter unchanged while improving other correlated parameters
is normally quite a challenging task, even more so to balance two main parameters in
some energy-converting materials. Specifically, the magnetomechanical power conversion
efficiency (), defined by the ratio between the converted power and the input power
and that can be expressed as 77 = m [4,12], in magnetostrictive materials is based
on two mutually exclusive, but related, parameters—the magnetomechanical coupling
coefficient (k) and damping factor (Q 1) [2/4]. The k factor quantifies the ratio of the
magnetic energy that is converted into mechanical energy or vice versa over a period in
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magnetostrictive devices [13-15]. The Q factor, a reciprocal of the damping factor, is another
important parameter that quantifies the ratio between the power storage and the power
loss [12,14]. The two factors can be used to characterize the magnetomechanical properties
in Fe-based amorphous alloys [4]. The k and Q factors accompany each other in most
magnetomechanical transduction materials. To increase 7, k2Q needs to be maximized,
although efforts to increase k often lead to a reduction in Q and vice versa. For example,
the traditional annealing procedure usually causes a similar trend in changes to the k* and
Q! factors; this implies a small 5 value [1,2]. To enhance the efficiency a step forward, and
to minimize the inevitable correlation between the two factors, further clarity is needed on
the correlation in variations between k and Q.

Over recent decades, the influence of annealing on magnetic properties of Fe-based
amorphous ribbons has been vastly studied [4,16-18]. It has been found that the annealing
procedure can adjust the saturation magnetic flux density (Bs), coercivity (H,), magnetic
permeability (y,) and the k, Q and # factors, but variations to these parameters are rarely
independent [1,4,8,11-13,19-35]. Thus, an opportunity has arisen for researchers to explore
ways to cooperatively elevate two or more parameters while avoiding negatively impacting
others [1-3].

In this study, the influence of heat treatment on the magnetomechanical properties for
FeSiB amorphous ribbons is investigated. The correlation between the k and Q (or o
factors of such ribbons annealed at temperatures far below the crystallization temperature
is discussed. The magnetic and magnetomechanical properties of single-foil ribbons and
epoxy-ribbon laminates are also measured and compared in this work.

2. Experimental Method

The samples used in this work to perform the experiments were Fe-based amorphous
ribbons with a nominal composition of FegySigB11 (at%). The length, width and thickness of
a single ribbon were 40 mm, 5 mm and ~25 um, respectively. The ribbons were annealed at
different temperatures for 20 min in air using a muffle furnace. The annealed ribbons were
inserted into a rectangular winding coil with an approximate size of 40 x 10 x 10 mm? and
were tightly wound into six layers using 32-AWG magnetic wires in copper. When amor-
phous ribbons are driven by a magnetic excitation near a mechanical resonant frequency,
their impedance (and inductive component) is extremely sensitive to the applied DC
field [5,7,36,37]. The inductance and the impedance of the coils with inserted ribbons were
measured with a high-precision impedance analyzer (HP 4294A). The resonant frequencies
(fr at maximum impedance) and antiresonant frequencies (f, at minimum impedance) on
the impedance spectrum were also measured with the impedance analyzer under a DC
magnetic bias field (H;.) along the longitudinal direction of the ribbons [6,38]. It is worth
mentioning that the antiresonance occurred at a frequency above the actual mechanical
resonance frequency when the impedance contribution from the ribbon minimized the
total impedance [12]. The values of k were determined using resonant and antiresonant
frequencies, while Q could be directly measured using the two poles (f1 at maximum
inductance, f> at minimum inductance) on the inductance spectrum [4,12,38]. From the
frequencies at f;, f;, f1 and f7, the values of k and Q were calculated using the following
dependences: k = /(712/8)(1 — f2/f2) and Q = f+/(f2 — f1), where Af = f, — f; also
corresponds to the —3 dB bandwidth near the resonance [12]. A schematic diagram of the
experiment is shown in Figure 1.

The magnetic permeability ., of the Fe-based amorphous ribbon was an order of
10%-10° [39]. When cut into the rectangular shape, the apparent magnetic permeability
(Mapp) along the long axis of the ribbon was several hundred due to the demagnetization
field [40]. Furthermore, because the inductance of the winding coil was almost constant for
a fixed frequency, this caused the measured inductance (L) values of the winding coil with
an inserted Fe-based ribbon to increase with the increase in Happ, ie., L « yupp.The values
of Young’s modulus (E) for the ribbons with lengths matching the coils’ should have been
approximately proportional to the square of the antiresonant frequency f, or the square
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of the resonant frequency f; [12,14,34], i.e., E  f2(or f?). The magnetic hysteresis loops
of the ribbons annealed at different temperatures were measured using the vibrational
sample measurement system (VSM, MicroSense EZ-7). The samples with dimensions of
approximately 5 x 5 x 0.025 mm3 were prepared together in a furnace with the 40 mm
long ribbons for the VSM measurements.

DC current supply

H,

c

>

FeSiB ribbon

umrﬁm@mi

ac
Winding
solenoid coil

Impedance analyzer

Electromagnets

Figure 1. Schematic diagram of the experiment.

3. Theoretical Analysis and Measurement
3.1. Eddy Current Loss

The equivalent input loss factor (¢) is defined as the inverse of the product of k? and Q.
It quantifies the ratio between the power conversion and the power loss in the magnetic-to-
mechanical energy conversion. Following previous investigations [4,12,32,34,41], ¢ could
be written as

1 1
¢= @ = Cepox fr+ m' @

where ¢, is the loss coefficient for the eddy current in an individual ribbon, x is the
magnetic susceptibility of the ribbons and Qy is the quality factor under magnetostriction-
free conditions. From the right-hand side of Equation (1), the first term ¢, represents the
energy loss for the dynamic magnetization procedure, which was affected by the magnetic
properties of the ribbon; the second part represents loss not related to the eddy current. In
single ribbons, the eddy current loss dominated after the heat treatment under an annealing
temperature far below the crystallization temperature. Following Herzer et al. [42], the
formula for c, was expressed as

2 2 2
=Ty ), @)
Pel (weosp+t)~ 1 —m

where ¢ is the ribbon thickness, p,; is the electric resistivity and f is the angle between
the average magnetic anisotropy and the ribbon direction. m = Jy/]Js is the average
longitudinal magnetization (J;;) normalized to the saturation magnetization (Js). w is the
magnetic domain width; the formula was given as [42]

2 8Lext

= 2 3
N..sin®B + Nyycos? )

where L.y = v/ A/K is the magnetic exchange length. A is defined as the exchange stiff-
ness and K is the anisotropy constant. N, and Ny, are the demagnetization factors
along the longitudinal and width directions of the ribbon, respectively. With the help
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of Equations (2) and (3), the contribution of the eddy current in Equation (1) could be
rewritten as
nt)2 (nt)2 m? w?
60c1 : 6pe1 1 —m? (weosp +t)

Taking into account that the average anisotropy angle  was close to zero for ribbons
annealed at low temperatures, Equation (4) was rewritten as

Ceddy = oXxfr+ 5 HoX fr- 4

2 2

mt) 2 om? (1 1\ 2
6001 Hoxfr + @1 2 <t + w) HoX fr- ®)

geddy =

Since the magnetic domain width was usually much larger than the ribbon thickness
in low-temperature annealed samples, the assumption w >> t could be considered in the
calculation. Thus, Equation (5) could be rewritten as

1 (mt)? m>
= = 1 .
Cutty = a5 = g (1 T )0 ©

The equivalent loss factor induced by the eddy current loss for the ribbons annealed
at low temperature was dominated by the variation in ) and f, for the ribbons.

3.2. Magnetic and Magnetomechanical Properties

It was assumed that the hysteresis loops of the magnetic materials could provide
important information on the magnetic properties of the materials. Figure 2a shows the DC
magnetic hysteresis loops of the samples annealed in air at different annealing temperatures
(Tan) for 20 min. The loops showed small values of remnant magnetization and H, for all
the samples, suggesting that the samples retained good soft magnetic properties after the
heat treatment in air. As shown in the inset in Figure 2a, the values of H. mostly stayed
close to 0.1 Oe for T4y = 370 °C to 450 °C. However, H. began to grow sharply when
Tsn exceeded 450 °C. In this case, the change in the chemical concentration causing the
ordered clusters and the subsequent topological and chemical long-range orderings on the
surfaces of the ribbons resulted in variations in the values of H, [28,30,31,33,41,43]. When
Tan was above 500 °C, H. showed a high increase, which suggested further deterioration
in the soft magnetic properties. This was due to (1) an increase in the fraction of the
surface crystallization at high T4y and (2) the film of boron oxides that formed due to
the excessive presence of boron atoms that were separated from the «-Fe crystallites,
since the «-Fe crystallites had a much lower solubility effect on B than that of amorphous
Fe [4,22,27,28,30,33]. Consequently, the magnetic domains in the amorphous remainders
were thinned and turned toward the out-of-plane direction through compression stress
induced by the surface crystallization and surface oxidation films [4,22,27,28,30,33], leading
to an increasing in H..

In our previous work [4], we reported on the T4y dependency of k and Q for single
FeSiB ribbons; the value of k reached its maximum at approximately a T4y of 430 °C, while
Q showed a minimal value at approximately a T4y of 410 °C. The k* and Q! evolutions
after annealing at various temperatures T4y are shown in Figure 2b. In the low T4y region,
below 400 °C, with increasing T4n, both k? and Q! increased at almost the same pace,
indicating that k> and Q! were correlated in the low annealing temperature region. For
higher T 4y, from 400 °C to 500 °C, the variation in k* and Q~! diverged, suggesting that
the correlation level of the two parameters dropped significantly. Furthermore, as a result
of the collective changes in k?* and Q! for low Tay, below 400 °C, the equivalent input
loss ¢ should have stayed invariable for low T 4y, below 400 °C, as reported by our earlier
investigations [4].
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Figure 2. (a) The hysteresis loops of FeSiB amorphous ribbons obtained after annealed at different
temperatures, from 370 °C to 510 °C, for 20 min in air; the inset figure is the annealing temperature
(Tan) dependence of coercivity He. (b) Damping factors (Q~1) and the square of magnetomechanical
coupling (k) as a function of Ty for 20 min in air. k was acquired at its maximal values with
external DC magnetic bias field Hj.. The values of Q~! were measured under the same H;, when k
was maximized.

3.3. Softening of Magnetic and Elastic Properties

Figure 3 shows the measured values of the inductance (L) at 10 kHz after isothermal
annealing at various temperatures T 4. It could be observed that L increased with T4y in
the region from 350 °C to 410 °C and then decreased for T4y from 420 °C to 490 °C. As
mentioned above in the Section 2, the variation in L values suggested a collective change in
the apparent magnetic permeability (j4pp) of the ribbon [44], i.e., L o pgpp.
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Figure 3. Variations in inductance (L) of the winding coil with an inserted FeSiB ribbon annealed for
20 min at different annealing temperatures T 4y, from 350 °C to 490 °C.

Figure 4 shows the T4y dependence of resonant f, and antiresonant f,. It could be
stated that in the low T4 region, both f, and f, decreased with the increase in T 4, reaching
a minimal value at 410 °C. Then, they rose as T4y continued to increase. The values of
Young’'s modulus (E) in the ribbons with lengths matching those of the coils should have
been approximately proportional to the square of the antiresonant frequency f; or the square
of the resonant frequency f, [12,14,34], i.e., E o f2(or f?). By comparing the behavior of
L and f; (f;) versus Tay, it could be seen that the two parameters exhibited a respective
extreme value as the function of T4n. However, the curves of L and f; (f;) showed a lag of
20 °C versus T4y to reach their maximum/minimum values.
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Figure 4. The variation in the resonant frequencies (f,;) and antiresonant frequencies (f;) of the winding
coil with an inserted FeSiB ribbon annealed for 20 min at different annealing temperatures T4y, from
350 °C to 500 °C. The f; and f; on the motion impedance curve were measured with the impedance
analyzer under a DC magnetic bias field (H;.) along the longitudinal direction of the ribbons.

By comparing the T4y dependence of L with the T4y dependence of the Q! factors,
it could be observed that the variations in L and Q! with the increase in T4 were almost
the same below 400 °C; f; (f;) had a similar profile to the k factor. According to Equation
(6), the trends of k and Q were recognized as the competition between the magnetic and
mechanical properties, x and f; (f;). Since the L curve and Q! curve shared the same trend
and the same extreme value point of T4y below 410 °C while the f; (f;) curve and the k
curve showed an inverse trend and the same extreme value point of T4y below 430 °C, it
was probable that L or ji5y, were dominant in the values of the Q! factors, while f; (f;) or
E had a dominative effect on the k factor for the low T4y below 410 °C (for L and Q) or
430 °C (for f; and k). Moreover, because k and E were related to each other, the annealing
experience through « relaxation had a significant influence on the softening of elasticity
below 430 °C [4]. For higher T4y, because of the emergence of the surface crystallization
and the long-range chemical orderings with B oxidation during the annealing procedure,
the competition of magnetism and elasticity became much more complex, leading to the
divergence between the k? curve and Q curves, as well as between the f, (f,) curve and the
L curve versus Ty [4,28,30,31,33,35,41].

Below 410 °C-T4y;, the B relaxation in the Fe-deficient zones was dominant and led to
the chemical short-range ordering (CSRO) in Fe-rich zones with doped B atoms through
diffusion [4]. In addition, the topological short-range ordering (TSRO) also occurred at this
low T4y region as another result of 5 relaxation, leading to the release of internal stress,
both of which weakened the pinning effect of the magnetic domain through defects in the
sample [4]. The expanding speed of the magnetic domain increased, therefore, i.e., L (papp)
increased. For T4y, from 450 °C to 500 °C, the sharp decrease in L (j4pp) may have occurred
due to the emergence of surface crystallization together with more severe surface oxidation
(such as Fe-O, B-O, silica) that led to the appearance of the grain boundary, as well as
the magnetic anisotropy deviating from the long axis direction, both of which inhibited
the movement or rotation of the magnetic moment of the magnetic domain, resulting in
the smaller variation rate of the magnetic moment. The increase in H; above 450 °C also
coincided with the decrease in L (y4pp), suggesting the deterioration of the soft magnetic
properties in the high T4y region.

The decrease in E in the low T4y region suggested that the deformation quantity of the
ribbon decreased with the increasing T4n. According to previous studies [4,35], as a result
of  relaxation for low T4y, besides the increase in the Fe—Fe bond caused by the CSRO, the
TSRO could also be triggered through p relaxation close to the cluster-matrix boundaries.

127



Materials 2023, 16, 4990

The TSRO initiated a decrease in the ductility of the sample; thus, the sample became “more
flexible” when stretched. Consequently, E (f, and f,) decreased after annealing at a relatively
low temperature, and reached its minimum at 430 °C, as shown in Figure 4. The E (f, and
fr) vs. Tan curve switched to an increasing trend when T4y exceeded 430 °C. This could be
attributed to the apparency of « relaxation, which was more intense and usually occurred
at a high T4n. This a relaxation further enhanced the diffusion of the atoms, affecting the
atomic orderings in a larger scale and usually reshaping the clusters. Fe or metalloid atoms
experiencing long-term relaxation in the B-rich area led to the generation of some clusters
with high elasticity, which increased the values of E. In addition, because the annealing
procedure in this article was performed in air, the oxidation was stronger and penetrated
deeper into the ribbons at a high T 4y; this also had a strong influence on the rigidity of the
ribbon [4,20].

From Figures 3 and 4, it could be obtained that the variation trends in magnetic
susceptibility x (x was also approximately proportional to L in Figure 3) and resonant
(antiresonant) frequency f; (f;) were quite similar, but opposite for low T4y from 350 °C to
400 °C; the product of x and f; (f;) remained close to the constant. Moreover, the measured
1, relating to k>Q, was nearly a constant value in this region of T4y, following our previous
investigations [4,8]. Therefore, according to Equation (1), it could be inferred that the loss
factor c, that represented the eddy current loss should have been mostly unchanged for
low T an from 350 °C to 400 °C for the single FeSiB ribbons. This was consistent with our
analysis in the theoretical section as well.

When T4y approached the crystallization temperature (Tx) of the FeSiB glassy metals,
the size of the magnetic domain decreased due to the change in surface stress [4,31,33].
According to Herzer et al. [4,12,32,34,41,43], the loss factor c, is related to the width of the
magnetic domain w, following Equation (2). Therefore, the collectively changing behavior
of k* and Q! suggested that the improvement in the soft magnetic properties may have
derived from the increase in the number of activated magnetic units rather than variations
in the width of the magnetic domains in the low T4y region. Thus, the values of ¢ for the
ribbons annealed at low T4y remaining constant had more to do with the increase in the
quantity of magnetic units rather than the change in the domain size.

3.4. Time—Temperature Equivalence for Annealing

Figure 5a,b display the variations in the k, k’Q and Q factors for different annealing
times t4n at T4y ranging from 470 °C to 490 °C, respectively. A significant decrease in
the k factor with the increase in the Q factor occurred with the increase in t4py for a T gy of
470 °C and 490 °C. The curve for k and Q showed a cross profile at 45 = 40 min and 15 min,
respectively. After the ribbons were annealed for 40 min at T4y = 470 °C and 15 min at
Tan =490 °C, k decreased from approximately 60% to 40%, while the values for Q increased
close to 200. The equivalent input loss factors ¢ showed a maximum value when the t4n
was 20 min for both samples, which suggested the optimal annealing time (20 min) for
annealing at 470 °C and 490 °C. Based on the data mentioned above, it was implied that the
decrease in k was caused by the surface oxidation and surface crystallization that induced
the increase in coercivity through the out-of-plane magnetic anisotropy. The increase in
Q factors might have been due to the long-range orderings that took place on the surface
regions of the ribbons.

The Q factor represents the quality of mechanical performance in our FeSiB ribbons;
a high value in the Q factor indicates a high ratio between the storage power and power
loss. Figure 5a,b show that the overall trend of the k, k?Q and Q curves at 470 °C Tyn
was similar to that at 490 °C Ty, separately. Moreover, the increase in T 4 from 470 °C
to 490 °C narrowed the T4y window before the magnetomechanical performance visibly
deteriorated. In terms of the # factors, it was similar to the increase in T4y for a constant t 4
or to increase in t4y at a fixed T4y, which suggested that T4y and ¢4 had an equal effect on
the # factor in the heat treatment procedure for the FeSiB ribbons to some extent. However,
the equivalence of t4n and T4y in terms of the magnetomechanical power conversion
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k (%) and K'Q

efficiency seemed to exist only at relatively higher T 4y; we did not observe this equivalent
with T 4n below 400 °C.
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Figure 5. The magnetomechanical coupling coefficient (k) for FeSiB ribbons as a function of the
annealing time (f4y) at annealing temperature of (a) 470 °C and (b) 490 °C. The blue and red
curves represent the values of the quality factors (Q) and efficiency factors (k%Q) associated with the
maximum values of coupling coefficient k, respectively.

3.5. Magnetomechanical Properties in Epoxy—Ribbon Composites

A schematic diagram of a laminated composite consisting of magnetostrictive amor-
phous FeSiB ribbons bonded with epoxy resin is given in Figure 6a. Several FeSiB foils
were fabricated using hot-pressing techniques and an A-B part epoxy. The ratio between
the epoxy (A part) and the curing agent (B part) should be 3:1, but in this case the curing
part is a little bit less than the should-be value. Figure 6b is a photo of the laminated FeSiB
composites; we applied a DC magnetic field along the laminated composite, as shown in
the upper part of Figure 6b. The ratio between the quantity of the magnetostrictive layers
and the quantity of epoxy resin varied during the investigation of the changes in k, Q and
k*Q in the FeSiB laminated composites with different foil numbers. The results are given in
Figure 7a. It was found that as the number of FeSiB layers increased, the k factors increased
slightly and then decreased rapidly, while the Q factors showed an overall increasing trend
to a maximum close to 400, corresponding to a foil number from 18 to 21 in the FeSiB
laminates. The efficiency factor k*Q first increased in the presence of more FeSiB ribbon
layers and then reached a relatively stable value at approximately 25, corresponding to an
FeSiB foil number from 12 to 21. Figure 7b shows the trend of the —3 dB bandwidth (Af)
and E for the FeSiB laminated composites with different foil numbers.

MG Composite Solenoid Coil

/

Figure 6. (a) Schematic diagram of a laminated composite consisting of magnetostrictive amor-
phous FeSiB ribbons bonded with epoxy resin. (b) Photo of laminated metallic glass (FeSiB) ribbon
composites and the winding coil used to generate the AC magnetic field.
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Figure 7. (a) The black curve is the magnetomechanical coupling factor (k) for laminated metallic
glass composites consisting of magnetostrictive amorphous FeSiB ribbons as a function of the FeSiB
layer number. The blue and red curves represent the values of the quality factors (Q) and efficiency
coefficients (k2Q) associated with the maximum values of coupling coefficient k, respectively. (b) The
trend of the —3 dB bandwidth (Af) and Young’s modulus (E) for laminated FeSiB ribbon composites
as a function of the FeSiB layer number, where Af = f, — f; (f; at maximum inductance, f; at
minimum inductance).

In Figure 7a, it was observed that when the foil number was small, there was no
obvious similarity or correlation between the k and Q factors as the FeSiB layer number
varied. The k and Q in the laminated composites with nine layers, six layers and three
layers of FeSiB ribbons were examples. However, for the laminated composites with more
foil number of 12 layers, 15 layers, 18 layers and 21 layers, the data suggest that there was a
mutually exclusive relationship between the k and Q factors. This caused the k?Q factors
to reach a relatively stable state, while the k*Q factors did not continue to increase with
the increase in FeSiB layers. For the record, we needed to particularly emphasize that the
ratio between the epoxy and curing agents was not 3:1. The amount of curing agent was
reduced, giving a ratio of more than 3:1 between the epoxy and the curing agent, so the
epoxy resin was not fully solidified for the laminated samples. Thus, the mechanical loss
due to the interfriction increased compared to the samples with fully cured epoxy. Unlike
the eddy current loss in the single-foil ribbons, the dominant loss in the FeSiB laminates
was ascribed to the mechanical loss that triggered the temperature rise when the laminated
composites were driven under high-power conditions.

According to previous research [4,31], as Tgn approached Ty, the size of the magnetic
domain decreased due to the change in surface stress. As mentioned above, the efficiency
of a single-foil ribbon experienced a low T,y that remained constant, and this was more
due to the increase in the number of magnetic units rather than the change in the magnetic
domain size. In contrast, the increase in the k*Q factors at T4y above 450 °C was due to
the reduction in magnetic domain size. Following Equation (1), because the k*Q factors of
the laminated FeSiB composites were approximately constant for a high layer number of
laminates, and because the variation trend of E (associated with f, and f;) and the bandwidth
(associated with x) of the laminated FeSiB composites remained consistent with each other
for all the foil numbers, the c. of the laminated composites should have also remained
unchanged. As the foil number of the FeSiB laminates decreased, the volume proportion of
magnetostrictive materials (FeSiB) in the laminated composite gradually increased. Using a
similar analysis principle to Figure 7a, the reason for the constant values in the k*>Q factors
for the ribbons with foil numbers ranging from 12 to 21 was probably due to the increase in
the number of ribbons rather than the change in the relative fraction of the ribbons. The
reason for the change in the k2Q factors for the laminates with foil numbers ranging from 3
to 12 was due to the variation in the relative volume fraction of FeSiB ribbons rather than a
variation in the ribbon number. This indicated that the change in the k>Q factors between
the laminates with ribbon numbers ranging from 3 to 12 derived from the relative size of
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the magnetic units, which probably corresponded to the relative volume fraction of the
FeSiB ribbons in the laminates, while the constant k>Q factors between the 12-layer and
21-layer laminates might have arisen from the change in the number of magnetic units
rather than the change in the relative volume of magnetic units [45].

4. Conclusions

In summary, we investigated the influence of magnetic and elastic properties on mag-
netomechanical coupling factors (k) and damping factors (Q~!) by measuring the resonant
and antiresonant frequencies from the motion impedance and inductance spectrum of a
winding coil with an annealed FeSiB ribbon. We could draw the following conclusions:

1. Through annealing under different temperatures, it was found that the dynamic
magnetic and elastic properties in the FegySigB;; ribbons varied correlatively with the
annealing temperature. However, the resonant frequency reached its minimum value at
430 °C, with a lag of 20 °C, when the magnetic parameter reached its minimum at 410 °C,
coinciding with the behaviors of k and Q~! when the annealing temperature changed.

2. It was found that the annealing temperature and annealing time equally impacted
the heat treatment procedure for the FeSiB ribbons in maximizing the magnetomechanical
power efficiency. However, the equivalence was correct only when the annealing tem-
perature was high enough for the long-range orderings to occur on the surface region of
the ribbons.

3. For the FeSiB laminated composites, when the foil number ranged from 12 to 21,
the trends of k and Q were synchronously related but opposite. This suggested that the
behavior of the k and Q factors in the laminates with foil numbers ranging from 12 to 21
was at some point in analogy with the behaviors of the k and Q! factors in the single-foil
FeSiB ribbons with various annealing temperatures ranging from 350 °C to 400 °C.
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Abstract: Nowadays, energy shortages and environmental pollution have received a lot of attention,
which makes the electrification of transportation systems an inevitable trend. As the core part of
an electrical driving system, the electrical machine faces the extreme challenge of keeping high
power density and high efficiency output under complex workin g conditions. The development
and research of new soft magnetic materials has an important impact to solve the current bottleneck
problems of electrical machines. In this paper, the variation trend of magnetic properties of ultra-thin
grain-oriented silicon steel electrical steel (GOES) under thermal-mechanical-electric-magnetic fields
is studied, and the possibility of its application in motors is explored. The magnetic properties
of grain-oriented silicon steel samples under different conditions were measured by the Epstein
frame method and self-built multi-physical field device. It is verified that the magnetic properties
of grain-oriented silicon steel selected within 30° magnetization deviation angle are better than
non-grain-oriented silicon steel. The magnetic properties of the same ultra-thin grain-oriented silicon
steel as ordinary non-oriented silicon steel deteriorate with the increase in frequency. Different from
conventional non-grain-oriented silicon steel, its magnetic properties will deteriorate with the increase
in temperature. Under the stress of 30 Mpa, the magnetic properties of the grain-oriented silicon steel
are the best; under the coupling of multiple physical fields, the change trend of magnetic properties
of grain-oriented silicon steel is similar to that of single physical field, but the specific quantitative
values are different. Furthermore, the application of grain-oriented silicon steel in interior permanent
magnet synchronous motor (IPM) for electric vehicles is explored. Through a precise oriented silicon
steel motor model, it is proved that the magnetic flux density of stator teeth increases by 2.2%, the
electromagnetic torque of motor increases by 2.18%, and the peak efficiency increases by 1% after
using grain-oriented silicon steel. In this paper, through the investigation of the characteristics of
grain-oriented silicon steel, it is preliminarily verified that grain-oriented silicon steel has a great
application prospect in the drive motor (IPM) of electric vehicles, and it is an effective means to break
the bottleneck of current motor design.

Keywords: grain-oriented silicon steel; magnetization angle; multi-physical field coupling; drive
motor; torque density; flux density; core loss

1. Introduction

At present, after more than two hundred years of development, electrical machine
theory has reached a very mature stage. It is an effective method to use new soft magnetic
materials to break through the bottleneck of electrical machine performance [1]. Grain-
oriented silicon steel is widely used in transformers and large electrical machines. In recent
years, with the strict requirements for the performance of the drive electrical machine, the
application of grain-oriented silicon steel in the drive electrical machine has gradually
developed [2-5]. In the axial-flux electrical machine, an electrical machine hub with axial
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flux is designed in the literature [6], which adopts yokeless and segmented armature
(YASA) structure. In order to improve the magnetic flux density of stator tooth, the stator
adopts grain-oriented silicon steel, which makes the motor have higher torque density,
higher efficiency and larger torque at low speed, and the effect is remarkable. In order
to alleviate the problem of high iron loss during overload operation, the axial laminated
flux-switching permanent magnet electrical machine (ALFSPMM) is designed with grain-
oriented silicon steel, and its excellent magnetic property in the rolling direction is used to
improve its torque characteristics. However, this type of motor experiences difficulties in
the assembly process [7,8]. For yokeless axial flux motors, the anisotropy of grain-oriented
silicon steel can be used to improve the electrical machine performance, and the output
torque is increased by 3%, meanwhile, the iron consumption is reduced by 10% [9]. In
other reluctance electrical machines, the high permeability of grain-oriented silicon steel
along the rolling direction is also used to match the torque characteristics of the reluctance
electrical machine, and both peak torque and constant torque are improved by the stator
tooth splicing method [3].

Radial flux electrical machines also favor using grain-oriented silicon steel, which is
applied to stator teeth in a unique splicing method. In literature [10], the stator adopts
splicing layered design, which divided each layer into six sections. Adjacent layers have a
different rolling direction, and they were laminated interlaced. The magnetic field distribu-
tion and the electrical machine short circuit test show that its overall loss is reduced, but
the electrical machine’s performance still can be improved. In reference [11,12], orientated
silicon steel is applied to the stator core and compared with the prototype by adopting five
different electrical machine topologies. According to the simulation results, the distortion
rate of the electrical machine back electromotive force decreases by 0.6% at least, the output
torque increases by more than 2.3%, and the total stator losses decreases by 54.2% after
using the grain-oriented silicon steel. The weight reduction is realized under the same out-
put torque. In the fractional slot concentrated winding electrical machine, the segmented
grain-oriented silicon steel stator structure is used to provide a more accurate modeling
method to analyze the essential reasons for the torque improvement. By comparing the
two-dimensional finite element simulation with the prototype, it is found that the electro-
magnetic torque under the same peak current is increased by 4%, and the torque fluctuation
is significantly reduced from 1.6% to 0.6%. From the change in magnetic circuit parameters,
the parasitic air gap generated by splicing has a great influence on the magnetic circuit of
the motor. The current research is still in the simulation stage [13-15]. The hybrid steel
splicing method was applied to traction electrical machine in literature [16,17]. Based on
the comparison of the performance of grain-oriented silicon steel and non-grain-oriented
silicon steel in the electrical machine, it was analyzed that under the same conditions, the
maximum output torque of stator core with grain-oriented silicon steel splicing could reach
195 Nm (4.3% increase), and the rated efficiency could be increased by 2.7%. The peak
efficiency can be increased by 1.5%. Similarly, in literature [18], the good performance
of grain-oriented silicon steel splicing electrical machine was verified based on the grain
characteristics of grain-oriented silicon steel with clear grain boundaries observed in the
metallographic experiment and the comparative analysis of thermal simulation. With
the gradual deepening of research, literature [19,20] began to study the influence of yoke
splicing shapes on electrical machine performance, and pointed out that circular splicing
was an optimal scheme, which reduced electrical machine iron loss by 36.5%. The unique
Epstein measurement structure was used to separate and calculate the loss in the stator
core, and the effects of different stitching shapes, stitching angles and the depth of the
yoke on the performance of the electrical machine were further studied. The results show
that using splicing teeth can significantly improve the torque under heavy load condition,
but the modeling method still needs to be improved. In terms of finite element modeling,
the accurate acquisition of material magnetic property parameters helps to improve the
modeling accuracy, which, combined with the mathematical model, can effectively predict
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the magnetic properties of the interior permanent magnet motor, but failed when applied
to the grain-oriented silicon steel motor [21].

Therefore, it is very important to accurately model and simulate the actual operating
conditions of the electrical machine by using grain-oriented silicon steel in stator yoke
splicing. In this paper, in order to analyze the possibility of application of grain-oriented
silicon steel in IPM more accurately, the magnetic performance measurement under the
coupling of thermal-mechanical-electric-magnetic multi-physical field and the performance
comparison of two kinds of soft magnetic materials at different angles are carried out. In
addition, a variety of properties of grain-oriented silicon steel motors are analyzed by using
more refined multi-angle modeling.

2. Materials and Methods

Compared with conventional non-grain-oriented electrical steels, grain-oriented elec-
trical steels exhibit excellent magnetic properties with low iron loss and high saturation
flux density along the rolling direction (RD), but the magnetic properties deteriorate grad-
ually as the magnetization direction deviates. In this paper, the properties of 0.08 mm
grain-oriented silicon steel (GO) H-80 provided by Huaci Technologies Co., Ltd. (Shenzhen,
China) and 0.3 mm non-grain-oriented silicon steel (NGO) provided by Angang Steel
Company Limited (Anshan, China) are investigated in the background of electric vehicle
drive motor application. Because of the complex service conditions, a multi-physical field
non-standard ring sample method was designed to measure the magnetic properties of
grain-oriented silicon steel under thermal-mechanical-electric-magnetic multi-physical
fields. The magnetic properties of grain-oriented silicon steel at different angles were
tested by Epstein’s square circle method. The response of grain-oriented silicon steel to
external physical fields was explored by comparison and analysis, and its variation law
was revealed and applied to the motor.

2.1. Non-Standard Ring Sample Method

As shown in Figure 1, we present a schematic diagram of the whole system for the
measurement of magnetic properties under single field action and thermal-mechanical-
electric-magnetic multi-field coupling by non-standard ring sample method. Among them,
Figure 1b shows the test sample of grain-oriented silicon steel. The primary and secondary
windings both require 200 turns. The equipment in Figure 1a can apply different tem-
peratures through the insulation thermostat device, and the sample can be fixed on the
fixture to achieve stress loading. By connecting the primary and secondary winding to
the variable frequency electromagnetic excitation source, the sample can obtain a specific
frequency electromagnetic field. The device can realize single physical field loading and
multi-physics coupling loading. Through this device, the material response state under
the actual operating conditions of the motor under the multi-physical field coupling is
simulated, and the magnetic performance change in the material under the multi-physical
field coupling condition is explored, which provides a strong guiding basis for the optimal
design of the subsequent motor. The thermal insulation thermostat can realize the tempera-
ture field change of —75~200 °C, and the fixture can apply 0~200 Mpa stress to the sample.
Combined with the excitation current at different frequencies, the magnetic characteristics
measurement under the coupling of thermal-mechanical-electric-magnetic four fields can
be realized.
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Figure 1. The overall schematic diagram of the multi-physics coupling test system. (a) Multi-physics
coupling test system; (b) grain-oriented silicon steel stress test specimen.

2.2. Epstein Frame Method

In order to obtain the accurate magnetic properties of grain-oriented silicon steel with
different magnetization angles, we use the Epstein square circle method specified by the
International Electrotechnical Commission (IEC). The test conditions were 20 °C, 0 Mpa
laboratory environment, and the magnetization characteristics of grain-oriented silicon
steel at different magnetization angles were measured by the Epstein square circle method.
As shown in Figure 2a, the Epstein frame measuring instrument consists of a primary
winding, a secondary winding and a specimen as a core, which as a whole form a no-load
transformer. The skeleton supporting the four coil windings consists of a hard insulating
material. To verify the magnetization characteristics of grain-oriented silicon steel with
different magnetization angles, the specimen is deviated from the rolling direction by
a certain angle, and the shearing method is shown in Figure 2b, with « representing
the different angles made with the shearing direction and the rolling direction. Taking
the rolling direction, i.e., the magnetization direction or the deviation angle of 0° as an
example, a group of specimens were measured through a set of coils in parallel direction,
whose rolling direction was parallel to the magnetic circuit direction, and another group of
specimens were perpendicular to the rolling direction. The final plotted magnetization and
loss curves of the grain-oriented silicon steel at different angles is shown below.

. } [ TD A
Epstein Frame Test Instrument o
k.

Standard Oriented Silicon
Steel Samples

Broadband AC Test System

(a) (b)

Figure 2. Test equipment and samples. (a) Overall schematic diagram of Epstein magnetic measure-

ment system; (b) shearing of grain-oriented silicon steel sheet.

2.3. Segmented Modeling of Grain-Oriented Silicon Steel Electrical Machine

The current mainstream commercial finite element simulation software uses the mag-
netic permeability tensor method to model grain-oriented silicon steel. In the 2D simulation,
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an elliptical model is constructed as the magnetic field anisotropy curve of grain-oriented
silicon steel by obtaining the rolling direction and transverse magnetization characteristic
curves and using interpolation fitting. This method defaults to the transverse direction as
the worst magnetization direction of the magnetic field of the grain-oriented silicon steel,
however, it is known from the basic material science principle of the grain-oriented silicon
steel that this method has a large error. In the 3D simulation calculation, the magnetic
permeability of the normal direction is obtained on the basis of 2D to form the magnetic
permeability matrix, and then mathematical interpolation is performed to calculate the
mathematical model as follows [22]:

uy 0 0
B=10 u 0| xH (1)
0 0 pu,

where H is the magnetic field intensity, B is the magnetic flux density, y, py, - are the
permeability of the rolling direction, transverse direction and normal direction, respectively.

In view of the inaccuracy of the current mathematical model of grain-oriented silicon
steel, which will lead to the calculation error of the core and the poor guidance to the
actual production, this paper uses the experimental data of the magnetic properties of
grain-oriented silicon steel under multiple magnetization angles in the laboratory, and
uses a splicing modeling method to improve the modeling accuracy of grain-oriented
silicon steel segmented motor [13,23,24]. Because the stator uses a modular grain-oriented
silicon steel punching sheet, the magnetic properties of grain-oriented silicon steel at
different magnetization angles are very different. In order to reflect the material properties
of different regions of the stator core more accurately, a segmented modeling method is
used as shown in Figure 3. Among them, TO is parallel to the rolling direction, and its
magnetization angle is 0°. In this paper, the motor model is 48 slots and eight poles, and
six slots form a module. The punching and installation of the stator core are shown in
Figure 4. There is a difference of 7.5° between adjacent teeth. The magnetization angle of
T, is 7.5°, and the magnetization angles of T and T3 are 15° and 22.5°. Referring to the
modeling literature of grain-oriented silicon steel motor [13], the yoke magnetization angle
is calculated by the average value of the inflow angle and outflow angle of the magnetic
field line. The difference between Y; and Ty is 90°, and the difference between Y; and T; is
82.5°. Therefore, the magnetization angle of Y7 is 86.25°, and the magnetization angles of
Y, and Y3 are 78.75° and 71.25°, respectively.

Figure 3. Schematic diagram of segmented modeling of grain-oriented silicon steel stator core.
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Rolling direction

Transverse direction
Figure 4. Example of GO laminations cutting to be installed in a 48 s/8 p IPM modular machine.

3. Results
3.1. Test Results of Non-Standard Ring Sample Method
3.1.1. Magnetic Characteristics of Grain-Oriented Silicon Steel under Temperature Field

Drive motors are located in transportation carriers such as electric vehicles, where the
installation space is small and the ambient temperature is high, in addition to the electrical
machine itself is a heat source. So, the effect of temperature on the magnetic properties of
the core must be accurately predicted. The flux density and loss variation in grain-oriented
silicon steel under different temperature is shown in Figure 5. The saturation magnetic flux
density decreases significantly with the change in temperature in the test range, and the
loss increases with a rising temperature. As can be seen in Figure 5a, the initial magnetic
permeability is less affected by temperature, and the degradation of permeability accelerates
with the enhancement of the magnetic field; in Figure 5b, it can be seen that, contrary to
the pattern of ordinary non-grain-oriented silicon steel affected by temperature, the loss of
ultra-thin grain-oriented silicon steel increases with the increase in temperature.
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Figure 5. Magnetic properties of grain-oriented silicon steel at different temperature fields (a) magnetiza-
tion curves of H-80 @ 50 Hz and 0 Mpa (b) iron loss curves of H-80 @50 Hz and 0 Mpa.

The magnetization process is that the magnetic moment of each magnetic domain
formed by spontaneous magnetization in ferromagnetic materials is transferred to the
direction of the external magnetic field or close to the direction of the external magnetic field
by adding an external magnetic field, which shows the process of magnetism. Therefore,
this process is also the change process of magnetic domain structure under the action of
external magnetic field. The change in magnetic domain structure is carried out by two
magnetization modes: domain wall movement and spontaneous magnetization vector
rotation (domain rotation) in the magnetic domain. It will be subjected to resistance during
domain wall movement or magnetic domain rotation. The source of this resistance includes
thermal strain, so as the temperature increases, the resistance of the magnetic domain
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becomes larger, resulting in a decrease in the saturation magnetic flux density. The classical
core loss model includes hysteresis loss and eddy current loss. The hysteresis loss is related
to the grain size and is less affected by temperature. The eddy current loss is related to
the resistivity. As the temperature increases, the resistivity becomes larger, and the eddy
current loss becomes smaller theoretically. This is the reason the core loss of ordinary
non-grain-oriented silicon steel decreases with increasing temperature. From Figure 5b, it
can be found that the classical loss model is no longer applicable, so the core loss model
needs to be corrected to:

Peore—10ss = P+ Pe + Py ()

Among them, P y,.joss is core loss, Pj, is hysteresis loss, P, is eddy current loss, P, is
anomalous loss. Experiments show that for grain-oriented silicon steel, the increase in
temperature increases the sum of abnormal loss and eddy current loss, so the core loss
increases overall.

3.1.2. Magnetic Characteristics of Grain-Oriented Silicon Steel under Stress Field

When the electrical machine is operating, the stator is fed with a three-phase alternat-
ing current to produce a rotating magnetic field, and the rotor is embedded in a permanent
magnet to produce an excitation field. The forces are mutual and the stator core is subjected
to the same magnitude of tangential force when the rotor is rotating. In addition, the mag-
netic field is a space vector, so there are also radial electromagnetic and axial forces, and
there are often stresses between the stator and the casing. It is known from the book [25]
that stress affects the magnetization behavior of the magnetic domains, so in Figure 6, we
tested the effect of stress on the magnetic flux density and core loss. It should be noted here
that only tensile stresses were tested in this experiment, compressive stresses and more
accurate testing methods will continue to be studied by the research team in the future.

Magnetic flux density(T)
Iron losses(W/kg)

0.0 1 1 1

0 1000 2000 3000 4000 3000 0.0 0.2 0.4 0.6 08 1.0 1.2 14
Magnetic field intensity(A/m) Magnetic flux density(T)
(a) (b)

Figure 6. Magnetic properties of grain-oriented silicon steel under different stress fields (a) magneti-
zation curves of H-80 material @25 °C and 50 Hz under different stresses; (b) iron loss curves of H-80
material @25 °C and 50 Hz under different stresses.

In Figure 6a, it can be seen that compared with the 0 Mpa stress-free condition, with
the increase in tensile stress, the saturated magnetic flux density of grain-oriented silicon
steel increases first and then decreases, and it can also be found in Figure 6b that the core
loss decreases first and then increases with the increase in tensile stress. This trend can
be more intuitively reflected in three-dimensional surface diagram. This change rule is
based on the principle of materials science. When ferromagnetic materials are magnetized,
elastic stress is generated due to magnetostriction. When it is magnetized to elongate and
is limited to not elongate, pressure is generated inside; otherwise, it produces tension. If
the material is subjected to external stress or internal stress at the same time, there is an
energy coupled by magneto strictive A; and stress o in the material. This energy is called
magnetoelastic energy E., which is related to the size and direction of As and stress o. For
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a certain magnet of A, under the action of uniaxial stress o, when the angle between stress
and magnetization is 6, the magnetoelastic energy:

E, = %)\50' sin 6 3)

For materials with As > 0, such as Fe-Si alloy such as silicon steel, E, is the lowest
when 6 = 0° under tension (o > 0). At this time, the direction of magnetization turns to
the direction of tension, which promotes magnetization. Under pressure (¢ < 0), E, is the
lowest when 6 = 90°. At this time, the direction of magnetization turns perpendicular to
the pressure, hindering magnetization. Even if the tensile stress promotes magnetization,
the magnetic domain structure of the material is fixed and cannot be stretched indefinitely,
so there is an optimal tensile stress point.

This rule is exciting, because in the application process, we can carry out core stress
analysis, select the best stress working point of the material, and fully develop the advan-
tages of grain-oriented silicon steel.

3.1.3. Magnetic Properties of Grain-Oriented Silicon Steels at High Frequencies

With the higher speed of the drive motor, the frequency of the electrical machine is
getting higher and higher, so the characteristics of the grain-oriented silicon steel under
variable frequency conditions are necessary to be investigated. The experimental results
are shown in Figure 7, where it can be observed that the saturation flux density of the
grain-oriented silicon steel increases with increasing frequency and the losses show an
increasing trend, but the growth is slower at lower frequencies and increases faster at higher
frequencies, which is also in accordance with Equation (4) [26]. It can be seen that the core
loss has a certain exponential relationship with the magnetic density and frequency, so the
higher the frequency is, the faster the loss increases. It is worth noting that Formula (4)
considers the core loss superposition of two magnetization angles of grain-oriented silicon
steel. In fact, the magnetic properties of grain-oriented silicon steel in different directions
are different, so a more accurate iron loss model will be a future research direction.
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Figure 7. Magnetic properties of grain-oriented silicon steel at different frequencies (a) magnetization
curves of H-80 material @25 °C and 0 Mpa (b) iron loss curves of H-80 material @25 °C and 0 Mpa.

N (KhRD.Bi{.% + KhTD.BZ%g)'le
Peore—10ss = Py + Pe + Py = Z (KERD'BRD_'—KETD'BTD)'f (4)

i=1 P,

Among them, N is the number of core segments, Kjrp, Kirp, Kerp and K,rp are the
hysteresis loss coefficient in the rolling direction, the transverse hysteresis loss coefficient,
the eddy current loss coefficient in the rolling direction and the transverse eddy current
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loss coefficient, respectively. They are related to the material properties and can be obtained
by fitting the material test data.

3.1.4. Magnetic Characteristics of Grain-Oriented Silicon Steel under Multi-Physical
Field Coupling

The operating environment of the electrical machine is in a multi-field coupled space
such as thermal-force-electrical-magnetic, etc. In order to achieve the accuracy of the
electrical machine simulation model, the realistic characterization of the silicon steel ma-
terial in multi-physics fields is especially important [27]. Under the multi-physics test
platform built in the laboratory, the team measured the loss variation pattern and the flux
density of 1000 A/m at 50 Hz for 400 Hz and 1 T ultra-thin grain-oriented silicon steel
under multi-field coupling. From Figure 8a, it can be seen that with the increase in stress
at a certain temperature, the core loss of grain-oriented silicon steel decreases and then
increases, and at about 30 Mpa, the loss is the smallest; with the increase in temperature at
a certain stress, the core loss of grain-oriented silicon steel increases slightly, and the higher
the temperature, the less obvious the change trend. In Figure 8b, the flux density increases
and then decreases with the increase in stress at a certain temperature, and the flux density
is maximum at about 35 Mpa; the flux density shows a decreasing trend with the increase
in temperature at a certain stress. Comparing the magnetic properties of grain-oriented
silicon steel under single physical and multi-physical field coupling conditions, it can be
found that the change rules of the two are similar, but the specific quantity changes are still
different, which is the influence of multi-physical field coupling. We will continue to study
the coupling mechanism in depth.
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Figure 8. Magnetic properties of grain-oriented silicon steel under multi-physical field coupling
(a) loss variation in H-80 under tensile stress @1 T and 400 Hz; (b) magnetic density variation in H-80
under tensile stress@1000 A/m and 50 Hz.

3.2. Experimental Results of Epstein Frame Method
3.2.1. Magnetic Characteristics of Grain-Oriented Silicon Steel at Different Angles

The Epstein frame is one of the most accurate methods to test the magnetic properties
of silicon steel. In order to understand the variation in the magnetic properties of the
experimental grain-oriented silicon steel from the rolling direction, we tested the magnetic
properties of the samples in the range of 0-90°. Figure 9 shows some experimental results. It
should be noted that the magnetic properties of a grain-oriented silicon steel within 0-360°
can be determined only by measuring 0-90°, because 90-180° and 0-90° are symmetrical,
and 180° is a change period. Figure 9a shows the change in saturation magnetic induction
intensity with increasing deviation angle. It can be seen that the performance of grain-
oriented silicon steel decreases seriously with the increase in deviation angle, and the
deterioration is more serious after 30°. In addition, it can be clearly seen from the local
amplification diagram that the permeability decreases with the increase in the deviation
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angle, which is the reason for the change in its macroscopic characterization (magnetization
curve and iron loss curve); Figure 9b shows the loss change, which can be found to be

continuously deteriorating, and the deterioration is also serious after 30°.
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Figure 9. Magnetic characteristics of grain-oriented silicon steel at different angles (a) magnetization
curves of H-80 material at different angles @50 Hz; (b) iron loss curves of H-80 material at different
angles @50 Hz.

The ultra-thin grain-oriented silicon steel studied is Si-Fe alloy, and the crystal is a
cubic structure. According to the principle of metal materials, [100] that is, the edge length
direction is the easy magnetization direction; [111] and the body diagonal direction is
the difficult magnetization direction. This magnetic difference in different crystal axis
directions is called magneto crystalline anisotropy. The reason for magneto crystalline
anisotropy is that the regular arrangement of atoms or ions in the crystal causes an inhomo-
geneous electrostatic field with spatial periodic changes, which changes the orbital angular
momentum of electrons in the atom, but its average change may be zero. So, the atomic
magnetic moment shown in the crystal is mainly its total electron spin magnetic moment.
On one hand, the electron is affected by the non-uniform static electromagnetic field of the
spatial periodic change, and at the same time, there is an exchange effect between the electron
orbits of the adjacent atoms. The orbital motion of the electron is coupled with its spin. Thus,
the magnetic moment has different energy levels in different directions of the crystal.

The magneto crystalline anisotropy energy Ej is usually expressed as a power series of
the direction cosine of the saturation magnetization vector M; relative to the main crystal
axis. For a cubic crystal, due to its cubic symmetry, Ej is:

Er, = Ko+ Ky (oc%oc% + zx%zx% + oc%zx%) + Kloc%oc%aé 4+ (5)

where a1, a; and a3 are direction cosines of Ms relative to three [100] axes; Ky, K1 and
Kj are the crystal anisotropy constants, which vary with the material and temperature.
The sign and value of Ky, K; and K, determine the easy magnetization direction and
difficult magnetization degree of the material. Since Ky is independent of the magnetization
direction, and in most cases, K3 is too small to be ignored, Ey is mainly represented by Kj.
Grain-oriented silicon steel (this material) K; > 0, [100] the direction of the lowest energy,
so this direction is the easy magnetization direction. According to Equation (5), the change
trend of E; with the magnetization angle can be achieved, and E is the lowest in the 0°
direction parallel to the rolling direction in the magnetization direction. At this time, the
saturation flux density is the largest, the core loss is the lowest, and the permeability is also
the highest. The calculation of Ej can explain the experimental results in Figure 9. With the
deviation of magnetization angle, the magnetic properties of grain-oriented silicon steel
gradually deteriorate. In the direction of about 55°, the Ej is the largest, the corresponding
permeability is the lowest, and the magnetic flux density is the lowest at the magnetic
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field strength of 4000 A/m. The multi-angle test results of grain-oriented silicon steel are
consistent with the calculation results of Formula (5).

In the previous paragraphs, the effect of different frequencies on grain-oriented silicon
steel was discussed in the non-standard ring method, and it is impossible to compare the
effect of different frequencies at different angles. Therefore, the effect of frequency on the
magnetic properties of ultra-thin grain-oriented silicon steel at multiple angles was further
measured using the Epstein frame method, and the results are shown in Figure 10. The
amount of data is large, and the results are only listed for the cases of 50 Hz and 400 Hz
according to the application equipment of this grain-oriented silicon steel. It is not difficult
to find that the variation pattern in Figure 10a under different deviation angles is the same
as that in Figure 9a, as the magnetization angle increases, the saturation magnetic flux
density decreases. The magnetic flux density is basically the same at both frequencies. In
Figure 10b it is obvious that the losses are affected by the frequency and show an order of
magnitude increase, much larger than the effect of the different deviation angles.
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Figure 10. Magnetic characteristics of grain-oriented silicon steel at different angles (a) magnetization
curves of H-80 material at different angles @400 Hz; (b) iron loss curves of H-80 material at different
angles @400 Hz.

3.2.2. Magnetic Flux Density Variation Diagram of Two Materials at Different Angles

Finally, by performing the experiments, the variation in magnetic flux density of
grain-oriented silicon steel and non-grain-oriented silicon steel with deviation angle
within 180 © was compared under the condition of 50 Hz and 4000 A/m. As shown in
Figure 11, the magnetic flux density of the ultra-thin grain-oriented silicon steel selected
in the experiment is higher than that of the non- grain-oriented silicon steel within 30°.
Therefore, using the grain-oriented silicon steel to replace the non- grain-oriented silicon
steel within 30° will bring obvious advantages to the motor core. It should be emphasized
here that the advantages of different grain-oriented silicon steel angle (grain-oriented
silicon steel magnetic properties better than the same level of non-grain-oriented silicon
steel magnetic properties of the angle) is different, according to the laboratory ‘s previous
range of 20~30°.
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Figure 11. Comparison of saturation flux density of oriented and non-grain-oriented silicon steel
with different magnetization angles.

3.3. Drive Electrical Machine Based on Grain-Oriented Silicon Steel

The reference model for the design of the grain-oriented silicon steel electrical machine
is a 48-slot, eight-pole drive electrical machine for electric vehicles, which has the basic
performance parameters required, as shown in Table 1.

Table 1. Electrical machine performance parameters.

Performance Parameters
The rated line voltage 350 VDC
Rated current 260 A
Peak power >145 kW
Speed 4500 rpm
Peak torque 340 Nm
The efficiency of 96%

The conventional non-grain-oriented silicon steel electrical machine cannot meet the
critical performance requirements of this drive electrical machine, so this paper attempts to
use ultra-thin grain-oriented silicon steel in the stator core. Faced with the specificity of the
superior performance of grain-oriented silicon steel in specific directions, the angular range
of grain-oriented silicon steel superior to non-grain-oriented silicon steel was determined
based on material tests, as shown in Figure 4, and the electrical machine stator was deter-
mined to be divided into six sections (all six sections are identical, using grain-oriented
silicon steel punching sheets), and further finite element precision modeling of the designed
electrical machine in the form of iron core splicing was performed. The detailed settings of
finite element numerical calculation are shown in Table 2.
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Table 2. Finite Element Numerical Calculation Detailed Settings.

NGO-IPM GO-IPM
Total number of elements 3668 3578
Solver Time Step 0.00011 s 0.00011 s
Vector Potential (Value: 0) Vector Potential (Value: 0)
Solver Boundaries Independent Independent

Dependent (Bdep = —Bind) Dependent (Bdep = —Bind)

The reference electrical machine model is shown in Figure 12a. The electrical machine
requires high power density and high torque density, so the non-grain-oriented silicon steel
stator core is close to saturation to achieve the performance requirements under the limited
constraints. According to the working principle of the electrical machine, the stator flux
density is the largest at the teeth, and the magnetic flux density at the yoke is relatively low,
so how to improve the saturation flux density at the teeth is the key point. According to
the magnetic field distribution characteristics of the electrical machine, the investigated
alternative model electrical machine stator core uses a 60° fan-shaped oriented silicon
steel sheet, with the center tooth parallel to the rolling direction, i.e., the center tooth is
0° magnetization characteristic of the grain-oriented silicon steel, and the outermost layer
of the whole fan-shaped sheet does not exceed 30°, which is just within the dominant
range of the grain-oriented silicon steel. Applying the topological simulation model as in
Figure 12b, it can be found that the magnetic flux density is increased at the same tooth
position compared with Figure 12a, and it is increased by 2.20% at the center tooth.
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Figure 12. Electrical machine finite element simulation model. (a) Traditional electrical machine
modeling reference model (NGO-IPM) (b) multi-angle spliced grain-oriented silicon steel electrical
machine model (GO-IPM).

Because the two motor models only have different stator materials and other structural
parameters are exactly the same, the end effect is ignored, so only the 2D finite element
numerical calculation is carried out. In the follow-up work, we are ready to manufacture
the prototype, which will take into account more parameters affecting the performance of
the motor, such as the parasitic air gap problem at the splicing of adjacent grain-oriented
silicon steel stator teeth and the mathematical model for more accurate prediction of actual
motor performance.

Figure 13 shows the torque comparison of the two motors. Compared with the
non- grain-oriented silicon steel stator, the result torque of the grain-oriented silicon steel
segmented stator can reach 343.38 Nm, while the non-grain-oriented silicon steel stator
structure can only reach 336.05 Nm even if it approaches saturation and reaches the limit,
which cannot meet the peak torque of 340 Nm. However, it cannot be ignored that the
torque ripple is more than 3% in the stator structure of grain-oriented silicon steel. One
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of the reasons is that the splicing material modeling is adopted, which will not occur in
engineering production.
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Figure 13. Torque comparison of non-grain-oriented silicon steel electrical machine (green line) and
grain-oriented silicon steel electrical machine (red line).

The speed of an electric vehicle drive motor varies during its operation, so, in order to
reflect the superiority of the segmented grain-oriented silicon steel stator more clearly and
to fully reflect the electrical machine performance, a map chart comparison of torque-speed
efficiency was presented. Under the condition of utilizing grain-oriented silicon steel, the
range of efficiency greater than 97% is significantly enhanced, and the maximum efficiency
is up to 98%, which shows the particular advantage of using grain-oriented silicon steel in
drive motors.

As a matter of fact, the drive motor is in a temperature-stress-electric-magnetic multi-
field coupling situation during operation; however, in the electrical machine research stage,
the data of material modeling often only considers the electromagnetic field, thus causing
wrong evaluation of the product. By building a multi-physics field experimental platform
independently, our experimental team measured the performance of grain-oriented silicon
steel under multi-field coupling and compared it with the standard Epstein frame method
measurement results, the data comparison is shown in Figure 14. The multi-physics
field coupling experimental conditions are 75 °C, 75 Mpa and 400 Hz, the conventional
conditions are room temperature, no stress and 400 Hz, the purpose is to verify the real
operation of the electrical machine conditions and the errors formed by inaccurate material
modeling during the R&D phase.

In fact, the drive motor is in a temperature-stress-electric-magnetic multi-field coupling
during operation, however, in the motor development stage, the material modeling data
often only consider the electromagnetic field, resulting in the wrong assessment of the
product. By independently building a multi-physical field experimental platform, the
experimental team measured the performance of grain-oriented silicon steel under multi-
field coupling, and compared it with the measurement results of the standard Epstein
square ring method; see Figure 15. The metaphysical field coupling experimental conditions
are 75 °C, 75 Mpa and 400 Hz, conventional conditions are room temperature, no stress and
400 Hz, the purpose is to verify the error caused by inaccurate material modeling under
the real operating conditions of the motor and the research and development stage.
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Figure 14. Comparison of efficiency map between traditional non-grain-oriented silicon steel motor
model and grain-oriented silicon steel motor model.
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Figure 15. Comparison of magnetic properties of grain-oriented silicon steel under multi-physical

field coupling and conventional measurements. (a) magnetization curves of H-80 material @75 °C,
75 Mpa and 400 Hz. (b) iron loss curves of H-80 material at different angles @@75 °C, 75 Mpa and
400 Hz.

4. Conclusions

Compared with non-grain-oriented silicon steel, grain-oriented silicon steel has ob-
vious advantages and drawbacks. This paper comprehensively explores the magnetic
property variations law of an ultra-thin grain-oriented silicon steel under different physical
fields and multi-field coupling conditions, and verifies its application possibilities in electric
vehicle drive motors. Under the temperature field, with the increase in temperature, the
magnetic induction strength decreases and the loss increases (the loss of ordinary non-grain-
oriented silicon steel decreases); under the stress field, with the increase in tensile stress, the
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magnetic induction strength increases and then decreases, and the loss decreases and then
increases, but both are better than the non-stressed state. Under the electromagnetic field of
different frequencies, the magnetic induction decreases as the frequency increases, and the
loss gradually deteriorates, and the higher the frequency, the more serious the deterioration;
under the conditions of temperature-stress-electrical-magnetic multi-field coupling, when
the stress is certain, the temperature has less effect on the loss, the magnetic induction
strength decreases slightly with the increase in temperature, and the temperature is certain
with the increase in stress, the performance of grain-oriented silicon steel first improves
and then deteriorates, and in the 3040 MPa range it is performs the best. The magnetic
properties of the grain-oriented silicon steel are seriously affected by the deviation angle,
which is similar to the literature, and it is worth mentioning that the magnetic properties of
this ultra-thin grain-oriented silicon steel are better than those of the non-grain-oriented
silicon steel in the range of 30°.

In terms of application, our laboratory intends to develop a spliced grain-oriented
silicon steel electric electrical machine product because ordinary non-grain-oriented silicon
steel cannot meet the high-performance requirements of the drive motor. In order to
improve the accuracy of finite element modeling, this paper adopts a design model based
on multi-angle data stitching. The conventional model is unable to meet the performance
index when the flux density reaches the limit. After adopting the grain-oriented silicon
steel, the flux density of the teeth is significantly improved, and then the torque is also
improved by 2%, breaking the performance bottleneck, and its efficiency can reach 98%,
expanding the high efficiency area nearly twice. The initial verification of the orientation of
silicon steel in the drive motor has a greater application perspective, is an effective method
to break the current electrical machine design bottleneck.
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Abstract: Currently, high-speed motors usually adopt rotor structures with surface-mounted perma-
nent magnets, but their sheaths will deteriorate performance significantly. The motor with interior
rotor structure has the advantages of high power density and efficiency. At the same time, high silicon
steel has low loss and high mechanical strength, which is extremely suitable for high-speed motor
rotor core material. Therefore, in this paper, the feasibility of using high silicon steel as the material of
an interior rotor high-speed motor is investigated. Firstly, the magnetic properties of high silicon steel
under multi-physical fields were tested and analyzed in comparison with conventional silicon steel.
Meanwhile, an interior rotor structure of high-speed motor using high silicon steel as the rotor core is
proposed, and its electromagnetic, mechanical, and thermal properties are simulated and evaluated.
Then, the experimental comparative analysis was carried out in terms of the slotting process of the
core, and the machining of the high silicon steel rotor core was successfully completed. Finally,
the feasibility of the research idea was verified by the above theoretical analysis and experimental
characterization.

Keywords: motor; interior rotor; high-silicon steel; multi-physical field; slotting

1. Introduction

In recent years, the need for more efficient electrical applications is increasing due
to the growing environmental concerns and the consequent gradual transition to a de-
carbonized society [1]. High-speed permanent magnet motors are used in a variety of
applications due to their high efficiency and power density, such as aircraft generators,
flywheel energy storage systems, high-speed spindles, turbomolecular pumps, air com-
pressors, blowers, turbochargers, and microturbines. However, a large centrifugal force
is generated when the rotor runs at high speed, which can cause irreversible mechanical
damage to the motor rotor and thus affect the reliable operation of the motor [2]. In or-
der to avoid the influence of centrifugal forces, a sleeve structure is usually applied on
the outside of the motor rotor, currently the mainstream sleeve materials are metal and
carbon fiber. However, with metal sleeves, eddy currents in the sleeves produce large
eddy current losses, which can have a deteriorating effect on the efficiency of the motor.
High eddy currents may also lead to overheating of the rotor to the point of irreversible
demagnetization of the permanent magnets. If carbon fiber winding is used to protect
the rotor from centrifugal forces, it results in a relatively large motor air gap length which
affects the performance of the motor. Meanwhile, the heat dissipation capacity of the rotor
is reduced, again leading to irreversible demagnetization of the permanent magnets [3-6].
These problems can be avoided by the rotor’s interior permanent magnet design with no
sleeve structure [7].

During the operation of the motor, the centrifugal force affects the rotor structure,
which requires the material of the interior rotor to have good mechanical strength while
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considering the magnetic properties [8]. Kasai analyzed the mechanical strength and
magnetic properties of a high-silicon steel (10JNEX900) and found that both properties of
this type of steel are superior to those of conventional steels, which makes it compatible
with the requirements imposed by interior permanent magnet motor rotors [9]. This study
used high silicon steel as the rotor material of a high-speed motor and demonstrated
the feasibility of its application [10]. Figure 1 shows the yield strength and iron loss of
several materials. Although 1K101 amorphous material has high yield strength and low
loss properties, its performance is severely affected by processing and cannot be mass-
produced [7]. Materials, such as Vacoflux48 and Vacoflux17, have low yield strengths and
are not suitable for rotor core materials of high-speed motors. Compared to high strength
steel 205W1200H and high silicon steel two materials in mechanical properties and loss
performance, traditional silicon steel also does not have any advantage. Although the
high-strength steel 20SW1200H and high silicon steel 10JNEX900 performance are similar,
their mechanical properties and loss performance still have gaps.
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Figure 1. Comparison of yield strength and core loss for different silicon steels.

Guangwei Liu’s team studied that during motor operation, the silicon steel is subjected
to centrifugal force and a certain temperature rise, which causes a certain change in the
magnetic properties of the rotor core [11]. Andreas Krings and Oskar Wallmark et al.
studied the loss of iron cores as affected by temperature [12] and Junquan Chen et al.
developed a model for silicon steel loss considering the effect of temperature [13]. Later, a
large number of experiments were conducted, and the temperature coefficients of the loss
model were corrected according to the results to verify the correctness of the model [14,15].
Above studies show that the core of the motor is under the operating conditions of coupled
multi-physical fields, such as temperature, stress, and electromagnetism, but there is no
literature focusing on the magnetic performance of high silicon steel under multi-physical
coupled fields.

In addition to the above, the machining process of the motor core also has a non-
negligible impact on the performance of the motor [16]. Meanwhile, the literature [17] also
points out that the selection of the motor rotor material should determine not only the
most suitable material to withstand the stress, but also the best processing technique for
the rotor material, as well as the main factors affecting the fatigue resistance of the selected
material. Yingzhen Liu’s study showed that the core processing process can have some
deteriorating effects on the performance of conventional silicon steel cores [18]. Design
with multiple slots inside the rotor should consider the impact of the cutting process on the
core material more than the surface-mounted design with a sleeve. The stamping process
has the advantages of low cost and high efficiency and is the primary choice for mass
production of electric motors. Laser cutting is mainly used for the process of some special
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purpose motors [16]. The internal microstructure of the cutting part was observed by Aroba
Saleem et al. [19] and its effect was studied in [20,21]. In addition, wire electrical discharge
machining is also suitable for the processing of high silicon steel cores due to its precise
machining accuracy and low deterioration effect on the core. Studying the effect of core
processing on high silicon steel cores to find out the suitable slotting for interior rotors will
also affect the performance of motors to some extent.

In Section 2 of this paper, the mechanical properties of high silicon steel (10JNEX900)
and high strength steel (20SW1200H) of the same thickness are tested. A set of “electric-
magnetic-thermal-stress” multi-physical field coupling magnetic property testing devices
was built to investigate the different advantages of two materials, as well as to investigate
and analyze their magnetic property change law under the multi-physical coupling field.
In Section 3, a 90-kW high-speed interior permanent magnet motor is designed, the effect of
the two materials on the motor performance under the rotor core of the high-speed motor
is calculated by simulation, and the performance differences of electromagnetic, stress, and
temperature are compared and analyzed. Section 4 compares the performance of the cores
processed by the two different cutting processes and explores the extent of their influence
on the core performance. Moreover, we analyze the mechanism related to this influence,
then conclude the most suitable cutting process for high silicon steel. Finally, the feasibility
of high-silicon steel for high-speed motor rotor is verified by analyzing high-silicon steel
rotor in three different dimensions.

2. Material Electromagnetic Performance Evaluation

High-Si steels are Fe-Si alloys with a Si mass fraction of 6.5%, where the Si atoms are
uniformly diffused inside the material by chemical vapor deposition. The resistivity of the
silicon steel material is greatly enhanced by the addition of more Si elements. High-silicon
steel sheet has the advantages of low iron consumption, low hysteresis, and high magnetic
permeability and is suitable for use as an iron core in electric motors.

High-silicon steel is prepared by chemical vapor deposition (CVD) method, and
the process is shown in Figure 2. The SiCly gas is used to react with the silicon steel
strip at high temperature to form a layer of Fe3Si, and then the furnace temperature is
increased to diffuse Si into the interior of the strip, and the CVD deposition is followed by
high temperature diffusion annealing under reducing atmosphere protection to achieve a
composition of 6.5% Si [22].

Surface layer ' '
Internal layer
Surface layer

atomic radius of Si is small than Fe

10JNEX900 physical image

Figure 2. 10]NEX900 CVD process and physical schematic diagram.
2.1. Experiment Method

In this experiment, the magnetic properties of two kinds of silicon steel sheets,
6.5% Si and 20SW1200H, were tested under the conditions of temperature-tension stress-
electromagnetic field coupling, using a three-part coupling of silicon steel sheet electromag-
netic characteristics test module, mechanical property test module and test environment
adjustment module. The principle of the multi-physics field coupled test system is shown
in Figure 3.
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Figure 3. Multi-physics field coupled magnetic energy measurement system.

The experimental sample in this study is a non-standard circular sample, the length of
the magnetic circuit of the sample is set to 625 mm, the primary winding and secondary
winding are both 200 turns, and the cross-sectional area of the test sample is calculated
based on the theoretical thickness and the lamination factor. The test specimen is fixed to
the instrument by the auxiliary tooling. The top and bottom of the sample are laminated
with oriented silicon steel which has high flux density and low iron loss, and the loss
effect on the two wide sides of the sample is thus negligible. The physical diagram of test
specimen and device is shown in Figure 4.

- High magnetic
Thermistor

permeability splint

Measuring Excitation Auxiliary test
winding winding tooling

Figure 4. Physical diagram of test specimen and process.

2.2. Effect of Temperature on Magnetic Properties

Figure 5 demonstrates the effect of temperature on the magnetic properties of the
two silicon steel materials under no stress. The saturation flux density of 10JNEX900 at
50 Hz shows a clear tendency to decrease with increasing temperature. The magnetic
permeability of the material is maximum at 0 °C. Its permeability also decreases with
increasing temperature. The magnetic flux density of 10JNEX900 at 50 Hz and 1000 A/m
decreased by 5.07% when the temperature increased from 0 °C to 100 °C. On the con-
trary, the saturation flux density of 20SW1200H is less affected by temperature, and its
permeability also changes slightly with the increase in temperature. When the magnetic
field strength is larger than 250 A/m, the saturation flux density shows a decreasing trend
with the increase in temperature. The flux density of 20SW1200H at 50 Hz and 1000 A/m
decreases by 1.8% when the temperature increases from 0 °C to 100 °C. The reason for this
phenomenon is mainly due to the continuous increase in the speed of molecular motion as
the temperature increases. This phenomenon prevents the movement of magnetic domains
and domain walls during the magnetization process, leading to a decrease in the magnetic
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permeability of the material, which in turn reduces the saturation magnetic flux density of
the material [23].
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Figure 5. Effect of temperature on magnetic properties of two silicon steels at 0 Mpa. (a) B-H curve.

(b) B-P curve.

In terms of iron loss, the loss of 10JNEX900 at 400 Hz shows a significant increasing
trend with the increase of temperature, while the loss of 20SW1200H shows a slight de-
creasing trend with the increase of temperature. When the temperature increases from
0 °C to 100 °C, the loss of 10JNEX900 at 400 Hz and 1 T increases by 42.7%, and the loss of
20SW1200H at 400 Hz and 1 T decreases by 2.01%. The loss of 20SW1200H decreases with
temperature mainly because the resistivity of the material increases with the temperature,
so the eddy current loss decreases too. The opposite result of 10JNEX900 is due to its special
preparation process (CVD). When the temperature increases, the internal stress inside the
material will lead to an increase in hysteresis loss, and the increase in hysteresis loss is
greater than the decrease in eddy current loss, so the total loss of the material increases [22].

2.3. Effect of Stress on Magnetic Properties

Figure 6 demonstrates the effect of tensile stress on the magnetic properties of the two
silicon steel materials at 25 °C. The saturation flux density of 10JNEX900 at 50 Hz shows a
decreasing trend with the increase of tensile stress, but the curves at 1000 A /m attachment
25 Mpa and 50 Mpa are crossed. The permeability of 10JNEX900 is almost unaffected by
the tensile stress, while the saturation flux density and permeability of 20SW1200H are
both greatly affected by increasing tensile stress, and the saturation flux density decreases
with higher tensile stress. The magnetic flux density of 10JNEX900 at 50 Hz and 1000 A/m
decreased by 3.6% when the stress was increased from 0 Mpa to 75 Mpa.
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Figure 6. Effect of tensile stress on magnetic properties of two silicon steels at 25 °C. (a) B-H curve.
(b) B-P curve.

The loss of 10JNEX900 at 400 Hz shows a significant increasing trend with the increase
of tensile stress, while the loss of 20SW1200H shows a significant decreasing trend with
the increase of temperature. When the stress increases from 0 Mpa to 75 Mpa, the loss of
10JNEX900 at 400 Hz and 1 T increases by 17.58%, and the loss of 20SW1200H at 400 Hz
and 1 T decreases by 16.52%. The main reason for this phenomenon in 10JNEX900 is the
presence of stresses that hinder the movement of the magnetic domains and the walls of
the domains increasing the energy loss and reducing the saturation flux density. In contrast,
the high yield strength capability of high-strength silicon steels is obtained partly by the
thermal expansion and infiltration process with lower dislocations, which induce stronger
residual internal stresses and thus prevent the formation of 180° magnetic domains under
tensile stress [8]. Therefore, the loss of high-strength silicon steel 20SW1200H is reduced.

2.4. Effect of Temperature-Stress Coupling on Magnetic Properties

Figure 7 shows the variation of saturation flux density and loss of 10JNEX900 under
the condition of multi-physics field coupling. The magnetic properties of 10JNEX900 vary
with temperature and tensile stress as analyzed above. The lowest point of its magnetic flux
density occurs at 100 °C and 75 Mpa, and the lowest point of loss occurs at 0 °C and 0 Mpa.
The flux density and loss of 10JNEX900 increased by 8.42% and 98.21% from the lowest
point to the highest point, respectively. Therefore, it can be concluded that the deterioration
of material loss is more obvious in the case of coupled temperature and tensile stress.

T 10JNEX900 T 10JNEX900
L — £=400Hz

fzg()?z_nlq""-- e ]
H=1000A/m ] B=1T
[1 100
{10

107
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Figure 7. Effect of multi-physical field coupling on the magnetic properties of 10JNEX900. (a) Trend
of B. (b) Trend of .
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3. Motor Finite Element Analysis

In order to evaluate the performance of high-silicon steel 10JNEX900 as an interior
rotor for high-speed motors, this section analyzes the performance of rotors made from
10JNEX900 and 20SW1200H in terms of electromagnetic, mechanical, and thermal proper-
ties utilizing simulation calculations.

3.1. Main Structural Parameters of Motor

Figure 8 illustrates the structure of the permanent magnet synchronous motor pro-
posed in this paper. The motor’s pole-slot ratio is 8 poles and 48 slots, and the rotor’s
permanent magnet structure is designed as an interior U-shape, with a maximum motor
speed of 19,000 rpm. The main performance parameters of the motor are shown in Table 1.

Figure 8. Model diagram of permanent magnet motor.

Table 1. Some performance parameters of permanent magnet motor.

Parameter Value Parameter Value
Rated power/kW 90 Peak power/kW 210
Rated speed/rpm 9549 Peak speed/rpm 19,000
DC bus voltage/V 540 Peak current/A 500

3.2. Motor Electromagnetic Performance Analysis

Figure 9 shows the flux density distribution for the two material motors. In this section,
the electromagnetic performance of two motors is analyzed using the finite element analysis
software Maxwell. The results show that the flux density at the rotor spacer bridge of the
10JNEX900 motor is slightly lower than that of the 205SW1200H motor. Figure 10 shows the
loss distribution for the two material motors under loaded condition. Although the rotor
loss of the PM synchronous motor is lower, it can still be seen that the loss at the outer edge
of the rotor of the 10JNEX900 motor is slightly lower than that of the 20SW1200H motor.
All of the above reasons are because the 10JNEX900 has a larger saturation flux density and
permeability and has lower losses compared to the 20SW1200H, but with less impact. This
will give the motor a higher operating efficiency.

157



Materials 2022, 15, 8502

B [tesla]

2.0000x10°
1.8667x10°
1.7333x10°
1.6000x10°

1.4667x10°
1.3333x10°
1.2000x10°
1.0667x10°
9.3333x107!
8.0000x10
6.6667x10
5.3333x107
4.0000x10*
2.6667x101
1.3333x10!
0.0000x10°

CoreLoss
[W/m~3]
1.2000x10%
1.1200x10°
1.0400x10°
9.6000% 104
8.8000x 104
8.0000x 104
7.2000x10¢
6.4000x 104
5.6000x 104
4.8000x 104
4.0000x 104
3.2000x 104
2.4000x 107
1.6000x 104
8.0000x 103
0.0000x10°

B [teslal

2.0000x10°
1.8667x10°
1.7333x10°
1.6000x10°
1.4667x10°
1.3333x10°
1.2000x10°
1.0667x10°
9.3333x10"
8.0000% 10"
6.6667x101
5.3333x101
4.0000x10*
2.6667x10"
1.3333%1071
0.0000x10°

Figure 9. Flux density distribution of two materials motor under loaded condition. (a) 10JNEX900.
(b) 20SW1200H.
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Figure 10. Iron loss distribution of two material motor under loaded condition. (a) 10JNEX900.
(b) 20SW1200H.

Figure 11 shows the back EMF waveforms of the two motors during no-load operation.
The difference between the two no-load counter potential cases is very small. This indicates
that for the same motor, the change in rotor material has less effect on the motor’s no-load
back EMFE.

Figure 12 shows the load air-gap flux density waveforms for both motors. The overall
difference between the two is small, but the air-gap flux density of the 10JNEX900 motor
is greater than that of the 20SW1200H motor when the electrical angle is between 100°
and 250°. This is mainly due to the above-mentioned reasons. The 10JNEX900 has better
magnetic properties compared to 20SW1200H. As a result, the 10JNEX900 motor also has
better overload performance.

The MAP comparison of motor efficiency for the two rotor core materials is shown
in Figure 13. There is a difference in the maximum operating efficiency and the percent-
age of high efficiency area between the two motors. However, when the rotor core is
10JNEX900, the maximum operating efficiency of the motor operation reaches 98.1%, which
is 0.1% higher compared to 98.06% of 20SW1200H. The area of high-efficiency zones with
efficiency >90% also increased from 92.1% to 92.43%. Therefore, compared to the conven-

158



Materials 2022, 15, 8502

tional high-strength silicon steel 20SW1200H, 10JNEX900 has a greater advantage in terms
of motor operating efficiency in the case of finite element analysis.
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Figure 11. Comparison of no-load back EMF of 10JNEX900 and 20SW1200H motors.
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Figure 12. 10JNEX900 and 20SW1200H motor load air-gap flux density comparison.

3.3. Rotor Mechanical Stress Analysis

In order to verify whether the rotor can safely withstand the centrifugal force caused by
the maximum speed of the motor, the centrifugal force of the motor with two different rotor
materials at maximum speed was analyzed in this paper using ANSYS software, as shown
in Figure 14. It is obvious that the maximum stress points on the rotor are at the magnetic
isolation bridge. The maximum stress value of 10JNEX900 motor is 451.43 Mpa, while
the yield strength of 10JNEX900 is 570 Mpa. With a safety margin of 1.2 times considered,
the 10JNEX900 fully meets the requirements in terms of mechanical performance. The
maximum stress value of 205SW1200H motor is 451.75 Mpa, while the yield strength of the
material is 480 Mpa. Therefore, for the same structure of the rotor, 20SW1200H can meet
the requirements of the motor in terms of mechanical performance, but there is no outflow
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of sufficient safety margin. Since the mass density of the two materials is different, the
distribution of stresses in the 10JNEX900 rotor is lower for the same rotor structure.
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Figure 13. 10JNEX900 and 20SW1200H motor efficiency MAP comparison.
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Figure 14. Mechanical stress distribution of rotor cores of two materials at 19,000 r/min.
(a) 10]NEX900. (b) 20SW1200H.

3.4. Rotor Temperature Rise Performance Analysis

Because this motor runs at high power and speed condition, the temperature rise of
the motor rotor will also be higher. In the above loss and efficiency analysis, the 10JNEX900
motor shows greater advantages. The cooling method of the motor is water-cooled. In
order to analyze the temperature rise of these two motors at the maximum speed, this
paper uses ANSYS software to perform accurate simulations on the 3D model of the motor.

Regarding the details of the simulation analysis, the ambient temperature and the
inlet water temperature were set to 30 °C, and the inlet water velocity at the inlet end
of the motor housing was 1 m/s. Figure 15 shows the rotor temperature distribution
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of the motor for both materials at the peak motor speed. It can be clearly seen that the
overall temperature distribution of the 20SW1200H motor rotor is higher than that of the
10JNEX900, and the highest temperature point is 3.33 °C higher. This is due to the fact that
the 10JNEX900 core produces lower iron consumption when the motor is running at peak
speed, so the rotor temperature will be lower. The motor rotor has the highest temperature
at the outer diameter edge and the lowest temperature at the inner diameter edge. This
is due to the fact that, in addition to the heat generated by the motor rotor itself, the heat
generated by the windings is transferred through the air gap to the outer surface of the
rotor and further to the inside of the motor rotor. The inner diameter of the motor is at the
direct connection of the rotor, and the heat of the rotor will be transferred through the rotor.

L: thermal conductivity 40
Temperature 2

Type: Temperature

Unit; °C

Time: 1

(b)

Figure 15. Temperature distribution of motor rotor cores of two materials at 19,000 r/min.
(a) TOJNEX900. (b) 20SW1200H.

4. Research of Slotting Method

The magnetization properties of its teeth and yoke are particularly sensitive to the
processing stresses generated during the machining process, so there are significant differ-
ences between the actual motor performance that is finally exhibited and the calculated
values after simulation through the original material data.

Since high silicon steel cores are usually used in stators to reduce core losses, the effect
of processing on the mechanical properties of the material is not yet clear. The commonly
used core cutting methods are punching, laser cutting, wire electrical discharge machining
(WEDM), and water jet cutting [24-26]. The deterioration of the magnetic properties by
punching is more severe and due to the brittle material of high silicon steel the formability
is poor. The process of water jet cutting for a single piece of silicon steel is complicated and
its cutting accuracy for the whole core is low [27]. Due to the thinness and brittleness of
high silicon steel sheets, they are prone to cracking. Moreover, combined with the complex
structure of the motor rotor and its high-speed characteristics, a small defect in the core can
lead to rotor cracking at high speeds. To ensure the success of the prototype, experimental
studies on the cutting quality of WEDM and laser cutting methods and their effects on
magnetic properties were conducted in this paper, and the WEDM method was finally
chosen to manufacture the prototype.

4.1. Wire Electrical Discharge Machining

The WEDM equipment used in this study is the DK7732 from SUZHOU BAOMA,
China. WEDM is the most commonly used core cutting process for prototyping. It has
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good universality and good cutting quality and is suitable for cutting cores of various new
materials and complex shapes. However, the cutting efficiency of WEDM is low, and if the
cutting area is large and the structure is complicated, it will lead to longer cutting time.
Figure 16 shows a sample of the experimental ring cut by WEDM. It can be seen that the
sample surface quality material is smooth, the burr is small, and there is no shattering.
The grain between the slices is still clearly visible, and there is no conduction between
the stacks. The maximum error of dimensional measurement after CMM is controlled at
£0.02 mm with high accuracy. Because this paper only considers the production of the
principle prototype, after the above comprehensive analysis, WEDM is suitable for the
production of the prototype in this paper.

Figure 16. Ring test specimen machined by WEDM.

4.2. Laser Cutting

For ordinary silicon steel sheets, laser cutting is a better choice of grooving method.
The GF6025Plus laser cutting machine from HGTECH, China, was used for this study.
Laser cutting has high cutting efficiency, its cutting speed can reach 12 m/min, and the
cutting accuracy can also be controlled within +0.03 mm. However, this method is only
suitable for cutting single silicon steel sheet. If the stacked cores are cut by laser, it will cause
the adhesive and coating between the stacked sheets to be melted at high temperature,
resulting in a short circuit on the cutting surface and increasing the iron loss of the sample.
Three problems arise when slotting high-silicon steel using this method: (1) Due to the high
silicon steel sheet its brittleness is high, single piece cutting process if the operation is not
standardized will easily appear single piece shattering situation. (2) Because the high silicon
steel sheet is very thin, using laser cutting will cause the whole cutting and stacking process
to become complicated. (3) The edge part of high silicon steel sheet processed by laser
cutting will produce large burrs, which will lead to the reduction of the stacking coefficient
of the iron core and eventually affect the torque performance of the motor. Figure 17 shows
a test specimen of the laser cutting process molding. Therefore, it can be concluded from
the analysis that high silicon steel is not suitable for grooving by this method.

4.3. The Effect of Slotting on the Magnetic Properties of the Material

Figure 18 shows the comparison of the magnetic performance test data of 10JNEX900
at 50 Hz and 400 Hz under two different cutting methods. As seen in Figure 18a, the
saturation flux density and permeability of the laser cutting sample are significantly lower
than those of the WEDM sample during the whole magnetization process at a frequency of
50 Hz. The magnetic flux density of the WEDM sample was 3.74% higher than that of the
laser cutting sample when the magnetic field strength was 6000 A/m. From Figure 18b, it
can be seen that the iron consumption of the laser cutting sample is significantly higher
than that of the WEDM sample at 400 Hz. When the magnetic flux density was 1 T, the iron
consumption of the laser cutting sample was 24.2% higher than that of the WEDM sample.
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Figure 17. Laser cutting shaped ring test specimen.
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Figure 18. Comparison of magnetic properties of high silicon steel with two different processing
methods. (a) B-H curve. (b) B-P curve.

Figure 19 illustrates the organization of the specimen edge cross-section after two
different cutting methods. As seen in Figure 19b, the edge of the specimen after WEDM also
has no obvious plastic deformation and is in the form of an arc-shaped oblique strip, but the
edge area has been melted by high temperature and a small amount of burr has appeared.
Due to the rapid high temperature and cooling process that the sample undergoes during
cutting, a small thermal stress is generated inside it. As seen in Figure 19b, there is an
obvious burning and melting phenomenon on the edge of the specimen after laser cutting,
which is due to the thermal stress generated at the laser cutting temperature of more than
1000 degrees. After cooling, a large area of internal cooling stress is generated in its edge
part. This internal stress is detrimental to the magnetic properties of the material and
results in laser cutting samples with lower saturation flux density and higher iron losses.
Therefore, from the point of view of the effect on the magnetic properties of the material,
the magnetic properties of the material after WEDM show a better performance.
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Figure 19. Changes in grain structure at the edges of high silicon steel after grooving in two different
ways. (a) WEDM. (b) Laser cutting.

After the above analysis, the stator-rotor core of the principle prototype was machined
by WEDM, as shown in Figure 20. It can be seen that the laminated core shows a good

appearance after cutting, which verifies the thesis that WEDM is more suitable for high
silicon steel cutting in the paper.

'il||l!lll

(@)

Figure 20. WEDM core of a motor. (a) Stator. (b) Rotor.

5. Conclusions

This paper presents an interior rotor structure of a high-speed permanent magnet
synchronous motor with high silicon steel (10JNEX900) as the rotor material. To further de-
termine the idea that high silicon steel is suitable for high-speed motor rotors, the magnetic
properties of 10JNEX900 were measured in this paper. The results show that 10JNEX900
has better magnetic properties than the conventional high-strength steel 20SW1200H in
both the normal state and the multi-physical field coupled state.

Meanwhile, considering the actual operating conditions of the high-speed motor
rotor, the proposed rotor is analyzed in terms of electromagnetic performance, mechanical
performance, and thermal performance, and the analysis results of the 10JNEX900 rotor
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and the 20SW1200H rotor are compared and analyzed in this paper. The results show that
motors with high-silicon steel rotors have higher efficiency, better performance and lower
temperature rise than rotors with conventional high-strength steel.

In order to solve the problem of difficult grooving due to the high brittleness of high
silicon steel, this paper compares the two most commonly used methods for cutting high
silicon steel cores. The results show that WEDM has better cut quality than laser cutting
and its effect on the magnetic properties of the material is relatively small. The WEDM
method is more suitable for slotting high-silicon steel cores. After the above comprehensive
analysis, high silicon steel can be considered as a rotor core material for high-speed motors,
which provides a solution to the problem of centrifugal force and loss in the rotor that
exists during high speed operation of the motor.

In the future, we will continue the fabrication of the principle prototype and complete
the performance test analysis of the whole machine. Further verification of the suitability of
high-silicon steel as a rotor for high-speed motors will be performed, and problems arising
from the prototype production will be fed back into the design phase for a more in-depth
study of this direction.
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Abstract: This study proposes a high-performance magnetic shielding structure composed of MnZn
ferrite and mu-metal film. The use of the mu-metal film with a high magnetic permeability restrains
the decrease in the magnetic shielding coefficient caused by the magnetic leakage between the gap
of magnetic annuli. The 0.1-0.5 mm thickness of mu-metal film prevents the increase of magnetic
noise of composite structure. The finite element simulation results show that the magnetic shielding
coefficient and magnetic noise are almost unchanged with the increase in the gap width. Compared
with conventional ferrite magnetic shields with multiple annuli structures under the gap width of
0.5 mm, the radial shielding coefficient increases by 13.2%, and the magnetic noise decreases by 21%.
The axial shielding coefficient increases by 22.3 times. Experiments verify the simulation results of
the shielding coefficient of the combined magnetic shield. The shielding coefficient of the combined
magnetic shield is 16.5%. It is 91.3% higher than the conventional ferrite magnetic shield. The main
difference is observed between the actual and simulated relative permeability of mu-metal films. The
combined magnetic shielding proposed in this study is of great significance to further promote the

performance of atomic sensors sensitive to magnetic field.

Keywords: MnZn ferrite; mu-metal film; magnetic shield; magnetic noise; atomic sensors

1. Introduction

Numerous ultra-high sensitivity atomic sensors that use quantum effects to detect
physical quantities, such as atomic magnetometer [1,2], atomic gyroscope [3,4], atomic
clock [5], and superconducting quantum interferometer [6,7], are magnetic-field sensitive.
The stability of the environmental magnetic field has a direct effect on the measurement
performance of sensors. Consequently, passive magnetic shielding and active magnetic
compensation are widely used in the aforementioned sectors [8-10].

The accuracy of the magnetometer limits the accuracy of the active magnetic compen-
sation. Moreover, its high-power consumption requires an external current source [9,10].
The passive magnetic shield uses the characteristics of higher permeability of magnetic
material compared with air to cancel the magnetic flux density around the material. Uti-
lizing a magnetic material with a higher permeability sufficiently reduces the magnetic
flux density within the magnetic shield. A common magnetic shield that achieves a high
shielding coefficient involves using a mu-metal multilayer shielding [11]. This type of
magnetic shield successfully suppresses the influence of the fluctuating magnetic field in
the environment on the sensors inside the magnetic shield. Nevertheless, it possesses a
high conductivity. The Johnson current generated by the material results in a magnetic
noise level of ~10 fT/Hz!/2. This prevents the atomic sensors from being made more
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sensitive. A high-performance magnetic shield must have a high shielding coefficient and
a low magnetic noise [12,13].

Reducing the magnetic noise of magnetic shielding systems has become a research
priority in recent years. Kornack and Lee investigated the analytical formula for magnetic
shielding noise [14,15]. The magnetic noise was computed using the power loss based on
the fluctuation dissipation theory [16]. It was discovered that the magnetic noise was mostly
caused by the complex permeability and conductivity of the material. The conductivity of
MnZn ferrite material was ~10~° S/m less than that of mu-metal material [17,18]. Through
theoretical calculation and experimental research, the noise of the ferrite shield has been
reduced by 25 times to 0.75 fT/Hz!/2 compared with the noise of the mu-metal shield,
which is above 40 Hz. Bevan employed square ferrite magnetic shielding in 2018 to reduce
the magnetic noise level of the NMR gyroscope [19]. In addition, low-noise ferrite shielding
is utilized in several high-sensitivity atomic sensors and measurement techniques, such as
co-magnetometer [20,21], demonstrating its superior performance.

As observed in the previous research, the practical application of a ferrite magnetic
shield presents several challenges. In lieu of being integrally created, numerous magnetic
annuli are spliced together to produce the ferrite magnetic shield to meet the requirements
of a large-scale magnetic shielding system and limit the influence of magnetic noise [22,23].
Due to the surface roughness and non-uniformity of the magnetic annuli, there will be
an air gap, approximately 0.1-0.5 mm, in the ferrite shield when magnetic annuli are
spliced [22]. The air gap between magnetic annuli diminishes the shielding coefficient and
increases the radial magnetic noise. The shielding coefficient of ferrite magnetic shielding
deteriorates. This decreases the environmental magnetic noise reduction and increases
self-induced magnetic noise. Its effectiveness is impacted by the superposition of the two
forms of magnetic noise. The research on the air gap of ferrite magnetic annuli focuses
solely on its effect on the shielding coefficient and magnetic noise. There is currently no
solution for the air gap. The air gap cannot be eliminated by finishing the contact surface of
magnetic annuli.

This research quantitatively evaluates how the air gap of ferrite annuli affects the axial
and radial shielding coefficient and magnetic noise. To reduce the effect of the gap on
the shielding coefficient and magnetic noise, a magnetic shielding structure comprised of
ferrite and mu-metal film is proposed. This configuration can use the mu-metal material
to suppress the magnetic leakage field at the ferrite air gap. Outside the ferrite magnetic
shielding, a mu-metal film is adhered to lessen the magnetic shielding noise of the mu-metal
film. The shielding performance of ferrite and mu-metal film combination magnetic shield
(FMCS) is quantified using the finite element method (FEM). This configuration has a better
shielding coefficient than conventional ferrite magnetic shields. The magnetic noise study
results indicated that this design reduced the effect of the air gap on magnetic noise. In
addition, the configuration accounted for the occurrence of an air gap between the ferrite
magnetic shield and the mu-metal film when they adhered. In this case, the shielding
coefficient and magnetic noise were also explored in this work. Finally, the magnetic
shielding coefficient measuring platform was constructed, and the experiment verified the
accuracy of the calculation.

2. Methods
2.1. The Magnetic Shielding Structure Composed of Ferrite and Mu-Metal Film

The FMCS schematic comprises a ferrite shield and a mu-metal film. In Figure 1,
the x-direction is the radial, while the z-direction is the axial. The size of the magnetic
shielding model established by simulation and experiment is identical. Five magnetic
annuli and two end caps constitute the ferrite shield. Each annulus has a height of 45 mm,
an inner diameter of 114 mm, and a wall thickness of 13 mm. The thickness of the two
end caps is 10 mm. In practical application, there are four 22 mm diameter access holes
in the radial direction and two 28 mm diameter access holes in the axial direction. This
study exclusively examines the effect of the air gap between ferrite magnetic annuli to
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prevent the access hole from influencing the results, and the access hole is not accounted
for in the simulation. The ferrite magnetic shield material is the soft MnZn ferrite with
a spinel structure. Figure 2 depicts the morphology of the MnZn ferrites, consisting of
aggregated crystallites with homogeneous grains. Low porosity is present in the MnZn
ferrite sample, and no air gaps emerge at the grain boundary. Owing to the discontinuous
grain development during the sintering process, a few vacancies are observed within the
grain. This intra-granular vacancy may impede the mobility of the domain wall, resulting
in an adverse effect on the magnetic permeability. The composition of the MnZn ferrite is
analyzed using an inductively coupled plasma emission spectrometer (Agilent, Palo Alto,
CA, USA). The main elements, Fe, Mn, and Zn are shown in Table 1, in which other elements
such as Na, P, Si, and Ca are also included. The addition of trace elements can reduce the
loss. However, the mass fraction (wt.%) of other elements should not exceed 0.15%. The
complex permeability of the ferrite magnetic shield is also measured experimentally. The
real component of the complex permeability is 10029, and the imaginary component is
150 [24].

Air gap Access hole

Mu-metal film

-
<

Figure 1. The schematic diagram of the FMCS structure.

Figure 2. Morphology of high permeability MnZn ferrite. Grain boundary and air vacancy were
indicated within the dashed lines.

Table 1. Composition analysis results of MnZn ferrite materials.

Element Fe Zn Mn Na P Si Ca
wt. % 48.7568 13.4317 11.7299 0.0681 0.0676 0.0473 0.0288
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A mu-metal film is adhered to the exterior of the ferrite magnetic shield. The thickness
of the film ranges from 0.1 mm to 0.5 mm. The real component of the complex permeability
of mu-metal film is 30,000, while the imaginary component is 1000. There are two methods
for pasting. The first one involved tightly pasting the ferrite and mu-metal film, and the
outside of the film was fixated using adhesive tape. The second one involved attaching the
ferrite and mu-metal film using an insulating double-sided tape, creating a space between
them. Both cases were analyzed in this work.

2.2. Analysis Method of Shielding Coefficient and Noise

The magnetic shielding coefficient is represented by the coefficient S. It is defined as
the ratio of the magnetic flux density Bgp;elq at the center point of the magnetic shield when
the shield was present to the magnetic flux density By, with the shield at the same point
without the shield. The equation is as follows [25]:

Bshield
= — 1
S B, 1)

The magnetic shielding coefficient for complex structures can be calculated using
FEM and the commercial program ANSYS Electromagnetics Suite 19.2 (ANSYS Maxwell
3D, Canonsburg, PA, USA). To generate a highly uniform space magnetic field during
the simulation of the static shielding coefficient, the magnetic field was simulated using
the boundary condition approach. During the simulation, the magnetic flux density used
was 25 pT, which was the actual measured magnetic flux density of the environment.
Magnetic noise was an additional essential parameter for evaluating the performance
of magnetic shielding. It consisted of the residual environmental magnetic noise after
magnetic shielding and magnetic noise produced by magnetic shielding materials. The
multilayer magnetic shield could attain a shielding coefficient of 10* to 10°. The residual
ambient magnetic noise was less than 0.1 fT/Hz!/2, and the magnetic noise generated by
magnetic shielding materials dominated.

Generally, reciprocal approaches were used to calculate the magnetic noise JB. The
magnetic noise was obtained by calculating the power loss, Ps, in the material. Ps was
caused by the magnetic field generated by the known excitation coil. The area was A, and

the carry current is I [14,15].
v8ksT+/Ps @
wAI
where the Boltzmann constant is kg, angular frequency is w, and the Kelvin temperature is
T. The power loss of low-frequency materials was mainly composed of eddy current power

loss Pe = [}, %(TEZdV and hysteresis power loss P,, = [, %y“ Hm2dV. The magnetic noise
of FMCS is:

6B =

VBRgT,/Plot 4 piot 4 P - pe
3

wAl ®)

where P'" and Plf‘” are the eddy current power loss and hysteresis power loss of ferrite

shield, respectively. P™" and P are the eddy current power loss and hysteresis power
loss of mu-metal film, respectively.

0Bppcs =

3. Experimental Calculation Results and Discussion
3.1. Magnetic Shielding Coefficient

A Ferrite magnetic shield is difficult to manufacture and process, especially when a
large size is required. For this reason, a cylindrical ferrite shield is usually made of several
short ferrite annuli pasted with ceramic adhesive. The thickness of the ceramic adhesive
and the unevenness of the contact surface led to air gaps [23]. The air gap between magnetic
annuli causes magnetic leakage. The cloud diagram of magnetic flux density when the air
gap width was 0.5 mm is shown in Figure 3a, and Figure 3b demonstrates that the FMCS
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structure effectively prevented magnetic leakage at the air gap of the ferrite magnetic shield.
The thickness of mu-metal film used for simulation was 0.5 mm.

B [teslal B [teslal

2.20030 ©.00039

9.00027 0.00027

.00023 @.00023

9.00012

9.00009 ©.00009

0.00006 ©.00006

9.00020 \ = 0.00020
9.00016 Ia.mm
& 0.00012

9.00002 0.00002

(b)

Figure 3. Magnetic flux density maps along the x—z plane; (a) conventional ferrite shield and
(b) EMCS.

The relationship between mu-metal film thickness and magnetic shielding coefficient
was investigated to quantify the inhibitory effect of FMCS structure on the air gap of the
ferrite shield and to enhance the shielding coefficient. The conventional ferrite magnetic
shielding coefficient variation with the gap width was first calculated. As shown in Figure 4,
the x- and z-direction shielding coefficients decreased by 16.2% and 98.1%, respectively,
when the gap width changed from 0 to 0.5 mm.
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Figure 4. Relationship between magnetic shielding coefficient of the conventional ferrite and the
gap width. When the gap width increases from 0 mm to 0.5 mm, the shielding coefficient for the x-
and z-direction gradually decreases. The blue and red lines denote the x- and z-direction shielding
coefficients, respectively.

Figure 5 illustrates the relationship between the magnetic shielding coefficient of the
FMCS structure and the gap width for different film thicknesses. As shown in Figure 5a, the
x-direction shielding coefficient of FMCS structure with varying film thicknesses decreases
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gradually as the gap width increases. When gap width increased from 0 to 0.5 mm, the
shielding coefficient decreased by approximately 3.8%. Shielding coefficient increased as
layer thickness increased. When the gap width was equivalent to 0.5 mm, the shielding
coefficient of film (0.1 mm and 0.5 mm) increased by 9.8% and 13.2%, respectively, compared
with conventional ferrite shielding. FMCS structure effectively suppressed the influence of
the air gap on the x-direction shielding coefficient of conventional ferrite magnetic shielding.
Figure 5b shows the relationship between the z-direction magnetic shielding coefficient of
the FMCS structure and the width of the gap for different film thicknesses. Although the
z-direction shielding coefficient decreased in the presence of an air gap, the width of the
gap did not affect the shielding coefficient. In addition, the shielding coefficient improved
with an increase in the layer thickness. When the gap width was 0.5 mm and film thickness
was 0.1 mm, the z-direction shielding coefficient of the FMCS structure was 350, whereas
the traditional ferrite magnetic shielding coefficient was only 15. The shielding coefficient
increased by a factor of 22.3.
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Figure 5. Relationship between the FMCS structure magnetic shielding coefficient and the gap width
for different film thickness; (a) x-direction magnetic shielding coefficient, (b) z-direction magnetic
shielding coefficient.

In addition, the ferrite and mu-metal film were attached to the FMCS framework with
insulating double-sided tape, resulting in a gap between them. This configuration was also
examined. Figure 6 depicts the results of the shielding coefficient calculation. When there
was an air gap (width = 0.1 mm) between ferrite and mu-metal film (thickness = 0.5 mm),
the shielding coefficient decreased by approximately 4.1% and 76.2%, respectively, com-
pared to that in close contact. In practical application, ferrite and mu-metal films must be
firmly pasted.

3.2. Magnetic Shield Noise

Magnetic noise is another important parameter for evaluating the shielding perfor-
mance. Magnetic noise limits the enhancement of the sensitivity index, particularly in
ultra-high-sensitivity magnetometers [26]. The sensitive axis of the magnetic field is gener-
ally oriented in the radial direction with an excellent magnetic shielding coefficient [2,4,27].
This study analyzed the influence of air gap on the shielding coefficient of conventional
ferrite magnetic shields and FMCS structures. As shown in Figure 7, the air gap width
increased from 0 to 0.5 mm, the thermal magnetization noise increased by 34.3%, and the
eddy current noise decreased. However, the eddy current noise accounted for less than 1%
of the total noise, which can be ignored.
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The magnetic noise calculation results of the FMCS structure are shown in Figure 8.
As illustrated in Figure 8a, when mu-metal film was close to the ferrite magnetic shield,
the FMCS structure demonstrated a noticeable effect on suppressing the air gap of the
ferrite magnetic annuli. The magnetic noise increased by 4.5% when the air gap width was
extended from 0 to 0.5 mm, but the magnetic noise did not increase with the increase of air
gap width. When the air gap width was 0.5 mm and the film thickness was 0.1 mm, the
magnetic noise of the FMCS structure was 21% less than that of the typical ferrite magnetic
shield. The magnetic noise could be reduced further by increasing the film thickness.
Figure 8b shows the magnetic noise of the FMCS structure when the ferrite shield and the
film were adhered with double-sided tape and there was a gap between them. In this case,
despite being able to maintain the air gap, the magnetic noise reduction was only 6.3% less
than with standard ferrite magnetic shielding. Increasing the thickness of the film could
also reduce the magnetic noise, but the effect was minimal.
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Figure 8. The magnetic noise calculation results of FMCS structure: (a) magnetic noise when there is
no air gap between ferrite and mu-metal film and (b) magnetic noise when there is an air gap between
ferrite and mu-metal film. The ferrite and mu-tal film are fixed with insulating double-sided tape.

4. Experimental Setup and Results

As the current commercial atomic magnetometer has a sensitivity of tens of fT, it
is difficult to detect the magnetic noise of ferrite magnetic shielding. The noise may be
measured by building an ultra-high sensitive magnetic shielding measurement device
based on the spin-exchange relaxation-free (SERF) effect. The device is complicated and
is easily affected by optical or electrical noise detection. It is challenging to isolate the
magnetic noise. Therefore, this study only measured the shielding coefficient to verify the
advantages of the proposed FMCS structure and the simulation results. The schematic
illustration of the magnetic shielding coefficient measurement platform is shown in Figure 9.
The magnetic shield composed of one layer of aluminum magnetic shield and four layers of
mu-metal magnetic shields suppressed the external magnetic field to avoid the fluctuation
of the external magnetic field from distorting the measurement results. The combined
magnetic shield had a shielding coefficient of approximately 10° and a residual magnetic
field of approximately 0.5 nT. The triaxial coil generated a known uniformly stable magnetic
field. The magnetic field generated by the coil was enhanced under the impact of the
ferromagnetic boundary of the outer combined magnetic shield. The three-axis coil was
calibrated within the combined magnetic shield. The radial and axial coils were 25 nT/mA
and 35 nT/mA, respectively. A commercial atomic magnetometer was used to measure the
magnetic field in the FCMS structure.

For MnZn ferrite materials, o ~ 1 Q" 'm ™!, correspondingly, the threshold frequency
was higher than kHz, and below the threshold frequency, the shielding coefficient of ferrite
magnetic shield did not change with the frequency, while the application frequency of
SERF magnetometer was below 100 Hz. We also measured the frequency dependence
of the shielding coefficient of the FMCS structure from DC to 100 Hz. The change of the
shielding coefficient with frequency was only 2%. Figure 10 depicts the residual magnetic
field in the FMCS structure and the conventional magnetic shield when the known DC
external magnetic field was applied. Due to the increase in magnetic permeability, the
x-direction shielding coefficient (a) of the conventional ferrite magnetic shield increased
with the external magnetic field. When the external magnetic field was between 400 and
1800 nT, the average shielding coefficient was 703.26, which was close to the simulation
value, proving that the analysis was accurate. The external magnetic field applied when
measuring the z-direction magnetic shielding coefficient of conventional magnetic shielding
was between 50 and 120 nT. The reason why the magnetic field applied in the z-direction
was smaller than that in the x-direction was to prevent the residual magnetic field inside
the shield from exceeding the measuring range of the atomic magnetometer due to the
smaller measuring range of the atomic magnetometer and the smaller shielding coefficient
in the z-direction. The average value of the z-direction shielding coefficient was 36.3, which

1
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confirmed that the air gap of a conventional ferrite magnetic shield with multiple annuli
significantly impacted the axial shielding coefficient. Our experiments proved that the
FMCS structures were superior to the conventional ferrite magnetic shielding. The average
shielding coefficients of the FMCS structure (c) in the x and z directions were 819.22 and
383.6, respectively, which was an increase of 16.5% and 91.3% over the conventional ferrite
magnetic shielding. The difference between the measured value and the simulated value
was mainly due to the air gap during the film pasting process and the permeability of

the material.
Triaxial coil

Aluminum shield Mu-metal shield

Signal generator

Signal acquisition system
Atomic magnetometer

Figure 9. Schematic illustration of the magnetic shielding coefficient measurement platform. The
ferrite shield size is the same as the structure used in the simulation, and the thickness of the film is
0.5 mm.
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5. Conclusions

In this study, a high-performance magnetic shielding structure composed of ferrite
and mu-metal film is proposed. Mu-metal film with a high relative permeability was used
to suppress the reduction of magnetic shielding coefficient resulting from magnetic leakage
in the magnetic annuli gap. The thickness of the mu-metal film, between 0.1 and 0.5 mm,
prevented the increase in combined magnetic noise. FEM was used to calculate the shielding
coefficient and magnetic noise of ferrite and mu-metal film combined shielding layer under
varying gap widths of magnetic annuli. The results showed that the magnetic shielding
coefficient and magnetic noise of the FMCS structures barely changed as the gap width
increased. Under the gap width of 0.5 mm, the x-direction shielding coefficient increased by
13.2%, whereas the magnetic noise decreased by 21% compared to the conventional ferrite
magnetic shielding with a gap. The shielding coefficient in the z-direction increased by
22.3 times. In addition, the influence of different assembly methods of ferrite and mu-metal
film on the magnetic shielding performance was analyzed. The shielding performance
declined when there was a gap between ferrite and the double-sided adhesive tape-pasted
film. The gap between the film and the ferrite magnetic shielding must be avoided when
the FMCS structure was employed to increase the shielding coefficient and decrease the
magnetic noise. Amorphous, nanocrystalline, and other thin film materials may be utilized
apart from mu-metal materials.

The experiments validated the shielding coefficient simulation results for the combined
magnetic shield. The experimental results showed that the shielding coefficient of the
composite magnetic shield was 16.5% and 91.3% greater than that of the conventional
ferrite magnetic shield, respectively. The main difference was between the actual relative
permeability of the mu-metal film and its simulated relative permeability. The high-
performance combined magnetic shielding proposed in this study is of great significance
for enhancing the sensitivity of atomic sensors.
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Abstract: The ferrite magnetic shield is widely used in ultra-high-sensitivity atomic sensors because
of its low noise characteristics. However, its noise level varies with temperature and affects the
performance of the spin-exchange relaxation-free (SERF) co-magnetometer. Therefore, it is necessary
to analyze and suppress the thermal magnetic noise. In this paper, the thermal magnetic noise model
of a ferrite magnetic shield is established, and the thermal magnetic noise of ferrite is calculated
more accurately by testing the low-frequency complex permeability at different temperatures. A
temperature suppression method based on the improved heat dissipation efficiency of the ferrite
magnetic shield is also proposed. The magnetic noise of the ferrite is reduced by 46.7%. The
experiment is basically consistent with the theory. The sensitivity of the co-magnetometer is decreased
significantly, from 1.21 x 10_5°/S/HZ1/2 to 7.02 x 107¢° /S/Hzl/2 at 1 Hz. The experimental results
demonstrate the effectiveness of the proposed method. In addition, the study is also helpful for
evaluating the thermal magnetic noise of other materials.

Keywords: ferrite complex permeability; low frequency; SERF co-magnetometer; thermal magnetic
noise

1. Introduction

Atomic magnetometers and co-magnetometers based on a spin-exchange relaxation-
free (SERF) regime have been widely used in frontier science research [1,2], ultra-weak
magnetic field measurement [3-5], inertial navigation [6,7] and magnetoencephalogra-
phy [8,9] because of their ultra-high-sensitivity magnetic field and inertial measurement
capability. In particular, the SERF co-magnetometer has the potential for high accuracy,
miniaturization and low cost, and has been seen as the development direction for the next
generation of rotational sensors [10-12]. The passive magnetic shield is a crucial part of the
co-magnetometer [13]. It is usually made of p-metal material with high magnetic permeabil-
ity, which shields the external environment from electromagnetic interference and provides
the necessary low magnetic field environment for the SERF co-magnetometer [14,15].

Although passive magnetic shields can provide adequate shielding against external
interference, the shielding material generates magnetic noise due to Johnson currents, which
becomes a limiting factor in improving the sensitivity of SERF co-magnetometers [16,17].
In recent years, ferrite materials have been used as inner shielding materials for SERF co-
magnetometers and magnetometers due to their high resistivity and low loss [18]. Kornack
etal. first used ferrite in the SERF magnetometer. The noise level reached 0.75 fT/Hz!/?,
25 times lower than the y-metal material [19]. Since then, ferrite has been widely used
in various high-sensitivity atomic sensors, such as atomic magnetometers [5], nuclear
magnetic resonance gyroscopes [20], etc. In 2019, Fan et al. used a ferrite magnetic shield
in a SERF co-magnetometer and noted that ferrite with low magnetic noise and high
temperature stability is the superior inner shielding material [16].
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Many researchers have studied the noise characteristics of ferrite to reduce magnetic
noise further [21,22]. The magnetic noise of cylindrical ferrite was calculated using the
fluctuation—dissipation theorem created by Kornack [19]. They pointed out that the mag-
netic noise of ferrite is mainly related to its complex permeability, temperature and size.
Subsequently, Lee et al. performed calculations for shields with simple geometries [23].
In addition, Ma et al. developed a more accurate model to analyze the longitudinal and
transverse magnetic noise of the ferrite [24]. The magnetic noise is also effectively reduced
by optimizing the dimensional parameters of the cylindrical ferrite shield. Yang proposed
a more accurate method for measuring the complex permeability of ferrite [25]. In addition,
for large-size ferrite, Lu studied the magnetic noise of the multi-annular ferrite shield
and pointed out that the effect of the gap is negligible when the gap width is less than
0.01 mm [26]. However, the temperature properties of the material have not been studied
in the literature. The characteristics of high-temperature superconducting materials [27]
and soft magnetic materials are affected by temperature. Chrobak et al. obtained the tem-
perature dependence of the critical current of the film from the temperature dependence of
the imaginary part of the AC susceptibility of the high-temperature superconducting mate-
rial [28]. Additionally, Fiorillo et al. analyzed the loss and permeability versus temperature
in soft magnetic ferrites [29]. This does not apply to the low-frequency range required by
the SERF co-magnetometer. Therefore, our work needs to consider the effect of temperature
on magnetic noise at low frequencies and the variation in ferrite complex permeability at
different temperatures.

In this paper, the thermal magnetic noise of ferrite is analyzed theoretically, and a
temperature suppression method based on improving the heat dissipation efficiency is
proposed. First, we tested the complex permeability of the ferrite at different temperatures
and calculated the variation in magnetic noise according to temperature. After that, a SERF
magnetometer was used to compare the magnetic noise before and after the ferrite tem-
perature suppression. The theory’s accuracy was verified by the basic agreement between
theory and experiment. Finally, the sensitivity of the co-magnetometer system was tested,
and it was experimentally demonstrated that the sensitivity performance of the system
could be significantly improved by reducing the ferrite temperature.

2. Methods

According to the generalized Nyquist theory, the random motion of the electric charge
caused by the thermal motion of atoms in a conductor will produce an arbitrary change in
current, and the change in current will produce a magnetic field [23,30]. Therefore, atomic
thermal motion inside the ferrite generates magnetic interference in the shielded space,
and this interference is the primary source of magnetic noise in the SERF co-magnetometer.
The fluctuation—dissipation theorem is used to calculate the magnetic noise. Assuming that
an excitation coil with an applied oscillating current is placed in a ferrite shield and another
pickup coil is placed in the same position, the total power loss in the shielded cylinder is
defined as P(f). The relationship between the magnetic noise 6B(f) and P(f) is as follows:

sn(p) = V2 U, )

where kp is the Boltzmann constant, T is the absolute temperature of the shields, A is the
area of the excitation coil and I and f are the current and frequency of the excitation coil.
P(f) contains eddy-current loss, hysteresis loss and excess loss. For the ferrite shield, its
power loss at low frequency is mainly hysteresis loss, so the expression of P(f) is

PU) & Puys(f) = [ mfu"H2aV, @

where Py (f) is the hysteresis loss and V is the volume of the magnetic shield. p = p’ —ip"”
is the complex permeability of the magnetic material; 1/ and p” are the real and imaginary
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parts of the complex magnetic permeability, respectively. H is the magnetic field strength.
The above equation represents the volume integral of the magnetic shield in an oscillating
magnetic field with an amplitude of H.

Considering the ferrite magnetic shield as a long and hollow cylinder, the longitudinal
magnetic field noise in the shield is [19]

02630 [2kgTu"

o is the vacuum permeability, and r and ¢ are the inner diameter and thickness of the shield.
The noise in this equation is directly related to the temperature. In addition, the complex
permeability of the ferrite increases with increasing temperature. Therefore, the analysis of
the thermal magnetic noise of ferrite requires accurate testing of the low-frequency complex
permeability at different temperatures.

The coils are wound uniformly around the ferrite sample, corresponding to an equiva-
lent resistive and inductive circuit. The complex permeability of the ferrite can be measured
by measuring the inductance and resistance parameters of the circuit. The relationship
between complex permeability, inductance and resistance is as follows (see Appendix A
for details):

A,N?2
L =By, )
e
27 fepgAcN?

le

where L; is the inductance of the sample, I, is the effective magnetic circuit length, A,
is the effective cross-sectional area, N is the number of turns of the winding, Ry, is the
resistance value containing the resistance of the test coil, Ry, is the resistance value of the
measurement coil and f is the test frequency.

The complex magnetic permeability at a specific magnetic field strength was obtained
using the above method. However, the complex permeability at zero magnetic field
conditions is required for theoretical calculations. Under small magnetic field excitation,
the complex permeability is related to the magnetic field strength as yj;, = y, + 7 H. Here,
iy is the amplitude permeability, j, is the permeability at zero fields and 7 is the Rayleigh
constant. Therefore, in this paper, the complex permeability is tested at different magnetic
field strengths, and then the complex permeability is obtained at zero field conditions based
on the above relationship.

Ry ]/l// + Rw/ (5)

3. Experimental Setup

The experimental setup in this section is divided into two parts. First, a complex
permeability test system is built to test the complex permeability of ferrite at different
temperatures and quantitatively analyze the relationship between magnetic noise and
temperature. Then, the K-Rb-?'Ne co-magnetometer system is built to test the effectiveness
of the thermal and magnetic noise suppression method.

The ferrite complex permeability test system is shown in Figure 1. The magnetic
shielding system is used to shield the external environment from magnetic field interference
and contains an oven, a sample of ferrite wound with demagnetizing and enameled wires.
The demagnetizing wire is used to demagnetize the sample, and the enameled wire is
used as the test coil. The inner diameter of the ferrite sample is 15 mm, the outer diameter
is 25 mm, the height is 7.5 mm and the permeability is 2000. A self-made temperature
control system is used to control the temperature of the sample, and the temperature
control accuracy is 10 mK. The Omicron-lab BODE 100 impedance analyzer is used to
apply different excitation intensities to the sample and to measure the inductance and
resistance. The range of magnetic excitation applied to the sample is 0.3-0.8 A/m. To
reduce the influence of remanence, the shielding system and the sample are demagnetized,
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respectively. Furthermore, the temperature is changed and left for at least half an hour
to allow the sample to equilibrate with the ambient temperature. The measurements are
repeated ten times for each set of conditions to ensure the precision of the test.

Sample of
Ferrite

mpedance
Anal

A |

Temperature Control System

Figure 1. Experimental test system for temperature characteristics of ferrite complex permeability.

The schematic diagram of the K-Rb->'Ne co-magnetometer system is shown in Figure 2.
The magnetic shielding system consists of the outer layer of the Permalloy shield and the
inner layer of the ferrite shield. Their thicknesses are 2 mm and 6 mm, respectively. The
outer shield has a permeability of about 20,000. It is used to shield the external ambient
magnetic field, but its large eddy current loss results in a relatively high level of magnetic
noise in the system. The inner ferrite shield is used to shield the magnetic noise of Permalloy.
Therefore, the magnetic noise of the system is mainly the magnetic noise of the ferrite. This
is the prominent noise studied in this paper. Inside the magnetic shielding system are
coils, an oven, and an alkali metal vapor cell. Coils are used to compensate for the residual
magnetic field inside the shield. The oven heats an 8 mm diameter GE180 aluminosilicate
vapor cell to an operating temperature of 180 °C. External to the magnetic shielding system
is the optical system, which provides the pump and probe lights necessary for the operation
of the co-magnetometer. When the system is operated in SERF magnetometer mode,
the vapor cell contains a mixture of K and Rb alkali metals, 50 Torr of N, quenching gas
and 2 atm of He buffer gas. The SERF magnetometer is used to test the magnetic noise
level of the system. When the co-magnetometer system operates in gyroscope mode, only
the vapor cell needs to be replaced. At this time, the vapor cell contains a mixture of K and
Rb alkali metals, 2 atm of 2!Ne and 50 Torr of Ny. The co-magnetometer system is used to
verify the effectiveness of the thermal magnetic noise analysis and suppression method
proposed in this paper.

The temperature near the vapor cell of the co-magnetometer system is as high as
180 °C, while the whole system is at an ambient temperature of 25 °C. The temperature is
reduced from high to low temperature by heat conduction and heat convection. The ferrite
shield is part of the heat dissipation path, and its temperature is higher than the ambient
temperature. The closer it is to the vapor cell, the higher its temperature. Because the
performance of the co-magnetometer system is related to the volume of the magnetic shield
and the vapor cell temperature, the temperature of the ferrite shield cannot be reduced by
changing the cell temperature and the volume of the magnetic shield. Therefore, this paper
uses the change in heat dissipation efficiency to reduce the temperature of the ferrite and
suppress the thermal magnetic coupling noise. The exact method is shown in Figure 3. On
the one hand, a high thermal conductivity silicon pad is wrapped around the outside of
the magnetic shield to improve the heat dissipation efficiency of the shield. The thermal
silicone pad has a thermal conductivity of 4 W/(m-K). On the other hand, the aerogel
insulation blanket is wrapped around the outside of the oven, and the thermal conductivity
of the aerogel insulation blanket is 0.02 W/(m-K), which reduces the heat transfer from
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the cell to the shield. This method utilizes the gaps between the magnetic shields and
does not negatively affect the original system. Solutions filled with thermally conductive
or insulating materials have a wide range of engineering applications, such as nuclear
magnetic resonance gyroscopes.

Pump
Laser

N2 P
L A2 PBS PD
Probe ” I ”
Laser “ I “ I-I
PD Cell
Y Oven PD
CCU
Field Coils Output
X Ferrite Shield

zZ L - |

p-metal Shields

Figure 2. Schematic diagram of the co-magnetometer system. P: polarizer; LCVR: liquid crystal
variable retarder; CCU: circuit control system; A /2: half wave plate; PBS: polarizing beam splitter;
A/4: quarter wave plate; PD: photodiode; GT-5: Glan-Taylor polarizer.

Shields Oven

Thermal
Silicon Pad |

Aerogel Insulation
Blanket

Figure 3. Temperature suppression method for the magnetic shield.

4. Results and Analysis
4.1. Measurement of Ferrite Complex Permeability at Different Temperatures

First, the BODE 100 impedance analyzer is used to apply a current I = 1.13 mA to
the test coil, producing the corresponding magnetic field strength H = 0.3 A/m. BODE
100 is also used to measure resistance Ry, and inductance L, in the frequency range of
20-200 Hz. According to Equation (4), the real part of the magnetic permeability can be
calculated. The imaginary part of the permeability " and the resistance of the wire Ry,
can be obtained by linear fitting the test data according to Equation (5). After that, to get
the complex permeability under zero magnetic field excitation, the complex permeability
under different excitations are measured. The range of current I applied to the test coil
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is 1.13 mA to 3.76 mA, and the corresponding magnetic field strength is 0.3 to 1 A/m.
By linear fitting the magnetic field strength H and the permeability, the permeability at
zero magnetic field strength can be obtained. The complex permeability is tested at 30 °C,
50 °C, 70 °C and 90 °C for different intensity excitations, respectively. As shown in Figure 4,
the different marks indicate the actual measured values of complex permeability at different
temperatures, the lines indicate the fitted curves of the actual measured values and the error
bars are the standard deviations of 10 times test at different temperatures. The complex
permeability at zero excitation field at different temperatures is obtained from the fitted
curves and is summarized in Table 1. Equation (3) is used to calculate the magnetic noise
according to the size of the ferrite in the co-magnetometer. The inner and outer diameters
of the ferrite magnetic shield are 72 mm and 84 mm, respectively. The theoretical magnetic
noise at 1 Hz is shown in Table 1. When the ferrite temperature is reduced from 90 °C to
30 °C, the magnetic noise at 1 Hz is reduced from 12.93 fT/Hz'/2 to 7.45 fT/Hz/2.

6000 : : 100 : :
& 30C 4 70C f 30cCc 4 70C
——30°C ~70C ——30°C ~70C
$ 50C & 90¢C 751 $ 50C & 90T
___________________ o0 TS NG o] T80T~ 90T
<4000 r ol 1 5 50+

Dol

—9'9‘6'6 _____ 25+

2000 : : : : 0 : : : :
0 02 04 06 08 1 0 02 04 06 08 1

H (A/m) H (A/m)
(@ (b)

Figure 4. (a) Real part of permeability at different temperatures. (b) Imaginary part of permeability
at different temperatures.

Table 1. Variation in ferrite complex permeability with temperature.

Temperature (°C) W u’ SB(f) at1Hz (fT/Hz!?)
30 2113.4 1.37 7.45
50 2777.3 3.77 9.77
70 3679.0 8.23 11.22
90 4494.6 15.42 12.93

4.2. Magnetic Noise Measurement

In this paper, we reduce the temperature of the magnetic shield by changing the heat
transfer in the co-magnetometer, increasing the insulation of the oven as well as improving
the efficiency of heat dissipation. When the magnetic shield temperature is not suppressed,
the shield temperature is 79.1 °C, and the shield temperature after suppression is 33.2 °C.

Due to the extremely low conductivity of ferrite, its eddy current loss below KHz
can be disregarded, and the hysteresis loss magnetic noise becomes the dominant low-
frequency magnetic noise in the SERF magnetometer, which can be regarded as 1/f noise.
In this subsection, the magnetic noise of the system is tested using a SERF magnetometer.
The magnetic noise is tested before and after the temperature suppression of the shield,
respectively. Figure 5 indicates the magnetic noise curves of the magnetometer in both
cases. For comparison, the probe background noise of the system (solid black line) is also
tested. The probe background noise is significantly lower than the sensitivity curve of the
magnetometer, indicating that the sensitivity of the magnetometer is primarily limited
by the magnetic noise. Meanwhile, in the low-frequency band, the system sensitivity
curve shows a significant 1/f noise, indicating that it is primarily due to the hysteresis loss
magnetic noise of the ferrite. The solid blue line and the solid red line show the sensitivity
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curves before and after temperature suppression of the shield, respectively. The system
sensitivity is 15.24 and 8.12 fT/Hz!/2 at 1 Hz, respectively. The noise at 30 Hz is due to
the application of a calibrated magnetic field with a peak-to-peak value of 0.5 nT, and the
noise at 50 Hz is the power frequency noise of the circuit. As the temperature increases,
the intense thermal motion of the atoms inside the sample prevents the magnetic moment
of the atoms from varying with the applied magnetic field, leading to an increase in the
Rayleigh constant. Thus, the hysteresis loss increases, leading to an increase in the magnetic
noise of the system. The magnetic noise of the system is reduced by 46.7% by the shield
temperature suppression method proposed in this paper. The experiments basically agree
with the theory, and the magnetometer test results are slightly larger than the calculated
results in the previous subsection. This difference may be due to the openings in the ferrite
and the gap between the ferrite annulus.

4
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Figure 5. Magnetic noise measurement results of SERF magnetometer.

4.3. Sensitivity Measurement of SERF Co-Magnetometer

Finally, to demonstrate the accuracy of the theoretical analysis and the effectiveness of
the suppression method, the sensitivity is tested in a SERF co-magnetometer.
The system signal error caused by magnetic noise can be expressed as

Ng(f) = 0B(f)IGs(f)l, (6)

where |Gg(f)| is the amplitude—frequency response of the system to the magnetic field [31].
When the magnetic noise of a co-magnetometer system is reduced, its inertial measurement
sensitivity is reduced accordingly. The probe background noise of the system is tested,
as shown by the solid black line in Figure 6, with a noise value of 2.21 x 10-%°/s/Hz1/?
at 1 Hz. The probe background noise is much lower than the system noise, indicating
that the system is in a normal inertial measurement state, so the system noise reduction
provided by the ferrite magnetic noise reduction will not be annihilated by the probe
background noise. The blue and red solid lines in Figure 6 indicate the sensitivity curves of
the co-magnetometer system before and after temperature suppression of the ferrite shield,
respectively. Since the bandwidth of the SERF co-magnetometer is within 5 Hz, this work
focuses on the sensitivity at low frequencies. After the ferrite temperature suppression,
the system’s noise is significantly reduced in the 5 Hz range. The system’s sensitivity is
reduced from 1.21 x 107°°/s/Hz!/? to 7.02 x 107°°/s/Hz!/? at 1 Hz. The sensitivity
performance of the system is improved by 42.0%.
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Figure 6. SERF magnetometer sensitivity measurement results.

5. Conclusions

An accurate method for analyzing and measuring the thermal magnetic noise of ferrite
in the SERF co-magnetometer is proposed for the first time, and a suppression method is
proposed accordingly, which significantly improves the measurement sensitivity of the
co-magnetometer. Firstly, a thermal magnetic noise model of ferrite is established, and a
low-frequency complex permeability test method at different temperatures is proposed.
The complex permeability test system and the co-magnetometer system are built to test
the thermal magnetic noise of ferrite, respectively. The results show that the measured and
theoretical results of magnetic noise at different temperatures are basically consistent. The
magnetic noise of the ferrite at 1 Hz is reduced from 15.24 fT/ Hz!/2 t0 8.12 fT/Hz!/2 by the
proposed temperature suppression method. This study can not only evaluate the thermal
magnetic noise of other low-noise magnetic materials, but is also essential to improve the
sensitivity of SERF co-magnetometer and magnetometer.
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Appendix A
Principle of Complex Magnetic Permeability Measurement

According to the measurement principle of the coil method, the relationship between
the complex permeability of the ferrite and the inductance and resistance in the equivalent
circuit is as follows:

I,L
/ ets
= ——=, (A1)
¥ ,uOAeN 2
" _ le (Ry B Rw) (Az)
2 7ch Ho Ae N 2
The definition of each variable in the formula is shown in the following table:
Table A1l. Definition of variables.
Trem Description
Ls inductance of the sample
Lo effective magnetic circuit length
A, effective cross-sectional area
N number of turns of the winding
Ry resistance value containing the resistance of the test coil
Ry resistance value of the measurement coil
f test frequency
The expressions of [, and A, are:
I, = nngy/dyl)
dy~ =Dy’
A, — Dl (Dy/dy) (A3)

where Dy, is the outer diameter of the sample, d, is the inner diameter, and h,, is the height
of the sample.

The real part of the magnetic permeability can be calculated directly from the induc-
tance value. The imaginary part contains the resistance value of the measurement coil,
and Equation (A2) needs to be rewritten as

_ ZﬂfcyoAgNz ]/[//

+ Ry (A4)
le

Ry

By fitting the above equation to f. and Ry, the slope and intercept are the imaginary
part of the magnetic permeability and the resistance of the measurement coil, respectively.
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Abstract: With the widespread use of magneto-sensitive elements, magnetic shields are an impor-
tant part of electronic equipment, ultra-sensitive atomic sensors, and in basic physics experiments.
Particularly in Spin-exchange relaxation-free (SERF) co-magnetometers, the magnetic shield is an
important component for maintaining the SERF state. However, the inherent noise of magnetic
shield materials is an important factor limiting the measurement sensitivity and accuracy of SERF
co-magnetometers. In this paper, both amorphous and nanocrystalline materials were designed and
applied as the innermost magnetic shield of an SERF co-magnetometer. Magnetic noise characteristics
of different amorphous and nanocrystalline materials used as the internal magnetic shielding layer
of the magnetic shielding system were analyzed. In addition, the effects on magnetic noise due to
adding aluminum to amorphous and nanocrystalline materials were studied. The experimental
results show that compared with an amorphous material, a nanocrystalline material as the inner
magnetic shield layer can effectively reduce the magnetic noise and improve the sensitivity and
precision of the rotation measurement. Nanocrystalline material is very promising for inner shield
composition in SERF co-magnetometers. Furthermore, its ultra-thin structure and low cost have
significant application value in the miniaturization of SERF co-magnetometers.

Keywords: soft magnetic material; amorphous; nanocrystalline; SERF co-magnetometer; magnetic
shield

1. Introduction

In recent years, a new generation of high-precision atomic sensors, SERF co-magnetometers,
have been widely used in Lorentz and CPT violation testing [1,2], magnetic field measure-
ment [3,4], and rotation measurement [5,6]. Their high sensitivity to rotation holds promise
as a rotation sensor in next-generation inertial navigation systems [7,8]. High shield factor
and low noise in the magnetic shield system is necessary to ensure the normal operation
of SERF co-magnetometers [9,10]; however, the inherent noise of the material compris-
ing the magnetic shield system is the main noise term restricting their sensitivity and
accuracy [11,12].

Soft magnetic materials are commonly used materials for magnetic shields because
of their high magnetic permeability and easy magnetization and demagnetization [13-16].
For example, p-metal is often used as a magnetic shielding material because of its high
magnetic permeability [17-19]. The shield coefficient of magnetic shields made of y-metal
can reach 10°, which can effectively shield against the external environmental magnetic
field and quasi-static magnetic field fluctuations [20]. However, a low-resistivity p-metal
shield also produces high intrinsic magnetic noise due to Johnson current noise, which is
the main factor limiting the accuracy of SERF co-magnetometers [4,11,21].
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In addition to yu-metal, ferrite materials have been increasingly used as magnetic shield-
ing in recent years because they generate less noise than p-metal [22-25]. Kornack et al. [26]
used manganese-zinc ferrite material in the inner layer of a magnetic shield system, and
found that the noise it generated was much lower than that of y-metal. Subsequently,
scholars conducted more in-depth research on the application of manganese—zinc ferrite in
SERF co-magnetometers. For example, Fan et al. [27] reported the performance of low-noise
ferrites in a K-Rb-2!Ne co-magnetometer. Ma et al. [28] studied in detail the magnetic noise
model of ferrite and the effect of shielding barrel configuration on noise. However, MnZn
ferrite still cannot meet the requirements of low noise, and the manufacture of manganese—
zinc ferrite is difficult and expensive. In addition, MnZn ferrite has a low Curie temperature
and poor temperature stability. The working temperature of the sensitive element of the
co-magnetometer can reach up to 200 degrees, and MnZn ferrite as the innermost magnetic
shield produces magnetic field drift. Consequently, it is still necessary to explore new inner
shield materials.

Amorphous and nanocrystalline alloys are a new generation of soft magnetic materials
with promising application prospects [29]. They possess excellent magnetic properties,
such as high saturation magnetic induction, low coercivity, high permeability, and high
resistivity [30]. In addition, their unique nanostructure and relatively thin lamination can
suppress eddy current loss, and is widely used in high-frequency fields, such as manufactur-
ing transformer cores, power-supply switching and power electronic components [31,32].
Among them, iron-based amorphous and nanocrystalline alloys can be used as materials
for making magnetic shields because of their high magnetic permeability [33]. Fu et al.
applied nanocrystals to an inner-layer magnetic shield, proving the application potential of
nanocrystals in the magnetic shield of SERF co-magnetometers [34]. However, the applica-
tion and performance of amorphous and nanocrystalline alloys in SERF co-magnetometer
magnetic shields has not been deeply studied.

In this paper, inner magnetic shields made of iron-based amorphous and nanocrys-
talline alloys for high-precision SERF co-magnetometers are proposed and designed. Firstly,
a more accurate magnetic noise-error response model for the SERF co-magnetometer was
established according to the Bloch equation. Next, the magnetic noise of a magnetic shield
comprising amorphous and nanocrystalline alloys was measured separately using a SERF
co-magnetometer. Lateral comparison of the magnetic noise generated by amorphous and
nanocrystalline inner layer magnetic shields was conducted. At the same time, the mag-
netic noise of the inner magnetic shield comprising different layers of amorphous material
and layers of nanocrystalline material were compared longitudinally. The magnetic noise
characteristics of an amorphous inner magnetic shield and a nanocrystalline inner magnetic
shield were studied and analyzed. Finally, the magnetic noise characteristics of amorphous
and nanocrystalline inner magnetic shields with added aluminum were studied. Our the-
ory and experiments show that nanocrystalline shields have lower thermal magnetization
noise and better temperature stability compared to amorphous shields, making them a
more favorable choice for the innermost shield material in SERF co-magnetometers. This
is of great significance for miniaturization and engineering of low-noise magnetic shield
systems for SERF co-magnetometers in future.

2. Magnetic Shield Noise Error Model Analysis

The time evolution of the coupled spin ensemble in a SERF co-magnetometer can be
solved analytically with a complete set of Bloch equations [35,36]:

) (Rysp + Ry + REP" — RS, P°)
= B npn Pt — QO P¢ 0

or ~ g(pr) BTAMIPIAL) x S Q(P?)

P 1

== = 7" (B+ AMPY) x P" — €2 x P" 4 RSP — Rjj, "

Here, P¢ and P" are the electron spin polarization and nuclear spin polarization,
respectively. v* and " are the gyromagnetic ratios of the electron and the nuclear spins,
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respectively. Q is the electron slowing-down factor, B is the ambient magnetic field vector,
L is AC-Stark shift, () is the measured rotation vector. s, and s;, are the photon spin vectors
of the pump and probe beams, oriented along the z and x axes, respectively. Rf , is sum of
transverse relaxation of electron spin, R¢} is the spin-exchange rate from collisions with
the nuclear spins by the electron spins, R, is the spin-exchange rate from collisions with
the electron spins by the nuclear spins, and R}, is the total relaxation rate of nuclear spins.
AM? and AM" are the electron spin magnetic moment of alkali metal atoms and the nuclear
spin magnetic moment of inert gas atoms respectively.

When the co-magnetometer works under steady-state conditions, The input and
output of the system can be approximated in the following linear form

X = AX + WU @)

T
Here, the state vector X can be written as X = [Pﬁ, P;, Pz, P;‘ , and the input vector

U can be written as U = [Q, Oy, By, By | T The matrix A can be written as:

_Rige 2°By RQ 1°ByPS
Q Q 0 opn
_ 1By _ Rt _2°B2P7 Ree
A — Q nprQBe QP? Q (3)
ne b n npn
Rse P%3 z _Rtot v BZ
"By P} RIZIG npn R-
— e se =Y bz TRyt

The matrix W can be written as

4
0 —Pr 0  Phon

PP 0 —PMt 0

Therefore, the transfer function that characterizes the input—output relationship in
the system at steady state can be expressed as G(s) = (sI — A)~!W. After calculation
and simplification, the transfer function between input By and output Py can be expressed
as [12]

Gpx(s) = PS(s)/By(s) = kpx(s — wpx1)(s — wpx2) 5

[(S —p1)° + wﬂ {(S —p2)* + w%}

Here, the zeros are
PIRY Y + PR

WBx1 =— eyt 6)
ey — BePERG Y + BEPPRG " + BY PR 7" @
o P<(BLy* + BEy"Q)

There are two separate oscillations with different frequencies ¢1, ¢2, and decay rates
w1, wy. Bl is the effective field for the z-direction nuclear magnetization and Bj is the
effective field for the z-direction electron magnetization. The co-magnetometer is sensitive
to By when they are sensitive to ()y, which is why the performance of gyroscopes based
on SERF co-magnetometers is limited by magnetic noise. Therefore, low-noise shielding is
very important for SERF co-magnetometers.

When the SERF co-magnetometer is sensitively rotated, the fluctuation of B, will cause
the SERF co-magnetometer to produce bias drift, and the navigation error will accumulate
over time. Therefore, it is necessary to establish a magnetic noise error model to analyze
the equivalent error generated by magnetic noise. To obtain the power spectrum of the
rotating signal of the SERF co-magnetometer, it is necessary to obtain the power spectral
density of the static test data and the scale factor of the rotation, and then divide the static
power spectral density by the scale factor to obtain the final signal power spectrum. At
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this point, the stochastic process associated with the system output signal can be regarded
as a stationary stochastic process. According to the stochastic process analysis theory, the
bilateral power spectral density (PSD) of the output signal when a stationary stochastic
process is superimposed on a linear system can be expressed as:

Sy(w) = Sx(w)|H(w)? ®)

where Sx(w) is the bilateral PSD of the input process, Sy(w) is the bilateral PSD of the
output process, |H(w)|? is the power transfer function of the linear system, and |H(w)]| is
the amplitude—frequency response of the system. The steady state rotation rate in the time
domain can be expressed as:

Qy(t) = Ka, Py (t) ©)
The ) can be described in the Laplace transform domain as:
_ KQyKBx (S - ZBxl) (S - ZBxZ)Bx (S)

Qy(s) = Ko, Gpx(s)Bx(s) = {(s “Ty)% 4 wﬂ {(s )2+ wﬂ : (10)

where the scale factor Ko, can be expressed as:

2 2
KQ — (,yeBEth’})t + ,yanR?Ot ) + (thqot R?Ot ) (11)
' PRy (B")*y"

In the SERF co-magnetometer inertial measurement system, the hysteresis loss mag-
netic noise and eddy current loss magnetic noise of the innermost shielding cylinder are
uncorrelated, therefore the total angular velocity PSD caused by the two magnetic noises
can be expressed as:

dd
STy (@) = SBIE™ (1) 4 S (1) (12)
Among them, Sg;gn (w) is the angular velocity PSD corresponding to the hysteresis
eddy

loss magnetic noise, and Sny (w) is the angular velocity PSD corresponding to the eddy
current loss magnetic noise. When the co-magnetometer is in a steady state, the steady-state
PSD can be expressed as:

SB (w) = S™E" (w) |G (0) KR,
eddy edd 22 "
oY (@) = %Y (w)|Gpe (0) 2K,

where M8 (w) = Chpon /2w and 5%V (w) = CZy 4y /2 are the bilateral PSD of hysteresis
loss noise and eddy current loss noise, respectively. Cmagn and Ceddy are the noise figures
of hysteresis loss noise and eddy current loss noise, respectively.

The relationship between the Allan variance and the bilateral PSD of the angular

velocity is:
4

5 _i/‘” po\sintu
o (T) = T SQ(HT) 2 du (14)

Here u = mvT, where v is frequency and T is the group time.

Bringing Sg;gn (w) and Sgiyd ¥ (w) into Equation (14) produces their Allan variance ex-

pression:

C2 agn |GB2(0) ]2
{U(n;agn(T)}z _ nwgfI'nB()'lnz(T > 1/1) (15)
C244y |G (0) 2
ot (] = e ) "
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Here, v represents the corner frequency of the hysteresis loss magnetic noise. The analysis
shows that the Allan variance of the low-frequency angular velocity corresponding to the
hysteresis loss magnetic noise does not change with the correlation time. Eddy current loss
noise is inversely proportional to T and has a —1/2 slope with respect to T in a log-log plot.

Therefore, according to the above analysis, it is not difficult to see that we can use the
magnetic noise PSD, the scale coefficient and the amplitude—frequency response to Bx to
evaluate the performance of the inner magnetic shield.

3. Experimental Setup

The K-Rb-?'Ne co-magnetometer was used to conduct the experiment, and the schematic
diagram of the structure is shown in Figure 1. The constructed K-Rb->'Ne co-magnetometer
structural components are similar to previous work [12]. The magnetic shield system of the
K-Rb-?!Ne co-magnetometer consists of three shield layers, of which the outer two layers
are p-metal. p-metal has a high shielding coefficient and is used to shield the interference
of geomagnetism and external magnetic fields. The inner shielding layer is to shield the
magnetic field and reduce the magnetic noise in the shielding system. In order to ensure
that the device works in a low magnetic field environment, the magnetic shield system
must be degaussed before the device is started. After degaussing, the residual magnetic
field in the shielded barrel is compensated with a high-precision three-axis magnetic field
coil. The sensitive core is a 10 mm diameter cell made of GE180 aluminosilicate glass. The
cell is placed in a boron nitride oven, which is heated using a heating coil connected to the
oven, allowing it to operate at a maximum temperature exceeding 200 °C.

Inner Shields

/

/

V4 R

-
]
A

Outer Shields

output

PD1

Figure 1. Schematic of K-Rb->'Ne co-magnetometer. BSL: beam shaping lenses. LP: linear polarizer.
LCVR: liquid crystal variable retarder. A /2: half wave plate. GT: Glan-Taylor polarizer. A/4: quarter
wave plate. PBS: polarizing beam splitter. M: reflection mirror. PD: photodiode. ECU: electronic
control unit. The magnetic shield system of common magnetic force consists of three shield layers.
The outer shield consists of two 2 mm thick p-metal shields with outer radii of 54 mm and 64 mm
and lengths of 150 mm and 180 mm, respectively. The inner shield is the focus of our research.
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The experimental setup shown in Figure 1 is a structural diagram of an experimental
setup we built, which can be used to sense magnetic fields or to sense rotation. The
difference between the two devices is that different atoms are used in the cell. When the
device operates as a SERF magnetometer sensitive to magnetic field, the cell contains the
natural-abundance K and Rb alkali metal mixture, 1.9 atm of *He buffer gas, and 50 Torr N
quench gas. When the device operates as a SERF co-magnetometer sensitive to rotation, the
cell contains a natural-abundance K and Rb alkali metal mixture, 2 atm of 2!Ne and 50 Torr
N> quench gas.The circular-polarized laser light propagating along the z-axis is emitted by
a distributed Bragg reflector (DBR) diode laser, interacting with the D1 resonance line of
K atoms to realize the polarization of K atoms. The probe laser is a non-resonant linear-
polarized light emitted along the x-axis to detect the atomic spin precession of the Rb atoms
along the x-axis. A signal generator is used to control the triaxial magnetic field coil in
order to apply excitation to the magnetic field. The ratio of alkali metal density inside the
cell is K:Rb = 1:90 at 180 °C.

Figure 2 shows the inner magnetic shields of the magnetometer fabricated for this
experiment. Amorphous and nanocrystalline shields are made of Fe-based amorphous
and nanocrystalline films attached to a support frame made of non-magnetic PTFE. The
thickness of the support frame made of PTFE is 5 mm, the outer radius of the barrel is 47 mm,
and the barrel height is 120 mm. The test results of the inner shield layer of amorphous alloy
and the inner shield layer of nanocrystalline alloy in SERF magnetometer was compared to
analyze the influence of the inner shield magnetic noise on the measurement accuracy of
SERF co-magnetometer.

¢ 2-layer amorphous inner magnetic shield

®  4-layer amorphous inner magnetic shield

e  2-layer nanocrystalline inner magnetic shield

®  4-]ayer nanocrystalline inner magnetic shield

e  2-layer amorphous+aluminum inner magnetic shield

®  4-layer amorphous+aluminum inner magnetic shield

¢ 2-layer nanocrystalline+aluminum inner magnetic shield
®  4-ayer nanocrystalline+aluminum inner magnetic shield

Figure 2. Amorphous and nanocrystalline inner magnetic shield layers.

We designate these eight different inner magnetic shielding cylinder schemes as
schemes 1-8.

As shown in Figure 3, the demagnetization coil structure is composed of six annular
coils wound around the magnetic shield system. The coil can generate magnetic flux in a
closed-loop mode in the shield layer, which can demagnetize the magnetic shield system.
Further, Figure 3b is the size of the three-layer shielding cylinder. As the outer shield layer
of the magnetic shield system, the main function of the two-layer permalloy is to shield
the external magnetic field. The outermost layer of permalloy has a height of 180 mm
and an outer diameter of 128 mm, and the second outer layer of permalloy has a height
of 150 mm and an outer diameter of 108 mm. The innermost layer is an inner shielding
layer composed of amorphous/nanocrystalline material and PTFE. PTFE cylinder with a
thickness of 6 mm, amorphous/nanocrystalline material wound on the outside of the PTFE
cylinder. The reason for using PTFE is that amorphous/nanocrystalline material cannot be
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fixed as ultrasoft magnetic materials, requiring a supporting skeleton. In addition, PTFE is
a non-magnetic material and will not generate magnetic field interference.

Unit: mm
84. 00 |
<—————————>|
108. 00
—~ w7
—_——— e 1

(@) (b)
Figure 3. Internal structure of magnetic shield system composed of three shield layers of SERF
co-magnetometer and method of wound demagnetizing coil. (a) 3D structure diagram (b) Plane
dimension drawing

4. Results and Discussion

According to the analysis results in Section 2, the magnetic noise of the magnetic
shield system mainly depends on the innermost magnetic shield layer. The low-frequency
magnetic noise we focus on mainly includes the magnetic noise caused by hysteresis loss
and eddy current loss. According to Equations (15) and (16), it is known that the noise due
to hysteresis loss is similar to 1/f noise, and the noise due to eddy current loss is similar to
white noise.

The magnetic noise characteristics of the inner shield layers of eight different schemes
were measured in situ with a K-Rb->! Ne SERF magnetometer. Table 1 shows the test results
of the residual magnetic fields in the three directions of the center of the shielding system
under the inner shield layer of Scheme 1 to Scheme 8 after the winding is demagnetized.
The main purpose of the design of the inner shield is to suppress the magnetic noise felt by
the central air chamber of the magnetic shielding system. On the one hand, it is necessary
to suppress the magnetic noise caused by the outer magnetic shield. The second is to
suppress the magnetic noise generated by the inner shielding material itself. This is also
the reason why SERF co-magnetometers need to choose low noise and high permeability
inner shields.

The degaussing current is generated by a laptop, a compact DAQ module, and a
power amplifier. The degaussing current is about 60A. It can be seen that with the same
degaussing method, the residual magnetic flux density of nanocrystals is significantly
smaller than that of the amorphous material. The small residual flux density can make the
angle measurement more sensitive and stable.
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Table 1. Triaxial residual magnetic field after demagnetization of combined magnetic shielding
system with different amorphous and nanocrystalline material as inner shield.

By (nT) By (nT) B, (nT)
without shielding 9385 29665 29850
Scheme 1 3 3.78 11.25
Scheme 2 1.3 2.4 12.45
Scheme 3 0.56 2.4 0.3
Scheme 4 0.86 1.08 0.375
Scheme 5 7.2 6.34 11.1
Scheme 6 13.14 5.54 0.9
Scheme 7 0.5 1.92 0.33
Scheme 8 0.46 0.46 0.855

Figure 4 shows the measurement results of magnetic noise of the SERF magnetometer
under the inner magnetic shield layer of amorphous alloys and nanocrystalline alloys at
frequencies below 100 Hz. It can be seen that the noise of the two amorphous inner shield
layers is lower than the four amorphous inner shield layers. Similarly, the noise of the
two nanocrystalline inner shield layers is lower than the four nanocrystalline inner shield
layers. Therefore, the amorphous and nanocrystalline materials have similar properties
when used as the inner magnetic shield. With the increasing number of layers, the magnetic
noise of the amorphous and nanocrystalline inner magnetic shielding becomes greater. It
can be seen from Figure 4 that the interference of the small peaks that appear is around
50 Hz, and is caused by power frequency fluctuations. Since the SERF co-magnetometer is
used for rotation measurement, the further the magnetic noise is below 1 Hz, the higher
the measurement accuracy of rotation. It can be seen that the magnetic noise level of
nanocrystalline alloy is much better than that of amorphous alloy at frequencies lower than
1 Hz. Therefore, for rotation measurement, nanocrystalline alloys as the inner magnetic
shield layer are better than amorphous.

5
10 ——scheme 1
—_ ——scheme 2
Q 4 scheme 3
‘—N 10 ——scheme 4
L
E 108
(O}
R
(@)
c 2
o 10
©
Sq1n1
210
=
10° |
1072 10° 102
Frequency(Hz)

Figure 4. Magnetic noise measurement results of the SERF magnetometer under inner magnetic
shield layers of different amorphous alloys and nanocrystalline alloys.

In addition, the magnetic noise characteristics of amorphous and nanocrystalline
magnetic shield inner layers with aluminum addition were studied. Figure 5 shows mag-
netic noise measurement results of the SERF magnetometer under inner magnetic shield
layers of different (Figure 5a) amorphous+aluminum alloys and (Figure 5b) nanocrystalline
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+aluminum alloys. It can be seen from Figure 5 that with the increase of the number of
layers, the magnetic noise of both amorphous and nanocrystalline material decreases, and
the magnetic noise characteristics change. The magnetic noise of amorphous material after
adding aluminum is lower than that without aluminum, but it is still higher than that of
nanocrystalline material. However, after adding aluminum to nanocrystalline material,
compared with no aluminum, the magnetic noise below 1Hz has increased; thus, adding
aluminum to nanocrystalline material is not a good idea.

~———scheme 5 scheme 7

——scheme 6 ——scheme 8

Magnetic noise(fT/Hz”z)

102 10° 10? 102 10° 10?
Frequency(Hz) Frequency(Hz)

Figure 5. Magnetic noise measurement results of the SERF magnetometer under inner magnetic shield
layers of different (a) amorphous + aluminum alloys, and (b) nanocrystalline + aluminum alloys.

Table 2 shows the magnetic noise values of the eight schemes at 1 Hz, from which it
can be seen that the 2-layer nanocrystalline alloy is the scheme with the lowest noise, and
the magnetic noise is 14.17 fT/Hz!/2. Among the four kinds of amorphous inner magnetic

shields, the best magnetic noise at 1 Hz is scheme 8, having a magnetic noise value of
54.13 fT/Hz'/2.

Table 2. Magnetic noise value of schemes 1-8 at 1 Hz.

1 Hz fT/Hz!2

Scheme 1 68.93
Scheme 2 239.65
Scheme 3 147.98
Scheme 4 28.62
Scheme 5 14.17
Scheme 6 46.59
Scheme 7 54.81
Scheme 8 54.13

According to the data measured thus far, nanocrystalline material with fewer layers
is a better choice for inner magnetic shielding. However, the research on the magnetic
noise characteristics of nanocrystalline is not adequate at the present time. Later, detailed
magnetic noise modeling will be carried out to analyze its characteristics.

5. Conclusions

This paper analyzes the magnetic noise characteristics of amorphous and nanocrys-
talline inner shields used in SERF co-magnetometer combined magnetic shielding systems.
Comparing the magnetic noise of amorphous and nanocrystalline materials with different
layers, it is found that the magnetic noise increases with the increase of layers. Further,
the magnetic noise of nanocrystalline material is markedly lower than that of amorphous
material when the frequency is lower than 1 Hz. In addition, aluminum was added to amor-
phous and nanocrystalline materials. It was found that the magnetic noise decreases with
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the increased number of layers after adding aluminum, which requires further research
into its characteristics. The research and findings in this paper are not only instructive
for the exploration of miniaturized low-noise magnetic shield systems more suitable for
high-precision SERF co-magnetometers, it also possesses important guiding significance for
other high-precision atomic sensors that require magnetic shield systems, such as atomic
clocks and nuclear magnetic resonance gyroscopes.
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