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during hot-press sintering
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Silicon dioxide (SiO2) has attracted much attention as an ideal coating material for iron (Fe)-based soft

magnetic powder cores (SMPCs). However, maintaining the integrity and uniformity of Fe-based/SiO2

core–shell heterostructures is still a challenge. The evolution mechanism of core–shell heterostructures

determines the performance of Fe-based SMPCs. Herein, the evolution of the core–shell structures and

heterogeneous interfaces of Fe–Si@SiO2 SMPCs with axial pressure and the influence of the evolution

on the SMPCs performance were investigated. The results show that in the axial pressure range of 10–15

kN, the core–shell heterostructures were gradually integrated, whereas the SiO2 insulation coatings

underwent an amorphous-to-crystalline transformation. At axial pressure above 16 kN, the Fe–Si powder

melted partially, and the core–shell heterostructure collapsed due to overheating, caused by the

gradient temperature field during the hot-press sintering. When the core–shell heterostructure was

intact, the Fe–Si@SiO2 SMPCs showed a permeability of over 38 with a wide and stable frequency range

of 100–300 kHz, a saturation magnetisation of 231.7 emu g�1, resistivity of 0.8 mU cm and total loss of

704.7 kW m�3 at 10 mT and 100 kHz. When the core–shell heterostructure was destroyed, the resistivity

dropped dramatically and the loss increased to 765.0 and 897.4 kW m�3. These results show the

relationship between the core–shell heterostructure of Fe–Si@SiO2 SMPCs, axial pressure and magnetic

properties, which would be vital in achieving high power density, high efficiency and miniaturisation in

SMPCs.
Introduction

Achieving high efficiency and miniaturisation of electrical
devices requires electromagnetic elements with small size, low
weight and excellent magnetic performance.1 Conventional
silicon–steel electromagnetic elements do not meet the rapidly
increasing demands for high-frequency and power density
applications. So magnetic powder cores (SMPCs) can enable
the miniaturisation and diversication of electromagnetic
devices, exhibit low eddy current loss under a wide frequency
range and ll the application gap between silicon–steel and
ferrite electromagnets.2 Thus, SMPCs are promising candidates
for efficient and lightweight electromagnetic devices.

SMPCs consist of a highly saturated ferromagnetic powder
core and a high-resistivity insulating shell, resulting in a core–
Surface Technology of Advanced Metal

y), Ministry of Education, Maanshan,

.cn

Metallurgy, Wuhan University of Science

ina

ing Co., Ltd., Maanshan, Anhui, 243002,

the Royal Society of Chemistry
shell heterogeneous structure. Thus, they have high perme-
ability, high saturation magnetisation (Ms), high resistance and
very low eddy current loss.3 Various insulating materials and
coating methods have been investigated extensively to optimise
the performance of SMPCs. Oxide ceramic insulating materials
have higher heat resistance and lower cost than traditional
organic insulating materials,4 thus can increase the moulding
temperature and improve magnetic conductivity while main-
taining good insulation. As a result, various advanced sintering
technologies, such as hot-press sintering (HPS),5,6 hot isostatic
pressing (HIP)7,8 and spark plasma sintering (SPS),9,10 have been
developed to prepare SMPCs with oxide ceramic insulating
materials.

Core–shell heterostructures within SMPCs limit the induced
current during AC magnetisation inside the insulating and
conductive particles, reducing the eddy current radius and
minimising energy loss.11 To obtain high-performance SMPCs,
the core–shell heterostructure should maintain its integrity and
uniformity. However, as-developed oxide ceramic insulating
materials, such as SiO2, MgO, ZrO2 and Al2O3, are brittle and
susceptible to fracture under high-pressure and temperature
conditions, making the core–shell heterogeneous structure
RSC Adv., 2022, 12, 19875–19884 | 19875
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prone to destruction during sintering. As an important
parameter in the sintering process, axial pressure is a key
determinant of the structure and magnetic properties of SMPCs
with oxide ceramic insulating materials. Low moulding pres-
sure results in low material density and imperfect grain
morphology, whereas high moulding pressure can destroy the
integrity of the core–shell heterostructure, reducing the limiting
effect on the induced current. However, current research on
sintering conditions (temperature, pressure, etc.) mainly
focuses on material density and magnetic properties; only a few
studies have investigated the evolution of core–shell
heterostructures.

In this study, Fe–Si SMPCs with SiO2 insulating materials
(denoted Fe–Si@SiO2) were fabricated through uidised gas-
phase in situ deposition combined with the HPS process. By
observing the structural and interfacial changes in Fe–Si@SiO2

in a high-pressure environment, the evolution behaviour of the
Fe–Si@SiO2 heterostructure and its relationship with the
magnetic properties were determined, which lling the theo-
retical gap betweenmicrostructure andmacroscopic properties.
The obtained relationship will help improve the performance of
SMPCs and promote the application and development of
SMPCs.
Experimental
Materials

Commercial atomised Fe–Si powders (Si content 6.62 wt%,
purity exceeding 99.9 wt%) with an average particle size of 50
mmwere purchased from Hualiu New Materials Co., Ltd., China
Tetraethyl orthosilicate (C8H20O4Si, 99.0 wt%) was provided by
Zhiyuan Chemical Reagent Co. Ltd., China Argon gas (Ar,
99.99 wt%) was purchased from Tianze Gas Co. Ltd, China.
Synthesis

Fe–Si@SiO2 core–shell powders, with Fe–Si powders as the core
and SiO2 as the shell, were synthesised via uidised gas-phase in
situ deposition. During the process of the uidised gas-phase in
situ deposition, the of Fe–Si particles was placed on a stainless
steel strainer, with 30 mm-diameter pores, within a vertical tube
furnace and uidised using Ar dilution gas. Tetraethyl orthosili-
cate (outgassed at around 150 �C) was introduced into the
furnace by another Ar carrier gas ow (at a rate of 300 mLmin�1)
for 60 min when the furnace temperature reached 647 �C. The
Fe–Si/SiO2 composite particles were collected aer the furnace
cooled to room temperature. Then, an appropriate amount of the
as-synthesised Fe–Si@SiO2 core–shell powders were poured into
a graphite die and compacted in an HPS furnace (Changjiang
Jinggong Material Technology Co. Ltd., China). The sintering
temperature was increased to 910 �C over 10 min and then
maintained for another 10 min. Aerward, the temperature was
reduced to 50 �C at the rate of 50 �C min�1. The axial pressure
was maintained at 10–17 kN until the temperature reached
910 �C. Aer sintering, the SMPCs were annealed at 650 �C for
120 min. The height of SMPCs was 5 mm, and the inner and
outer diameters were 20 and 30 mm, respectively.
19876 | RSC Adv., 2022, 12, 19875–19884
Characterisation

Differential scanning calorimetry (DSC) was performed using
a Netzsch thermal analyser (STA-499C, NETZSCH, Germany,
rst heating curve with a temperature range from 0 to 1200 �C,
while the warming rate was 10 �C min�1) to evaluate the
temperature and the corresponding thermal effects of phase
changes in the Fe–Si@SiO2 core–shell powder. X-ray diffraction
(XRD, Bruker D8 Advance, Bruker, Germany) with Cu Ka radia-
tion was employed to analyse the phase compositions of the Fe–
Si@SiO2 core–shell powder and SMPCs. The morphologies and
local chemical homogeneity of the samples were characterised
by scanning electron microscopy (SEM, Tescan MIRA3 XMU,
TESCAN, Czech) with energy-dispersive spectroscopy (EDS, JED-
2300, TESCAN, Czech). Changes in the electronic structure of
SMPCs were characterised by X-ray photoelectron spectroscopy
(XPS, PHI-5000 Versaprobe, ULVAC-PHI, Japan). The hysteresis
loops were measured at room temperature using a vibrating
sample magnetometer (MPMS-3, Quantum Design, America)
within the magnetic-eld strength of �20 000 to 20 000 Oe with
a step size of 50 Oe. The electrical resistivity of the Fe–Si@SiO2

SMPCs was measured using a resistivity tester (ST2253y, Suzhou
Jingge Electronic Co., LTD, China). The core loss values were
determined using a B–H analyser (SY-8258, IWATSU, Japan).
Results and discussion
Microstructures of Fe–Si@SiO2 heterostructure powders

XRD was employed to investigate the chemical components of
the powder samples. The XRD patterns of the Fe–Si alloy
powders before and aer the deposition are shown in Fig. 1(a).
Three diffraction peaks were observed at 44.82� (110), 65.24�

(200) and 82.64� (211). The peaks are attributed to the body-
centred cubic a-Fe(Si) solid-solution (ICDD09-065-9130),
whose crystal has an Im3m space group (229). Aer the depo-
sition, the XRD pattern showed a wide amorphous diffraction
peak at 2q ¼ 23� in addition to the aforementioned a-Fe(Si)-
phase diffraction peaks, indicating that SiO2 formed an amor-
phous layer on the surface of Fe–Si alloy powders, which is
consistent with previous reports.12,13 To characterise the core–
shell structure of the coated powders, SEM images and EDS
spectra of the Fe–Si powders were recorded before and aer
deposition (Fig. 1(b)–(e)). Despite the presence of some wrinkles
and pits, the surface of the Fe–Si powders remained relatively
smooth. Numerous SiO2 insulating particles, which were syn-
thesised and deposited on the surface of the Fe–Si powder
substrate, were layered and uniform in size. The SEM images
reveal that the Fe–Si powders are tightly coated by an integrated,
continuous insulating layer. The SEM (planar and cross-
sectional) images and EDS spectra of the Fe–Si@SiO2 compos-
ites were mapped to demonstrate the formation of the core–
shell structure (Fig. 1(f)–(g)). The elemental distribution maps
show that Si is distributed throughout the cross-section of the
powders, whereas O and Fe are mostly distributed in the shell
and core, respectively.14 The EDS results reveal that the Fe–Si
powders are tightly packed by an integrated continuous
uniform insulating layer. The above results show that Fe–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) X-ray diffraction (XRD) patterns, (b–e) Scanning electron microscopy (SEM) images and (f, g) energy-dispersive spectroscopy (EDS)
results of deposited Fe–Si powders.
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Si@SiO2 powders with ne microstructural core–shell hetero-
structure characteristics can be obtained using the proposed
method.12,15

Microstructural evolution of Fe–Si@SiO2 SMPCs

BSE images of the polished surfaces of Fe–Si@SiO2 SMPCs, sin-
tered at different pressures, are shown in Fig. 2(a)–(h). SMPCs
sintered at 10 kN contains few pores due to the poor uidity of
the powders owing to the large frictional force induced by the
nano-SiO2 particles during themoulding process.16Moreover, the
coated SiO2 accumulated at the particle-to-particle interface.
With an increase in the axial pressure, SMPCs sintered at 11, 12,
13, 14 and 15 kN (Fig. 2(b)–(e)) showed fewer pores in the surface
boundaries than those sintered at 10 kN (Fig. 2(a)). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration of the coated SiO2 gradually increases along the
edges of the Fe–Si powders, where the layers are evenly wrapped,
owing to the increase in density and decrease in porosity with
increasing pressure. Further, the core–shell structure is
completely preserved in the pressure range of 10–15 kN. Fig. 2(f)
shows that as the axial pressure increases up to 16 kN, an
uncoated grey region appears and a part of the insulating layer
disappears. As the axial pressure continues to increase, a black
region begins to disperse in the grey region, which gradually
becomes more chaotic and disordered (Fig. 2(h)). The internal
Fe–Si also begins to melt; thus, Fe–Si cannot support the SiO2

coating and heterointerface under the axial pressure. Conse-
quently, the core–shell heterostructure collapses and is
destroyed. The partial melting of the Fe–Si powders, as
RSC Adv., 2022, 12, 19875–19884 | 19877
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Fig. 2 BSE images of polished surfaces of Fe–Si@SiO2 soft magnetic powder cores (SMPCs) sintered at different pressures: (a) 10 kN, (b) 11 kN, (c)
12 kN, (d) 13 kN, (e) 14 kN, (f) 15 kN, (g) 16 kN and (h) 17 kN. (i) X-ray diffraction (XRD) patterns and (j) differential scanning calorimetry (DSC) curves
of Fe–Si@SiO2 SMPCs.
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mentioned above, is caused byHPS. DuringHPS, axial pressure is
applied to the SMPCs, which promotes the diffusion of atoms
into the material, strengthens the dynamic conditions of sinter-
ing, increases the heating rate and shortens the sintering time.17

The sintering heat required to prepare SMPCs from Fe–Si@SiO2

core–shell heterostructure composite powders depends on the
thermal energy between the Fe–Si alloy powders and that absor-
bed by the Fe–Si alloy. The superposition of the two thermal
effects at the heterogeneous interface generates a local high
temperature on the surface of the Fe–Si alloy powders and forms
a gradient temperature eld in the powders,18 which decreases
from the surface to the interior. Based on this mechanism,
simultaneous high densication of the core (an Fe–Si alloy with
a low melting point) and shell (a SiO2 insulating lm with a high
melting point) at different sintering temperatures can be ach-
ieved. Furthermore, the axial pressure applied to SMPCs makes
them thermoplastic during sintering, which promotes the
contact and diffusion of powders, thereby promoting the sinter-
ing of SMPCs. However, when the pressure is too high, the
thermoplastic Fe–Si powders are deformed, and the original
gradient temperature eld is destroyed. Due to the external high
temperature, Fe–Si powders melt locally and lose the support of
19878 | RSC Adv., 2022, 12, 19875–19884
the outer SiO2 layer, resulting in the collapse and destruction of
the core–shell heterostructure.

Fig. 2(i) shows the XRD patterns of Fe–Si@SiO2 SMPCs sin-
tered at different pressures. Three diffraction peaks are
observed at 44.59�, 65.00� and 82.45�, corresponding to the
(110), (200) and (211) planes of the FCC a-Fe (Si) phase,
respectively. The space group of the crystal is Im3m (229). To
further investigate the formation mechanism of Fe–Si@SiO2

composites, DSC was employed and the curves are shown in
Fig. 2(j). The Fe–Si@SiO2 composites show a characteristic peak
at 903.75–1057.95 �C, centred at 966.15 �C, which can be
attributed to the crystallisation of the amorphous SiO2 phase
obtained from C8H20O4Si.19 A comprehensive analysis of the
XRD patterns of the powder and bulk material showed that SiO2

exists in an amorphous state on the surface of the Fe–Si powder;
however, aer high-temperature sintering, the broad peak
indicating the amorphous SiO2 disappears. On the other hand,
the local overheating phenomenon promotes the trans-
formation of SiO2 to the crystalline state during the high-
temperature forming process, as revealed by the DSC curve.
XRD showed that when the axial pressure increases beyond 15
kN, SiO2 crystallisation is enhanced; the crystalline
© 2022 The Author(s). Published by the Royal Society of Chemistry
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characteristic peak of SiO2 (26.44�, 40.05� and 73.12�) becomes
highly pronounced, and the peak intensity increases. The
crystalline characteristic peaks of SiO2 (26.44�, 40.05� and
73.12�) became very obvious, and the peak intensity increased.
This is because with a further increase in axial pressure, the Fe–
Si powder melts and SiO2 is no longer conned to the edge of
the particles but diffuses widely.

To further analyse the reactions, surface chemistry and
composition of the Fe–Si@SiO2 SMPCs, X-ray photoelectron
spectroscopy (XPS) was performed, and the spectra are shown in
Fig. 3. The peak positions and atomic ratios were obtained by
curve tting, and the electron binding energy of the C 1s peak was
set to 284.8 eV to correct the positions of the other peaks. The
spectrum of Si 2p (Fig. 3(a)) contains four deconvolution curves
with peak electron binding energies of 101.60 eV (19.91 at%),
102.04 eV (15.31 at%), 102.98 eV (49.69 at%) and 103.82 eV(15.08
at%), indicating the presence of four Si radicals constituting an
Si–O–Si structure. According to literature,20 the composition of
the four Etx groups is given as (Si(OC2H5)x(OH)4�x, x ¼ 0–3), and
their levels are Et0, Et3, Et2 and Et1. Therefore, the binding
energy bands correspond to the Et2 (101.60 eV), Et0 (102.04 eV),
Et3 (102.98 eV) and Et1 (103.82 eV) groups. Similarly, the corre-
sponding relationship between the binding state of O 1s and the
Fig. 3 XPS images of Fe–Si@SiO2 SMPCs sintered at 14 kN (Si 2p (a) and

© 2022 The Author(s). Published by the Royal Society of Chemistry
binding energy of electrons is derived from theO atoms of the Et2
(529.80 eV), Et0 (531.06 eV), Et1 (531.60 eV) and Et3 (532.39 eV)
groups and the atom connected to Fe, whose binding energy is
533.60 eV, as shown in Fig. 3(b). The total number of O atoms
(49.64 at%) from the Et3 group (42.52 at%) and its connection
with Fe atoms (7.12 at%) are almost equal to the number of Si
atoms in the Et3 group (49.69 at%). This shows that the O atom
connected to the Fe atom also originates from the Et3 group, and
the connection reduces the electron binding energy of the O
atom. These results imply the formation of interfacial covalent
bonds between the Fe–Si core and the SiO2 shell.21 As the pres-
sure increases to 17 kN, the Et3-group proportion derived from Si
decreases to 32.75 at%, whereas the Et3- and Fe–O-group
proportions of O 1s slightly increase (46.44 at%) and decrease
(3.62 at%), respectively, which can be attributed to the breakage
of the interfacial bonds due to the disruption of the core–shell
heterostructure.
Effects of axial pressure on magnetic properties

Fig. 4 shows the hysteresis loops of SMPCs prepared at different
axial pressures. All SMPCs exhibit high saturation magnet-
isation (Ms) when the coercivity is maintained at 10–30 Oe.
O 1s (b)) and 17 kN (Si 2p (c) and O 1s (d)).

RSC Adv., 2022, 12, 19875–19884 | 19879
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Fig. 4 Hysteresis curves showing the saturation magnetisation (Ms) of
Fe–Si@SiO2 SMPCs sintered at different axial pressures.
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However, owing to the limitations of the testing instrument, the
hysteresis loop was detected at 50 Oe, which is much higher
than the actual value. Therefore, coercivity cannot be used as
the basis to compare performance. With increasing pressure,
Ms rst increases from 204.2 to 233.2 emu g�1. This is because
as the axial pressure increases, the density of SMPCs increases,
SiO2 insulation becomes more evenly distributed, and the core–
shell heterostructure becomesmore complete, thereby reducing
the porosity and increasing the total magnetic moment per unit
volume. However, as the axial pressure continues to increase to
16–17 kN, the pores generated by the destruction of the core–
shell heterostructure led to a decrease in Ms. This trend is
observed because Ms depends on the total magnetic moment
per unit volume,22 the disruption of the core–shell hetero-
structure leads to the re-emergence of pores, thereby causing
a moderate change in Ms.23

Fig. 5 shows the inuence of the core–shell heterostructure
of the compound powder on frequency stability and
Fig. 5 Variation of the permeability of Fe–Si@SiO2 SMPCs sintered at
different axial pressures.

19880 | RSC Adv., 2022, 12, 19875–19884
permeability due to changes in axial pressure. As a general
trend, the permeability of SMPCs decreases with increasing
frequency. The permeability of samples with an intact core–
shell heterostructure (14 and 15 kN) is lower than that of
samples with an incomplete core–shell heterostructure (10, 11,
12 and 13 kN), which is attributed to the magnetic dilution
effect in more complete and dense insulating layers, which
prevents the Fe–Si powder from contacting each other and;
thus, increases the magnetoresistance. It can also be attributed
to the exchange coupling between the SiO2 particles and Fe–Si
powder, resulting in an effective surface spin orientation.
However, samples with intact core–shell heterostructures (14
and 15 kN) stabilise at lower frequencies because, as the
frequency increases, a complete insulating layer favours an
increase in the depth of the skin effect and; therefore, the
frequency stability of the permeability. When the axial pressure
is further increased (16 and 17 kN), permeability drops again
due to the internally chaotic magnetic domain structure caused
by the destruction of the core–shell heterostructure. Consid-
ering the magnetic dilution and eddy current effects, when the
axial pressure is 14 kN, higher and relatively stable magnetic
permeability is maintained in a larger frequency range.

It is difficult to quantify the uniformity of SMPCs coatings.
Qualitatively, better uniformity indicates higher inter-particle
electrical insulation, which not only hinders the generation of
inter-particle eddy currents but also reduces the magnetic
weakening caused by additional non-magnetic agglomeration.24

Consequently, resistivity was used to characterise the electrical
insulation of the prepared Fe–Si@SiO2 SMPCs. The variation in
resistivity is shown in Fig. 6. As the axial pressure increases, the
internal pores disappear and the resistivity decreases gradually.

r ¼ 1/nem, (1)

where n is the carrier concentration of the semiconductor
material, e the charge on an electron and m the semiconductor
mobility. Above 15 kN, owing to the excessively, high axial
Fig. 6 Variation resistivity of Fe–Si@SiO2 SMPCs sintered at different
axial pressures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pressure during sintering, the actual temperature between the
particles inside the SMPCs is much higher than the set sintering
temperature, even higher than the melting point of the Fe–Si
powder. Consequently, the arrangement of the crystal structure
gradually becomes chaotic, the vacancies originally existing in
the amorphous layer are compensated, the carrier concentra-
tion increases, and the resistivity decreases.12 Furthermore, the
powder melts, and the insulating layer loses its support and
gradually becomes scattered and disordered, thereby reducing
the resistivity.

Fig. 7(a) shows the loss distribution diagram of the Fe–
Si@SiO2 powders formed in SMPCs aer sintering at different
pressures. The total loss of SMPCs sintered at all pressures
increases with increasing test frequency, and the total loss rst
decreases and then increases with increasing axial pressure.
Under the conditions of 10 mT and 100 kHz, the total loss of
SMPCs sintered at 17 kN is up to 897.4 kWm�3, whereas that of
the sample sintered at 14 kN is the lowest (699.4 kWm�3, 21.1%
decrease), followed by that of the samples sintered at 15 kN
(704.7 kW m�3, 21.5% decrease). This shows that as the axial
Fig. 7 (a) Total loss of Fe–Si@SiO2 SMPCs sintered at different axial pressu
loss distribution of Fe–Si@SiO2 SMPCs sintered at 14 and 17 kN.

© 2022 The Author(s). Published by the Royal Society of Chemistry
pressure increases, the pores decrease gradually, the core–shell
heterostructure becomes complete and the loss decreases
gradually. As the axial pressure continues to increase, the Fe–Si
powder melts, which distorts the core–shell heterostructure.
Consequently, the magnetic domain structure is destroyed, and
the potential barrier to the displacement of the domain wall
increases, thereby increasing the total loss. To further analyse
the inuence of the core–shell structure on the total loss,
according to the classic Bertotti's loss separation theory, the
total mass lost Pcv (kW m�3) can be separated into three
different physical parts: hysteresis loss (Physt), eddy current loss
(Pec) and excess loss (Pexc).25 The model can be expressed as
follows:

Pcv ¼ Physt + Pec + Pexc. (2)

Physt is the area of the quasi-static hysteresis loop multiplied
by the frequency, which is expressed as follows:

Physt ¼ ChystBm
af, (3)
res. (b) Hysteresis loss, (c) eddy current loss and (d) excess loss after the
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02497g


Table 1 Coefficients of Chyst, Cec, Cexc and other fitting parameters of Fe–Si@SiO2 SMPCs sintered at different axial pressures

Sample axial pressure
(kN)

Hysteresis component
Eddy current
component Excess component

R-squareChyst a Cec Cexc x y

10 31.520 1.971 0.164 0.852 1.938 1.735 0.9991
11 35.004 2.011 0.171 0.688 1.906 1.719 0.9986
12 27.090 1.973 0.176 1.112 2.038 1.621 0.9999
13 27.103 1.972 0.191 0.589 1.859 1.552 0.9987
14 24.674 1.968 0.199 1.192 2.037 1.509 0.9991
15 27.014 1.992 0.240 0.547 1.906 1.757 0.9996
16 30.968 2.003 0.371 0.497 1.892 1.771 0.9997
17 35.622 1.998 0.421 0.533 1.881 1.763 0.9999
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where Chyst represents the hysteresis coefficient, Bm the
maximum induction, f the frequency and a the simulation
coefficient (between 1.6 and 2.2 for most ferromagnetic mate-
rials and alloys). In so magnetic composites, Pec can be
expressed as follows:

Pec¼ Pinter
ec + Pintar

ec ¼ p2deff
2Bm

2f2/6/[1� 0.633(w/h)tanh(1.58h/w)]

rs + p2d2Bm
2f2/b2rp (4)

where Pinterec and Pintarec are the inter- and intra-particle eddy
current coefficients, respectively, deff the effective eddy current
dimension (the specimen thickness) and d the particle size. rs
and rp are the bulk resistivity of the specimen and particles,
respectively. b1 is the rectangular cross-sectional geometrical
factor, and w and h are the width and height of the rectangle,
respectively. b2 is a granular geometrical factor with different
values for different geometries (for spheres, b2 ¼ 20).26 Empir-
ically, Pexc f f1.5 is assumed to be an oversimplication; the
excess loss depends on several variables, such as the test
frequency, applied magnetic eld, cross-sectional area of the
material perpendicular to the magnetic ux, and number of
active magnetic objects under quasi-static and dynamic mag-
netisation.27 Accordingly, the expression is be modied as
follows:

Pexc ¼ CexcBm
xfy, (5)

where Cexc is the excess coefficient, and x and y are coefficients
related to the applied magnetic eld and frequency,
respectively.
Table 2 Overall comparison of magnetic properties at different axial pr

Sample axial pressure
(kN)

Amplitude permeability
(300 kHz)

Saturatio
(emu g�1

10 40.52 204.2
11 37.68 208.8
12 38.53 212.6
13 36.38 233.2
14 38.78 231.7
15 37.39 218.9
16 15.52 206.1
17 3.89 206.1

19882 | RSC Adv., 2022, 12, 19875–19884
The Pcv/f versus f curve was rst simulated for different
maximum magnetic ux densities using a polynomial-curve
simulation method. Then, the intercepts representing hyster-
esis losses under quasi-static conditions were obtained by
extrapolating the simulation curve to zero frequency. By tting
the quasi-static hysteresis loss under different external elds,
Chyst and a were obtained, and the coefficient of eddy current
loss was calculated using eqn (4). Finally, the parameters ob-
tained from the curve tting and calculations were substituted
into eqn (5) to t the parameters Cexc, x and y.28 The nal tting
results are listed in Table 1. To better understand the inuence
of core–shell heterostructures on various losses, SMPCs sin-
tered at 14 and 17 kN with intact and damaged core–shell het-
erostructures, respectively, were analysed, as shown in Fig. 7(b)–
(d).

Fig. 7(a) shows that the total loss of SMPCs rst decreases
and then increases with increasing axial pressure. Initially, the
pores in the SMPCs gradually decrease, the core–shell hetero-
structure is progressively rened, and the induced anisotropy
caused by the impurity diffusion and hindering effect between
the magnetic domains is weakened, thereby reducing the total
loss. When the axial pressure is 14 to 15 kN, the core–shell
heterostructure remains intact, and a minimum total SMPCs
loss is achieved. As the axial pressure increases, local over-
heating during the sintering process causes the core–shell
heterostructure to rupture gradually. The internal structure of
SMPCs becomes chaotic, increasing the total loss. Fig. 7(b)–(d)
compare various losses of SMPCs prepared at 14 and 17 kN
before and aer the destruction of the core–shell
essures

n magnetisation
)

Resistivity
(mU cm)

Total loss at
10 mT, 100 kHz (kW m�3)

0.88 883.9
0.85 841.0
0.83 736.2
0.82 719.0
0.8 699.4
0.77 704.7
0.41 765.0
0.35 897.4

© 2022 The Author(s). Published by the Royal Society of Chemistry
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heterostructure. Compared with samples having collapsed
core–shell heterostructures, the eddy current loss of those
having complete core–shell heterostructures decreased by
53.9%, whereas the hysteresis loss decreased by only 23.1%.
Thus, the main effect of axial pressure on SMPCs is the reduc-
tion in eddy current loss.

SMPCs sintered at different are compared in Table 2. For
samples sintered at 910 �C for 10 min, 14 kN is the optimum
axial pressure considering the magnetic properties.

Although the core loss of the Fe–Si@SiO2 composite
compacts herein is still relatively high, the obtained core–shell
structures can increase the electrical resistivity and reduce the
core loss of Fe–Si alloys. In our future studies, we shall inves-
tigate the insulating shell-coating methods, the control of the
uniformity and thickness of insulating shells and process
optimisation of HPS.

Conclusions

In this study, the effects of axial pressure on the microscopic
characteristics of core–shell heterostructures and the magnetic
properties of Fe–Si@SiO2 SMPCs were investigated. In the
pressure range of 10–15 kN, the core–shell heterostructures are
well integrated and become more uniform with increasing
pressure.Ms increases and the resistivity and total loss decrease
with an increase in axial pressure. However, when the pressure
exceeds 16 kN, the core–shell heterostructure is destroyed,
whereas Ms changes slightly, the resistivity, loss increases, and
the resistivity decreases gradually. The Fe–Si@SiO2 SMPCs
exhibit the best magnetic properties at an axial pressure of 14
kN. The sample has a permeability of over 38 with a wide and
stable frequency range of 100–300 kHz,Ms of 231.2 emu g�1 and
resistivity of 0.8 mU cm. Its total loss decreases by 21.47% from
the maximum value. The obtained relationship between the
core–shell heterostructures and the magnetic properties will
help improve the performance of SMPCs and promote the
application and development of SMPCs.
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