http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Enhanced soft magnetic properties of iron powders through coating MnZn ferrite by one-step

sol-gel synthesis

Dong Liu(x4), Shanmin Gao(#3% X)), Rencheng Jin(£:4-)&), Feng Wang(F.1%), Xiaoxiao Chu(#]HEi%), Taiping Gao(&
&°F), Yubao Wang(F £ %)

Citation:Chin. Phys. B . 2019, 28(5): 057503. doi: 10.1088/1674-1056/28/5/057503

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Pressure effect on magnetic phase transition and spin-glass-like behavior of GdCo,B»

Guang-Hui Hu(#1)6#), Ling-Wei Li(ZE4014), Umehara Izuru
Chin. Phys. B . 2016, 25(6): 067501. doi: 10.1088/1674-1056/25/6/067501

Structure, morphology, and magnetic properties of high-performance NiCuZn ferrite

He Xue-Min, Yan Shi-Ming, Li Zhi-Wen, Zhang Xing, Song Xue-Yin, Qiao Wen, Zhong Wei, Du You-Wei
Chin. Phys. B . 2015, 24(12): 127502. doi: 10.1088/1674-1056/24/12/127502

MnFe(PGe) compounds: Preparation, structural evolution, and magnetocaloric effects

Yue Ming, Zhang Hong-Guo, Liu Dan-Min, Zhang Jiu-Xing
Chin. Phys. B . 2015, 24(1): 017505. doi: 10.1088/1674-1056/24/1/017505

Mn-based antiperovskite functional materials: Review of research

Tong Peng, Wang Bo-Sen, Sun Yu-Ping
Chin. Phys. B . 2013, 22(6): 067501. d0i: 10.1088/1674-1056/22/6/067501

Wiedemann effect of Fe—Ga based magnetostrictive wires

Li Ji-Heng, Gao Xue-Xu, Zhu Jie, Bao Xiao-Qian, Cheng Liang, Xie Jian-Xin
Chin. Phys. B . 2012, 21(8): 087501. d0i: 10.1088/1674-1056/21/8/087501


http://cpb.iphy.ac.cn/EN/abstract/abstract73931.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73931.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract67416.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65982.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62715.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract54030.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract49283.shtml

Chin. Phys. B Vol. 28, No. 5 (2019) 057503

Enhanced soft magnetic properties of iron powders through
coating MnZn ferrite by one-step sol-gel synthesis*

Dong Liu(*J4)", Shanmin Gao(iF# [&)*, Rencheng Jin(4:1- /%), Feng Wang(F14),
Xiaoxiao Chu(#JHEM%), Taiping Gao(f= A F*), and Yubao Wang(E L F)

School of Chemistry and Materials Science, Ludong University, Yantai 264025, China
(Received 17 December 2018; revised manuscript received 27 February 2019; published online 8 April 2019)

The MnZn ferrite coating formed on the surface of iron-based soft magnetic powders via facile and modified sol—gel
process has been fabricated to obtain better magnetic performance due to its higher permeability compared with traditional
nonmagnetic insulation coatings. The influence of the MnZn ferrite contents on the magnetic performance of the soft
magnetic composites (SMCs) has been studied. As the MnZn insulation content increases, the core loss first experiences
a decreasing trend that is followed by progressive increase, while the permeability follows an increasing trend and subse-
quently degrades. The optimized magnetic performance is achieved with 2.0 wt% MnZn ferrite, which results from the
decrement of inter-particle eddy current losses based on loss separation. A uniform and compact coating layer composed of
MnZn ferrite and oxides with an average thickness of 0.38 +=0.08 um is obtained by utilizing ion beam technology, and the
interface between the powders and the coating shows satisfied adhesiveness compared with the sample directly prepared by
mechanical mixing. The evolution of the coating layers during the calcination process has been presented based on careful

analysis of the composition and microstructure.
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1. Introduction

Soft magnetic composites (SMCs) produced by powder
metallurgy (PM) methods are of considerable interest in broad
applications, such as electromagnetic conversion component
in switching power cores, pulse transformers, and power fac-
tor circuits.[>l SMCs containing metallic magnetic powders
embedded in the insulating matrix exhibit unique and fascinat-
ing magnetic properties, such as isotropic ferromagnetic be-
havior, high electrical resistivity, and relatively low core loss,
which is most desirable for high-frequency applications.=!
Therefore, the electrical insulation coating formed on the sur-
face of the magnetic powders is the paramount feature of the
SMCs technology for increasing electrical resistivity and re-
ducing core loss.[*8!

Electrical insulation coatings for the SMCs are generally
divided into three categories: organic, inorganic, and organic—
inorganic hybrid coatings. The organic coatings provide sat-
isfactory adhesion to the powders; however, most of them in-
cluding epoxy and silicone resins have poor thermal stabil-
ity annealed at high temperatures.[®! This hinders the internal
stress relief introduced during the subsequent compaction. %!
More efforts have been devoted to the development of ther-
mally stable inorganic and organic—inorganic hybrid coatings,
such as Si0,,P! Al,03,[' and SiOs/silicone, ' which are
all nonmagnetic materials leading to the decrement of the per-
meability and saturation magnetization of the SMCs. Zhao et
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al.37131 fabricated iron oxide (mainly Fe3;O4) as the ferro-
magnetic coatings, which have substantially reduced the mag-
netic dilution effect and improved the overall saturation mag-
netization and permeability of the SMCs. However, the for-
mation of Fe3O4 coatings requires rigorous conditions, such
as high temperature, and the electrical resistivity of Fe3Oy is
relatively low. MnZn ferrite can be employed as an promising
candidate because of its high resistivity and excellent magnetic
properties.!'®!71 Li et al.!'81 obtained MnZn/FeSiAl SMCs
by using the solvothermal method, which has better magnetic
properties compared with mica coating. Nonetheless, the in-
terface state between the coating and magnetic powder re-
mains unclear and the coating layer was incomplete because
the powders were mechanically mixed with as-synthesized
MnZn ferrites. Moreover, few studies have focused on the
characterization of the coating thickness which significantly
influences the magnetic performance of SMCs.

In this study, iron powders are coated with MnZn ferrites
via one-step sol-gel combustion method, showing enhanced
magnetic properties. The microstructure, thickness, and com-
position distribution of the MnZn ferrite coatings have been
revealed based on detailed analysis. The interface between the
powders and coating layer is directly observed by ion beam

technology and transmission electron microscopy (TEM).
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2. Experimental procedures

Iron powders (20 g) were coated with MnZn fer-
rites (Mng ¢Zng 4Fe;04) by sol-gel combustion method us-
ing nitrates including Fe(NO3)3-9H,0, Zn(NO3),-6H,0, and
Mn(NOs3), as raw materials. All the nitrates combined with
citric acid CgHgO7-H»O as the complexant were completely
dissolved in distilled water. The pH value of the as-received
solution was then adjusted to 6 with acetic acid dropwise. The
solution was heated to 60 °C in water bath and stirred for 1 h to
obtain viscous sol in which iron powders were then dispersed
and stirred continuously until complete evaporation of the sol-
vent. The as-coated powders were calcined at 500 °C for 3 h
prior to blending with 0.5 wt% zinc stearate as the lubricant.
The mixture was then compacted into toroid cores (outer di-
ameter = 23.4 mm, inner diameter = 14.6 mm, and thickness
= 6.8 mm) at 1800 MPa followed by annealing at 550 °C in
nitrogen atmosphere for 1 h.

The surface and cross-sectional morphology of the pow-
ders were characterized by scanning electron microscope
(SEM, FEI Helios Nanolab 650) equipped with focused ion
beam (FIB). The phase composition of the coatings was in-
vestigated using x-ray diffraction (XRD) on a Rigaku D/Max-
2400 diffractometer equipped with graphite monochromatized
Cu Ko radiation. Fourier transform infrared spectrometer
(FTIR, Tensor 37) was used to investigate the composition
evolution of the coatings before and after calcination. The
microstructure and composition distribution of the coatings
was characterized by transmission electron microscope (Ti-
tan G2 80-200 ChemiSTEM) equipped with energy disper-
sive x-ray spectroscopy (EDS). The core loss P, and effective
permeability L. of the SMCs were measured by an auto test-
ing system (MATS-2010SA). The applied magnetic field was
set at 10 mT with a frequency variation between 25 kHz and
350 kHz. The electrical resistivity of the SMCs was examined
utilizing the four point probe method, while the density of the
samples was measured based on the principle of Archimedes.

3. Results and discussion
3.1. Magnetic performance of the SMCs

Figure 1 shows the influence of different MnZn ferrite
contents on P, and U, varying from 1.0 wt% to 4.0 wt%.
For comparison, Fe-based SMC coated with Fe304 by acidic
bluing process was also prepared.!!>! Figure 1(a) presents the
change of Py, which experiences a decreasing trend with the
insulation content increasing to 2.0 wt% and then continuously
increases, while the electrical resistivity of the SMCs exhibits
a monotonously increasing trend (Fig. 1(c)). The p. displays
satisfactory frequency stability between 25 kHz and 350 kHz.
It follows an increasing trend followed by a decrease with the
increment of the MnZn ferrite contents, which is consistent

with the changes in the density. Enhanced magnetic perfor-
mance is obtained with 2.0 wt% MnZn ferrite, which is much
better than that of Fe3O4 coating because of higher electri-
cal resistivity. The variation in the magnetic properties of the
SMCs will be further discussed in the following section.
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Fig. 1. (a) Core loss and (b) effective permeability as a function of fre-
quency for the SMCs with different MnZn ferrite contents compared
with Fe3O4 coating, and (c) changes of the density and resistivity for
the samples with ferrite coating.

3.2. Characterization of the ferrite coatings

Figure 2 shows the SEM images revealing the surface
and cross-sectional morphology for the Fe powders with op-
timized MnZn ferrites content (2.0 wt% as shown in Fig. 1).
For comparison, the powders coated with equivalent MnZn
ferrites prepared by directly mechanical mixing!'®! are shown
in Figs. 2(a) and 2(b). Uneven particles on the surface of Fe
powders are observed, which could not form complete insu-
lation coatings. With one-step sol-gel synthesis, the MnZn
ferrite particles distribute uniformly and compactly (Figs. 2(c)
and 2(d)) on the magnetic powders. It can be concluded that
each particle has been coated with MnZn ferrite layer. Fig-

ures 2(e) and 2(f) show the cross-sectional morphology of the
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as-coated Fe powders, which is prepared by FIB milling. The
average thickness of the insulation coating is approximately
0.38 £0.08 um by measurements at multiple regions. The ex-
istence of the air gaps distributed in magnetic particles will
hinder the rotation of the magnetic domains and reduce the
Ue. Therefore, better bond strength of the insulation coating
is beneficial to obtain high p.. It can be seen that the coating

layer shows satisfied adhesiveness to the powder surface.

| un)/
—_—

Fig. 2. The SEM images showing the surface morphology of the Fe
powders coated with 2.0 wt% MnZn ferrites by: (a) and (b) mechanical
mixing; (c) and (d) sol-gel method. (e) The cross-sectional SEM im-
age of the as-coated Fe powder. (d) and (f) are taken from the selected
rectangle regions in (c) and (e), respectively.

Figure 3 depicts the XRD patterns of the sample with
MnZn ferrites coating compared with uncoated Fe powders.
By comparing the XRD pattern of the as-coated particles
with the standard diffraction spectrum, it can be concluded
that the insulation coating has a spinel structure indexed to
a standard Joint Committee on Powder Diffraction Standards
(JCPDS) card (JCPDS-International Center for Diffraction
Data (ICDD) No. 22-1012) which indicates that MnZn fer-
rite coating is obtained. Besides, Fe; O3 is also detected which
may be resulted from the surface oxidation of Fe powders.

To reveal the composition evolution of the insulation coat-
ings during the calcination process, FTIR analysis has been
conducted to the as-coated Fe powders. Figure 4 shows the
FTIR spectra taken from the powders with MnZn ferrites coat-
ing. For comparison, the FTIR spectrum taken from the un-
coated FeSiAl powders is also shown. The strong absorption
peaks around 3430 cm~! and 1640 cm~! can be identified

as the stretching bands of adsorbed water.'”! For the sam-
ple before calcination, the bands located at around 1090 cm!
and 1050 cm~! are assigned to the OH-bending vibrations of
hydroxides.[?2!1 After calcination at 500 °C, the samples ex-
hibit almost disappearing hydroxide bands at 1090 cm~! and
1050 cm™! and significantly enhanced bands at 560 cm™!
and 445 cm ™!, indicating the formation of the MnZn ferrites

coating.[??]
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Fig. 3. The XRD patterns of (a) pure Fe powders and (b) Fe powders
with Mn—Zn ferrites coating.

®
9]
[=}
[
S
h=1 ; i i
] i : i
3430 i
z 1640 1090
E 1050
—— uncoated Fe powders
—— MnZn ferrites before calcination 14
—IMnZn IferrltesI after (I:alcma?lon . 5695‘
4000 3000 2000 1000

Wavenumber/cm~!

Fig. 4. The FTIR spectra of the Fe powders with MnZn ferrites coating
before and after calcination at 500 °C compared with that taken from
the uncoated powders.

Figure 5(a) shows the cross-sectional bright field TEM of
the powder coated with MnZn ferrite. The upper region be-
longs to the Pt protection layer and the bright region between
the Pt layer and iron powder is the ferrite coating. The coat-
ing structure is compact and exhibits satisfactory adhesion to
the powder, although voids can still be observed. Figure 5(b)
presents the high-angle annular dark-field (HAADF) imaging,
and the dark region between the Pt layer and the base metal
is the coating layer. The EDS mapping results in Fig. 5 re-
veal that the insulation layer is composed of Fe, Mn, Zn, and
O. Combined with XRD and FTIR data, the insulation coating
mainly consists of MnZn ferrite and oxides.
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Fig. 5. (a) Cross-sectional bright field TEM image of the coated powder and (b) HAADF image and EDS mappings showing the distribution

of Fe, Mn, Zn, and O.

3.3. Loss separation analysis

Without considering the excess loss, the total core loss Pey
can be expressed by the equation!”]

Pv=H+F, (1)

where B, is the hysteresis loss and P, is the eddy current loss.
The A, plays a dominant role in the core loss at low frequencies
and can be significantly reduced by high-temperature anneal-
ing. At high frequencies, the eddy current loss P is the main
core loss since it is proportional to the square of the frequency
and can be expressed as?>24]

Po=ky Bl f*-d*/p, )

where k; is constant, By is the maximum magnetic flux den-
sity, f is the frequency, d is the thickness of the sample, and p
is the electric resistivity.

The insulation coating is the leading technique to mini-
mize the eddy current loss P, which includes the interior eddy
currents Py, Of iron powders and currents flowing in the en-
tire cross-section P between adjacent powders. The intra-
particle P, and inter-particle eddy current losses can be cal-
culated as follows: >

(TEdFeBmf)2

Ppig = ~mme ) 3

intra 20 pFerFe ( )
TdeiiBm f)*

Pimer = Ma (4)
B Poutk oulk

where dpe is the diameter of iron powders, By, is the maxi-
mum flux density, f is the frequency, pg. is the density of iron
powders, rge is the resistivity of iron powders, pPpyx and rpux
are the density and electrical resistivity of the bulk SMCs. The
effective diameter of the SMCs, d.f, for the sample with cross-

sectional area Aq can be expressed as (23]
4A4
deft = \| —- &)
T

The geometrical coefficient 8 can be calculated by>°!

6

B = ; (6)

1-0.6332 tanh <1.58h>
h w

where w and & are the width and height of the SMC, respec-
tively.

Figure 6 depicts the calculated inter-particle eddy current
losses as a function of frequency based on Egs. (3) and (4),
which follows the same trend with the total core losses Py as
shown in Fig. 1. The SMCs with 2.0 wt% MnZn ferrite coat-
ing exhibit minimum inter-particle eddy current losses resulted
from the uniform and complete insulation coating, which ef-
fectively restricts the eddy currents flowing in the interior of
the magnetic powders.
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Fig. 6. The inter-particle eddy current losses as a function of frequency
for the samples with different contents of MnZn ferrites.

3.4. Correlating the contents of ferrite coatings with the
performance of the SMCs

The changes of P., and p for the samples with different
contents of MnZn ferrites (Fig. 1) can be explained as follows:
when the MnZn ferrites content is 1.0 wt%, the insulation coat-
ing is thin and thereby its electrical resistivity is low, leading to
relatively high P, and ue. An optimized F,, is obtained for the
sample with 2.0 wt% MnZn ferrites due to uniform and com-
plete insulation coating. As the insulation content increases,
the coating thickness and the corresponding resistivity follow
the same trend. However, P, also increases which can be at-
tributed to the increment of hysteresis loss. During the com-
paction process, the samples with more insulation contents are
prone to crack and generate more pores. The pores act as air
gaps that provide pinning sites for the movement of domain
walls, which leads to increased P, and reduced L.
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4. Conclusion

Fe powders have been coated with MnZn ferrites via one-
step sol-gel method. The effects of different MnZn ferrite
contents on the performance of the SMCs have been investi-
gated, and optimized magnetic properties have been achieved
for the SMCs with 2.0 wt% MnZn ferrite due to the decrement
of inter-particle eddy current losses based on loss separation.
The microstructure and composition distribution of the coating
layers have been carefully demonstrated according to the com-
bined FTIR, TEM, and EDS mapping results. A uniform and
compact coating layer composed of MnZn ferrite and oxides
is obtained, and the cross-sectional thickness of ferrite layer is
around 0.38 +0.08 um.
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