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Description
TECHNICAL FIELD

[0001] Embodiments of the present application relate
to the technical field of magnetic materials, for example,
rare-earth soft magnetic powder and a preparation meth-
od therefor, and a soft magnetic composite material and
a preparation method therefor.

BACKGROUND

[0002] In recent years, with the development of mini-
aturization, multi-functionality, rapid processing speed,
and high drive frequency of mobile communication de-
vices (computers, mobile phones, digital cameras, and
car navigation systems, etc.), the industrial sector has
an increasing demand for soft magnetic materials able
to have a low loss characteristic in variation of high-fre-
quency electromagnetic field and ultra-high-frequency
electromagnetic field.

[0003] Atpresent,the common soft magnetic materials
on the market comprise ferrite soft magnetic materials
(manganese-zinc, and nickel-zinc), metal soft magnetic
materials (Fe, Fe-Si, Fe-Si-Al, Fe-Si-Cr, and Fe-Ni, etc.),
and amorphous nanocrystalline soft magnetic materials.
The ferrite soft magnetic material can work at a frequency
of 1 MHz due to low eddy current loss at a high-frequency
working condition lead by high resistivity. However, the
saturation magnetization of the ferrite soft magnetic ma-
terial is low (< 0.5 T), which is not suitable for the prep-
aration of very small magnetic components. Compared
with the ferrite soft magnetic material, the metal soft mag-
netic material has a higher saturation magnetization
which makes it suitable for the miniaturization of mag-
netic devices. However, the metal soft magnetic material
has small resistivity, which leads to a very large eddy
current loss under a high-frequency working condition,
resulting in great reduction of the energy utilization effi-
ciency, as well as shortened working lifetime caused by
the generate heat violently of the magnetic devices, so
the working frequency of the metal soft magnetic material
generally does not exceed 100 kHz. The amorphous na-
nocrystalline soft magnetic material has higher saturation
magnetization than the ferrite soft magnetic material, and
has high resistivity at the same time, and has a fine grain
size, thus the amorphous nanocrystalline soft magnetic
material can have a relatively small eddy current loss
under a high-frequency working condition. Thereby, the
amorphous nanocrystalline soft magnetic material can
work at a higher electromagnetic field frequency, for ex-
ample, nano-soft magnetic powder particles treated with
a good insulation coating can even work at a frequency
of 100 MHz.

[0004] In recent years, it has been found that easy-
plane rare-earth-iron-nitrogen compounds (such as Ce-
Fe-N, and Nd-Fe-N) have a very high cut-off frequency,
reaching 6 GHz, which exceeds the cut-off frequency of
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microwave ferrites. However, the resistance of the ma-
terials is much lower than that of ferrite materials, which
leads to a very large eddy current loss under a high-
frequency working condition, thus the high-frequency
characteristics of the easy-plane rare-earth-iron-nitrogen
compounds are difficult to be fully utilized.

[0005] CN114974786A discloses a soft magnetic com-
posite material, which comprises a first soft magnetic
metal powder, a first insulation coating material, and jet
milling-granulating powder. The jet milling-granulating
powder comprises second soft magnetic metal powder
and a second insulation coating material, and the second
insulation coating material is completely cured. The first
insulation coating material and/or the second insulation
coating material in the soft magnetic composite material
are evenly dispersed. The soft magnetic composite ma-
terial is used to prepare a metal powder core and a mold-
ed inductor, and the prepared molded inductor has high
insulation resistance and high initial magnetic permea-
bility.

[0006] CN114023522A discloses a micron-scale mag-
netic composite material with good stability. The mag-
netic material comprises metal compound magnetic par-
ticles and micro-nano magnetic composite particles,
wherein the micro-nano magnetic composite particles
are iron particles, and the iron particles contain silica par-
ticles with an average powder particle size of 10 nm, and
the metal compound magnetic particles comprise a com-
position of Fe-Si-based soft magnetic alloy particles, iron-
aluminum-based soft magnetic alloy particles, iron-sili-
con-aluminum-based soft magnetic alloy particles, iron-
chromium-based soft magnetic alloy particles, nickel-
based soft magnetic alloy particles, and two-dimensional
magnetic-moment micro-powder. The micron-scale
composite magnetic material prepared by the method
has a high doping concentration of the magnetic parti-
cles, and has the advantages of simple preparation proc-
esses and high stability. Meanwhile, due to the coating
effect of the macromolecule organic matter, the prepared
magnetic polymer micro-nano composite particles also
have good biocompatibility.

[0007] CN113724958A discloses a preparation meth-
od for producing an iron-based soft magnetic iron core
based on the alloying of reduced iron powder, and be-
longs to the field of soft magnetic materials and powder
metallurgy technology. The method comprises: (1) re-
ducing reduced iron powder in a high purity with hydro-
gen; (2) mixing high-purity reduced iron powder with alloy
powder and a binder evenly, then subjecting to alloying
to obtain iron-based soft magnetic powder; (3) perform-
ing a surface inorganic insulation coating treatment; (4)
adding the iron-based soft magnetic powder after the
coating treatment into an acetone resin solution, heating
and stirring, and then mixing the same with a release
agent evenly for pressing to obtain an iron-based soft
magnetic composite block; and (5) subjecting the iron-
based soft magnetic composite block to a heat treatment
to obtain an iron-based soft magnetic iron core. The
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method has a simple process and a low cost, which can
effectively reduce a burning loss of the alloy component
during the melting process, and basically eliminates de-
fects such as satellite powder and surface pits, and
avoids a case where composition segregation is easy to
occur during the solidification process.

[0008] However, the above soft magnetic materials
have a high loss in a high-frequency electromagnetic field
or an ultra-high-frequency electromagnetic field, thus
their popularization and application are limited to a cer-
tain extent. Therefore, itis of great significance to develop
rare-earth soft magnetic powder and a preparation meth-
od therefor as well as a soft magnetic composite material
and a preparation method therefor to which can meet the
use of electronic devices under a GHz working condition.

SUMMARY

[0009] The following is a summary of the subject de-
scribed herein. This summary is not intended to limit the
protection scope of the claims.

[0010] Embodimentsofthe presentapplication provide
rare-earth soft magnetic powder and a preparation meth-
od therefor, and a soft magnetic composite material and
apreparation method therefor. Various raw material pow-
der is mixed, and then subjected to a heat treatment, a
vacuum heat treatment, a melting treatment, and a rapid
cooling treatment, and the temperature of the melting
treatment is strictly controlled to obtain a mixture in a
glassy state; the mixture in the glassy state is heated in
a nitrogen atmosphere, and undergo a crystallization re-
action and a nitriding reaction to obtain the rare-earth
soft magnetic powder finally; the soft magnetic composite
material is prepared by mixing the rare-earth soft mag-
netic powder with a binder, which has low eddy current
loss at high-frequency and can meet the use of electronic
devices under a high-frequency working condition.
[0011] In afirst aspect, an embodiment of the present
application provides rare-earth soft magnetic powder,
and the rare-earth soft magnetic powder comprises
CesFeq7.,Ni, T N,, wherein T comprises any one or a
combination of at least two of Si, C, or B; x, y, and z are
atomic contents of Ni, T, and N, respectively, wherein x
ranges from 0.1 to 0.5, y ranges from 0.1 to 0.5, and z
ranges from 2 to 4.

[0012] The rare-earth soft magnetic powder in the
present application comprises CeyFeq7,,, Ni, T N, hav-
ing an easy-plane structure, wherein Ce is a key sub-
stance of constituting the Ce,Fe; 7., Ni, T N, compound,
and an appropriate addition of ferromagnetic element Ni
can improve the soft magnetic characteristics of the ma-
terial such as magnetic permeability; and T comprises
any one or a combination of at least two of Si, C, or B,
and by adding an appropriate amount of the above sub-
stances, an eddy current loss of the material at a high-
frequency can be reduced, but the excessive additive
amount will reduce the soft magnetic characteristics of
the material. Each element is combined according to a
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specific atomic ratio and acts synergistically, and the soft
magnetic composite material prepared from the formed
rare-earth soft magnetic powder can be applied to a high-
frequency environment of more than or equal to 1 GHz,
and has low eddy current loss.

[0013] In the present application, x ranges from 0.1 to
0.5, which may be, for example, 0.1, 0.2, 0.3, 0.4, or 0.5,
etc., but the x is not limited to the listed values, and other
unlisted values within the numerical range are also ap-
plicable; y ranges from 0.1 to 0.5, which may be, for ex-
ample, 0.1,0.2,0.3,0.4,0r 0.5, etc., butthe y is not limited
to the listed values, and other unlisted values within the
numerical range are also applicable; and z ranges from
2 to 4, which may be, for example, 2, 2.5, 3, 3.5, 3.8, or
4, but the z is not limited to the listed values, and other
unlisted values within the numerical range are also ap-
plicable.

[0014] Preferably, a shape of the rare-earth soft mag-
netic powder comprises a lamellar shape.

[0015] Preferably, the rare-earth soft magnetic powder
has an average particle size of 50-100 nm, which may
be, for example, 50 nm, 60 nm, 70 nm, 80 nm, 90 nm, or
100 nm, etc.; however, the average particle size is not
limited to the listed values, and other unlisted values with-
in the numerical range are also applicable.

[0016] In a second aspect, an embodiment of the
present application further provides a preparation meth-
od for the rare-earth soft magnetic powder according to
the first aspect, and the preparation method comprises
the following steps:

(1) mixing Fe,O5 powder, Ce,O3 powder, NiyO4
powder, SiO, powder, C powder, and B,O3 powder
as raw materials according to Ce,Feq7.,Ni,T N, to
obtain mixed powder;

(2) subjecting the mixed powder to a heat treatment
in a hydrogen atmosphere, then mixing the same
with a reducing agent and an additive, and perform-
ing a vacuum heat treatment to obtain an intermedi-
ate product with a loose texture;

(3) subjecting the intermediate product to a melting
treatmentand arapid cooling treatment in sequence,
and then heating in a nitrogen atmosphere to under-
go a crystallization reaction and a nitriding reaction
to obtain a post-reaction substance; and the heating
is performed at a temperature of 400-550 °C; and

(4) mixing the post-reaction substance and an acetic
acid solution, performing stirring and solid-liquid sep-
aration in sequence to obtain the rare-earth soft mag-
netic powder.

[0017] Inthe preparation method for the rare-earth soft
magnetic powder in the present application, the mixed
powder is subjected to a heat treatment in the hydrogen
atmosphere which aims to obtain ultrafine metal Fe pow-
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der via reducing Fe,O5 in the mixed powder; then the
high activity of the reducing agent is utilized to reduce
Ce,05 to obtain rare-earth metal Ce; the additive is uti-
lized to reduce the melting temperature of the raw mate-
rial mixture participating in the vacuum heat treatment to
obtain the intermediate product with a loose texture; then
the intermediate product is sequentially subjected to a
melting treatment and a rapid cooling treatment to form
the mixture in a glassy state; the mixture in the glassy
state is heated in a nitrogen atmosphere to undergo a
crystallization reaction and a nitriding reaction to obtain
the post-reaction substance; finally, a non-magnetic sub-
stance in the post-reaction substance is dissolved into a
solution by using the acetic acid solution, and the rare-
earth soft magnetic powder is obtained in the end.
[0018] The mixture in the glassy state in the present
application is heated at a temperature of 400-550 °C in
anitrogen atmosphere. In a case where the heating tem-
perature is high, the post-reaction substance will not form
an easy-plane structure with a phase composition of
CeyFeq7.yNiyTyN,, and a large number of a-Fe phases
will appear. In a case where the heating temperature is
low, the final obtained rare-earth soft magnetic powder
will have a low nitrogen content and significantly in-
creased magnetic loss.

[0019] The heating in the present application is per-
formed at a temperature of 400-550 °C, which may be,
for example, 400 °C, 420 °C, 450 °C, 500 °C, 530 °C, or
550 °C, etc.; however, the temperature is not limited to
the listed values, and other unlisted values within the
numerical range are also applicable.

[0020] Preferably, the heattreatmentin step (2) is per-
formed at a temperature of 700 °C.

[0021] Preferably, the heat treatment is performed for
a period of 10 h.

[0022] Preferably, the hydrogen atmosphere has a hy-
drogen purity of more than 99.9%, which may be, for
example, 99.9%, 99.91%, 99.93%, 99.95%, 99.97%, or
99.99%, etc.; however, the hydrogen purity is not limited
to the listed values, and other unlisted values within the
numerical range are also applicable.

[0023] Preferably, the reducing agent comprises metal
calcium.

[0024] Preferably, the additive comprises B,O3 pow-
der.

[0025] In the present application, the additive prefera-

bly comprises B,O5 powder, and its effect is mainly to
reduce the melting temperature of the raw material mix-
ture participating in the vacuum heat treatment, and the
addition of the B,O5 powder does not affect the compo-
sition of the final CesFeq7., Ni,TyN,, i.e., the T in the
Ce,Feq7.yNixTyN, isany one oracombination of atleast
two of Si, C, or B, which is determined by the original raw
materials (SiO, powder, C powder, or B,O5 powder).
[0026] Preferably, an additive amount of the reducing
agent accounts for 15% of a mass of the mixed powder.
[0027] Preferably, an additive amount of the additive
accounts for 3% of a mass of the mixed powder.
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[0028] Preferably, the vacuum heat treatment in step
(2) has a vacuum degree of 102 Pa.

[0029] Preferably, a heating step of the vacuum heat
treatment comprises: first heating to 800 °C, and then
introducing argon, and heating to 1000 °C.

[0030] Preferably, the vacuum heat treatment is per-
formed with a temperature-holding period of 4 h.

[0031] Preferably, the vacuum heating treatment is fol-
lowed by cooling to 20-30 °C, which may be, for example,
20°C,23°C,25°C,27°C,29°C,or30°C, etc.; however,
the temperature is not limited to the listed values, and
other unlisted values within the numerical range are also
applicable

[0032] Preferably, the melting treatment in step (3) is
performed at a temperature of 1300-1500 °C, which may
be, for example, 1300 °C, 1350 °C, 1400 °C, 1450 °C,
1470 °C, or 1500 °C, etc.; however, the temperature is
not limited to the listed values, and other unlisted values
within the numerical range are also applicable

[0033] The temperature of the melting treatment is
preferably 1300-1500 °C, and the intermediate product
with a loose texture is subjected to the melting treatment
and rapid cooling treatment to form a mixture in the glassy
state. In a case where the temperature of the melting
treatment is low, the diffusion rate of each element in the
material will be low, the distribution of each component
in the alloy will be uneven, and the proportion of the soft
magnetic phase in the alloy will be reduced, and the soft
magnetic composite prepared from the rare-earth soft
magnetic powder will have a low magnetic loss, but the
magnetic permeability will be greatly reduced. In a case
where the temperature of the melting treatment is high,
more energy consumption will be generated, and a prep-
aration cost of the rare-earth soft magnetic powder will
be increased.

[0034] Preferably, the rapid cooling treatment is
achieved by the following method: a molten liquid after
the melting treatment is flowed to a molybdenum roller
rotating at a high speed through a quartz nozzle so as to
cool the same rapidly to form a mixture in the glassy state.
[0035] Preferably, the molybdenum roller has a rota-
tion speed of 20-25 m/s, which may be, for example, 30
m/s, 21 m/s, 22 m/s, 23 m/s, 24 m/s, or 25 m/s, etc.;
however, the rotation speed is not limited to the listed
values, and other unlisted values within the numerical
range are also applicable.

[0036] Preferably, the heatingis performed for a period
of 6-10 h, which may be, for example, 6 h, 7 h, 8 h, 9 h,
or 10 h, etc.; however, the period is not limited to the
listed values, and other unlisted values within the numer-
ical range are also applicable.

[0037] In step (4) of the present application, the oper-
ation step of mixing the post-reaction substance and the
acetic acid solution can be that the post-reaction sub-
stance is firstly immersed in deionized water, then added
with the acetic acid solution, and continuously stirred, so
that the non-magnetic substance in the post-reaction
substance can be dissolved in water. In the present ap-
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plication, there is no need to clearly limits a concentration
of the acetic acid solution, as long as ensures that non-
magnetic impurities such as CaO in the reactive sub-
stance can be completely dissolved, and then the solid-
liquid separation treatment is performed. The operation
in step (4) is repeated until a content of Ca ions in the
reactive substance is less than 0.1%.

[0038] Preferably, the solid-liquid separation compris-
es filtration.

[0039] As a preferred technical solution of the present
application, the preparation method comprises the fol-
lowing steps:

(1) mixing Fe,O3 powder, Ce,03 powder, NiyO3
powder, SiO, powder, C powder, and B,O3 powder
as raw materials according to Ce,Feq7,, Ni, T N, to
obtain mixed powder;

(2) subjecting the mixed powder to a heat treatment
at a temperature of 700 °C for 10 h in a hydrogen
atmosphere with a purity of more than 99.9%, then
mixing the same with a reducing agent and an addi-
tive, and performing a vacuum heat treatment with
a vacuum degree of 102 Pa for 4 h to obtain an
intermediate product with a loose texture;

the reducing agent comprises metal calcium; the ad-
ditive comprises B,O5; powder; an additive amount
of the reducing agent accounts for 15% of a mass
of the mixed powder; an additive amount of the ad-
ditive accounts for 3% of a mass of the mixed pow-
der; a heating step of the vacuum heat treatment
comprises: first heating to 800 °C, and then introduc-
ing argon, and heating to 1000 °C; and the vacuum
heating treatment is followed by cooling to 20-30 °C;;

(3) subjecting the intermediate product to a melting
treatment at a temperature of 1300-1500 °C and a
rapid cooling treatment in sequence, and then heat-
ing at a temperature of 400-550 °C for 6-10 h in a
nitrogen atmosphere to undergo a crystallization re-
action and a nitriding reaction to obtain a post-reac-
tion substance;

the rapid cooling treatment is achieved by a method
below: flowing a molten liquid after the melting treat-
ment to a high-rotated molybdenum roller at a rota-
tion speed of 20-25 m/s through a quartz nozzle so
as to cool the same rapidly to form a mixture in the
glassy state; and

(4) mixing the post-reaction substance and an acetic
acid solution, performing stirring and solid-liquid sep-
aration in sequence to obtain the rare-earth soft mag-
netic powder.

[0040] In athird aspect, an embodiment of the present
application further provides a soft magnetic composite
material, and the soft magnetic composite material is pre-
pared by mixing the rare-earth soft magnetic powder ac-
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cording to the first aspect with a binder; the rare-earth
soft magnetic powder accounts for 20-70% of a mass of
the soft magnetic composite material, which may be, for
example, 20%, 30%, 40%, 50%, 60%, or 70%, etc.; how-
ever, the proportion is not limited to the listed values, and
other unlisted values within the numerical range are also
applicable.

[0041] The soft magnetic composite material in the
present application is prepared by mixing the rare-earth
soft magnetic powder according to the first aspect with
a binder; the binder comprises a thermosetting binder
such as an epoxy resin, and also comprises a thermo-
plastic binder such as Nylon 6, Nylon 12, or polyphe-
nylene sulfide, etc. The rare-earth soft magnetic powder
accounts for 20-70% of a mass of the soft magnetic com-
posite material in the present application;in a case where
the proportion of the rare-earth soft magnetic powder is
less than 20%, the magnetic permeability of the soft mag-
netic composite material will be low, which is not condu-
cive to the miniaturization of magnetic devices; in a case
where the proportion of the rare-earth soft magnetic pow-
der is more than 70%, the loss of the soft magnetic com-
posite material at a high-frequency will be significantly
increased.

[0042] In a fourth aspect, an embodiment of the
present application also provides a preparation method
for the soft magnetic composite material according to the
third aspect, and the preparation method comprises the
following steps:

(a) mixing an epoxy resin and acetone to obtain a
mixed solution;

(b) mixing the mixed solution with rare-earth soft
magnetic powder, and stirring to obtain rare-earth
soft magnetic powder coated with an epoxy resin;
and

(c) drying the rare-earth soft magnetic powder coat-
ed with an epoxy resin, then mixing with a thermo-
plastic binder, blending and granulating to obtain the
soft magnetic composite material.

[0043] Inthe preparation method for the soft magnetic
composite material in the present application, the rare-
earth soft magnetic powder is firstly mixed with a mixed
solution containing an epoxy resin to coat a layer of a
macromolecule resin on the surface of the rare-earth soft
magnetic powder to form a protective layer, so thatin the
subsequent process of blending and granulating, the
rare-earth soft magnetic powder is not easy to be oxi-
dized.

[0044] Preferably, an additive amount of the epoxy res-
in in step (a) accounts for 3% of a mass of the rare-earth
soft magnetic powder.

[0045] Preferably, a volume ratio of the mixed solution
and the rare-earth soft magnetic powder is 1.5:1-2:1,
which may be, for example, 1.5:1, 1.6:1, 1.7:1, 1.8:1, or
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2:1, etc.; however, the volume ratio is not limited to the
listed values, and other unlisted values within the numer-
ical range are also applicable.

[0046] Preferably, the drying in step (c) is performed
at temperature of 70 °C.

[0047] Preferably, the drying is performed for a period
of 1 h.

[0048] Preferably, the thermoplastic binder comprises
any one or a combination of at least two of Nylon 6, Nylon
12, or polyphenylene sulfide, wherein a typical but non-
limiting combination comprises a combination of Nylon
6 and Nylon 12, a combination of polyphenylene sulfide
and Nylon 6, or acombination of Nylon 12, polyphenylene
sulfide, and Nylon 6.

[0049] Preferably, an additive amount of the thermo-
plastic binder accounts for 17-67% of a mass of the rare-
earth soft magnetic powder coated with an epoxy resin,
which may be, for example, 17%, 20%, 30%, 50%, 60%,
or 67%, etc.; however, the proportion is not limited to the
listed values, and other unlisted values within the numer-
ical range are also applicable.

[0050] Preferably, the blending is performed at a tem-
perature of 5-10 °C higher than a softening temperature
of the thermoplastic binder, which may be, for example,
5°C,6°C,7°C,8°C,9°C,or10 °C, etc.; however, the
temperature difference is not limited to the listed values,
and other unlisted values within the numerical range are
also applicable.

[0051] Preferably, argon is introduced for protection
during the blending.

[0052] As a preferred technical solution of the present
application, the preparation method comprises the fol-
lowing steps:

(a) mixing an epoxy resin and acetone to obtain a
mixed solution; mixing the mixed solution with rare-
earth soft magnetic powder, and stirring to obtain
rare-earth soft magnetic powder coated with an
epoxy resin;

an additive amount of the epoxy resin accounts for
3% of a mass of the rare-earth soft magnetic powder;
a volume ratio of the mixed solution and the rare-
earth soft magnetic powder is 1.5:1-2:1; and

(b) drying the rare-earth soft magnetic powder coat-
ed with an epoxy resin at a temperature of 70 °C for
1 h, and then mixing the same with a thermoplastic
binder, and performing blending and granulating to
obtain the soft magnetic composite material;

the thermoplastic binder comprises any one or a combi-
nation of at least two of Nylon 6, Nylon 12, or polyphe-
nylene sulfide; an additive amount of the thermoplastic
binder accounts for 17-67% of a mass of the rare-earth
soft magnetic powder coated with an epoxy resin; the
blending is performed at a temperature of 5-10 °C higher
than a softening temperature of the thermoplastic binder;
argon is introduced for protection during the blending.
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[0053] Compared with the related art, the embodi-
ments in the present application have the following ben-
eficial effects at least:

(1) in the preparation method for the rare-earth soft
magnetic powder provided in the embodiments of
the present application, the rare-earth soft magnetic
powder with a fine particle size is prepared, and the
soft magnetic composite material prepared from the
rare-earth soft magnetic powder can be applied to
an environment with a high-frequency of more than
or equal to 1 GHz, and has a low eddy current loss;
and

(2) the preparation method for the rare-earth soft
magnetic powder and the preparation method for the
soft magnetic composite material provided in the ex-
amples of the present application have a simple
process and a low preparation cost, which have a
prospect of large-scale popularization and applica-
tion.

[0054] Otheraspects will be appreciated upon reading
and understanding the detailed description.

DETAILED DESCRIPTION

[0055] To facilitate understanding the present applica-
tion, examples are listed below in the present application.
Those skilled in the art should understand that the ex-
amples merely assist in understanding the present ap-
plication but should not be regarded as a specific limita-
tion of the present application.

[0056] The present application is explained in further
detail below. However, the following examples are only
brief examples of the present application, and do not rep-
resent or limit the protection scope of the claims in the
present application. The protection scope in the present
application is subject to the claims.

Example 1

[0057] This example provides a preparation method
for rare-earth soft magnetic powder, and the preparation
method comprises the following steps:

(1) Fe,O5 powder, Ce,O5 powder, Ni, O3 powder,
SiO, powder, C powder, and B,O5 powder as raw
materials were mixed according to CesFe 7.,y Ni,-
TyNZ to obtain a mixed powder, wherein x=0.2,y =
0.2, and T was element Si;

(2) the mixed powder was put into a tube furnace,
subjected to a heat treatment at a temperature of
700 °C for 10 h in a hydrogen atmosphere with a
purity of more than 99.9%, then mixed with metal
calcium as a reducing agent and B,O3 powder as
an additive, and subjected to a vacuum heat treat-
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ment with a vacuum degree of 10-2 Pa for 4 h to
obtain an intermediate product with a loose texture;
an additive amount of the reducing agent accounted
for 15% of a mass of the mixed powder; an additive
amount of the additive accounted for 3% of the mass
of the mixed powder; a heating step of the vacuum
heat treatment comprised: first, the temperature was
raised to 800 °C, and then argon was introduced,
and the temperature was raised to 1000 °C; and the
vacuum heating treatment was followed by cooling
to 20-30 °C;

(3) the intermediate product was put into a melting
furnace, subjected to a melting treatment at a tem-
perature of 1300 °C to melt the same completely,
and then the molten liquid flowed to a high-rotated
molybdenum roller with a rotation speed of 20 m/s
through a quartz nozzle for a rapid cooling treatment
to form a mixture in a glassy state; the mixture in the
glassy state was placed in a treatment furnace with
anitrogen atmosphere, and heated at a temperature
of 500 °C for 6 h to undergo a crystallization reaction
and a nitriding reaction to obtain a post-reaction sub-
stance; and

(4) the post-reaction substance was immersed in
deionized water, and then added with an acetic acid
solution, and stirred and filtered sequentially to ob-
tain the rare-earth soft magnetic powder.

[0058] A composition of the rare-earth soft magnetic
powder obtained in this example was
CejyFeq66Nig 2Sig 5N, g With an average particle size of
80 nm.

[0059] This example also provides a soft magnetic
composite material, and the soft magnetic composite ma-
terial was prepared by mixing the above rare-earth soft
magnetic powder with a binder. The preparation method
comprises the following steps:

(a) an epoxy resin and acetone was mixed to obtain
a mixed solution; the mixed solution and the rare-
earth soft magnetic powder were mixed and stirred
to obtain rare-earth soft magnetic powder coated
with an epoxy resin;

an additive amount of the epoxy resin accounted for
3% of a mass of the rare-earth soft magnetic powder;
a volume ratio of the mixed solution and the rare-
earth soft magnetic powder was 1.5:1; and

(b) the rare-earth soft magnetic powder coated with
an epoxy resin was dried at a temperature of 70 °C
for 1 h, and then mixed with a thermoplastic binder
Nylon 6, and then subjected to blending and granu-
lating in a twin-screw granulator to obtain the soft
magnetic composite material;

an additive amount of the thermoplastic binder accounted
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for 40% of the mass of the rare-earth soft magnetic pow-
der coated with the epoxy resin; the blending was per-
formed at a temperature of 8 °C higher than a softening
temperature of the thermoplastic binder; argon was in-
troduced for protection during the blending.

[0060] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability p’ was
4.22 and magnetic loss tandp. was 0.11. Example 2
[0061] This example provides a preparation method
for rare-earth soft magnetic powder, and the preparation
method is the same as in Example 1 except that in step
(1),x=0.1,andy = 0.1.

[0062] A composition of the rare-earth soft magnetic
powder obtained in this example was
Ce,Fe g gNig 1Sip 4N, g With an average particle size of
82 nm.

[0063] This example also provides a soft magnetic
composite material, and the soft magnetic composite ma-
terial was prepared by mixing the above rare-earth soft
magnetic powder with a binder. The preparation method
is the same as that of Example 1.

[0064] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability p’ was
4.33 and magnetic loss tandp. was 0.13. Example 3
[0065] This example provides a preparation method
for rare-earth soft magnetic powder, and the preparation
method is the same as in Example 1 except that in step
(1),x=0.5,andy = 0.5.

[0066] A composition of the rare-earth soft magnetic
powder obtained in this example was
Ce,Fe g oNig 5Sip 5N, g With an average particle size of
75 nm.

[0067] This example also provides a soft magnetic
composite material, and the soft magnetic composite ma-
terial was prepared by mixing the above rare-earth soft
magnetic powder with a binder. The preparation method
is the same as that of Example 1.

[0068] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability p’ was
3.75 and magnetic loss tandp was 0.10. Example 4
[0069] This example provides a preparation method
for rare-earth soft magnetic powder, and the preparation
method is the same as in Example 1 except that the melt-
ing treatment in step (3) was performed at a temperature
of 1500 °C

[0070] A composition of the rare-earth soft magnetic
powder obtained in this example was
Ce,Fe g gNig »Sip 5N, 7 with an average particle size of
85 nm.

[0071] This example also provides a soft magnetic
composite material, and the soft magnetic composite ma-
terial was prepared by mixing the above rare-earth soft
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magnetic powder with a binder. The preparation method
is the same as that of Example 1.

[0072] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability .’ was
4.25 and magnetic loss tandp. was0.13.

Example 5

[0073] This example provides a preparation method
for rare-earth soft magnetic powder, and the preparation
method is the same as in Example 1 except that the heat-
ing in step (3) was performed at a temperature of 400 °C
for a period of 10 h.

[0074] A composition of the rare-earth soft magnetic
powder obtained in this example was
CesFeq5.6Nig »Sip oN, 5 with an average particle size of
55 nm.

[0075] This example also provides a soft magnetic
composite material, and the soft magnetic composite ma-
terial was prepared by mixing the above rare-earth soft
magnetic powder with a binder. The preparation method
is the same as that of Example 1.

[0076] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability .’ was
3.83 and magnetic loss tandp was 0.07. Example 6
[0077] This example provides a preparation method
for rare-earth soft magnetic powder, and the preparation
method is the same as in Example 1 except that the heat-
ing in step (3) was performed at a temperature of 550 °C
for a period of 6 h.

[0078] A composition of the rare-earth soft magnetic
powder obtained in this example was
CejyFeq66Nig 2Sig oN3 » with an average particle size of
100 nm.

[0079] This example also provides a soft magnetic
composite material, and the soft magnetic composite ma-
terial was prepared by mixing the above rare-earth soft
magnetic powder with a binder. The preparation method
is the same as that of Example 1.

[0080] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability .’ was
4.83 and magnetic loss tandp. was 0.13.

Example 7

[0081] Thisexample provides a soft magnetic compos-
ite material, and the soft magnetic composite material
was prepared by mixing the rare-earth soft magnetic
powder in Example 1 with a binder. The preparation
method is the same as that of Example 1 except that an
additive amount of the thermoplastic binder Nylon 6 ac-
counted for 17% of a mass of the rare-earth soft magnetic
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powder coated with an epoxy resin.

[0082] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability p’ was
6.30 and magnetic loss tandpu was 0.21.

Example 8

[0083] Thisexample provides a soft magnetic compos-
ite material, and the soft magnetic composite material
was prepared by mixing the rare-earth soft magnetic
powder in Example 1 with a binder. The preparation
method is the same as that of Example 1 except that an
additive amount of the thermoplastic binder Nylon 6 ac-
counted for 67% of a mass of the rare-earth soft magnetic
powder coated with an epoxy resin.

[0084] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability p’ was
2.18 and magnetic loss tandp was 0.03.

Example 9

[0085] This example provides a preparation method
for rare-earth soft magnetic powder, and the preparation
method is the same as in Example 1 except that SiO,
powder was replaced by C powder, and T was element
C in the raw material of step (1).

[0086] A composition of the rare-earth soft magnetic
powder obtained in this example was
CesFeq6 gNig 2Cp oN» g With an average particle size of
82 nm.

[0087] This example also provides a soft magnetic
composite material, and the soft magnetic composite ma-
terial was prepared by mixing the above rare-earth soft
magnetic powder with a binder. The preparation method
is the same as that of Example 1.

[0088] The soft magnetic composite material obtained
in this example was prepared into a circular ring sample,
and tested with a vector network analyzer at a frequency
of 1 GHz. The measured magnetic permeability p’ was
4.38 and magnetic loss tandp. was 0.11.

Comparative Example 1

[0089] This comparative example provides a prepara-
tion method for rare-earth soft magnetic powder, and the
preparation method is the same as in Example 1 except
that the heating in step (3) was performed at a temper-
ature of 700 °C for a period of 10 h.

[0090] The rare-earth soft magnetic powder obtained
in this comparative example did not form an easy-plane
structure with a phase composition of Ce,Feq7.,.,Niy-
TyNZ, and a large number of a-Fe phases appeared in
the rare-earth soft magnetic powder.
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Comparative Example 2

[0091] This comparative example provides a prepara-
tion method for rare-earth soft magnetic powder, and the
preparation method is the same as in Example 1 except
that the heating in step (3) was performed at a temper-
ature of 350 °C for a period of 10 h.

[0092] A composition of the rare-earth soft magnetic
powder obtained in this comparative example was
CeyFeq66Nig 2Cp oN4 4 With an average particle size of
41 nm.

[0093] This comparative example also provides a soft
magnetic composite material, and the soft magnetic com-
posite material was prepared by mixing the above rare-
earth soft magnetic powder with a binder. The prepara-
tion method is the same as that of Example 1.

[0094] The soft magnetic composite material obtained
in this comparative example was prepared into a circular
ring sample, and tested with a vector network analyzer
at a frequency of 1 GHz, and the magnetic permeability
W’ was 4.08 and magnetic loss tandp. was 0.28. The soft
magnetic composite obtained in this comparative exam-
ple had a low nitrogen content and a significantly in-
creased magnetic loss.

[0095] In summary, the preparation method for the
rare-earth soft magnetic powder and the preparation
method for the soft magnetic composite material provid-
ed in the present application have a simple process and
a low preparation cost. The final obtained soft magnetic
composite material is suitable for use in a high-frequency
working condition, and especially, able to meet the use
of electronic devices under a GHz working condition.
[0096] The applicant declares that the above is only
the embodiments of the present application, but the pro-
tection scope of the present application is not limited
thereto. Those skilled in the art should understand that
any change or replacement, which can be easily thought
of by a person skilled in the art within the scope of the
technology disclosed in the present application, shall fall
within the protection scope and disclosure scope of the
present application.

Claims

1. Rare-earth soft magnetic powder, which comprises
CesFeq7.,Niy Ty N,, wherein T comprises any one
or a combination of at least two of Si, C, or B; x, v,
and z are atomic contents of Ni, T, and N, respec-
tively, wherein x ranges from 0.1 to 0.5, y ranges

from 0.1 to 0.5, and z ranges from 2 to 4.

2. The rare-earth soft magnetic powder according to
claim 1, wherein a shape of the rare-earth soft mag-
netic powder comprises a lamellar shape.

3. The rare-earth soft magnetic powder according to
claim 1 or 2, wherein the rare-earth soft magnetic

15

20

25

30

35

40

45

50

55

4.

powder has an average particle size of 50-100 nm.

A preparation method for the rare-earth soft magnet-
ic powder according to any one of claims 1-3, com-
prising the following steps:

(1) mixing Fe,O5 powder, Ce,O5 powder, Ni,O4
powder, SiO, powder, C powder, and B,O5 pow-
der as raw materials according to
CeyFeq7.yNiyTyN, to obtain mixed powder;
(2) subjecting the mixed powder to a heat treat-
ment in a hydrogen atmosphere, then mixing the
same with areducing agent and an additive, and
performing a vacuum heat treatment to obtain
an intermediate product with a loose texture;
(3) subjecting the intermediate product to a melt-
ing treatment and a rapid cooling treatment in
sequence, and then heating in a nitrogen atmos-
phere to undergo a crystallization reaction and
a nitriding reaction to obtain a post-reaction sub-
stance; and the heating is performed at a tem-
perature of 400-550 °C; and

(4) mixing the post-reaction substance and an
acetic acid solution, performing stirring and sol-
id-liquid separation in sequence to obtain the
rare-earth soft magnetic powder.

The preparation method according to claim 4, where-
in the hydrogen atmosphere in step (2) has a hydro-
gen purity of more than 99.9%.

The preparation method according to claim 4 or 5,
wherein the reducing agent comprises metal calci-
um.

The preparation method according to any one of
claims 4-6, wherein the additive comprises B,O3
powder.

The preparation method according to any one of
claims 4-7, wherein a heating step of the vacuum
heat treatment in step (2) comprises: heating to 800
°C, then introducing argon, and heating to 1000 °C;
preferably, the vacuum heating treatment is followed
by cooling to 20-30 °C.

The preparation method according to any one of
claims 4-8, wherein the melting treatment in step (3)
is performed at a temperature of 1300-1500 °C;

preferably, the rapid cooling treatment is
achieved by the following method: flowing a mol-
ten liquid after the melting treatment to a molyb-
denum roller rotating at a high speed through a
quartz nozzle so as to cool the same rapidly to
form a mixture in the glassy state;

preferably, the molybdenum roller has a rotation
speed of 20-25 m/s;
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preferably, the heating is performed for a period
of 6-10 h.

A soft magnetic composite material, which is pre-
pared by mixing the rare-earth soft magnetic powder
according to any one of claims 1-3 with a binder; and
the rare-earth soft magnetic powder accounts for
20-70% of a mass of the soft magnetic composite
material.

A preparation method for the soft magnetic compos-
ite material according to claim 10, comprising the
following steps:

(a) mixing an epoxy resin and acetone to obtain
a mixed solution; mixing the mixed solution with
rare-earth soft magnetic powder, and stirring to
obtain rare-earth soft magnetic powder coated
with an epoxy resin; and

(b) drying the rare-earth soft magnetic powder
coated with an epoxy resin, then mixing the
same with a thermoplastic binder, and blending
and granulating to obtain the soft magnetic com-
posite material.

The preparation method according to claim 11,
wherein a volume ratio of the mixed solution and the
rare-earth soft magnetic powder is 1.5: 1-2:1.

The preparation method according to claim 11 or 12,
wherein the thermoplastic binder comprises any one
or a combination of at least two of Nylon 6, Nylon
12, or polyphenylene sulfide.

The preparation method according to any one of
claims 11-13, wherein an additive amount of the ther-
moplastic binder accounts for 17-67% of a mass of
the rare-earth soft magnetic powder coated with an
epoxy resin.

The preparation method according to any one of
claims 11-14, wherein the blending is performed at
a temperature of 5-10 °C higher than a softening
temperature of the thermoplastic binder;
preferably, argon is introduced for protection during
the blending.
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