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Abstract: High-performance Nd-Fe-B magnets are widely needed in various fields. The purpose of studying Nd-Fe-B nanometer

magnetic powder is that the coercivity of the powdered magnets is the largest at the single domain size. The preparation of

nanoparticles by the chemical method can better control the microstructure and grain size. Moreover, metal salts as precursors and

simplified process routes can significantly reduce costs and energy consumption. In this review, several popular chemical methods for

synthesizing Nd-Fe-B nanoparticles were reported, including sol-gel, auto-combustion, microwave-assisted combustion, thermal

decomposition, and mechanochemical method. The preparation process and reaction mechanism of these methods were discussed.

Finally, the relationship between microstructure and magnetic properties of Nd-Fe-B nanoparticles prepared by different chemical

methods was summarized and some future trends and perspectives in the magnetic research areas were submitted.
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Magnetic material is an old and widely used functional
material. The research and optimization of Nd,Fe B
permanent magnetic materials is the further development of
magnetic materials, and it is gradually developed to
nanometer magnetic materials’”. In recent years, Nd,Fe,,B
magnets are widely used in the field of permanent magnetic
materials due to the combination of high coercivity () and
energy product (BH),,., such as electric motors, wind turbines,
generators and other novel industries™”.

The purpose of the research of nano-scale hard magnetic
materials originated from the discovery of the influence of the
grain size of magnetic powder on the coercivity in the
1950s™. The study found that the coercivity of powder
magnet increases with the reduction of particle size until
reaching a maximum at the single domain size, then decreases
again for ultrafine particles due to thermal effects, and
becomes zero at the superparamagnetic particle size. The first
studies on nanoscale magnetic systems were made on
amorphous R-Fe (R=Tb, Sm) alloys"”. Since R is a kind of
light rare earth, the R-Fe binary alloy has a lower Curie
temperature. At the Magnetic and Magnetic Materials

Received date: April 25, 2021

Conference held in Pittsburgh in 1983, two methods for
synthesizing iron-based rare earth hard magnets were

"1 One method involved

proposed to solve this problem!
rapid solidification of the alloy using melt spinning, and the
other method was traditional powder metallurgy technology.
In 1984, Croat et al'” reported energy products as large as
111.44 kJ/m’ in melt-spun ribbons of Nd-Fe-B. At the same
time, Sagawa et al"”" in Japan applied conventional powder
metallurgy technology to ternary light-rare-earth-iron systems
and obtained (BH),,~287 kJ/m® for Nd,Fe,.B,. The excellent

magnetic properties of these two systems are due to the highly
1201
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anisotropic tetragonal R,Fe B phase™. However, the Curie
temperature of Nd,Fe, B is 280~310 ° C, and the actual
effective operating temperature is 80~200 °C'*''"*'. Beyond
this temperature, Nd,Fe,,B magnets will be no longer
appropriate for any dynamic applications. Future advanced
power systems for aircraft, vehicles, and ships will require
permanent magnetic materials that can be reliably operated at
high temperatures up to 450 ° C***!, The Co element can
substitute for the entire composition range of Fe and has a
significant effect on the magnetic Curie temperature®>".
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Researchers have studied a large number of transition
elements to substitute Fe to increase 7, and to improve thermal
stability. Al, Si, and Ga alloying elements in Nd-Fe-B can also
enhance thermal stability. However, the coercivity is
decreased when Fe atoms are replaced by other elements.
Thus, the addition of rare earth elements such as La, Ce, Pr,
Sm, Gd, Dy or Tb to replace rare earth elements will cause
Nd-Fe-B  microstructure

performance of coercivity”'>*.

change which maintains the

At present, there are many different preparation methods of
Nd-Fe-B magnetic nanoparticles, which can be divided into
physical methods and chemical methods. Conventional
physical techniques mainly include melt quenching (MQ)®**",
hydrogenation disproportionation desorption recombination
(HDDR) "% mechanical ball milling“**" and airflow
grinding™’. The physical preparation of magnetic powder is to
crush a large alloy ingot into a certain size powder. Then, the
ingot is simply crushed to 1~4 mm powder in an oxygen-free
environment. Among these physical means, the HDDR
method is the main technology of industrial production
because it is easy to control and stable. However, there are
many shortcomings in the physical methods, such as wide
particle size distribution, poor control of microstructure, long
process times and high cost. Thus, to avoid these
disadvantages, studied the
preparation of nanoparticles Nd,Fe ,B as the most promising
alternative physical preparation method because it can better
control the microstructure and grain size distribution. In

researchers have chemical

addition, the use of metal salts as precursors significantly
reduces the cost, such as chlorides,
acetylacetonates. The bottom-up chemical method allows the

nitrates and

ions to be uniformly mixed, reducing the reaction temperature
and producing uniformly distributed nanoparticles. Generally,

there are several methods for synthesizing Nd,Fe,,B nanoscale

magnetic powder by chemical approaches, such as sol-gel™*",

47-49] [50-54]
b

microwave combustion' thermal decomposition™"*,
mechanochemical®*" and self-combustion method”"*"".

In our previous study, we developed Nd,Fe, B nanoparticles
and studied the
d™*. Here, several popular chemical methods for the

synthesis of Nd,Fe ,B nanoparticles are primarily introduced,

formation mechanism by chemical

metho

and the technological flow and reaction mechanism of these
methods are explained, which provides valuable insights for
the future development of this research field.

1 Chemical Methods for the Synthesis of Nd-Fe-B
Nanoparticles

The conventional physical process must go through high
temperature homogenization, melting, casting, milling
followed by annealing, and a series of process steps to obtain
the final product. These multiple steps require large amounts
of energy. Besides, these physical methods use high purity
rare earth elements as their starting material. Usually, an
excess amount of Nd is used to compensate for evaporation
loss. Hence, the cost of production is increased. Besides, these

conventional techniques have difficulties in obtaining
nanoparticles and controlling the microstructure. Therefore,
chemical synthesis has attracted significant research interest
due to better control of particle size.

The chemical synthesis of Nd-Fe-B can be divided into two
important stages: Nd-Fe-B oxides and the reduction diffusion
process. The oxides can be synthesized by dissolving metal
ions in specific solutions, such as sol-gel, thermal
decomposition method. However, in the mechanochemical
method, metal oxides are directly used as raw materials,
which are mixed with the reducing agent and then subjected to
the chemical reaction by high-speed ball milling. In most
cases, the mechanochemical reaction can be steady-state,
resulting in a nano-sized product. The sample produces Nd-Fe-
B nanoparticles after the reduction diffusion process. A vital
advance in synthesizing Nd-Fe-B powder is the reduction
diffusion technique. Ca has a high reduction potential of —2.87
eV (Ca®—Ca). In the reduction diffusion process, Ca or CaH,
is used to reduce the metal oxides to obtain a magnetic
powder. Later, the CaO byproduct needs to be removed. The
magnetic properties of the final magnetic powder are closely
related to the particle size and phase composition.

1.1 Sol-gel method

Sol-gel method is a method to synthesize hard magnetic
nanoparticles synthesis and high
temperature solid-state reduction diffusion®. In 2010, Deheri
et al®fabricated Nd,Fe,,B nanoparticles with an average

based on solution

particle size of ~50 nm by the sol-gel method of chloride base
metal salts. The coercivity and saturation magnetization of the
washed powder were 310.44 and 736.56 kA/m, respectively.
The synthetic route is shown in Fig. 1" The thermal stable
sol was prepared by adding a metal salt solution into a citric
acid aqueous solution and a glycol aqueous solution. The
mixed solution was magnetically stirred together to evaporate
water, resulting in a viscous gel. After that, the dried gel was

| NdCly 6H,0+FeCls-9H,0+H;BO; (dissolved in deionized water) |

l Magnetic stirring at room temperature

| Add organic (citric acid or glycine and ethylene glycol) |

l Adjust PH by ammonia water

| Nd,Fe,B-citrate clear solution |

Magnetic stirring to evaporate

Nd-Fe-B gel

Drying at 200 °C

]

| Calcination at 400 °C and annealing at 800 °C, each for 2 h |

Nd-Fe-B oxide powder

‘ Reduction treatment of annealing under high vacuum (133.322x10°° Pa) ‘
Washing process
Final product

Fig.1 Flow chart of preparation of Nd,Fe,,B magnetic powder via

the sol-gel method™®"!
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annealed to prepare Nd,Fe B oxide power. Finally, the oxide
powder was subjected to the reduction-diffusion process under
vacuum (133.322x10° Pa) to obtain the desired Nd,Fe,,B
phase. The team explained the reaction mechanism of this
method in 2012, It described that the metal oxide
synthesized after annealing was composed of NdFeO, and
MO, (M=Nd, Fe, or B) phases. However, some articles
evidence that oxide powders exist in NdBO, or Fe,BO, due to
incomplete reaction temperature and time”. The reduction
diffusion process of the Nd-Fe-B oxides (M,0,, M=Nd, Fe, B)
by CaH, involved the following reactions™***";

CaH, <> Ca + 2H 1)
M. O, + yCa <> xM + yCaO 2)
M+ dH < MH, 3)
2H < H, T 4)

It is found that the Nd,Fe B phase is formed by a direct
combination of NdH,, Fe, and B by the following reactions:

2NdH, + 14Fe + B = Nd,Fe,,B + 2H, 1 ®)

The reaction takes place at 692 °C. To improve the hard
magnetic phase crystallinity and to control particle size, it is
very important to control the reaction temperature. In 2016,

1"Tstudied the effect of reduction temperature on

Rahimi et a
Nd,Fe ,B nanoparticles. The results showed that the average
particle sizes of powders were about 84 nm at 750 °C. The
temperature of reductive diffusion treatment changed the
crystallinity of the sample which affected the magnetocry-
stalline anisotropy and particle size. The size of hard magnetic
nanoparticles is closely related to the oxide powder, and the
average size and coercivity of Nd-Fe-B oxide powder are also
affected by the gel formed by different precursors. It is found
that chloride base metal salts have better particle size and
magnetic properties than nitrates'™. Along with the size and
crystallinity of the nanoparticles, chemical composition phase
purity can also directly affect the magnetic property. Rahimi et
al™ reported that the coercivity of the nanoparticles was
enhanced in Dy-substituted Nd-Fe-B nanoparticles in 2017.
The maximum energy product, lowest-order uniaxial magneto-
crystalline anisotropy constant, and Curie temperature had an
upward trend as same as the coercivity.

The sol-gel method has some advantages compared to the
physical method. In this method, the Nd-Fe-B magnetic
powder with monodispersity and good control of the particle
size can be obtained based on certain experimental conditions.
At the same time, the microstructure and the homogeneity of

11 However, some

the reaction products are controllable
shortcomings are inevitable for the sol-gel method, including
long synthesis time of sol and gel, high energy consumption,
and pollution from byproducts of reactions. Hence, it is
limited in its efficiency.

1.2 Auto-combustion method

The novel auto-combustion method is based on the
synthesis of a sol-gel which is also called sol-gel auto-
combustion, through the combustion reaction of organic
components and nitrate to obtain a homogeneous metal oxide

powder™. The auto-combustion systems can be classified

according to the chemical composition of fuel, oxidizer and
solvent. The fuels such as glycine, urea, citric acid and
glycerol are used along with oxidizing agents like metal
nitrates; water is used as a solvent in most works®”*!.

In 2010, Bhame et al®™ reported the synthesis of magnetic
Nd,Fe ,B/a -Fe powders synthesized by a novel process of
glycine nitrate auto-combustion followed by reduction
diffusion. Glycine nitrate-based combustion of mixed metal
nitrates is carried out to obtain homogeneously mixed oxide
powders of FeNdO,. The composition of Nd-Fe-B oxides is
similar to that of the sol-gel method, so the reduction-
diffusion process is consistent. Moreover, by tuning the
different compositions to synthesize higher energy products
using the combustion method, the coercivity of 398 kA/m and
energy product of 31.68 kJ/m® for magnetic powder were
obtained. The Nd-Fe-B particle can be controlled in the size
range from ~20 nm. The size of soft and hard nanocrystals
plays an important role in promoting ferromagnetic exchange
coupling between grains and the consequent enhancement of
remanence and maximum energy density. The exchange
coupling between the hard and soft phase is also related to the
shape the material determine. The controllable Nd,Fe B
nanoparticle was almost spherical in shape with an average
particle size of ~25 nm by the Jadhav team in 2012 (Fig.2)"".
Furthermore, they found that the incorporation of excess
neodymium would generate Nd and Fe soft magnetic phases
and enhance exchange coupling with hard phase Nd,Fe, B in
2014, The above fuel was glycine during combustion; citric
acid was also successfully used as fuel to prepare Nd,Fe B in
2015. Fig.3 showed the two routes of preparing oxides from
citric acid and glycine as fuel. When citric acid is used as a
fuel, it is necessary to add ammonia water, because the nitrate
precursor reacts with ammonia to form NH,NO,, which
decomposes and releases a large amount of heat to promote
the combustion rate. The reaction is as follows"”":

NH,NO; — 2H,0 + N, +[O] 6)

The glycine (fuel) -metal nitrate (oxidizer) system, the
mixed solution of glycine, and metal nitrate were heated to
form a viscous mass; continuous heating caused the viscous
substance to catch fire and spontaneously burn to produce
metal oxide mixture. The reaction mechanism is as follows,
Me=Nd, Fe'"

Fig2 TEM image of Nd,Fe,B nanostructures by the auto-

combustion method™
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| Nd(NO3)s 6H:0+Fe(NO3)3 9H0+H3BO3

Magnetic stirring Magnetic stirring for 10
forlh min at room temperature

Add water solution of glycine in a
molar ratio of metal:glycine as 1:1

Add water solution of citric acid
in a molar ratio of metal: citric
acid as 1:1.1

The solution changes
from light orange to
deep red

Adjusting pH~7 by
ammonia water

The water is evaporated by

Magnetic stirring at 80 °C . .
heating the solution at 200 °C

to evaporate water over

v
Nd-Fe-B gel

Drying at 220 °C

The viscous mass ignites
and burns spontaneously

Dried gel as thick mass
burns spontaneously

Nd-Fe-B oxides

Fig.3 Flow chart of two routes of preparing oxides from citric acid

and glycine as fuel®**"

Me*(NO, ),-mH,0 + C,H,NO, + O, — MeO,, + H,0
+N, + CO,

In a word, the auto-combustion method saves energy

@)

consumption and shortens the time because the combustion
reaction eliminates the need for high-temperature heating in
the sol-gel preparation process.
1.3 Microwave-assisted combustion method

The microwave-assisted combustion method changes the
heating method of the conventional tube furnace by the
technology of microwave heating. The heating technology is
that rapid relative movement occurs and electromagnetic
energy is converted into heat energy for heating™™. At
present, there are few researches on synthesizing Nd,Fe B by
this heating technology. Except for the heating method, the
microwave-assisted combustion synthesis process of hard
magnetic particles is similar to the spontaneous combustion
method. This microwave-assisted spontaneous combustion is
caused by microwave irradiation of the solution which causes
water to evaporate (Fig.4). The metal oxide after combustion
is reduced and diffused under a vacuum environment. Finally,
the magnetic powder is obtained after the byproduct removal.
In 2014, Nd,Fe B nanomagnetic particles were first

successfully synthesized by Swaminathan et al™”

using the
microwave combustion method. The coercivity of the
resulting powders was about 636.9 kA/m, and the maximum

magnetic energy product was 28.41 kJ/m’. It was reported that

vl
1

“C.120 min

1| veewn ) - =

-

Byproduct removal

Microwave combustion Reduction diffusion

Fig.4 Schematic of the microwave process for the synthesis of Nd-

Fe-B particles'™

the reaction mechanism of the microwave combustion process

is as follows:
5Fe(NO,);+2Nd (NO; ),+3B(NO, ),;+20C,H;NO,+70,

—NdFe0,+NdBO,+Fe,0,+FeO+B,0,+25N, (®)
+50H,0 (g)+40C0,(g)
7NdFeO, + 8Fe,0, + 29Fe0 + NdBO, + B, 0, + 88CaH,
—>3Nd,Fe,,B+Nd,Fe,, + Fe +88CaO + 176H, 1

In 2017, Parmar™!, Tan” et al also successfully prepared

©

Nd,(Fe, Co),,B magnetic powder based on this mechanism in
the same microwave chamber. The maximum energy product
reached a value of 90.744 kJ/m’, which is the largest value
among the reported values in chemical synthesis of Nd,Fe ,B/
o -Fe nanoparticles. It showed that the microwave-assisted
combustion method can better prepare metal oxides. The
controllable microstructure and magnetic properties need to
adjust the microwave power appropriately. Otherwise, higher
microwave power will result in larger grain size. To enhance
coercivity and improve thermal stability by increasing
magnetocrystalline anisotropy, heavy rare earth Dy substi-
tution on the magnetic properties was investigated in 20197,
The thermal stability of Nd-Fe-Co-Dy-B increased with the
increase of Dy content. The coercive force increased first and
then decreased after reaching the maximum value. Microwave
heating technology can not only provide the reaction
temperature for the synthesis of oxides but also reduce these
oxides to prepare Nd-Fe-B hard magnetic powder in the same
microwave chamber™,
synthesis of nanoscale magnetic powder.

The mechanism of microwave heating is the interaction
between an electromagnetic wave and a dipolar molecule, so
that the sample is heated evenly at the molecular level. In this

It can readily achieve one pot of

method, processing needs less time and consumes less energy.
Therefore, this is a promising method for obtaining a homo-
genous product. Nevertheless, microwaves easily couple with
materials with heat generation inside the processed material.
The inherent temperature gradient in microwave processing
can lead to overheating of materials and form coarse particles,
which will reduce the performance of materials.

1.4 Thermal decomposition method

The thermal decomposition reactions of organometallic
compounds and metal surfactant complexes are performed in
hot surfactant solutions in the presence of surfactants to
synthesize nanoparticles of various materials”®. Based on the
synthesis of high-quality semiconductor nanocrystals and
oxides in non-aqueous media by thermal decomposition””””,
different magnetic materials have also been developed by the
way. Dispersed magnetic nanoparticles with small size can be
obtained by thermal decomposition of organometallic
compounds in high boiling point organic solvents containing
stable surfactants®*". The organometallic precursors include
metal acetylacetonates [M(acac),], (M=Nd, Fe, Mn, Co, Ni,
Cr; n=2 or 3, acac=acetylacetonate), metal cupferronates
[MxCupx] (M=metal ion; Cup=N-nitrosophenylhydroxylamine,
CHN(NO)O-)* or carbonyls™. Fatty acids™, oleic acids™”,
and hexadecylamine™ are often used as surfactants.
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The metal acetylacetonates as precursors successfully
synthesized Nd,Fe ,B/a-Fe nanoparticles by chemical thermal
decomposition method in 2013 by Yu et al®. The next year,
they showed that high exchange coupled Nd,Fe B/Fe,B
composites were synthesized with a large coercivity of ~875.6
kA/m, and M/M,,=0.59"". In 2018, our group have success-
fully synthesized Nd,Fe B nanoparticles and presented the
reaction mechanism by the thermal decomposition
approach™. Table 1 shows the reaction mechanism of the
prepared Nd,Fe ,B. The acetylacetone salt and (C,H,),NBH,
are decomposed into Nd*, Fe**, Fe’", and BH,™ at 260~350 °C
to the form a simple metal nucleus (reaction 1~3). The metal
nucleus Nd combines with the unreduced metal oxides Fe,O,
to form NdFeO, under a constant flow of Ar+5% H, gas
(reaction in Eq.(4~5)). Moreover, some neodymium may react
with HBO, after hydrolysis to form NdBO, (reaction in
Eq. (6)). Eventually, the metal oxides (NdFeO,, NdBO,, Fe)
are reduced with CaH, to synthesize the Nd,Fe B phase
(reaction in Eq. (7~9)). In this method, to obtain uniformly
distributed nanoparticles and more hard magnetic phases, we
investigated the effects of B addition amount and reduction
diffusion time on magnetic powder"™. The results showed that
the H,Nd, phase was produced since the boron content was
low, and the particles would agglomerate when there was too
much boron. Excellent average grain size and magnetic
properties of Nd,Fe, B, can be obtained by adjusting the
appropriate reduction diffusion time, as shown in Fig. 5.
When the reduction and diffusion process is maintained for
180 min, the striped crystal plane of Nd can be clearly seen in
the HRTEM image. The crystal plane spacing is 0.440 nm (the
crystal plane (200)). The Nd-rich phase boundary appears at
the hard magnetic phase boundary which will hinder the
movement of the hard magnetic phase magnetic chip at the
phase boundary to increase the coercivity. The average grain
size of this region is measured to be 40.60 nm. It will affect
the exchange coupling between the grains and enhance the
magnetic energy product.

In general, the magnetic nanoparticles have good size
control, narrow size distribution and good magnetic properties
by thermal decomposition method, because the surfactant in
an organic solvent can inhibit the growth of the particles at a
certain temperature and time. However, due to the addition of

Table 1 Thermal decomposition reaction process'™ ™"

No. Reaction
2BH, + 4H,0 = 2BO, + 7H, 1
nBH; + 7M" " + 7nOH" = nBO; + 7TM + 5nH,0
2H" + 2BO; = 2HBO,
Fe,0, + H, & Fe + H,0
4Nd + 3Fe,0, = 4NdFeO, + 5Fe
2Nd + 2H,0 + 2HBO, = 2NdBO, + 3H, 1
4NdFeO, + 12CaH, = 2H,Nd, + 4Fe + 12Ca0 + 7H, 1
4NdBO, + 12CaH, = 2H,Nd, + 4B + 12Ca0 + 7H, 1
2H,Nd, + 28Fe + 2B = 2Nd,Fe ,B + 5H, 1

—_—

O 0 9 SO »n B~ W

Nd,Fe,,B
0.440nm(200)
\

ich;Nd phase —Sy

Average size: 40.60 nm b

Frequency/%

20 40 60 80 100
Partcicle Size/nm

Fig.5 HRTEM image (a) and average particle size distribution (b) of
nanocry-stalline Nd-Fe-B powders obtained by holding for

180 min®*”

organic matter, a large amount of preliminary cleaning is
required. Otherwise, the reduction of oxides and the diffusion
process of elements will be affected.

1.5 Mechanochemical method

The technique was originally developed in the mid-1960s to
produce oxide-dispersion strengthened superalloys and to
synthesize various alloy phases, including solid solutions,
quasicrystalline, crystalline phases and amorphous phases™.
In recent years, the mechanochemical technique has been
applied to the synthesis of various hard magnetic particles,
including Sm,Co,,, Nd,Fe B, LaCo., etc’®™,

In 2016, Pal® synthesized Nd,Fe, B for the first time
through the mechanochemical process with the coercivity of
about 955.2 kA/m and the grain thickness of 50~70 nm. The
reaction processes involved are as follows>'":

Nd,O, + 13Fe + FeB + 3Ca — Nd,Fe,,B + 3CaO or (10)

Nd,O, + Fe,O; + B,0, + 3Ca — Nd,Fe,,B + 3CaO

The mechanochemical process for the synthesis of Nd-Dy-
Fe-Co-B particles is shown in Fig. 6. In mechanochemical
processing, low-cost metal oxides are used as raw materials.
The metal oxide is well mixed with the reducing agent
calcium. In the process of mechanical high-speed ball
grinding, metal oxides are partially reduced and broken. The
desired tetragonal crystal structure of the Nd-Fe-B nano-
particles is observed after annealing. The addition of Co atoms
replaced some Fe atoms, which increased the Fe-Fe atomic
spacing and the exchange between 3d-3d, and the magnetic
properties were maintained at high temperatures®’". Part of
the existing Co atoms combined with Nd and Fe atoms to
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Mixed oxides
(Nd:0s, Dy;0s,
Fe,0s, C0O, B20s)

ags
Reducing agent (Ca)

2‘ Physical
g 3 deformation

& -, -

+
Dispersant (Ca0) “ Chemical
% reaction

Fig.6

form a soft magnetic phase at the grain boundary. This soft
magnetic phase reduced the coercivity of the material. There-
fore, the addition of rare earth elements Dy to replace rare
earth elements will cause Nd-Fe-B microstructure changes
that maintain the performance of coercivity” ™. In a word,
partial substitution of the Nd element affects the formation of
new phases at the Nd-Fe-B grain boundary, which is condu-
cive to the isolation of adjacent hard magnetic grains, and then
increases coercivity™®. It has been reported that substitution
of a small amount of Fe by Cr in Nd,(Fe,,;Co,Cr,,)B is

9 There are two

also helpful to increasing the coercivity
reasons for substituting small amounts of Cr for Fe: one is to
increase coercivity and the other is to improve corrosion
resistance.

low-cost and

The mechanochemical method is a

scalable process to produce high coercivity Nd-Fe-B
magnetic nanoparticles because the raw materials are
cheap and the preparation rote is simple. More importantly,
this technology has also been applied to the recovery
of different rare earth elements in the Nd-Fe-B magnet,
which is of great significance for the future research of

recycling””*",

500 nm

Fig.7

decomposition®™ (d), and mechanochemical method™" (e)

Schematic of the mechanochemical process for the synthesis of Nd-Dy-Fe-Co-B particles

SEM images of Nd,Fe B nanostructures by sol-gel™! (a), auto-combustion

| Vacuum gy I —)

850 °C, 90 min

[92]

2 Microstructure and Magnetic Properties of Nd-Fe-
B Nanoparticles Prepared by Different Chemical
Methods

In order to study the relationship between microstructure
and magnetic properties of Nd-Fe-B nanoparticles prepared by
different chemical methods, the SEM micrographs of the
powder are shown in Fig.7. Fig.7a shows the microstructure
of Nd-Fe-B prepared by sol-gel method. It can be seen that the
bulk and flake grains are clustered together and the grain size
and direction are not uniform, which might lead to the
formation of reverse magnetic chips, reducing the residual
magnetization of the magnet. When using automatic
combustion preparation, it can be observed from Fig.7b that
the adhesion phenomenon occurs between grains, which
might be due to insufficient combustion of organic matter in
the combustion process, or the phenomenon of grain fusion
due to too high combustion temperature. Similarly, combined
with the SEM image in Fig. 7c, it can be seen that in the
microwave-assisted combustion process, the aggregation of
particles is more serious and the grain boundaries are blurred.
There are a large number of voids in this area, which decrease
the magnetic energy product of the magnet. Therefore, it is

571 (b), microwave-assisted combustion®™ (c), thermal
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Table 2 Summary of preparation of Nd,Fe ,B magnetic nanoparticles by the chemical method after wash

Method Phase H./KA- m’ (BH),,,./kJ- m” Average grain size/nm Ref.
Sol-gel Nd,Fe, B 74.7 159.2 60 [44]
Sol-gel Nd;Fe, BINGFe, 264.3 127.4 30~65 [99]

a-Fe
Auto-combustion Nd,Fe, B ~261.3 ~43 100~150 [57]
Microwave Nd,Fe, B /Nd,Fe ./o-Fe 262.7 28.4 ~80 [49]
Microwave Nd,Fe, B /a-Fe 716.4 41.4 62 [43]
Thermal decomposition Nd,Fe, B /a-Fe 460.9 20 31 [53]
Thermal decomposition Nd,Fe, B /Fe,B ~884 ~199 10~25 [50]
Mechanochemical Nd,Fe, B /a-Fe 262.7 - 100 [34]
Mechanochemical Nd,Fe, B 366.2 - 60~140 [35]

necessary to control the heating power to improve the stability
of the process during the microwave heating process. Fig.7d
shows the microstructure of the magnetic powder synthesized
by thermal decomposition method. The crystal grains in this
area are uniformly distributed in layers. The original dispersed
particles formed blocks through the process of reduction and
diffusion, and the lamellar structure grows further. The surface
of the cube is wrapped in new phases, and the continuous
grain boundary begins to fuse together at high temperatures.
Based on mechanochemical method, some intact tetragonal
grains and partially damaged particles can be seen in Fig. 7e.
At the same time, in the scanning area, it can be observed that
there are unevenly distributed small particles around the large
particles. These grain structures are deformed and dislocated
during the mechanical ball milling process, which changes the
anisotropy of the Nd-Fe-B crystal and the anisotropy of the
Nd-Fe-B tetragonal crystal. It reduces the magnetic energy
product and uniform distribution of magnetic powder.

Table 2 summarizes the phase composition, magnetic
properties, and average grain size of Nd,Fe B powders
synthesized by different chemical methods from the literature
of recent years. It shows that the maximum coercivity of
460.9 kA/m is synthesized by thermal decomposition. The
high coercivity is due to the fact that the average crystal grain
size (~20 nm) is close to the width of the domain wall to form
a single domain body. In addition, in the case of a single
domain body, because the adjacent atoms of the hard magnetic
and soft magnetic phases are in direct contact, the magnetic
moment of the hard magnetic grain atoms is along the
direction of magnetization, the anisotropy of the soft magnetic
is low, and the hard magnetic phase forces the atomic
magnetic moment of the soft magnetic grain to be consistent
with that of the hard magnetic phase, so that the soft magnetic
grain is transformed into the hard magnetic grain. Therefore,
the coercivity of the magnetic powder is improved. The
e =159.2 kJ/m’ was
synthesized by the sol-gel method because of nanocomposite
magnets consisting of a mixture of exchange coupled hard and
soft phases and narrow grain size distribution. Considering the
cost of synthesis, the mechanochemical method only needs
metal oxide as raw material, two-step synthesis of hard

excellent maximum energy product (BH)

magnetic phase through high-energy ball milling and
reduction diffusion process. However, according to the
microstructure image in Fig.7 and the results in Table 2, it is
revealed that the size of the powder synthesized by
mechanochemical method is about 100 nm, and the large
average grain size powder will affect the magnetic property
inconsistence of the product. In terms of energy consumption
and time, microwave-assisted combustion and auto-
combustion make full use of spontaneous combustion reaction
to reduce external heating energy, while the synthesis time is
shorter than other methods. It should be considered that
control of combustion temperature and rate is necessary to
prevent the occurrence of wide grain size distribution and soft

magnetic phase.
3 Conclusions and Perspectives

This study introduces the process flow, microstructure and
magnetic properties of Nd-Fe-B prepared by chemical
methods in recent years. The synthesis of Nd-Fe-B magnetic
powder is important for high performance permanent
magnet and production cost. Thus, thermal decomposition
method and mechanochemistry method are more in line with
the actual product production needs in these chemical
methods.

Research on nanoparticles in hard magnetic materials is
expected to optimize the phase composition and grain size
distribution, which can increase the exchange coupling effect
of hard magnetic phase and soft magnetic phase, and improve
the coercive force and magnetic energy product of the magnet.
Also, for future applications, the mechanical properties of
nanoparticles synthesized magnets are expected to be better
than those of very brittle classic sintered magnets. However,
the synthesis of high-quality Nd-Fe-B hard magnetic
nanoparticles is practically still a challenge. It is necessary to
synthesize Nd-Fe-B nanoparticles by the green chemical
method. Besides, extensive studies are needed to maintain the
stability
agglomeration or precipitation.

long-term and purity of powder without
For Nd,Fe, B magnetic
powder sensitive to air or water, we should develop effective
strategies to improve its chemical stability, such as adding

metal Co, Dy, Cr. We expect that Nd-Fe-B hard magnetic



1260

Meng Qingyu et al. / Rare Metal Materials and Engineering, 2022, 51(4):1253-1262

nanoparticles will occupy more important positions in the
functional material field.
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