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rostructure and formation
mechanism of Nd-Fe-B nanoparticles prepared by
low energy consumption chemical method

Yaozu Guo,a Dong Zhao,b Junhua You, *a Wenli Pei,*b Yingdong Qu,a

Xiaoyang Wangb and Qingyu Menga

Nd2Fe14B nanoparticles were successfully prepared by using a low-energy chemical method. The microscopic

characteristics and formation mechanisms of the phases were investigated at each stage during the preparation

of Nd-Fe-B nanoparticles. The Nd-Fe-B intermediates, Nd-Fe-B oxides and reduced Nd-Fe-B nanoparticles

were detected and analyzed by using TEM, STEM, XRD, SEM, VSM and Rietveld calculations. The results

showed that the intermediate of Nd-Fe-B consisted of Fe3O4 and Nd and Fe elements surrounded by nitrile

organic compounds. The Nd-Fe-B oxide was composed of NdFeO3 (48.619 wt%), NdBO3 (31.480 wt%) and

a-Fe (19.901 wt%), which was formed by the reaction among Nd, Fe3O4 and B2O3. NdFeO3 and NdBO3

exhibited a perovskite-like lamellar structure, and the grain size was smaller than that of a-Fe. Nd-Fe-B

particles were mainly composed of Nd2Fe14B and a-Fe phases. The small particles of NdFeO3 and NdBO3 and

the interstitial position between oxide particles and a-Fe were more favorable for the formation of Nd2Fe14B

particles. At the same time, the surface of a-Fe particles can also diffuse to form Nd2Fe14B nanoparticles. The

coercivity of Nd-Fe-B particles was 5.79 kOe and the saturation magnetization was 63.135 emu g�1.
1. Introduction

In recent years, synthesis of magnetic nanostructures has been
investigated for various permanent magnet (PM) applications
due to their unique structural, electrical and magnetic proper-
ties.1–4 PMs are widely used inmodern energy conversion devices,
such as electric vehicles, wind turbine generators, information
storage, energy conversion systems, etc.5–10 In particular, the Nd-
Fe-B based PMs present the best magnetic properties, which can
make these devices and systems smaller, lighter andmore energy
efficient.11,12 At present, the main methods for preparing Nd-Fe-B
alloys are metallurgical methods,13 such as arc melting,14,15 high
energy ball milling,16 mechanical alloying17 and rapid quench-
ing.18 However, there are many disadvantages with these prepa-
ration methods. For example, the process is complex, the
production cost is expensive, and the particle size distribution of
the prepared powder is wide and irregular.

To avoid these shortcomings, scientists have investigated top-
down synthetic methods, such as chemical synthesis.19 The
chemical synthesis method has many advantages, including
simple process, easy operation, and low cost. Moreover, the
synthesis method can control the size of Nd-Fe-B nanoparticles
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by regulating the size of Nd-Fe-B intermediate grains.20,21 P. K.
Deheri et al.22 reported a preparation method for Nd2Fe14B in
which the precursor of Nd-Fe-B was prepared by sol–gel method,
then burned to form Nd-Fe-B oxide and nally reduced to
Nd2Fe14B nanoparticles by CaH2. From the point of view of
reaction thermodynamics, some chemical reactions were
proposed, and nally Nd2Fe14B/a-Fe exchange coupled nano-
particles were prepared. The coercivity of the product was as high
as 3.9 kOe. Subsequently, P. K. Deheri et al.23 continued this
research using the sol–gel method, and further proposed that
there were two kinds of competitive reaction mechanisms in this
method, and then improved the efficiency of the combined
reaction and purity of Nd2Fe14B by adding amorphous B. Finally,
the magnetic properties were increased to 9.125 kOe. H. X. Ma
et al.24 proposed a nitrate based method for the preparation of
Nd2Fe14B nanoparticles. In this method, Nd-Fe-B oxides were
prepared by using the combustible characteristics of nitrate
itself, and Nd2Fe14B nanoparticles were successfully prepared by
CaH2 reduction. The coercivity of the product was 3.283 kOe. On
the basis of the abovemethods, V. Swaminathan et al.25 improved
the method and prepared Nd-Fe-B oxide and Nd-Fe-B nano-
particles by microwave assisted combustion. Based on the works
of the above two teams, H. Parmar et al.26 changed the microwave
power and further improved the technology. Consequently,
Nd2Fe14B nanoparticles were prepared with coercivity of 8 kOe.

Low energy consumption chemical method is a potential
preparation method for Nd-Fe-B nanoparticles. The greatest
advantage of this method is that the chemical preparation
This journal is © The Royal Society of Chemistry 2018
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process is simpler than the above methods. J. H. Jung27 rst
reported the feasibility of this method, but further develop-
ments on this method have not been reported since then.
Moreover, some details of this method are still not clear, such as
the reaction mechanism and evolution process of microstruc-
ture. In this paper, Nd-Fe-B nanoparticles were prepared by an
optimized low energy chemical method. The following issues
were investigated in depth: (1) the formation mechanism of the
Nd-Fe-B intermediate; (2) the change in microstructure aer
annealing and reduction diffusion; (3) the structures of Nd-Fe-B
oxide and Nd2Fe14B nanoparticles. This work is expected to
provide better understanding of the preparation of Nd2Fe14B
nanoparticles by low energy consumption chemical method.

2. Experimental procedure
2.1 Synthesis of Nd-Fe-B intermediates by chemical method

Nd-Fe-B nanoparticles were prepared by low energy consump-
tion chemical method. In a typical procedure, 60 mL of oil
ammonia (Aladdin, 80–90%) solution was added to a three-
necked ask. Then, 4.5 mmol of neodymium acetylacetonate
(Nd(acac)3, $98%) and 4.5 mmol of iron acetylacetonate
(Fe(acac)3, $99%) were dissolved in oil ammonia in a glove box
lled with high-purity argon. The solution was heated at 50 �C
for 20 min, and then heated to 120 �C for 60 min to remove
physically adsorbed water. Then, 2.5 mmol (C2H5)3NBH3 (97%,
0.5 g mL�1) was injected into the solution quickly and the
condenser tube was attached to the ask. Aer this, the
temperature was raised to 350 �C. The reaction mixture was
stirred continuously for 90 min, and then cooled down to room
temperature. The Nd-Fe-B intermediate was obtained as black
particles aer centrifugation with ethanol/n-hexane mixed
solution and stored in n-hexane solution until further analyses.

2.2 Preparation of Nd-Fe-B oxides by annealing

The Nd-Fe-B intermediate was placed in an alumina crucible
and transferred to a vacuum tube furnace under constant ow
of 95% Ar/5% H2 gas. The particles were heated at 120 �C for
60 min to remove the residual n-hexane and ethanol. Then, the
furnace was heated to 750 �C at 5 �C min�1 and held at this
temperature for 120 min, aer which the furnace was cooled
naturally to room temperature. This process resulted in the
formation of grey and black particles of Nd-Fe-B oxides.

2.3 Preparation of Nd2Fe14B nanoparticles by reductive
diffusion of Nd-Fe-B oxides

Nd-Fe-B oxide particles were rst ground in a glove box for
20 min. Then, CaH2 (Aladdin, $95%) was added to the mixture
at 1 : 1.5 wt% ratio and the whole mixture was additionally
ground for another 10 min. Then, the powder was pressed into
a compact pellet under the pressure of 160 MPa for 2 min. The
pressed pellets were placed in alumina crucibles and trans-
ferred into a vacuum tube furnace. Then, the vacuum tube
furnace was evacuated and ushed with high purity Ar gas
($99.999%) three times. The temperature was increased to
930 �C for 120 min at the rate of 5 �C min�1, and then cooled to
This journal is © The Royal Society of Chemistry 2018
room temperature. The pellets were quickly transferred into the
glove box, crushed, and then ground for 30 min. The ground
sample was then washed with 200 mL deionized water to
remove the by-product of CaO. Finally, the sample was rinsed
with acetone to remove water and stored in n-hexane solution
containing 20 mL of oil ammonia.

3. Characterization

The microstructure was observed by JEOL transmission electron
microscope (JEOL TEM 2010, 200 kV) and X-ray energy dispersive
spectrometer (EDS). Phase analysis was performed by X-ray
diffraction (XRD) using Bruker (D8-Advance) diffractometer
under Cu Ka radiation (l¼ 0.154 nm) over the 2q range of 20–80�

with 0.01� step size and 5� min�1 scanning speed. The
morphology and elemental composition of Nd-Fe-B oxide and
Nd-Fe-B particles were analyzed by scanning electronmicroscope
(SEM, Gemini SEM 300) coupled with EDS (operating at 15–20
kV). The XRD parameters of Nd-Fe-B oxides and Nd-Fe-B particles
were rened byGASA soware, and the content of each phase was
determined by Rietveld method. The Nd2Fe14B cell structure was
constructed by Diamond soware. Room temperature magnetic
measurements were performed up to 22 kOe using vibrating
sample magnetometer (MicroSense VSM EZ9).

4. Results and discussion
4.1 Phase composition and formation principle of Nd-Fe-B
intermediate

It can be seen from Fig. 1(a) that the Nd-Fe-B intermediate
mainly contains rhombohedral and cubic shaped large particles
as well as occulent substances. From the results of XRD
analysis, Fe3O4 (75-0033) was found to be the main substance
with higher crystallinity in Nd-Fe-B intermediate. In addition,
there were small characteristic peaks of HBO2 (09-0015) and
FeO (06-0615). The other substances were amorphous. HBO2,
FeO and Fe3O4 were obtained from the thermal decomposition
of (C2H5)3NBH3 and Fe(acac)3.28 The main reason for the
formation of crystal particles in Fe3O4 was that Fe(acac)3 began
to undergo thermal decomposition rapidly at 300 �C. Fe3O4

formed a cube or rhomboid depending on the heating rate of
the intermediate. This is because the cubic phase and rhombic
phase are formed in favor of Fe3O4 grains at the heating rate of
15–35 �C min�1 (ref. 29 and 30) when the typical Fe(acac)3
thermal decomposition occurs. The size distribution of the
Fe3O4 grains was about 10 nm–35 nm, and the average particle
size was about 22.63 nm. However, no phase associated with Nd
was observed in either the XRD diffraction pattern or the TEM
image. Therefore, the occulent organic matter in Nd-Fe-B
intermediate was further analysed, as shown in Fig. 1(c). It
can be seen from the gure that the occulent matter around
the large Fe3O4 (0.148 nm (440)) grains showed a network
structure. Also, the presence of ne grains with stripes can be
observed in this structure. This indicates that the occulent
matter contained crystal particles.

EDS analysis was employed to further analyze the elements
present in organic compounds. The cubic region (1) and organic
RSC Adv., 2018, 8, 38850–38859 | 38851
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Fig. 1 TEM image (a) and XRD pattern (b) of the Nd-Fe-B intermediate. (c): HRTEM image of red selected area in (a). (d): Particle size distribution
of Nd-Fe-B intermediate.
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region (2) were selected for analysis in the Nd-Fe-B intermediate.
The results are shown in Fig. 2(c) and (d). From the scan results, it
was found that selected area (1) containedmainly three elements,
Nd, Fe and O, with the atomic percentage of 3.39%, 22.42%, and
74.19%, respectively. It can be seen that in addition to O element,
Fe was the main element in this area. Therefore, the cube was
mainly Fe3O4 grain. Selected area (2) contained three main
elements, Nd, Fe and O, with the atomic percentage of 8.18%,
9.00%, and 82.82%, respectively. It can be seen that the occu-
lent substances contained elements Nd and Fe in addition to
organic matter. This is because, when the temperature reached
320 �C during the reaction process, (C2H5)3NBH3 also began to
decompose in addition to acetylacetone.

Then, the (C2H5)3N–BH3 bond fractured and the H atom in
BH3

� began to break apart (thermal decomposition tempera-
ture: 260–350 �C),31–35 which partly participated in the reduction
of the oxide nucleus, to form the simple metal nucleus (M).36,37

Moreover, as the oleamine solution was weakly alkaline, the
following reactions likely occurred:38,39

2BH3
� + 4H2O ¼ 2BO2

� + 7H2[ (1)

nBH3
� + 7Mn+ + 7nOH� ¼ nBO2

� + 7M + 5nH2O (2)

H2 + 2BO2
� ¼ 2HBO2 (3)

Therefore, when Fe(acac)3 and Nd(acac)3 began to undergo
thermal decomposition, some of the metal oxide particles were
reduced to metallic elements by BH3

�. Besides, oil ammonia
may undergo metal ion-induced oxidation to nitriles, which can
function as an entrapment agent to encapsulate metal
elements, as reported by Chen and Osterloh's group.40–45 The
mechanism of reaction involved in this experiment is shown in
38852 | RSC Adv., 2018, 8, 38850–38859
Fig. 2(b). Oil ammonia can be oxidized to nitriles by Nd and Fe
particles, and encapsulated on the surface of metal, thus
inhibiting the growth of Nd and Fe. Therefore, Nd and Fe
elements can be detected in organic compounds. However, due
to the small amount of (C2H5)3NBH3 and higher activity of Nd3+,
BH3

� preferentially reacts with Nd3+. Consequently, some Fe3O4

grains could not be completely reduced, and larger Fe3O4

particles were formed as a result of further growth. In addition,
a small amount of HBO2 was also formed (reaction (3)).
4.2 Characteristics and formation principle of Nd-Fe-B
oxides

Heat treatment of the Nd-Fe-B intermediate at 750 �C under
constant ow of 95% Ar/5% H2 gas resulted in the formation of
oxide phases of NdFeO3, NdBO3 and a-Fe, as shown by the XRD
pattern in Fig. 3. The results of Rietveld renement indicate
a mixture of three phases: 48.619 wt% of NdFeO3 (a¼ 0.5585 nm,
b ¼ 0.7758 nm, c ¼ 0.5447 nm), 31.480 wt% of NdBO3 (a ¼
0.6298 nm, b ¼ 0.6544 nm, c ¼ 0.6546 nm), and 19.901 wt% of a-
Fe (a¼ 0.2286 nm, b¼ 0.2286 nm, c¼ 0.2286 nm). The reactions
involved in this process can be represented as follows:

Fe3O4 + 4H2 b 3Fe + 4H2O (4)

4Nd + 3Fe3O4 ¼ 4NdFeO3 + 5Fe (5)

2Nd + 3H2O + B2O3 ¼ 2NdBO3 + 3H2[ (6)

Due to the presence of a large number of Fe3O4 particles in
the Nd-Fe-B intermediates, reaction (4) occurs at high
temperature and Fe3O4 is reduced by H2 to form a-Fe. The
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 EDS analysis of the Nd-Fe-B intermediate phases. (a) SEM micrograph showing selected areas (1) and (2). (b): The schematic of the
reactions. (c): Point-scan elements distribution and their percentages. (d): Surface scanned elements distribution and their percentages.
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organic matter decomposes with the removal of the owing
gas, and the elemental Nd is released, which reacts with
Fe3O4 to form NdFeO3 at 750 �C. As the free energy (DG) of
Fig. 3 XRD pattern and Rietveld refinement of Nd-Fe-B oxides. Black poi
line indicates the difference between calculated and observed data.

This journal is © The Royal Society of Chemistry 2018
reaction (5) is �1888 kJ mol�1 (calculated by HSC Chemistry
soware), it is evident that reaction (5) can easily occur at
750 �C. At the same time, a small amount of HBO2 is
nts represent observed data and red line represents the fitted data. Blue

RSC Adv., 2018, 8, 38850–38859 | 38853
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dehydrated at high temperature to form B2O3. Then, B2O3

reacts with Nd to form NdBO3.46

Fig. 4(a) shows that Nd-Fe-B oxides were a mixture of large
cubic particles and many lamellar particles. A large amount of
occulent material was also observed between grains. The
elements of the selected region in Fig. 4(a) were further
analyzed to distinguish the grains in the mixture. The results
show that Fe element was the main element in the cube. Thus,
the selected area was a-Fe particles, as shown in Fig. 4(b). The
lamellar structure in selected area (1) was mainly composed of
Nd, Fe, O and B (19.12, 18.62, 52.25, and 10.01 at%, respec-
tively). According to Fig. 3, this region was mainly composed of
NdFeO3 and NdBO3. In addition, NdFeO3 and NdBO3 showed
lamellar structure of perovskite and pseudovaterite.47,48 These
regions were mainly formed by reactions between tiny metallic
grains generated aer decomposition of organic matter. Thus,
the NdBO3 and NdFeO3 grain sizes were relatively small aer
the reaction. The occulent material of selected region (2)
consisted mainly of elements Nd, Fe, O, C, and B (11.18, 11.52,
29.16, 43.06, and 5.08 at%, respectively), indicating that the
region contained a lot of C-compounds. This is because organic
matter was not completely decomposed at high temperatures to
form carbides. Some carbides were also coated on the surface of
the particles.
Fig. 4 SEM images of the Nd-Fe-B oxides obtained from the Nd-Fe-B in
EDS analysis shown in (b), (1) and (2) EDX analysis of selected areas (1) a

38854 | RSC Adv., 2018, 8, 38850–38859
4.3 Characteristics of Nd-Fe-B powders obtained by
reduction-diffusion

Aer washing with deionized water, the reduced annealed
powder mainly consisted of cubic particles and irregular small
particles. In addition, there were some lamellar particles as
shown in Fig. 5(a). The original dispersed particles formed
blocks through the process of reduction and diffusion, and the
lamellar structure grew further. The surface of the cube was
wrapped in new phases, and the contiguous grain boundary
began to fuse together at high temperatures.

EDS analysis was carried out in the regions of lamellar
particles and cubic gaps. Inter-metallic uniform diffusion of
Nd, Fe and B elements into each other was observed aer the
reduction treatment. Based on the atomic percentage, it was
determined that the region was mainly Nd2Fe14B intermetallic
compound, as shown in Fig. 5(b) and (c). It can be seen from
the selected area in Fig. 5(d) that there were some irregular
particles attached on the surface of the cubic grain. The
Nd2Fe14B nanoparticles were formed on the surface and edges
of the cubic a-Fe grains. Aer reduction, the Nd2Fe14B nano-
particles fell from the a-Fe grains, leaving behind pits on the
surface and edges of the grains (see Fig. 5(d)). From EDS
analysis of Fig. 5(d), it was evident that the cubic particle was
a-Fe particle.
termediates after annealing. (a) SEM image of the area selected for the
nd (2).

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 SEM images (a–d) and EDX-mapping of the Nd-Fe-B nanoparticles after removing CaO with deionized water.
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Fig. 6 shows that the Nd-Fe-B powders aer reduction-
diffusion mainly contained two kinds of particles, 74.798 wt%
of Nd2Fe14B (a¼ 0.8770 nm and c¼ 1.2160 nm) and 25.202 wt%
of a-Fe (a ¼ b ¼ c ¼ 0.290 nm). Nd2Fe14B lattice parameters
calculated from Rietveld renement were found to be a ¼
0.8770 nm and c ¼ 1.2160 nm. These values were comparable
This journal is © The Royal Society of Chemistry 2018
with earlier reports.21 The following reactions likely occurred in
the process.48

4NdFeO3 + 12CaH2 ¼ 2H5Nd2 + 4Fe + 12CaO + 7H2[ (7)

4NdBO3 + 12CaH2 ¼ 2H5Nd2 + 4B + 12CaO + 7H2[ (8)
RSC Adv., 2018, 8, 38850–38859 | 38855
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Fig. 6 XRD pattern and Rietveld refinement result of Nd-Fe-B powders after reduction-diffusion at 930 �C, followed by removal of CaO
byproduct.
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2H5Nd2 + 28Fe + 2B ¼ 2Nd2Fe14B + 5H2[ (9)

Due to the strong reducibility of CaH2, NdFeO3 andNdBO3were
reduced to H5Nd2, Fe and B at high temperature. Reaction (7)
occurred when the temperature was 310–360 �C, and reaction (8)
occurred when the temperature reached 600 �C. Finally, there was
a combination reaction (reaction (9)) between the phases to form
Nd2Fe14B nanoparticles when the temperature reached 730 �C.27,48
Fig. 7 Structure of Nd2Fe14B by GASA, the values are obtained from Rie

38856 | RSC Adv., 2018, 8, 38850–38859
Fig. 7 shows that Nd2Fe14B cell was composed of four
Nd2Fe14B units consisting of 68 atoms with a P42/mnm struc-
ture. The Nd atoms were located in the three layers of unit cell,
upper, middle and lower, with four atoms distributed per layer.
The distance between the upper and lower Nd atoms was 5.373
Å. The nearest distance between Nd and Fe atoms was 3.111 Å
and the distance between Fe and B atoms was 2.201 Å. The
boron atoms were embedded in the octahedron center of the Nd
and Fe atoms, and the B element was located in a plane at the
tveld refined crystallographic parameters of Nd2Fe14B.

This journal is © The Royal Society of Chemistry 2018
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center of the three Nd protons, as shown in Fig. 7(a). Due to the
existence of magnetically active 3d elements (Fe) with the trig-
gering presence of magnetic moments, the presence of the B
atom greatly increased the possibility of mobile magnetism.48

The distance between the Nd atoms in the intermediate layer of
the unit cell was 3.698 Å. The B atom was located at the center of
the 8 iron atoms. The distance between Fe and B atoms was 2.08
Å, and the distance between Nd and B atoms was 2.794 Å. At this
point, the B atom constructed a magnetic distance exchange
bridge between the Nd and Fe atoms, which optimized the
bonding ability between the atoms. This enhancement of the
bonding ability helped to stabilize the structure.49 In addition,
the distance between Fe and the nearest neighbor of Fe also
affected the magnetic moment of Nd2Fe14B. The shortest
distances between Fe and the surrounding Fe atoms in the cell
structure were 2.382 Å and 2.443 Å. The shortest atomic
distances in this study were slightly smaller than previously
reported values (0.239 nm and 0.244 nm).50 This decrease in
interatomic distance resulted in reduction of the intrinsic
magnetic moment.

As seen in Fig. 8(a), the size distribution range of the Nd-Fe-B
nanoparticles with an average grain size of 31 nm was 5–75 nm.
The size of the Nd-Fe-B nanoparticles was mainly concentrated
in the range of 25–30 nm. Nd-Fe-B powder contained a small
amount of large particles, and the surface of the particles was
Fig. 8 (a) TEM image of Nd2Fe14B/a-Fe nanoparticles produced by re
nanoparticles.

This journal is © The Royal Society of Chemistry 2018
partially covered with defects. This was due to the formation of
Nd2Fe14B nanoparticles on the surface and their subsequent
removal, leaving behind the defects. The HRTEM image of the
selected area (1) shows that the area contained elemental a-Fe
particles with a crystal plane spacing of 0.202 nm, which can be
assigned to the (110) lattice plane of a-Fe, Fig. 8(B). At the same
time, HRTEM analysis of the interstitial region between the
particles showed that the region was mainly composed of
Nd2Fe14B, and the lattice spacing was 0.271 nm, which corre-
sponded to the (311) plane of Nd2Fe14B, Fig. 8(c). The high
resolution detection showed that the area (3) of powder block
leveling had obvious polycrystalline properties. The crystal
spacing between 0.271 nm and 0.238 nm was mainly the (311)
and (303) planes of Nd2Fe14B, Fig. 8(d). The (110) lattice plane of
a-Fe was also observed, and the crystal plane spacing was
0.202 nm. This is because the diffusion reaction occurred slowly
and the powder composition aer reduction was not uniformly
distributed, which resulted in the diffusion reaction shiing
towards the favorable direction. Therefore, a small amount of a-
Fe nanoparticles were encapsulated in the center of the
Nd2Fe14B block.

From the VSM results in Fig. 9, it can be seen that coercivity,
saturation magnetization and the maximum magnetic energy
product (BH)max of Nd2Fe14B/a-Fe powder were 5.79 kOe, 63.135
emu g�1 and 2.515 MGOe, respectively. The remanence value
duction-diffusion process, (b)–(d) HRTEM images of Nd2Fe14B/a-Fe

RSC Adv., 2018, 8, 38850–38859 | 38857
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Fig. 9 (a) Henkel plots of Nd2Fe14B/a-Fe synthesized sample. Inset: Enlarged view of magnetic hysteresis loops at lowmagnetic field. (b) Second
quadrant B–H curves for the samples.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:1

4:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was determined to be 45.071 emu g�1. As can be seen from the
images in Fig. 8, there were also tiny regions of a-Fe located in
the Nd2Fe14B block. Also, a small amount of a-Fe had a large
grain size, which resulted in its incomplete reduction-diffusion
reaction. At the same time, it can be seen from the demagne-
tization curve of the second phenomenon that the coercivity of
the powder decreased rapidly when the applied magnetic eld
was reversed. This is because there were very few independent
a-Fe particles in the powder. As the size of these so magnetic
particles was about 50 nm, their coupling effect with Nd2Fe14B
hard magnetic particles was relatively weak. When the magnetic
eld was reversed, the magnetic moments of the a-Fe nano-
particles rotated rapidly, resulting in a rapid decrease in the
coercivity of the sample. However, there was no obvious step in
the hysteresis loop due to the presence of a large number of
small size a-Fe nanoparticles. There are many small size
nanocrystals in the sample, which is one of the reasons why the
sample's coecivity is not so large. According to Feng et al.,51

when grain size is #20 nm, the coercivity noticeably decreases;
Sun et al.52 further reported that when grain size # 15 nm, the
coercivity decreases rapidly, with a reasonable explanation
given by theoretical calculation. In addition, some Nd-Fe-B
nanoparticles were oxidized during the measurement of
magnetic properties, which results into a lower (BH)max in this
sample.
5. Conclusions

In summary, Nd2Fe14B nanoparticles were successfully synthe-
sized by a low-energy chemical method. The Nd-Fe-B interme-
diate was rst synthesized and was composed of two parts, one
of which was Fe3O4 nanoparticle, and the other part was
composed of Nd and Fe elements encapsulated by nitrile
organic matter. Nitrile organics were decomposed and Nd and
Fe elements were released respectively during annealing.
Moreover, Nd and Fe elements reacted with Fe3O4 and B2O3
38858 | RSC Adv., 2018, 8, 38850–38859
nanoparticles to form NdFeO3 and NdBO3 phases with perov-
skite lamellar structure. In addition, some Fe3O4 grains were
reduced to a-Fe phases. Aer reductive diffusion, there were
a large number of lamellar Nd2Fe14B grains in the Nd-Fe-B
nanoparticles because the NdBO3 and NdFeO3 small particles
were reduced more easily during the process of reduction and
diffusion. In addition, Nd2Fe14B nanoparticles were also formed
on the surface of a-Fe grains by diffusion. The coercivity of Nd-
Fe-B nanoparticles was as high as 5.79 kOe, and the saturation
magnetization was 63.135 emu g�1.

Conflicts of interest

The authors have no conicts to declare.

Acknowledgements

This research was nancially supported by the National Natural
Science Foundation of China (Grant No. 51871045, 51401130)
and the Program for Liaoning Innovative Research Team in
University (Grant No. LT2015020).

Notes and references

1 V. M. Williams, T. Prakash, K. John, V. Chong and
S. Rubanov, J. Magn. Magn. Mater., 2018, 460, 229–233.

2 T. Prakash, V. M. Williams, K. John and S. Rubanov, J. Appl.
Phys., 2016, 120, 734–781.

3 T. Prakash, V. M. Williams, K. John and S. Rubanov, J. Appl.
Phys., 2016, 667, 255–261.

4 K. Kaviyarasu, P. P. Murmu, J. Kennedy, F. T. Thema,
D. Letsholathebe, L. Kotsedi and M. Maaza, Nucl. Instrum.
Methods Phys. Res., Sect. B, 2017, 409, 147–152.

5 S. De, M. Rajne, S. Poosapati, C. Patel and K. Gopakumar, IET
Power Electron, 2012, 5, 124–133.

6 A. G. Jack, B. C. Mecrow and J. A. Haylock, IEEE Trans. Ind.
Appl., 1996, 32, 889–895.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra08271e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:1

4:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
7 P. E. Kakosimos, A. G. Sarigiannidis, M. E. Beniakar,
A. G. Kladas and C. Gerada, IEEE Trans. Ind. Electron.,
2014, 61, 4315–4325.

8 W. Cao, B. C. Mecrow, G. J. Atkinson, J. W. Bennett and
D. J. Atkinson, IEEE Trans. Ind. Electron., 2012, 59, 3523–
3531.

9 M. E. Beniakar, A. G. Sarigiannidis, P. E. Kakosimos and
A. G. Kladas, IEEE Trans. Magn., 2014, 50, 665–668.

10 M. Villani, M. Tursini, G. Fabri and L. Castellini, IEEE Trans.
Ind. Electron., 2012, 59, 2073–2081.

11 O. Guteisch, M. A. Willard, E. Brück, C. H. Chen,
S. G. Sankar and J. P. Liu, Adv. Mater., 2011, 23, 821–842.

12 S. Singamaneni, V. N. Bliznyuk, C. Binek and E. Y. Tsymbal,
J. Mater. Chem., 2011, 21, 16819–16845.

13 K. Gschneidner, A. Russell, A. Pecharsky, J. Morris, Z. Zhang,
T. Lograsso, D. Hsu, C. H. Lo, Y. Ye, A. Slager and D. Kesse,
Nat. Mater., 2003, 2, 587–591.

14 A. Inoue, B. Shen, A. Koshiba, H. Kato and A. R. Yavari, Nat.
Mater., 2003, 2, 661–663.

15 J. J. Kim, Y. Choi, S. Suresh and A. S. Argon, Science, 2002,
295, 654–657.

16 H. G. Cha, Y. H. Kim, C. W. Kim, H. W. Kwon and Y. S. Kang,
J. Phys. Chem. C, 2007, 111, 1219–1222.

17 H. W. Kwon and I. C. Jeong, Phys. Status Solidi A, 2010, 201,
1921–1925.

18 J. J. Croat, J. F. Herbst, R. W. Lee and E. F. Pinkerton, J. Appl.
Phys., 1984, 44, 148–149.

19 H. G. Cha, Y. H. Kim, W. K. Chang and Y. S. Kang, IEEE
Nanotechnol. Mater. Devices Conf., 2006, 1, 656–657.

20 Q. Zhang, Z. Jiang and B. Yan, Inorg. Chem. Front., 2014, 1,
384–388.

21 C. N. Chinnasamy, J. Y. Huang, L. H. Lewis, B. Latha and
C. Vittoria, Appl. Phys. Lett., 2008, 93, 12–15.

22 P. K. Deheri, V. Swaminathan, S. D. Bhame, Z. W. Liu and
R. V. Ramanujan, Chem. Mater., 2010, 22, 6509–6517.

23 P. K. Deheri, S. Shukla and R. V. Ramanujan, J. Solid State
Chem., 2012, 186, 224–230.

24 H. X. Ma, C. W. Kim, D. S. Kim, J. H. Jeong, I. H. Kim and
Y. S. Kang, Nanoscale, 2015, 7, 8016–8022.

25 V. Swaminathan, P. K. Deheri and S. D. Bhame, Nanoscale,
2013, 5, 2718–2725.

26 H. Parmar, T. Xiao, B. V. Chaudhary, Y. Zhong and
V. Ramanujan, Nanoscale, 2017, 9, 13956–13966.

27 J. H. Jung, D. Kim, H. X. Ma, C. W. Kim, I. H. Kim, J. W. Ahn,
D. S. Kim and Y. S. Kang, New J. Chem., 2016, 40, 10181–
10186.
This journal is © The Royal Society of Chemistry 2018
28 S. Belaid, S. Laurent, M. Vermeersch, L. V. Elst, D. P. Morga
and R. N. Muller, Nanotechnology, 2013, 24, 1–8.

29 N. Miguelsancho, O. Bomatimiguel, A. G. Roca, G. Martinez
and M. Arruebo, Ind. Eng. Chem. Res., 2012, 51, 8348–8357.

30 H. Yang, T. Ogawa, D. Hasegawa and M. Takahashi, J. Appl.
Phys., 2008, 10, 59–64.

31 H. L. Finke, S. S. Todd and J. F. Messerly, J. Chem.
Thermodyn., 1970, 2, 129–138.

32 O. P. Korobeinichev, A. G. Shmakov, A. A. Chernov,
V. S. Sulyaeva and F. A. Kuznetsov, Inorg. Mater., 2011, 47,
1199–1204.

33 R. A. Levy, E. Mastromatteo, J. M. Grow, V. Paturi and
W. P. Kuo, J. Mater. Res., 1995, 10, 320–327.

34 G. H. Penner, B. Zhao and K. R. Jeffrey, Z. Naturforsch., A:
Phys. Sci., 1995, 50, 81–89.

35 R. Goc, Z. Naturforsch., A: Phys. Sci., 2003, 58, 537–540.
36 S. Sun and H. Zeng, J. Am. Chem. Soc., 2002, 124, 8204–8205.
37 T. Jaron and W. Grochala, Dalton Trans., 2009, 39, 160–166.
38 L. Dirk, V. Hyning and C. F. Zukoski, Langmuir, 1998, 14,

7034–7046.
39 L. Wang, Prog. Chem., 2010, 22, 580–592.
40 H. Hiramatsu, F. E. Osterloh and M. Gold, Chem. Mater.,

2004, 16, 2509–2511.
41 D. Biondini, L. Brinchi, R. Germani, L. Goracci and

G. Savelli, Eur. J. Org. Chem., 2005, 2005, 3060–3063.
42 P. Capdevielle, A. Lavigne, D. Sparfel, J. B. Lafont and

K. C. Nguyen, Tetrahedron Lett., 1990, 31, 3305–3308.
43 S. Gao, D. Herzig and B. Wang, Synth. Met., 2001, 32, 0544–

0546.
44 T. G. Clarke, N. A. Hampson, J. B. Lee, J. R. Morley and

B. Scanlon, Tetrahedron Lett., 1968, 9, 5685–5688.
45 M. Chen, Y. G. Feng, X. Wang, T. C. Li, J. Y. Zhang and

D. J. Qian, Langmuir, 2007, 23, 5296–5304.
46 J. Ma, Q. S. Wu, Y. P. Ding and Y. Chen, Cryst. Growth Des.,

2017, 7, 1553–1560.
47 M. K. Motlagh, M. Noroozifar, M. Yousef and S. H. Jahani, J.

Nanosci. Nanotechnol., 2013, 9, 7–14.
48 H. Rahimi, A. Ghasemi, R. Mozaffarinia and M. Tavoosi, J.

Supercond. Novel Magn., 2016, 29, 2041–2051.
49 J. P. Scheifers, Y. M. Zhang and P. T. Fokwa, Acc. Chem. Res.,

2017, 50, 2317–2325.
50 S. Obbadea, P. Wolfers, D. Fruchata, R. Argoud, J. Muller and

E. Palacios, J. Alloys Compd., 1996, 242, 80–84.
51 W. C. Feng, R. W. Gao, S. S. Yan, W. Li andM. G. Zhu, J. Appl.

Phys., 2005, 98, 1397–1402.
52 Y. Sun, R. W. Gao, W. C. Feng, G. B. Han, G. Bai and T. Liu, J.

Magn. Magn. Mater., 2006, 306, 108–111.
RSC Adv., 2018, 8, 38850–38859 | 38859

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra08271e

	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method

	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method

	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method
	Evolution of microstructure and formation mechanism of Nd-Fe-B nanoparticles prepared by low energy consumption chemical method


