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Abstract  In the current research, Nd,(Fe,Co),4B hard magnetic nanoparticles were synthesized through the
reduction diffusion process. For this purpose, Nd(Fe;..Co)B oxide powders for x = 0.05, x = 0.3, and x = 0.5
were heat-treated once in hydrogen atmosphere (H,) and once in the reduction diffusion process using calcium
hydride (CaH,). The phase analysis and chemical composition of the resulting Nd-Fe-Co-B powders were
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identified by X-ray diffraction and X-ray energy dispersive spectroscopy. The morphology and magnetic
properties of the synthesized powders were investigated using a field emission scanning electron microscope,
transmission electron microscope, and vibrating sample magnetometer. The results demonstrated that oxide
powders reduced with hydrogen gas were characterized by a soft magnetic character due to the formation of the
bee-FeCo magnetic phase. However, oxide powders reduced via reduction diffusion exhibited hard magnetic
characteristics due to the direct diffusion of NdH,, Fe, Co, and B phases as well as the production of
Nd,(Fe,Co),4B hard magnetic phase. The Nd,(Fe,Co)4B particles were rinsed with water and dilute acetic acid
to eliminate the byproducts (CaO) formed during the reduction diffusion process. Followed by washing,
coercivity dropped due to the formation of the Nd,Fe;sBHy soft magnetic phase; however, saturation

magnetization rose due to the elimination of the non-magnetic CaO phase from the final production.
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1. INTRODUCTION

Among the magnetic materials, ferromagnetic
Nd-Fe-B has received a great deal of attention as a
potential candidate for high performance permanent
magnets owing to its high saturation magnetization (Ms
=16 kG) and near-ideal maximum energy product value
((BH)max = 14 MGOe) [1]. However, use of Nd-Fe-B
magnets in high temperature applications is limited due
to their low temperature (Tc) (310 °C) [2]. Until now,
large-scale physical techniques such as mechanical
alloying and melt spinning processes have been widely
used to synthesize Nd-Fe-B permanent magnets.
However, the cost of producing Nd-Fe-B magnets using
metallurgical methods is extremely expensive due to the
use of high-purity raw materials and high energy
consumption. In addition, the final products of these
common fabrication processes are of limited utility due
to their constrained grain size, uncontrolled
morphology, and broad particle size distribution [3]. To
overcome the disadvantages of powder metallurgy
methods, implementation of the chemical methods for
the synthesis of nanoparticles of Nd-Fe-B permanent
magnets can be a good solution. Due to the large
negative reduction potential of neodymium (Nd), it is
difficult to simultaneously reduce Nd3* (—2.43 eV) and

transition metals Fe’" (—0.44 eV). As a result, one
method to consider applying is reduction diffusion (RD)
[4]. In the reduction diffusion method, Nd-Fe-B oxide
particles are first chemically synthesized and then, the
magnetic Nd>Fe 4B phase is formed by mixing the oxide
powders with the reducing agents calcium hydride
(CaHy) or calcium (Ca) and performing the reduction
process at high temperature in a controlled atmosphere.
Considering that the Tc temperature of Nd>Fe;4sB can
increase by substituting cobalt with iron, this study aism
to investigate the impact of this substitution on the
microstructure and magnetic characteristics of the
Nd,(Fe,Co)14B nanoparticles synthesized through the
reduction diffusion process.

2. MATERIALS AND METHODS

In the present reaserch, NdCls.6H,O, FeCl;.6H0,
CoCl,.6H,0, and boric acid were utilized as the sources
of Nd, Fe, Co, and B, respectively, for the synthesis of
Nda(Fe, Co)14B nanoparticles. Further, citric acid and
ethylene glycol were used as the crosslinking agents and
solvents. The Nd-Fe-Co-B oxide powders were
prepared by the modified Pechini type sol-gel method.
Further details of the synthesis of Nd-Fe-Co-B oxide
powders were fully explained in our previous work [5].
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In this study, Ndy(Fe;xCox)14B nanoparticles were
synthesized by mixing Nd—Fe-Co—B oxide powder with
1:1 wt % of the reducing agent CaH, (95 %, Sigma
Aldrich) and annealing at 800 °C for two hours in
vacuum at the increasing rate of 10 °C/min. Then, the
resulting magnetic product was washed several times
with water and acetic acid was diluted in order to remove
the by products (CaO).

3. RESULTS AND DISCUSSION

The XRD patterns of the Nd(Fe;xCox)B oxide
samples for x = 0.05, x = 0.3, and x = 0.5 as well as the
oxide sample with 0.3 mol cobalt reduced by the RD
process are shown in Figure 1 (a) and (b), respectively.
It is acknowledged that the oxide samples contain the
phases of Fe;O3, NdFeO3, NdBO3, and Co3O4 which will
be transformed into the Nd»(Fe,Co):14sB hard magnetic
phase followed by reduction diffusion. As depicted in
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the XRD pattern in Figure 1 (b), in addition to the main
magnetic phase Nd,(Fe,Co)14B, some byproducts such
as CaO and Ca(OH), were formed that must be removed
from the final product through the washing process. The
application of washing process has a significant impact
on the magnetic properties of the powders obtained from
the reduction diffusion procedure. Figure 2 (a) and (b)
show the magnetic characteristics of Ndx(Fei.x,Cox)14B
nanoparticles for x = 0.3 before and after washing, as
confirmed by the VSM analysis. It is clear that after
washing, the coercivity (Hc) of the synthesized
nanoparticles dramatically decreases while the
saturation magnetization (Ms) significantly increases.
The decrease in the value of Hc after washing is
attributed to the formation of the soft magnetic phase
NdyFe4sBH, while the increase in the value of Ms is
caused by the removal of non-magnetic phases CaO and
Ca(OH): [6].
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Figure 1. XRD patterns of (a) Nd(Fe1xCox)B oxide samples for x = 0.05, x = 0.3, and x = 0.5 and (b) Nd(Fe1.xCox)B oxide sample
for x = 0.3 reduced by the RD process
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Figure 2. VSM curves of Ndz(Fei-x,Cox)14B nanoparticles for x = 0.3 before and after washing
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4. CONCLUSION

In the current research, Nd»(Fe,Co)14B nanoparticles
were prepared by Reduction Diffusion (RD) from
Nd-Fe-Co-B oxide powders synthesized using the
Pechini sol-gel method. The final product was washed
with a mixture of water and dilute acetic acid to remove
the CaO and Ca(OH), byproducts. After the washing
process, the values of coercivity (Hc) and saturation
magnetization (Ms) decreased and increased,
respectively.
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