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Abstract: Ce14Fe78Co2B6 nanopowders with hard-magnetic properties have been successfully pre-
pared by ball milling at low temperatures in liquid nitrogen. The morphology, structure, and
magnetic properties of Ce14Fe78Co2B6 powders have been investigated using scanning electron
microscopy, X-ray diffraction, and vibrating sample magnetometry, respectively. It was found that
powder ball milling at low temperature in liquid nitrogen, has the advantage that the oxidation
of powders is inhibited and the particles rapidly reach nanometric dimensions. In comparison to
the Ce14Fe78Co2B6 powders prepared by ball milling at room temperature, the powders milled at
low temperature present a more uniform particle size and no rare-earth oxides, which leads thus
to remarkable magnetic properties. The nanocrystalline Ce14Fe78Co2B6 powders with optimum
characteristics, prepared at low temperature, have the size of 153 nm or less, present a coercivity
of 5.1 kOe, and a saturation magnetization of 113 emu/g after milling for 6 h at low temperature.
Low temperature milling may become a promising technique for the fabrication of high performance
powders used for permanent magnets preparation.

Keywords: Ce-FeCo-B nanopowders; low-temperature milling; magnetic properties; microstructure

1. Introduction

Due to their excellent magnetic properties, Nd-Fe-B magnets, have been widely ap-
plied in numerous modern devices including traction motors for hybrid vehicles, wind
turbines, magnetic resonance imaging machines, consumer electronics, and so on [1–3].
The Nd-Fe-B magnets seriously rely on the addition of rare earth elements (RE) such as
dysprosium (Dy), praseodymium (Pr), and terbium (Tb) in order to improve the magnetic
properties at temperatures above 200 ◦C [4]. However, Dy, Pr, Tb, and Nd are considered
critical elements and while the consumption of RE-based magnets is increasing dramat-
ically, this results in the depletion of the critical RE elements. Furthermore, mining and
extraction of RE elements causes various environmental problems [5–7]. Hence, there is
a rising demand for alternative magnets that do not rely on critical RE elements [8]. Ce-
based rare-earth alloys have attracted considerable attention recently as good candidates
for the preparation of permanent magnets without critical rare earths, mainly owing to
the abundance and low cost of Ce element in rare-earth resources [9–12]. However, the
Curie temperature of Ce-Fe-B alloy (Tc∼152 ◦C) is lower than that of Nd-Fe-B alloy so that
Tc enhancement solutions should be considered. Substitution of Fe by Co was found to
enhance the Tc in Ce-Fe-B alloys [13]. There are several methods used for the preparation
of permanent magnets such as sintering, spark plasma sintering, and hot pressing, which
involve powder compaction. All these methods have in common the use of raw material
in the form of powders. It is well established that the particle size of the powders is an
extremely important parameter that influences the magnetic performance of magnets. For
this reason, the choice of the processing route and its optimization being necessary. The
coercivity of magnetic powders depends very much on the grain size and morphology.
High-performance magnets with high coercivity are obtained when the grains of hard
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magnetic phase are at nanometer scale [14,15]. Therefore, a smaller powder size is re-
quired in order to obtain permanent magnets with good magnetic properties. High-energy
ball milling, jet milling, Hydrogenation-Disproportionation-Desorption-Recombination
(HDDR) methods as well as combinations of these methods have been used to prepare
powders with dimensions down to approximately 0.33 µm [16,17]. In order to further
refine the powders down to nanoscale, surfactant-assisted ball milling (SABM) was em-
ployed [18,19]. For example, Chakka et al. [20] prepared SmCo, and NdFeB powders
with a size smaller than 30 nm by using the SABM technique in the presence of oleic acid,
oleylamine, and heptanes as surfactants. However, due to their nanometric size, magnetic
powders can oxidize easily during washing-removal of the surfactant. In addition, the
milling temperature has been proven to be one of the key experimental parameters that has
remarkable influence on the magnetic properties of powders. For example, Liu et al. [21]
have shown that SmCo5 nanoflakes with improved magnetic properties such as increased
remanence ratio and higher coercivity can be achieved by lowering milling temperature.
Fang et al. [22] fabricated Sm-Fe-N powders with enhanced magnetic performance at low
temperatures by using ball milling without using solvents or surfactants. Nanocrystalline
Nd-Fe-B particles with the size of 40 nm or less have been obtained by combining the
HDDR with cryo-milling technique [23].

The aim of our work is to propose a new route for the preparation of magnetic
nanopowders with good magnetic characteristics from Ce14Fe78Co2B6 ribbon precursors,
by using the ball milling technique at low temperatures, and to study their magnetic
properties for the fabrication of high performance permanent magnets.

2. Materials and Methods Experimental

Ce14Fe78Co2B6 melt-spun ribbons were prepared (National Institute of Research and
Development for Technical Physics, Iasi, Romania) by melt-spinning technique and sub-
sequently annealed in vacuum at 680 ◦C for 20 min to obtain crystalline ribbons as raw
material. The ribbons were then crushed and grounded in an agate jar down to less than
400 µm, in an argon glove box. Five grams of coarse powders were placed in each of the
two stainless steel vials of a RETSCH PM 200 planetary ball mill (Retsch GmbH, Haan,
Germany). The powder from one vial was used for ball milling at low temperature, while
the powder from the second vial was used for ball milling at room temperature. Both sets
of samples were milled for up to 6 h, the ball-to-powder weight ratio being 10:1. The low
temperature milling process was carried out in the following steps: cooling the milling vial
in a liquid nitrogen bath for 3 min, introducing then a certain quantity of liquid nitrogen
into the vial until the balls are completely covered, followed by milling for 10 min. The
vial cooling, the introduction of liquid nitrogen, and the milling processes are repeated
alternatively for a total milling time of 6 h. The temperature of the vial was kept below
0 ◦C during the entire ball milling process. For the room temperature milling process,
nitrogen gas was used as protective gas in the vial. Both sets of powders, low temperature
or room temperature milled, were collected in the glove box under argon protection. The
phase evolution following these processes was examined by X-ray diffraction (XRD) using
a Bruker AXS D8-Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with
Cu Ka radiation. To observe the morphology of the powders, scanning electron microscopy
(FIB/FE-SEM Cross-Beam Carl Zeiss NEON 40 EsB) (Carl Zeiss AG, Oberkochen, Ger-
many) was employed. Particle size was determined using the ImageJ software. Magnetic
measurements were performed using a vibrating sample magnetometer (LakeShore 7410)
(Lake Shore Cryotronics, Inc., Westerville, OH, USA).

3. Results and Discussions

Figure 1 shows the X-ray diffraction patterns of the Ce14Fe78Co2B6 powders milled
for different periods of time at room temperature and low temperature, respectively. The
pattern of the starting powders is also presented for comparison. For the case of powders
milled at room temperature (Figure 1a), it can be observed that they present nanocrystalline



Magnetochemistry 2021, 7, 160 3 of 7

structure, with a mixture of Ce2(FeCo)14B, CeFe2, and Ce2O3 phases. When the ball-milling
time increases from 1 to 6 h, the Ce2(FeCo)14B peaks of the main phase become broader
while the intensity decreases monotonically. This indicates that some amorphous phases
may arise due to disorder and dislocations caused by the milling process. At the same
time, the Ce2O3 peaks become more pronounced indicating that slight oxidation may
occur during the prolongation of the preparation process. The gradual milling down to
smaller particle size leads to a high surface to volume ratio, which allows them to be easily
oxidized. The rare earth oxides are also easy to be formed even at room temperature [24]
and extremely easy to be formed at elevated temperatures [25,26] in an air environment.
The presence of a small content of oxygen is almost inevitable in the milling medium. The
presence of oxygen connected with the increase in the system temperature due to collision
and friction during the milling process speeds up the oxidation process.
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Figure 1. XRD patterns of Ce14Fe78Co2B6 powders milled at room (a) and at low (b) temperatures.

The powders milled at low temperature reveal a nanocrystalline structure consisting
of a mixture of Ce2(FeCo)14B and CeFe2 phases (Figure 1b). The low temperature milling
present the advantage that it can delay the increase of the system temperature that will,
effectively, inhibit the oxidation of powders. Indeed, no obvious diffraction peaks of
rare earth oxides have been detected in the XRD patterns, indicating that the as-prepared
low temperature powders have been more efficiently protected from oxidation during
the fabrication and examination processes. Moreover, it can be observed that the low
temperature milled powders appear to preserve the aspect of the XRD patterns. The reason
for such good stability of the hard phase and the prevention against oxidation can be
related to the presence of liquid nitrogen, as shown by other authors [27,28].

Evolution of size and morphology of milled powders was investigated as a function of
the milling time by scanning electron microscopy (SEM). Figure 2 presents the SEM images
of Ce14Fe78Co2B6 powders after milling at room temperature (a, b) and low temperature
(c, d) for 2 and 6 h, respectively. During the milling process, the powder is subjected
to repeated plastic deformations due to the collision of the milling balls. The minimum
particle size that can be reached during mechanical milling is decided by the balance
between particle breaking and cold welding. It is well known that, at low temperatures, the
breaking process dominates due to the fragility of the material, while at high temperatures,
the predilection for cold welding increases. For a milling time of 2 h there is a certain
similarity in the morphology of both room-temperature milled and low-temperature milled
powders (Figure 2a,c), the difference appearing only in the size of powders. Thus, the
particle milled at room temperature has a size of 2.3 µm or less, while the particles milled
at low temperature have a size of 530 nm or less. At the beginning of the milling process,
at the defects and the displacements sites, the internal tension due to the collisions leads to
a rapid breakdown of the powders giving an irregular aspect of the milled powders. For
a milling time of 6 h (Figure 2b,d), an obvious difference between the morphology of the
two powders can be observed.
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Figure 2. SEM images of Ce14Fe78Co2B6 powders prepared by ball-milling for 2 and 6 h at room
temperature (a,b) and at low temperature (c,d).

As compared to the powders milled at room temperature, the powders milled at
low temperature presents a smoother aspect due to the fact that, in the second phase of
milling, the micro-cracks start from the grains boundary, as a result of crystal mismatch
between grains, propagating along the grain boundaries. These powders have a much
smaller particle size (153 nm for the low temperature vs. 460 nm for the room temperature
milled powders) and a more homogeneous distribution of particle size. In contrast, the
powders milled at room temperature have an irregular shape and an inhomogeneous size
distribution, which indicate that cold-welding and particles agglomeration occur during
the milling process.

Figure 3 shows the mean particle size of Ce14Fe78Co2B6 powders versus milling time.Magnetochemistry 2021, 7, x FOR PEER REVIEW 5 of 9 
 

 

 
Figure 3. The mean particle sizes of Ce14Fe78Co2B6 powders milled at room and low temperature for 
different milling times. 

The general trend is that as the milling time increases, the particle size decreases, as 
determined using the Image J software. However, the powders milled at room tempera-
ture show a decrease in particle size with increasing the milling time up to 5 h, after which 
their size increases with milling time due to rewelding of crushed particles so that the size 
of the particles increases. For the powders milled at low temperature, the particle size first 
drops rapidly and then, after up to 2 h, slowly decreases. For the same milling time, the 
average size of the powders milled at low temperature is always smaller than the size of 
those milled at room temperature, which is consistent with the results presented in Figure 
2. This behavior is expected due to the fact that at low temperatures the alloy becomes 
brittle and easier to be broken into fine particles. 

Figure 4 shows the hysteresis loops of the powders prepared at both low and room 
temperatures for different milling times. 

  

Commented [M3]: Please update. 
Figure 3. The mean particle sizes of Ce14Fe78Co2B6 powders milled at room and low temperature
for different milling times.

The general trend is that as the milling time increases, the particle size decreases, as
determined using the Image J software. However, the powders milled at room temperature
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show a decrease in particle size with increasing the milling time up to 5 h, after which their
size increases with milling time due to rewelding of crushed particles so that the size of the
particles increases. For the powders milled at low temperature, the particle size first drops
rapidly and then, after up to 2 h, slowly decreases. For the same milling time, the average
size of the powders milled at low temperature is always smaller than the size of those
milled at room temperature, which is consistent with the results presented in Figure 2. This
behavior is expected due to the fact that at low temperatures the alloy becomes brittle and
easier to be broken into fine particles.

Figure 4 shows the hysteresis loops of the powders prepared at both low and room
temperatures for different milling times.
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Figure 4. Hysteresis loops of the Ce14Fe78Co2B6 powder milled at low and room temperatures for 2 h (a), 4 h (b), 6 h (c),
and evolution of their Hc and Ms vs. milling time (d).

All loops present a single-phase like magnetization behavior, indicating no second
magnetic phases in the particles. This is in agreement with the XRD patterns (Figure 1),
which show that besides the Ce2(FeCo)14B main phase, a secondary CeFe2 phase (which is
paramagnetic over 230 K [29]) is formed. Additionally, an oxide phase (Ce2O3) appears in
the powders milled at room temperature. With the increase in milling time, both saturation
magnetization and coercivity of sample prepared at room temperature decrease. For
example, the powders having under 2.3 µm particles, the 850 nm particles and the 460 nm
particles have the saturation magnetization of 112, 101, and 87 emu/g, and coercivities
of 5.62, 3.51, and 2.48 kOe, respectively. The decrease in coercivity as the particle size
decreases was also observed by other authors [30,31]. Lower coercivity can be attributed
to the cumulative effect of (i) increased number of defects in particles that can cause low-
energy nucleation sites [32], (ii) micro-strains induced by milling [23], as well as (iii) partial
amorphization during milling [20]. The degradation of saturation magnetization may
be related to the occurrence of both amorphous and Ce2O3 phases, as indicated by XRD
investigations (Figure 1). The powders prepared at low temperature present a much
slighter decrease in coercivity, remanence and in saturation magnetization, as compared
to the samples prepared at room temperature (Figure 4d), maintaining the hard-magnetic
character of the raw material. Thus, the powders milled 2 h at low temperature have
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Hc = 5.7 kOe, Ms = 120 emu/g and Mr = 95 emu/g, while the powders milled for 6 h
present Hc = 5.2 kOe, Ms = 113 emu/g, and Mr = 89 emu/g. The reasons for the slighter
decrease in coercivity can be attributed to a lesser extent to the first two reasons mentioned
above for powders milled at room temperature, i.e., increased number of defects and micro-
strains. Partial amorphization during low temperature milling cannot be considered as a
reason for the decrease in coercivity, as no widening of the diffraction peaks is observed in
any of the XRD patterns, as in the case of powders milled at room temperature. Therefore,
we can conclude that low temperature milling is beneficial to achieve better magnetic
performance for powders with nanometer dimensions.

4. Conclusions

In summary, Ce14Fe78Co2B6 nanopowders have been successfully prepared using
ball milling at room temperature and low temperatures in liquid nitrogen. It is found
that the milling temperature has a great influence on the crystal structure, morphology,
and magnetic properties of the Ce14Fe78Co2B6 powders. Low temperature milling has the
following advantages (i) accelerates the decrease in particle size due to increased brittleness,
(ii) inhibits the cold welding during the ball milling process, and (iii) protects particle from
oxidation. As a result, the Ce14Fe78Co2B6 powders milled at low temperature exhibit better
magnetic properties compared to those prepared at room temperature. The best magnetic
properties, coercivity of 5.1 kOe and saturation magnetization of 113 emu/g, were obtained
in Ce14Fe78Co2B6 nanopowders having the size of about 153 nm, obtained after 6 h of
milling at low temperatures. Our results indicate that the low temperature milling may
serve as a promising technique for the fabrication of high performance powders used for
permanent magnets preparation.
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