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ABSTRACT
Amorphous Fe76Si9B10P5 particles were fabricated by a container-free solidification process and
subsequent annealing, and their structural and magnetic properties were investigated by X-ray
diffraction analysis, transmission electronic microscopy, and vibrating sample magnetometry. The
annealing induced the nanocrystallisation of α-Fe and Fe-B compounds. The proportions of the dif-
ferent crystalline phases formed were dependent on the annealing temperature. The saturation
magnetisation of the single particles was higher than that of the samples prepared by a conven-
tional quenching process; this was attributable to the higher homogeneity of the nanocrystalline
grains of the former as well as their higher α-Fe to Fe-B compound ratio.

IMPACT STATEMENT
We have investigated single particles obtained by a container-free solidification process to gain
deeper insight into theirmagnetic properties than is possiblewith samplesobtainedby conventional
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Soft-magnetic materials that exhibit high magnetic per-
formance in electronic and power devices have attracted
considerable interest for their energy-saving potential
and have, therefore, become the focus of extensive
research efforts [1,2]. Silicon steel is the most com-
monly used soft-magnetic material; however, increases
in its efficiency based on reductions in its core loss have
plateaued [3,4]. Non-equilibrium soft-magnetic materi-
als show lower core losses over a wide frequency range,
and this is expected to significantly reduce the energy-
conversion losses in the devices based on these mate-
rials [5,6]. Materials containing a high density of fine
nanocrystallineα-Fe grainswithin the amorphousmatrix
have been developed; these materials exhibit lower core
losses and higher permeabilities and saturation mag-
netic flux densities as compared to those of silicon steel
[7–9].Hence, thesematerials have the potential to replace
silicon steel [10,11].

CONTACT Noriharu Yodoshi ynoriharu@imr.tohoku.ac.jp Institute for Materials Research, Tohoku University, 2-1-1, Katahira, Aoba-ku, Sendai
980-8577, Japan

The two primary conventional methods available for
fabricating non-equilibrium materials are melt spin-
ning and atomisation [12]. However, the ribbon samples
obtained by melt spinning generally exhibit high mag-
netic anisotropy, while the magnetic properties of atom-
ised powders depend on the compaction density as well
as the lubricants and binders added [13–15], making the
evaluation of the intrinsic magnetic properties of non-
equilibrium materials extremely arduous. Consequently,
it has not been possible so far to establish the relation-
ship between themagnetic properties of non-equilibrium
materials and the nanostructure of their inner grains.

In this study, we investigated the magnetic properties
of a single spherical particle with a homogeneous inner
structure. The particle was fabricated by a container-
free solidification process called the pulsated orifice ejec-
tion method (POEM) [16,17]. With this method, the
number of inner nucleation sites is reduced, resulting
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in nanocrystalline grains with greater homogeneity after
annealing under optimised conditions [18–20]. In addi-
tion, themagnetic isotropy of the particle and the absence
of perturbing magnetic interactions (due to the absence
of other magnetic particles in the vicinity of the par-
ticle being investigated) allowed the intrinsic magnetic
properties of the material to be evaluated in relation to
its nanocrystallisation behaviour. Thus, the hypothesis
that the nanocrystallisation of α-Fe in the amorphous
matrix increases the saturation magnetisation could be
explored.

Amorphous Fe76Si9B10P5 was selected because this
alloy has been reported to have the highest glass-forming
ability of all the Fe-based alloy systems [21,22]. First, a
master ingot with the nominal composition Fe76Si9B10P5
was prepared by the induction heating of a mixture
of pure elements. Next, monodispersed spherical parti-
cles were fabricated by POEM [23,24] and subsequently
annealed at different temperatures. The as-fabricated par-
ticles were observed using scanning electron microscopy
(SEM). Further, they were characterised after annealing
by X-ray diffraction (XRD) and transmission electron
microscopy (TEM) analyses. The magnetic properties of
a single particle were measured with a vibrating sample

magnetometer (VSM). A ribbon with a width of 5mm
and thickness of 20 μm as well as a gas-atomised powder
consisting of particles less than 45 μm in diameter was
prepared and evaluated in the same manner as the single
particle, for comparison purposes.

Figure 1(a) shows an SEM image of the as-fabricated
monodispersed particles 465 μm in diameter. It can be
seen that the particles are highly spherical, have smooth
surfaces, and are highly uniform in size.

Figure 1(b,c) shows TEM images of a single parti-
cle and the ribbon, respectively. Neither image exhibits a
contrast corresponding to a crystal structure nor electron
diffraction pattern contains any spots related to a specific
diffraction plane.

Differential scanning calorimetry (DSC) measure-
ments were performed before annealing. The Curie, glass
transition, and crystallisation temperatures were found
to be 691, 784, and 828K, respectively. Annealing was
performed subsequently at 691, 808, 833, 856, 873, and
903K.

Figure 2(a) shows cross-sectional XRD patterns of the
particles annealed at the different temperatures. No peak
is observed in the case of the sample annealed at 691K,
while only a very small peak is observed in the case of

Figure 1. (a) SEM image of monodispersed particles prepared by pulsated orifice ejection method (POEM). (b) TEM image and electron
diffraction pattern of the particles. (c) TEM image and electron diffraction pattern of ribbon of same composition.
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Figure 2. Cross-sectional XRD patterns of (a) particles after
annealing treatment at 691, 808, 833, 856, 873, and 903 K, and (b)
ribbons after annealing treatment at 828, 860, and 920 K.

the other samples. This peak is attributed to α-Fe, and
because its intensity increases with the annealing temper-
ature, it can be concluded that the annealing treatment
caused the formation of small crystalline α-Fe grains in
the otherwise amorphous Fe76Si9B10P5 alloy.

On the other hand, Figure 2(b) shows the XRD pat-
terns of the ribbons after they had been annealed at
various temperatures. A few Fe-B phase peaks along with
α-Fe peaks can be seen clearly in the early stage of anneal-
ing. The fact that the first α-Fe peak, which is observed at
approximately 45°, increased in intensitywith the anneal-
ing temperature along with the sharpness (half band-
width) of the α-Fe peaks indicated that relatively large
crystal grainswere formed in the amorphousmatrix. This
is not the early stage of the nucleation process, but the
growth stage, in contrast to the case corresponding to
Figure 2(a).

Figure 3(a) shows a TEM image and the electron
diffraction pattern of a particle annealed at 808K.Homo-
geneous nanocrystalline grains approximately 25–30 nm
in circle-equivalent diameter can be seen in the TEM
image. The electron diffraction pattern shows that these
grains consist of not only α-Fe but also Fe-B compounds.
Although the size of the nanocrystalline grains in the
particle remained constant for annealing temperatures
of 808–873K, the ratio of α-Fe to the Fe-B compounds
changed with the annealing temperature, in agreement
with previous reports suggesting that α-Fe can transform
into Fe2B andFe3Bwith an increase in the annealing tem-
perature [25]. Through a series of TEM images, it was also
observed that the size of the nanocrystalline grains in the
particle remained lower compared to that in the ribbon
by approximately 40 nm. Figure 3(b) shows the temper-
ature dependence of the number densities of the crystal
grains in the particle and ribbon after being annealed at
various temperatures, as determined using TEM image
analysis. The curve shows the number of crystal grains
per unit volume and indicates that the particle precipi-
tates a larger number of grains as a whole. Further, the
fact that a peak is observed at approximately 850K sug-
gested that optimal annealing increases the number den-
sity of the crystal grains significantly. From these results,
it can be concluded that, in the case of the ribbon sample,
crystal grains nucleate in a random manner and subse-
quently grow in a random order, eventually transforming
into a different phase (Fe-B compounds) that is irregu-
lar. In the particle, on the other hand, a large number
of fine crystal nuclei are formed simultaneously in the
amorphous matrix, resulting in a tandem increase in the
number of nanocrystalline grains. Thus, the α-Fe phase
is not transformed into Fe-B compounds, in contrast to
the case for the annealed ribbon samples.

Figure 4(a) shows the B–H curves as measured by the
VSM for a single particle, a ribbon, and the gas-atomised
powder of the same composition. The saturation mag-
netisation of the atomised powder is slightly lower than
those of the other samples. This can be explained by the
higher degree of oxidation of the powder particles owing
to their larger surface area. In addition, the permeability
of the powder is smaller for high magnetic fields because
the interactions between the powder particles are dom-
inant in this case. In the case of the ribbon sample, the
steep curve indicates a very high permeability, which is
attributable to the fact that the measurement was per-
formed along a longitudinal plane of the thin ribbon.
Magnetising ribbon samples in the transverse direction is
difficult because of the demagnetising effects. The perme-
ability of the single particle is low, as per the curve shown
in Figure 4(a). However, in this case, the curve was cor-
rected using a demagnetisation factor,N, of 1/3, based on
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Figure 3. (a) TEM imageandelectrondiffractionpatternofparticle annealedat 808 K. (b)Annealing temperaturedependenceofnumber
density of crystal grains in particle and ribbon after being annealed at various temperatures.

the following equations:

Heff = H − N
J

µ0
, (1)

B = J + µ0H, (2)

where Heff , H, N, µ0, B, and J are the effective magnetic
field, magnetic field, demagnetisation factor, permeabil-
ity of vacuum, magnetic constant, magnetic flux den-
sity, and magnetisation, respectively. The corresponding
B–H curve, called the ‘after correction’ curve, is shown
in Figure 4(a) as well. The value of the corrected per-
meability lies between that of the ribbon as measured
along the longitudinal plane and that of the powder. Thus,
this result confirms the validity of the measurements
performed on this alloy system.

Figure 4(b) shows the annealing temperature depen-
dence of the saturation magnetisation of a single particle
as measured by the VSM. Two distinct regions can be
observed: in the first region, from the temperature cor-
responding to no annealing (300K) to an annealing tem-
perature of 830K, the saturation magnetisation increases
with the annealing temperature, while it decreases in the
second region. The first region corresponds to the pre-
cipitation of α-Fe grains, as previously observed by TEM.
In the case of the second region, the decrease in the sat-
uration magnetisation can be explained by the gradual
transition from a ferromagneticα-Fe phase to a paramag-
netic Fe-B compound. The saturation magnetisation of a
ribbon sample as a function of the annealing temperature
is also shown in Figure 4(b) for comparison. While the
saturation magnetisations of both as-fabricated samples
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Figure 4. (a) B–H curves of single particle, ribbon, and gas-
atomised powder of same composition. (b) Annealing tem-
perature dependence of saturation magnetisation of single
particle.

are comparable, the gap between the two curves increases
with the annealing temperature, with the maximum sat-
uration magnetisation (corresponding to an annealing
temperature of approximately 830K) for the particle
being more than 4% higher than that of the ribbon
(1.64 versus 1.57 T). This can be attributed to the higher
homogeneity of the nanocrystalline grains (which means
a smaller grain size, larger grain number density, and
higher volume ratio of the α-Fe phase) of the particle
prepared by the container-free POEM, owing to the num-
ber of heterogeneous nucleation sites in the case of this
preparation method being low. On the other hand, crys-
tallisation in ribbons tends to occur at the contact surface
between the sample and the chilled roll during quenching
[26]. Consequently, a few α-Fe grains in the ribbon were
transformed into Fe-B compounds such as Fe2B and Fe3B
early in the annealing process, leading to the formation
of a greater number of different crystallographic phases
than was the case in the particle. This phenomenon is
further supported by the XRD results, which confirm
the presence of several types of Fe-B compounds in the
ribbon after annealing.

Thus, in this study, we investigated the structural
and magnetic properties of particles prepared by a
container-free solidification process and compared them
to those of ribbons obtained by conventional quench-
ing. The obtained results indicated that the uniform
nanocrystallisation of α-Fe occurred when the samples
were annealed post fabrication. Accordingly, the satura-
tion magnetisation increased with the annealing temper-
ature up to 833K, while annealing at higher tempera-
tures induced the transformation of α-Fe into Fe-B com-
pounds. This phase transformation was detrimental to
themagnetic properties, as evidenced by a decrease in the
saturation magnetisation. Similarly, the lower saturation
magnetisation exhibited by the ribbons is attributable to
a similar phase transformation early in the annealing
process. This study demonstrates the feasibility of deter-
mining the magnetic properties of a material through
single-particle investigations and paves the way for the
further development of soft-magnetic non-equilibrium
powders as well as the design of novel magnetic devices.
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