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FeSiBPNbCu nanocrystalline powder cores (NPCs) with excellent magnetic properties were fabricated by
cold-compaction of the gas-atomized amorphous powder. Upon annealing at the optimum temperature,
the NPCs showed excellent magnetic properties, including high initial permeability of 88, high frequency
stability up to 1 MHz with a constant value of 85, low core loss of 265 mW/cm® at 100 kHz for B, = 0.05 T,
and superior DC-bias permeability of 60% at a bias field of 100 Oe. The excellent magnetic properties of
the present NPCs could be attributed to the ultrafine a-Fe(Si) phase precipitated in the amorphous matrix
and the use of gas-atomized powder coated with a uniform insulation layer.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

As magnetic components, magnetic powder cores (MPCs) have
been widely used in noise suppressors, inductor and other reactors
in electromagnetic devices, etc. [1-4]. MPCs are produced by the
compaction of ferromagnetic powder particles that are insulated
electrically with one another by an organic and/or inorganic insu-
lation layer on the powder surface before powder compaction pro-
cess. Further developments to electromagnetic devices are aimed
at achieving high frequency, miniaturization, and noise reduction.
Since conventional MPCs cannot meet the above requirements
[5,6], development of novel MPCs with excellent soft magnetic
properties is an urgent issue.

Fe-based amorphous alloys have been reported to exhibit excel-
lent soft magnetic properties [7,8], which are suitable for the pro-
duction of MPCs with high performance [9]. However, the audible
load/no-load noise caused by large magnetostriction (/) restricts
the application of the powder cores fabricated using Fe-based
amorphous alloys [10,11]. In contrast, Fe-based nanocrystalline
alloys consisting of ultrafine o-Fe(Si) grains embedded in the
residual amorphous matrix show nearly zero /s and exhibit excel-
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lent soft magnetic properties over a range of high frequency,
including high saturation magnetization (M;) and low coercivity
(H.) [12-14], which can be used to prepare high-performance
nanocrystalline powder cores (NPCs) without load/no-load noise.

NPCs are generally fabricated using the flake powder produced
by ribbon pulverization, due to the glass forming ability (GFA) of
conventional nanocrystalline alloys [15-17]. However, undesirable
breakdown of the insulation layer at the irregular corners and
sharp edges of the flake powder may result from the high pressure
during the cold compaction process, which leads to an increase in
core loss and unstable soft magnetic performance [18]. Meanwhile,
the ferromagnetic resonance Kittel formula indicates that the res-
onance frequency decreases as the demagnetization coefficients
decrease. Thus, the resonance frequency decreases as the particle
shape becomes flat, which also restricts the application of NPCs
at high frequencies [19]. The issue caused by flake powder can
be effectively resolved if the NPCs can be fabricated using spherical
amorphous alloy powder, which in turn is obtained by the gas
atomization method. However, in order to prepare amorphous
alloy powder by gas atomization, the alloy must show sufficiently
high GFA.

In our previous work, we have successfully developed a new
Fe-based nanocrystalline alloy with the composition (Feg 7¢Sio.09
B0,1P0_05)9g,5Nb1Cu0,5 [20], which exhibits hlgh GFA (dmax=2-5
mm), high B, (1.46 T), and low H. (2.8 A-m™!). In the present study,
(Feo,755i0,09B0_1P0_05)98,5Nb1Cu0,5 Spherical powder with a fUlly
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Fig. 1. XRD patterns of the as-quenched FeSiBPNbCu gas-atomized powder; the
inset shows the morphology of the as-quenched FeSiBPNbCu powder.

amorphous phase was prepared by gas atomization. The corre-
sponding FeSiBPNbCu MPCs were fabricated by cold compaction
of the gas atomization amorphous powder, and the NPCs were
obtained by annealing the MPCs at the appropriate condition.
The magnetic properties of the resulting FeSiBPNbCu powder cores
were investigated systematically.

2. Experiment

A multicomponent alloy ingot with the nominal composition
(Feo.76Si0.09Bo.1Po.05)9s.sNb1Cugs was prepared by induction melt-
ing of a mixture of high-purity metals including Fe, Nb, and Cu;
crystalline B and Si metalloids; and FesP pre-alloy in a high-
purity argon atmosphere. Metallic powder with a fully amorphous
phase and particle size ranging up to 75 pm was prepared by gas
atomization. The powder was uniformly mixed with 2 wt% epoxy
resin as an organic binder. Toroidal powder cores had dimensions
of #20.3 x #12.7 x t5.4 mm were prepared by compaction of the
powder mixture via cold pressing under 1.8 GPa pressure. Finally,
the powder cores were annealed at 400, 480, 490, and 500 °C for
0.5h in vacuum. The characteristics of the FeSiBPNbCu gas-
atomized powder were analyzed by differential scanning calorime-
try (DSC) and scanning election microscopy (SEM). The microstruc-
tures of the gas-atomized powder and as-annealed powder cores
were examined by X-ray diffraction (XRD) with Cu Ko radiation.
It is very difficult to prepare transition electron microscopy
(TEM) specimens using powders with such a small particle size.
Hence, melt-spun ribbons with the same composition as that of
the present gas-atomized powder, annealed under the same condi-
tions as those for the present NPCs were employed for TEM obser-
vations. The M-H loops of the as-annealed powder cores were
measured using a vibrating sample magnetometer (VSM). The real
part of complex permeability of the as-annealed powder cores was
calculated from the core inductance, which is measured by an Agi-
lent 4294A impedance analyzer from 1 kHz to 110 MHz. The DC-
bias field performance was measured by an Agilent 4284A LCR
meter; the total core loss was measured by an alternating current
(AC) B-H loop analyzer; and the hysteresis loss was measured by a
direct current (DC) B-H loop analyzer. Additionally, the density of
the samples was determined by the Archimedes immersion
method using the distilled water as working liquid.
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Fig. 2. DSC curves of the as-quenched powder and melt-spun ribbon.

3. Results and discussion

Fig. 1 shows the XRD pattern of the as-quenched FeSiBPNbCu
gas-atomized powder. The XRD pattern of the powder exhibits
only a broad diffuse peak, indicating a fully amorphous structure
within the sensitivity of XRD measurement. The inset of Fig. 1
shows the morphology of the as-quenched FeSiBPNbCu gas-
atomized powder with the particle size ranging up to 75 um. No
appreciable contrast, that would indicate the formation of a crys-
talline phase, is seen on the outer surface of any particle. The pow-
ders are spherical in shape, which is more favorable for the
uniform insulation coating, thereby reducing the eddy current loss
between the powders.

Fig. 2 shows the DSC curve of the as-quenched FeSiBPNbCu gas-
atomized powder, together with the data for the melt-spun glassy
alloy ribbon for comparison. The DSC curve of the gas-atomized
powder exhibits three exothermic peaks. The onset temperatures
of the first, second, and third exothermic peaks are 516, 583, and
641 °C, marked as Ty1, Txo, and Tys, respectively. No appreciable dif-
ference in the crystallization process is observed between the pow-
der and the melt-spun ribbon. Additionally, the total crystallization
enthalpy (XAH,) of the samples is determined from the DSC curve.
The value of ZAH, for the gas-atomized powder is 5.8 kJ/mol and is
close to that (6.2 kJ/mol) of the melt-spun ribbon, which further
confirms the amorphous nature of the gas-atomized powder.

The annealing temperatures for the powder cores fabricated by
cold compaction of the gas-atomized amorphous powder are
determined based on the DSC thermal scans. The XRD patterns of
the as-prepared FeSiBPNbCu powder core and the corresponding
powder cores annealed at different temperatures are shown in
Fig. 3. The as-prepared and annealed (at 400 °C) powder cores
exhibit a fully amorphous phase and are denoted as amorphous
powder cores (APCs) in the following discussion. Three diffraction
peaks attributed to the (11 0), (200), and (2 1 1) lattice planes of
the o-Fe(Si) phase, respectively, appear in the XRD patterns of the
powder cores annealed at 480 and 490 °C, which are denoted as
nanocrystalline powder cores (NPCs). The grain size of the o-Fe
(Si) phase in the NPCs obtained by annealing at 480 and 490 °C is
estimated to be about 22 and 24 nm, respectively, according to
the Scherer formula. The XRD pattern of the powder core annealed
at 500 °C (Fig. 3) shows diffraction peaks corresponding to the o-Fe
(Si), Fe3(B,P), and Fe,B phases, indicating that these phases precip-
itate simultaneously, thus deteriorating the soft magnetic proper-
ties of the powder cores [21].
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Fig. 3. XRD patterns of the as-prepared FeSiBPNbCu powder core and correspond-
ing powder cores annealed at different temperatures.

The nanocrystalline structure of the annealed samples is further
confirmed by TEM observations. Fig. 4 presents the TEM image of
the melt-spun ribbon after annealing at 480 °C for 0.5 h, wherein
the o-Fe(Si) grains are identified from the selected-area electron
diffraction (SAED) patterns, as shown in the inset of Fig. 4. These
grains have an average size of approximately 22 nm and are ran-
domly dispersed in the residual amorphous matrix. Because the
local anisotropies are randomly averaged out by the grains within
the ferromagnetic exchange length, small nanocrystals homoge-
neously embedded in the amorphous matrix are favorable for
achieving good soft magnetic properties in the case of nanocrys-
talline soft magnetic materials [22]. Compared to their amorphous
counterparts, the corresponding nanocrystallized alloys exhibit
lower /s, higher effective permeability (u), and higher B [23,24].
The low /s can effectively reduce the audible noise of MPCs that
is generated during the application.

Fig. 4. TEM image and SAED pattern of the melt-spun ribbon after annealing at 480
°C for 0.5 h.
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Fig. 5. Frequency dependence of permeability for FeSiBPNbCu powder cores
annealed at different temperatures.

Fig. 5 shows the frequency dependence of permeability for the
FeSiBPNbCu powder cores annealed at different temperatures.
The APCs exhibit a good high-frequency characteristic of perme-
ability, which keeps at a value of 65 up to 1 MHz. The permeability,
however, is obviously improved for the NPCs obtained by anneal-
ing at 480 and 490 °C. In particular, the NPCs annealed at 480 °C
exhibit the highest initial permeability of 88 and retain a stable
permeability of 85 up to 1 MHz frequency. Moreover, all specimens
exhibit excellent high-frequency stability up to about 1 MHz,
mainly because the non-magnetic inorganic insulating layer
decreases the volume fraction of the ferromagnetic particles in
the MPCs, providing the equivalent of a distributed air gap, which
leads to an increase in the relaxation frequency. The permeability
(u) can generally be calculated according to the Ollendorf’s formula
as Eq. (1) [25]:

N (L — L)
INCT— 1) (1, — plo) + 11g] 1 M

where 7 is the packing density, N is the demagnetizing coefficient,
L is intrinsic permeability of material, and y is the vacuum perme-
ability. The p, of FeSiBPNbCu amorphous alloy and nanocrytalline
alloy should be much larger than pp, thus the permeability of the
powder core is determined only by the # and N according to Eq.
(1). Here the N can be considered same for all the present powder
cores. The # of the powder core can be calculated as the ratio of
the density of the powder core to the density of the FeSiBPNbCu
master ingot. The density of the master ingot and the powder cores
obtained by annealing at 400, 480, 490 and 500 °C is measured to be
7.35, 5.38, 5.58, 5.52 and 5.51 g/cm?, respectively. So the # of the
powder cores annealed at 400, 480, 490 and 500 °C is determined
to be 73.2%, 75.9%, 75.1% and 74.9%, respectively. It can see that
the packing density of the powder cores improves as the increase
of the annealing temperature, which leads to the increase of the
permeability of the powder cores. Additionally, in fact the # in Eq.
(1) should refer to the packing density of the soft magnetic phase.
As mentioned previous, besides o-Fe(Si) phase, a certain amount
of Fes(B,P) and Fe,B phases are precipitated in the NPC annealed
at 500 °C and thus the effective packing density should be lower
than the measure value of 74.9%. Therefore, the NPC annealed at
500 °C has a lower permeability compared with the NPCs annealed
at 480 and 490 °C.

The M-H loops of the APCs and NPCs by VSM measurements are
show in Fig. 6. It can see that the M; of the APC is 148 emu/g, and
the M, of the NPCs annealed at 480 and 490 °C has an obvious

'u:
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Fig. 6. M-H loop of FeSiBPNbCu powder cores annealed at different temperatures.

increase and reaches 155 and 152 emu/g, respectively, which
should be attributable to the ultrafine a-Fe(Si) phase precipitated
after annealing [23,24].

Fig. 7 presents the frequency dependence of core loss for the
FeSiBPNbCu powder cores annealed at different temperatures.
The APCs show a low core loss of 475 mW/cm® at 100 kHz for
B, = 50 mT. As compared with the APCs, the core loss of the NPCs
obviously decreases and the NPC annealed at 480 °C exhibits the
lowest core loss of 265 mW/cm?>. When the annealing temperature
is increased to 500 °C, the core loss of the specimens shows a sub-
stantial increase. Generally, the core loss includes hysteresis loss
(Pn), eddy current loss (Pe), and residual loss (P;). The residual loss
is a combination of relaxation and resonant losses of the system,
which is important only at very low induction levels and very high
frequencies and can be ignored in power applications. Then, the
core loss of MPCs is expressed as the sum of the P, and P, provided
changes in the magnetic field inside the material are not accompa-
nied by relaxation phenomena (magnetic resonance, etc.) in the
studies range [2]. Hence, both the APCs and NPCs exhibit low core
loss due to the uniform insulation layers coated on the powder sur-
face, which provide a relatively high resistivity to the MPCs and
can effectively reduce the P.. Compared with the APCs, the NPCs
exhibit lower core loss because of the decrease in P, which is
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Fig. 7. Frequency dependence of core loss for FeSiBPNbCu powder cores annealed
at different temperatures.

affected by the H. value of the material. That is, the lower H, the
lower will Py, be [26,27].

Py, is defined as the energy absorbed by the material as the AC
magnetic field sweeps around the hysteresis curve and can be
described as the energy required to sweep the domain walls. In
addition, Py, can be obtained by extrapolating the corresponding
conversion loss (loop area) in a static magnetic field. Thus, the hys-
teresis loop area of the specimens swept out in a DC magnetic field,
which is based on the AC hysteresis curve (B, = 50 mT, f= 50 kHz),
is shown in Fig. 8(a). The H. value is much lower for the NPCs than
for the APCs and the specimens annealed at 500 °C. The DC hys-
teresis loop area has the same representation as H.. Furthermore,
the contribution of Py and P. (50 mT, 50 kHz) has been investi-
gated, as shown in Fig. 8(b). P, decreases slightly when the anneal-
ing temperature is increased from 400 °C to 480 and 490 °C, and
increases substantially as the temperature is further increased to
500 °C. P,,, however, decreases significantly from 67 mW/cm? to 6
and 8 mW/cm® when the annealing temperature is increased from
400 °C to 480 and 490 °C, respectively. With a further increase in
the annealing temperature to 500 °C, P, experiences a substantial
increase to 302 mW/cm?>. Thus, the decrease in P, caused by the
lower H. is the principal reason for the decrease in total core loss
of the NPCs as compared with the case of the APCs, which is con-
sistent with the discussion above. However, P. plays a dominant
role in core loss at high frequencies [28], and thus the decrease
in P is a reasonable explanation for the increased permeability.
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Fig. 8. (a) DC hysteresis loop of FeSiBPNbCu powder cores annealed at different
temperatures, (b) Separation of total loss into P. and P;, for samples prepared at
different annealing temperatures.
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The DC level must be tolerated for MPCs in many applications;
hence, the core material must exhibit a high incremental perme-
ability (ua) (also known as reversible permeability p.., when the
AC magnetic field is very small) at a higher DC bias magnetic field
Hpc (the so-called DC bias property) [29,30]. The permeability
measured with a superimposed DC tends to pre-magnetize the
MPCs, so that the inductance is reduced. The inductance will pro-
gressively decrease as the DC-bias field is increased, and the MPCs
approach saturation. The DC-bias field dependence of the percent
permeability for the annealed FeSiBPNbCu powder cores at 100
kHz is shown in Fig. 9. The APCs exhibit a high pa of 70% at H =
100 Oe. The pu, value of the NPCs is slightly lower than that of
the APCs but still remains at a high level. The NPCs annealed at
480 °C, in particular, exhibit high permeability and a superior ua
of 60%, implying that the FeSiBPNbCu NPCs are not easily saturated
under the applied magnetic field.

4. Conclusions

The magnetic properties of FeSiBPNbCu powder cores fabri-
cated using gas-atomized powder with a fully amorphous phase
have been investigated. The NPCs obtained through annealing at
480 °C for 0.5 h exhibit excellent magnetic properties, including a
high initial permeability of 88, frequency stability up to 1 MHz
with a constant value of 85, low core loss (Pcy (0.05/100) = 265 mW/
cm?), and superior DC-bias property of about 60% at H = 100 Oe.
The excellent magnetic performance of the present NPCs is mainly
due to the precipitation of an ultrafine a-Fe(Si) phase with a homo-
geneous grain size distribution in the residual amorphous matrix
after appropriate annealing treatment, and the uniform insulation
layer of the gas-atomized powder.
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