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Soft Magnetic Properties of Magnetic Cores Assembled With a
High Bs Fe-Based Nanocrystalline Alloy
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Soft magnetic properties of magnetic cores assembled with Fe81.8Cu1.0Mo0.2Si4B14 nanocrystalline alloy ribbon are discussed.
The nanocrystalline alloy ribbon was cast in an amorphous phase by a melt quenching method, and a nanocrystalline phase was
obtained by high-heating rate annealing. A medium-size toroidal core assembled with this nanocrystalline alloy ribbon exhibits
magnetic flux density B800 at 800 A/m of 1.74 T, core loss P16/50 at 50 Hz, and at 1.5 T of 0.29 W/kg. A racetrack-shaped core,
which includes curved and straight sections in the same core, exhibits core losses at 1.0 T and at 400 Hz and 1 kHz of 1.5 and
5 W/kg, respectively. These core losses are as low as those of Fe-based amorphous alloys. A medium-size toroidal core assembled
with this nanocrystalline alloy ribbon, secondarily annealed under a perpendicular magnetic field, exhibits core loss P2/10k at 0.2 T
and at 10 kHz of 2 W/kg. This value of core loss is one of the lowest values for the metallic magnetic cores, which have a saturation
induction Bs higher than 1.5 T. A core assembled with this material can be used in several applications from low to medium
frequency ranges. Since this material exhibits a higher Bs and one half of the saturation magnetostriction λs of Fe-based amorphous
alloys with comparable core losses, the most possible applications are in such applications as distribution transformers and inductors
in power electronics.

Index Terms— High Bs soft magnetic materials, nanocrystalline magnetic materials, toroidal core.

I. INTRODUCTION

CURRENTLY, soft magnetic materials, such as
Si-steels [1]–[4], Fe-based amorphous alloys [5]–[7],

and Fe-based nanocrystalline alloys [8]–[10], are used in
electrical power devices and modern electronics equipment,
parts, and devices, which require high efficiency. Especially for
low frequency applications such as distribution transformers,
a high operating magnetic flux density Bm with low core loss
is required for the core material to achieve high effectiveness.
In this application field, grain-oriented Si-steels have been
most widely used. However, Fe-based amorphous alloys
are increasingly replacing Si-steels because of their lower
core loss [7]. Comparing these two materials, there is a
tradeoff relation between Bm and core loss. Since saturation
flux densities Bs of Fe-based amorphous alloys are at most
approximately 1.65 T, which is about 80% of that of oriented
Si-steels [11], a transformer made by an Fe-based amorphous
alloy is 1.1 ∼ 1.2 times larger than that made by Si-steels.
Therefore, a combination of high Bs and low core loss is
required for the next generation of soft magnetic materials
for transformers. From this point of view, high Bs Fe-Cu-B
and Fe-Cu-Si-B nanocrystalline alloys have been developed,
which exhibit Bs of higher than 1.7 T and core loss at 50 Hz
and at 1.5 T, P15/50, of one half of that of grain oriented
Si-steels [12]–[18]. These materials were cast as ribbon by
a melt quenching method and nanocrystalline phases were
obtained after annealing. The as-quenched state exhibited
primary crystalline grains of sizes of several nanometers with
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number density of more than 500 grains/μm2 in the matrix
of Fe-B-based amorphous phase [7]. Because of this alloy
ribbon being brittle in the as-quenched state, there are issues
of ribbon-winding during the continuous casting process.
It was difficult to obtain consistent ribbon at the production
level. Therefore, high Bs Fe-Nb-Cu-Si-B and Fe-Cu-Si-B-P
nanocrystalline alloys, which exhibit Bs of higher than
1.7 T and core loss, for example, at 50 Hz and at 1.5 T,
P15/50, of one third of that of oriented Si-steels, have been
developed [15]–[17]. These alloys can be cast in amorphous
phases. However, in order to obtain nanocrystalline phases,
they required high heating rate of more than 100 °C/min
in the annealing process [15], [16]. To achieve this high
heating rate, less than 20 sheets of strips were wrapped
by thin Nb foil and were placed in a pre-heated furnace.
No issues were found in annealing fewer than 20 sheets at
the same time, but annealing more than 30 sheets at the
same time tended to be uncontrollable. Due to the latent
heat of crystallization, the ribbon is self-heated during the
annealing process and ribbon stacking density is limited.
Therefore, even for a small toroidal core of the size of outside
diameter (OD), inside diameter (ID), and core thickness t
of 19, 15, and 5 mm, respectively, the coercivity Hc was
several hundreds of A/m because of the precipitation of
Fe-B compounds due to overheating of the core during the
annealing process. In order to solve this issue, we have
developed an in-line pre-annealing system to obtain primary
crystalline grains before final annealing. In this paper, soft
magnetic properties of magnetic cores assembled with the
amorphous alloy ribbon developed are presented.

II. EXPERIMENT

In this paper, the chemical composition of the alloy rib-
bon is Fe81.8Cu1Mo0.2Si4B14. An alloy ingot was melted by
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Fig. 1. Toroidal core of the size of ID117-OD153-t25.4 assembled with
Fe81.8Cu1.0Mo0.2Si4B14 nanocrystalline alloy ribbon. The weight of this core
is approximately 1.2 kg. The nanocrystalline alloy ribbon was prepared by
high speed heating rate anneal. After assembling the toroidal core, secondary
annealing was carried out under a magnetic field of 2.2 kA/m applied along
toroid’s circumference direction.

induction heating in an Ar gas atmosphere. The ingot weighing
about 20 kg is cast into 25.4 mm-wide amorphous ribbon
with thicknesses of 23–25 μm by a melt quenching method.
The crystallization temperatures TX1 and TX2 measured by
DSC were approximately 480 °C and 530 °C, respectively.
Here, TX1 and TX2 denote the precipitation temperature of
bcc Fe and Fe–B compounds, respectively. The primary
annealing was carried out by in-line annealing equipment.
This equipment consists of a ribbon feeder hub, a tensionner,
a heater, and a winder. The heater temperature was set at
around 500 °C. Toroidal cores to be studied were directly
assembled on the in-line annealing equipment. The average
speed of heating from room temperature to the set temperature
was higher than 100 °C/s. A typical secondary annealing
condition was at 430 °C for 5.4 ks with a magnetic field of 2.2
kA/m applied along ribbon’s length direction. The dc-magnetic
measurements were performed by a commercially available
dc-hysteresis loop tracer, Remagraph C-500 (manufactured
by Magnet-Physik Dr. Steingroever, GmbH, Deutschland).
Primary and secondary circuits were wound on the toroidal
cores. The dc-hysteresis loops were measured by sweeping
the magnetic field up to ±800 A/m. The ac-magnetic mea-
surements were carried out according to ASTM A912 Stan-
dard using the same primary and secondary circuits prepared
for dc-magnetic measurements. Sinusoidal excitations were
adopted in the ac measurements, and the magnetic field was
calculated by measuring the voltage across a shunt resistance.
The microstructure was observed by a transmission electron
microscopy (TEM).

III. RESULT AND DISCUSSION

A toroidal core with a size of (OD, ID, t) = (153, 117,
25.4 mm) is shown in Fig. 1. The weight of this core is
approximately 1.2 kg. Since the natural radius of curvature of
the primary in-line annealed ribbon is approximately 55 mm,
the largest radius of curvature mismatching of the ribbon in
the core is about 20 mm. Therefore, the core was secondarily
annealed after assembling by a primary in-line annealing
system in order to release the stress introduced during the

Fig. 2. B–H loop of the toroidal core of Fig. 1.

Fig. 3. Operating magnetic flux density Bm dependence of core loss P of
the toroidal core of Fig. 1.

Fig. 4. Exciting power S of the toroidal core of Fig. 1 versus operating flux
density Bm .

core assembling. Note that this secondary annealing serves
mainly to release stress and to induce magnetic anisotropy
under magnetic fields. By applying longitudinal magnetic
fields along the magnetic pass direction (termed longitudi-
nal field annealing below), the core could exhibit a square
B–H loop. On the other hand, B–H loop could be a
sheared-type by applying a magnetic field along the core’s
axis direction (termed “perpendicular field annealing” below).
Moreover, the increase of Bs by secondary annealing is at
most 0.02 T, hence most of the nanocrystallization has been
completed during the primary annealing process. In Fig. 2,
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TABLE I

VALUES OF B800, B80, P15/50 , AND P16/50 , AND Bs FOR A TOROIDAL CORE OF SIZE OF ID117-OD153-t 25.4 ASSEMBLED WITH

Fe81.8Cu1.0Mo0.2Si4B14 NANOCRYSTALLINE ALLOY RIBBON SHOWN IN FIG. 1 TOGETHER WITH THOSE VALUES FOR METGLAS�2605HB1m

Fe-BASED AMORPHOUS ALLOY AND 230 μm THICK PLATE OF GRAIN ORIENTED Si-STEEL. ρ IS THE MATERIAL DENSITY

Fig. 5. B–H loop of a racetrack style core with a curved section with
the radius of curvature of 30 mm and a straight section of 60 mm in length
assembled with the primary annealed ribbon. Secondary anneal was performed
under a longitudinal magnetic field.

B–H curves measured at 25 °C and 90 °C of this core
are shown. Figs. 3 and 4, respectively, show power loss
P versusBm and exciting power S versus Bm measured
at 25 °C. Representative data points from Figs. 2–4 are listed in
TABLE I together with materials’ saturation induction, Bs , and
physical density, ρ. It is noted that the core loss of the present
alloy is less than one half of that of Si-steels and comparable
with that of the most advanced amorphous Fe-based alloy [18].
Also, noted are the ratios of B80/Bs and B800/Bsamong the
three materials: 0.95 and 0.99 for the present alloy and the
amorphous alloy, respectively, whereas they are 0.86 and 0.95
for the Si-steel. These numbers indicate that B–H loops for
the present alloy and the amorphous alloy are square in shape
whereas the Si-steel loops are round, meaning Bm can be much
closer to Bs , keeping the transformer’s exciting power at much
lower levels than in Si-steel-based transformers. As shown
in Fig. 2, this core exhibits B80 = 1.66 T at 25 °C and
1.62 T at 90 °C, namely, the reduction ratio of B80 against
temperature is −0.0006 T/°C. This is about one half of that of
Fe-based amorphous alloys. Therefore, there is an advantage of
a higher Bm for the present alloy over amorphous alloys with
comparable core loss, providing highly balanced performance
of Bm and loss in a transformer core based on the present alloy.

By using the same nanocrystalline ribbon, a racetrack-style
core in which the curved section had a radius of curvature
of 30 mm and a straight section of 60 mm was assembled.

Fig. 6. Core loss P versus operating flux density Bm at frequencies of
400 Hz, and 1, 5, and 10 KHZ for the racetrack core Fig. 5.

A secondary annealing was applied to this core. As shown in
Fig. 5, this core exhibits a round B–H loop, indicating the
magnetization process is by magnetization rotation whereas in
the toroidal core of Fig. 1, domain wall motion is considered
predominant in the magnetization process. In the racetrack
core, there are higher stresses due to mismatching of ribbon
curvatures. These stresses tend to divide magnetic domains,
and hence finer and stiffer magnetic domains are created.
This type of B–H loop is more suitable in higher frequency
range of several kilohertzs. Core loss measurements were thus
carried out at 400 Hz, and 1, 5, and 10 kHz, as shown in
Fig. 6. The values of Bs , core losses of P15/50 at 1.5 T
and at 50 Hz, P10/400 at 1.0 T and at 400 Hz, P10/1k at
1.0 T and at 1 kHz, and P2/10k at 0.2 T and at 10 kHz,
and the saturation magnetostriction λs for this racetrack core
are listed in TABLE II. Also listed are the data taken on
a toroidal core with (OD, ID, t) = (74, 70, 25.4 mm)
assembled with this material secondarily annealed under
a perpendicular magnetic field and cores based on
Metglas 2605HB1M Fe-based amorphous alloy, grain oriented
Si-steel [18], 6.5 wt% Si-steel [19], and FINEMET FT3
Fe-based nanocrystalline alloy. The racetrack core exhibits
comparable performance with Metglas 2605HB1M Fe-based
amorphous alloy core in the 400 Hz ∼ 1 kHz range, showing
an excellent performance at 10 kHz. The core with the
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TABLE II

VALUES OF Bs , CORE LOSSES OF P15/50 AT 1.5 T AND AT 50 Hz, P10/400 AT 1.0 T AND AT 400 HZ, P10/1k AT 1 T AND AT 1 KHz AND P2/10k AT 0.2 T

AND AT 10 KHz, AND THE SATURATION MAGNETOSTRICTION λs FOR THE RACETRACK CORE OF FIG. 5, COMPARING WITH THOSE DATA FOR

id70-od74-t 25.4 TOROIDAL CORE ASSEMBLED WITH THE NANOCRYSTALLINE MATERIAL WITH A SECONDARY ANNEALING UNDER PERPENDICULAR

MAGNETIC FIELD, METGLAS�2605HB1 Fe-BASED AMORPHOUS ALLOY CORE, GRAIN ORIENTED Si-STEEL, 6.5 wt% Si-STEEL, AND FINEMET�FT3

FE-BASED NANOCRYSTALLINE ALLOY CORE

perpendicular magnetic field annealing exhibits comparable
core loss with that of FINEMET FT3 Fe-based nanocrystalline
alloy core at 10 kHz.

In the medium frequencies, e.g., several kilohertz regions,
the core loss determines the limit for Bm in transformers and
other devices, unlike in lower-frequency transformers, because
of the heat generated by core loss. From this point of view,
FINEMET� FT3 Fe-based nanocrystalline alloy core is the
most suitable metallic core for the transformers and inductors
operated at Bm of less than 1.25 T. For power electronics
applications, not only low core loss is required but also higher
Bs values have to be considered as the inductors carrying large
currents. A higher Bs results in smaller devices. Furthermore,
lower core loss allows higher temperature operation. A loss
separation analysis of the data obtained indicates that material
hysteresis loss, eddy current loss, and excess eddy current
are 0.8, 0.5 and 0.7 W/kg, respectively, at Bm of 0.2 T
and at 10 kHz. It is possible to reduce core loss at higher
frequencies by using thinner ribbons. In the frequency range
above 20 kHz, eddy current loss becomes dominant; hence,
suppressing eddy current by reducing inter-layer electrical
conductivity is an efficient way to reduce core loss. In Fig. 7,
cross-sectional TEM images near the ribbon facing the chill-
roll surface of this material are shown. Crystalline grain sizes
in the matrix phase of after annealed ribbon were 10 ∼ 20 nm.
Note that the thickness of oxide layer on the as-quenched
ribbon is 5 nm [shown in Fig. 7(a)], and it is 10 ∼ 15 nm after
the primary annealing process [shown in Fig. 7(b)]. Although
this core assembling method is less productive due to the
requirement of two annealing steps with the primary step

Fig. 7. Cross-sectional TEM image near roll surface side of (a) as-quenched
and (b) annealed ribbon.

being by one-layer annealing, this process helps create a strong
and homogeneous oxide layer on the surface of the ribbon.
In fact, sticking of layers after secondary annealing was hardly
observed for the cores assembled with this alloy ribbon. The
sticking of layers brings about not only a high inter-layer
electrical conductivity but also introduces local mechanical
stress. Thus, the combination of the material and the annealing
methods, i.e., the rapid annealing of Fe81.8Cu1.0Mo0.2Si4B14
amorphous alloy ribbon, opens up a new opportunity of
achieving highly efficient metallic magnetic cores in low- to
medium-frequency applications. This material exhibits λs of
around 15 × 10−6, which is larger than those of Si-steels.
However, λs is about one half of that of Fe-based amorphous
alloy and this material exhibits a higher Bs and compa-
rable core losses with Fe-based amorphous alloys. Thus,
the inductors based on the present material emanate lower
magnetostriction-related noises compared with those based on
the amorphous Fe-based alloys, when operated at the same
induction level.
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IV. CONCLUSION

Soft magnetic properties of magnetic cores assembled
with Fe81.8Cu1.0Mo0.2Si4B14 nanocrystalline alloy ribbon are
evaluated. The nanocrystalline alloy ribbon was cast in an
amorphous phase by melt quenching method, and a nanocrys-
talline phase was obtained by rapid heating of the ribbon. The
main conclusions are as follows.

A medium-sized toroidal core assembled with this
nanocrystalline alloy ribbon exhibits magnetic flux density
B800 at 800 A/m of 1.74 T and core loss P16/50 at 50 Hz
and at 1.5 T of 0.29 W/kg. The value of B800 is about 0.1 T
higher than that of Fe-based amorphous alloys and P16/50 is
less than one half of that of grain oriented Si-steels.

A racetrack-shaped core, which includes curved and straight
sections in the same core, exhibits core losses at 1.0 T and
at 400 Hz and 1 kHz of 1.5 and 5 W/kg, respectively. Due
to the mechanical stress caused by mismatching of the ribbon
curvatures, B–H loop appears to be a round type. However,
core losses are as low as those of Fe-based amorphous alloys.

A medium-sized toroidal core assembled with this nanocrys-
talline alloy ribbon, which was secondarily annealed under a
perpendicular magnetic field, exhibits core loss at 0.2 T and at
10 kHz of 2 W/kg. This value of core loss is one of the lowest
among the metallic cores, which have higher Bs than 1.5 T.

The nanocrystalline material utilized exhibits a high satura-
tion magnetic flux density of 1.74 T and one half of the satu-
ration magetostriction λs of Fe-based amorphous alloys with
comparable core losses, finding its applications in distribution
transformers and power electronics devices.
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