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ABSTRACT
We have prepared Fe-Ni-system bilayer ribbons with different magnetostriction (compositions) and investigated the improvement of soft
magnetic properties using the magnetoelastic effect. A toroidal core with D = 10 mm was made from the Fe6Ni94/Fe56Ni44 bilayer ribbon, and
the B-H loop of the core was measured. The shape of the hysteresis loop dramatically changed depending on the inner layer (inner magnetic
phase). This result indicates that the direction of the anisotropy induced by bending stress was changed depending on the inner layer. The
slope of the B-H loop and coercivity reduced when the Fe56Ni44 layer was on the inner side. From the experimental results, we found that
domain rotation was dominant for the magnetization process. Consequently, the increase in the coercivity over frequency could be suppressed
by controlling the magnetization process. From these results, we found that a thin bilayer ribbon with positive and negative magnetostriction
constant is an attractive material for reducing iron losses under high frequency.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000598

I. INTRODUCTION

In recent years, power semiconductors such as SiC and GaN
have been rapidly developed,1 and electric power and driving
frequency in power-electronics-related equipment have gradually
increased. From the trend of increases in power and frequency,
metallic soft magnetic materials for magnetic devices, which can
be used at high frequency, have been strongly required. When
driving metallic materials at a high frequency, we need to reduce
the thickness of the materials or control the magnetization pro-
cess (the direction of anisotropy) to reduce eddy current loss.2–5

We, therefore, focused on the magnetoelastic effect to reduce iron
loss (hysteresis and eddy current losses). In the present study, we
employed an electroplating method to prepare thin bilayer ribbons
and investigated the improvement in the magnetic properties at high
frequencies using the magnetoelastic effect.

II. PRINCIPLE OF REDUCTION IN IRON LOSS
Soft magnetic ribbons are typically used within toroidal cores.

When the ribbon forms into a toroidal shape, bending stress is

introduced into the ribbon. The stresses of the outer side and the
inner ones are tension and compression, respectively. Figure 1 shows
a schematic representation of the induction of anisotropy using
the magnetoelastic effect (inverse magnetoelastic effect) in a bilayer
ribbon with positive and negative magnetostriction constants, λs.
When λs of the inner layer is positive, the direction of the induced
anisotropy by the compressive stress is perpendicular to the ribbon
axis. As the anisotropy direction for the outside layer (λs < 0) is also
perpendicular, we can obtain the ribbon with uniaxial anisotropy
by using the bending stress. In the case of Fig. 1, since the hard
axis of magnetization is in the excitation direction, the domain rota-
tion becomes dominant in the magnetization process of the ribbon
and the hysteresis loss becomes theoretically zero. Under the same
excitation conditions, as the eddy current for the domain rotation
is generally smaller than that for the domain wall displacement the
low iron loss (hysteresis and eddy current losses) is realized by the
control of the anisotropy direction.

As shown in Fig. 1, we need positive and negative magnetostric-
tion constants in each layer to obtain uniaxial anisotropy. It is well-
known that the magnetostriction constant of Fe-Ni alloys depends
on the composition,6 indicating that the Fe-Ni alloy is a prefer-
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FIG. 1. Schematic representation (side-view) of induction of anisotropy in a bilayer
ribbon using magnetoelastic effect.

able material for theoretical verification of Fig. 1. We, therefore,
employed Fe-Ni system bilayer ribbons in this experiment.

III. EXPERIMENTAL PROCEDURES
A. Preparation of bilayer Fe-Ni ribbons

Some magnetic bilayer ribbons using melt-spinning methods
with double nozzles were reported.7–9 Although the multi-nozzle
method is an attractive technique for the mass production of
multilayered ribbons, thin ribbons (<10 μm) cannot be obtained.
We, therefore, focused on another fabrication process of elec-
troplating to obtain soft magnetic bilayer thin ribbons. Figure 2
shows the schematic representation of the electroplating. Tables I
and II show the bath and electroplating conditions, respec-
tively. The conditions were determined based on our previous
studies.10,11

To construct a bilayer structure, we prepared two plating
baths with different amounts of Fe reagent. Firstly, we electroplated

FIG. 2. Schematic representation of a fabrication process of a long Fe-Ni ribbon
using an electroplating method.

TABLE I. Plating bath conditions.

Reagent Concentration (g/l)

NiCl2⋅6H2O (Nickel chloride) 200, 275
FeCl2⋅4H2O (iron chloride) 5–70
C3H4(OH) (COOH)3⋅H2O (Citric acid) 5
Na3C6H5O7⋅2H2O (tri-sodium citrate) 5
NaCl 5
C7H4NNaO3⋅2H2O (saccharin) 5

TABLE II. Plating conditions.

Conditions Values

Anode/substrate Ni/stainless
Bath temperature 50 ○C
Current density 0.2 A/cm2

Plating time 30–180 sec

Fe-poor (<10 at. %-Fe, λs < 0) films on a stainless substrate and then
electroplated Fe-rich (>30 at. %-Fe, λs > 0) films on the Fe-poor ones.
The film composition was controlled by changing the amount of the
Fe reagent. After the electroplating, we peeled the bilayer film off the
substrate and obtained 140 mm-long ribbons.

B. Annealing
As-peeled ribbons were sometimes curled depending on the

plating conditions, as shown in Fig. 3(a). To obtain straight rib-
bons, we employed a joule-annealing method. The ribbons were
joule-annealed under tensile stress ( j ≈ 70 A/mm2, σ ≈ 50 MPa,
t ≈ 200 sec) to remove the residual stress in the as-peeled ribbons,
as shown in Fig. 3(b).

C. Evaluations
The thickness and the composition of the Fe-Ni ribbon were

measured with a micrometer (Mitutoyo, CPM15-25MJ) and SEM-
EDX (Hitachi High Technology, S-300), respectively. Dc-hysteresis
loops of the straight-shaped ribbons were evaluated with a B-H curve
tracer (RIKEN DENSHI, BHS-40), and we obtained the coercivity
from the measured loop. To apply the bending stress to the rib-
bon, the ribbon formed into a toroidal core using a 3D-printed
bobbin shown in Fig. 4, and the ac magnetic properties of the

FIG. 3. Photographs of the long Fe-Ni bilayer ribbons before and after the joule-
annealing. (a) As-peeled ribbon (b) Joule-annealed ribbon.
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FIG. 4. 3D-model and photograph of the core bobbin for measurement of ac
magnetic properties.

core were evaluated with a B-H analyzer (IWATSU, SY-8218). The
diameter of the core is 10 mm, and we inserted the ribbon into
the slit of the bobbin. To obtain the same winding condition for
every evaluation, the winding wire passed through the holes in the
bobbin.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
Firstly, we evaluated the dc magnetic properties of the single-

layered Fe-Ni ribbons. Figure 5 shows the coercivity as a function
of the amount of the Fe reagent. In this experiment, the amount of
the Ni reagent was fixed at 275 g/l. As shown in Fig. 5, low coerciv-
ity could be obtained at around 40 g/l of the Fe reagent. From the
evaluation of the film composition, the Fe content of the films pre-
pared at 40 g/l was ∼22 at. %. Fe22Ni78 is a well-known composition
where both the magnetocrystalline anisotropy and the magnetostric-
tion constants become nearly zero, and our films also showed low
coercivity around Fe22Ni78. This result implies that the sign of the
magnetostriction constant in the Fe-Ni alloys changes from negative
to positive around the Fe content of ∼22 at. %. Based on this result,

FIG. 5. Coercivity of the single-layered Fe-Ni ribbons as a function of the amount
of the Fe reagent in the plating baths.

FIG. 6. B-H loops of a toroidal core made from the Fe6Ni94/Fe56Ni44 bilayer ribbon.

we prepared Fe-poor films (<10 at. %-Fe) as a negative magne-
tostriction phase and Fe-rich films (>30 at. %-Fe) as a positive
magnetostriction one.

Figure 6 shows the hysteresis loops of the cores made from
the Fe6Ni94/Fe56Ni44 bilayer ribbon. The difference between the two
loops can be found in the inner side layer at the toroidal formation of
the ribbon. The same bilayer ribbon was used for the toroidal forma-
tion, and the blue and red loops are for the inner layer of Fe6Ni94 and
Fe56Ni44, respectively. An obvious difference was observed between
the two loops. As mentioned above, the signs of magnetostriction
constant for the Fe-poor phase (Fe6Ni94) and Fe-rich one (Fe56Ni44)
are negative and positive, respectively. In the case of the inner layer
of Fe56Ni44, the directions of the induced anisotropy by the bend-
ing stress are perpendicular to the ribbon axis as shown in Fig. 1,
indicating that the easy axis of magnetization is formed perpendic-
ular to the ribbon axis. Consequently, the slope of the B-H loop
and the hysteresis loss decrease. Both the slope and coercivity of
the red loop decreased compared with those for the blue one, and
we confirmed that the expected anisotropy as shown in Fig. 1 was
induced.

FIG. 7. Coercivity of the toroidal core prepared from the Fe6Ni94/Fe56Ni44 bilayer
ribbon as a function of frequency.
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Figure 7 shows the coercivity of the cores made from the
Fe6Ni94/Fe56Ni44 bilayer ribbon as a function of exciting frequency.
The symbols of “■” and “●” in Fig. 7 are the results for the inner
layer of Fe6Ni94 and Fe56Ni44, respectively. As shown in Fig. 7, the
coercivity for “●” was smaller than that for “■” in all frequencies. In
particular, we observed a large difference in Hc at a high frequency
due to different magnetization processes: domain wall motion is for
“■” and domain rotation is for “●”. In the case of “●”, as magnetized
by domain rotation, we considered that an increase in the coercivity
could be suppressed.

From these results, we found that thin bilayer ribbons with pos-
itive and negative magnetostriction are an attractive structure for
high-frequency applications.

V. CONCLUSION
We investigated the improvement in the soft magnetic proper-

ties of thin bilayer ribbons focusing on the magnetoelastic effect. The
obtained results are summarized as follows:

(1) The shape of the hysteresis loops of the toroidal core was
changed dramatically corresponding to the inner layer.

(2) The slope of the B-H loop and the coercivity were decreased
when the Fe-rich phase (Fe56Ni44) was selected as the inner
layer. In such a case, the anisotropy is induced perpendicular
to the ribbon axis, and the ribbon is magnetized by domain
rotation.

(3) In the evaluation of the frequency dependence of the coer-
civity, the core with perpendicular anisotropy showed low
coercivity.
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