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Abstract: Applying tensile stresses on straight soft magnetic ribbons before core fabrication is a
routine method of inducing magnetic anisotropy, while methods of stress annealing of ribbons after
core winding are seldom explored. In this study, we utilize a novel approach to induce magnetic
anisotropy by applying radial stresses on tape-wound cores of Fe73.5 Si13.5 B9 Cu3 Nb1 (at. %) ribbon
during crystallization heat treatment. The results show that while stress annealing does not change
the structural characteristics of annealed samples, the magnetic anisotropies induced can increase to
values ~3–5 times larger than the sample annealed in the absence of external stress. This increase
in magnetic anisotropy energy is associated with ~25–50% decrease of magnetic inductance in the
treated cores. These results suggest that the magnetic properties of nanocrystalline soft magnetic
alloys can be effectively tuned by applying radial stresses.
Keywords: stress annealing; induced magnetic anisotropy; finemet

1. Introduction
Soft magnetic materials are used in various types of electrical devices to store energy and convert
or generate electricity [1]. Compared to the conventional soft magnetic materials, nanocrystalline alloys
show exceptional magnetic behaviors such as higher saturation magnetic induction, lower coercivity,
higher magnetic permeability, and enhanced core loss performance at high frequencies [2–4]. These
types of alloys pave the way for reaching smaller, lighter, and more efficient electrical components. The
reduction in size, achieved by utilizing nanocrystallization soft magnetic alloys, makes the production
of energy-saving equipment cost-effective [5,6].
The standard method for preparing nanocrystalline soft magnetic alloys is the single roll melt
spinning technique. In this technique, alloys of a limited composition range are rapidly cooled down
from the molten state to a noncrystalline (amorphous) state and crystallization is prevented from
occurring. Using this technique, amorphous ribbons having thickness of ~20 µm and a width of
several millimeters to centimeters can be prepared on an industrial scale [7]. Annealing of the as-cast
amorphous ribbons at temperatures above the glass transition temperature but below the crystallization
temperature, while relieving quenched-in stresses, produce a nanocomposite structure comprised of
nanometer-sized crystals of (α)Fe-Si soft magnetic phase embedded in an amorphous matrix [8].
The common procedures for annealing as-cast amorphous ribbons include furnace annealing,
Joule heating, magnetic field annealing, and stress annealing [1]. While furnace annealing improves
magnetic properties and refines grain size [9], it causes undesirable anisotropies, which limit the soft
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magnetic properties of specified alloys with low Curie temperatures [10]. In Joule annealing, the ribbon
is heated up to the annealing temperature at rates much faster (typically in the range of ~100–1000 K/s)
than those achieved by furnace annealing [11], which results in better mechanical properties; however,
the extremely fast heating rates result in temperature non-uniformities. In magnetic field annealing,
the ribbon is annealed in the presence of large magnetic field (transverse or longitudinal) and a
directional magnetic anisotropy is induced in the material. The longitudinal magnetic field annealing
produces a square B–H hysteresis loop, but the transverse field shears the hysteresis loop [12]. Stress
annealing is a method of applying stress during thermal annealing to produce induced anisotropy in
the nanocrystalline ribbon and tailor magnetic energy-storage behavior. Generally, magnetic anisotropy
induced by stress annealing is larger than that of magnetic field annealing [13].
Low permeability soft magnetic cores are necessary for some applications in which higher levels
of magnetic energy storage are required [7], and reaching lower permeability (but still high saturation
induction and low core losses) is achievable by stress annealing of nanocrystalline ribbons and inducing
magnetic anisotropy. The main studies on stress annealing of soft magnetic ribbons include the
application of tensile stress on straight ribbons prior to the tape winding [13–16].
In this study, we apply radial stresses on tape-wound toroidal cores during thermal annealing
and analyze the corresponding effects on magnetic and structural properties. We find that while
stress annealing does not change the structural characteristics of annealed samples, the magnetic
anisotropy induced in stress-annealed samples increases compared to the sample annealed without
external stress. This increase in magnetic anisotropy energy also reduces magnetic inductance in the
stress-annealed cores.
2. Material and Methods
The material used in this study was a Finemet-type alloy with the nominal composition of
Fe73.5 Si13.5 B9 Cu3 Nb1 (at. %). Amorphous ribbons of 19 µm thickness and 10 mm width were prepared
by a single-roller melt-spinning technique (supplied by Taiyuan Iron and Steel Company, Inc.). The
ribbons were first wound up onto toroidal cores with the outer diameter of 29.88 mm and an inner
diameter of 18.12 mm using a fully automatic amorphous iron core winding machine (CKME Co., Ltd.,
Guangdong, China). The lamination factor of prepared cores was 82%.
Four types of samples were prepared for annealing treatment. In the first type, the as-wound
toroidal cores were furnace annealed without applying any external stress (represented by FA in
Figure 1a,b). In the second category, the inner surface of the as-wound core was kept in full contact
with a supporting stainless steel tube (see SA-1 in Figure 1a). Since the coefficient of thermal expansion
of the steel tube is positive, tensile radial stresses are generated in the toroidal core (as schematically
shown in Figure 1b).
In the other two categories (samples SA-2 and SA-3 in Figure 1a), the wound cores were first
kept in contact with the steel tube. Subsequently, spring band hose clamps (see Figure 1c) were
used to introduce compressive radial stresses on the outer layer of cores. In this regard, diameters of
φ = 29 mm for SA-2 samples and φ = 27 mm for SA-3 samples were expanded by pliers and then were
released and put in direct contact with the outer surface of the as-wound cores (see Figure 1b). Since
hose clamps had a smaller inner diameter than the as-wound cores, the cores were contracted and
radial compressive stress was imposed on them. Due to the inhomogeneous contact between hose
clamp and cores, a thin steel sheet was placed between them to make the applied radial stress on cores
more uniform.
After the preparation of samples, the nanocrystallization heat treatment was conducted at the
temperature of 813 K for 1 h under vacuum atmosphere.
The structure of treated cores in the outermost layer was analyzed by X-ray diffraction (XRD,
Bruker D8, Karlsruhe, Germany) with Cu-Kα radiation. In particular, the size of crystallites formed
during annealing treatment and the amount of microscopic strain in treated samples were calculated
using Rietveld refinement method [17].
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The soft magnetic properties were characterized using DC (direct-current) B–H hysteresis tracer
(MATS–2010SD, Hunan, China). The coefficient of inductance at various frequencies was measured
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3.2. Structural Characterizations
The XRD plots for treated samples are shown in Figure 2a. Annealing at 813 K for 1 h yields
primary crystallization of as-cast amorphous samples, and, consequently, a heterogeneous structure
containing nanocrystalline phases and the amorphous matrix is formed [19]. Analysis of diffraction
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3.3. DC B–H Hysteresis Loops
3.3. DC B–H Hysteresis Loops
Figure 3a shows the DC hysteresis loops for the treated magnetic cores without and with external
Figure 3a shows the DC hysteresis loops for the treated magnetic cores without and with external
radial stresses. While the core without external stress (FA) shows a squared B–H loop, the other treated
radial stresses. While the core without external stress (FA) shows a squared B–H loop, the other treated
cores show sheared hysteresis loops. This observation indicates that excess magnetic anisotropy is
cores show sheared hysteresis loops. This observation indicates that excess magnetic anisotropy is
induced in samples by stress annealing [24].
induced in samples by stress annealing [24].
The values of B and H measured from B–H hysteresis curves are shown in Figure 3b. It can be
The values of Bss and Hcc measured from B–H hysteresis curves are shown in Figure 3b. It can be
seen that the values of B in all treated cores are almost identical, implying that stress annealing has no
seen that the values of Bss in all treated cores are almost identical, implying that stress annealing has no
remarkable effect on B . This finding is also in line with the XRD results where the crystallite size was
remarkable effect on Bss. This finding is also in line with the XRD results where the crystallite size was
independent of stress annealing treatment. Moreover, H value in sample SA-1 is slightly higher than
independent of stress annealing treatment. Moreover, Hcc value in sample SA-1 is slightly higher than
sample FA, and in samples SA-2 and SA-3, Hc decreases to values slightly lower than FA. However,
sample FA, and in samples SA-2 and SA-3, Hc decreases
to values slightly lower than FA. However, the
the changes in Hc occur over a narrow range and can be negligible in the case of toroidal cores.
changes in Hc occur over a narrow range and can be negligible in the case of toroidal cores.
The squareness of B–H hysteresis curves can be quantified using the Br/Bs ratio (Br is the magnetic
remanence). As shown in Figure 4, the Br/Bs ratio decreases with the increase in the extent of stress
annealing. As stress annealing can induce magnetic anisotropy in the alloy, it can, therefore, change
the Br/Bs ratio.
Generally, transverse magnetic annealing can induce lateral magnetic anisotropy in the material
and reduce Br of the alloy. As the values of Bs are similar in all treated samples (see Figure 3b), the
decrease in Br/Bs ratio is equivalent to the reduction of Br. So, the significantly lower Br values of stress-
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where Ku is the magnetic anisotropy energy, H is the magnetic field, and Ms is the magnetization
saturation. Figure 5 shows the absolute values of Ku in treated samples. While Ku in the FA sample is
as small as ~20 J/m, the value of Ku remarkably increases in stress-annealed samples. The value of
Ku in the FA sample is comparable to the low values of Ku reported for Fe73.5 Si13.5 B9 Cu3 Nb1 (at. %)
ribbons during magnetic field-assisted annealing at the same thermal protocol [26]. This small amount
of magnetic anisotropy found in sample FA may have geometrical origins. It has been shown that
winding as-cast ribbons to toroidal cores of 15-mm and 25-mm inner diameter can result in more
considerable bending stresses in the core with lower diameter (i.e., 15-mm inner diameter) [27], which
will
the
magnetization process and other magnetic properties in the wound core.
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In the case of stress-annealed samples, Ku increases remarkably to values ~3–5 times larger than
In the case of stress-annealed samples, Ku increases remarkably to values ~3–5 times larger than
the FA sample. Additionally, the increase in Ku is monotonic with the extent of stress annealing
the FA sample. Additionally, the increase in Ku is monotonic with the extent of stress annealing
treatment. This finding also corroborates that imposed stress in sample SA-3 is larger than the stresses
treatment. This finding also corroborates that imposed stress in sample SA-3 is larger than the stresses
generated in samples SA-2 and SA-1, since the amount of magnetic anisotropy energy is proportional
generated in samples SA-2 and SA-1, since the amount of magnetic anisotropy energy is proportional
to the amount of stress [13].
to the amount of stress [13].
Note that the tape-wound cores also shrink during annealing treatment due to the
Note that the tape-wound cores also shrink during annealing treatment due to the amorphous-toamorphous-to-nanocrystalline transition by ~1% [17]. This shrinkage of the core, supported by the large
nanocrystalline transition by ~1% [17]. This shrinkage of the core, supported by the large thermal
thermal expansion of the steel tube, induces radial tensile stresses that yield easy magnetization axis
expansion of the steel tube, induces radial tensile stresses that yield easy magnetization axis perpendicular
perpendicular to the length of the wound core [17]. The magnetic anisotropy induced in stress-annealed
to the length of the wound core [17]. The magnetic anisotropy induced in stress-annealed samples may
samples may have a magneto-elastic origin. When Fe3 Si is crystallized in the presence of stress, the
have a magneto-elastic origin. When Fe3Si is crystallized in the presence of stress, the anelastic
anelastic polarization of the amorphous matrix generates back stresses in the Fe3 Si nanograins and
polarization of the amorphous matrix generates back stresses in the Fe3Si nanograins and the magnetothe magneto-elastic interactions between crystallites and the amorphous matrix bring to magnetic
elastic interactions between crystallites and the amorphous matrix bring to magnetic anisotropy [13].
anisotropy [13].

3.5. Coefficient of Inductance (Effective Permeability)
3.5. Coefficient of Inductance (Effective Permeability)
Since magnetic permeability of the magnetic core is much higher than the magnetic permeability
Since magnetic permeability of the magnetic core is much higher than the magnetic permeability
of the surrounding air, the magnetic flux is confined in the magnetic circuit when an inductive coil is
of the surrounding air, the magnetic flux is confined in the magnetic circuit when an inductive coil is
applied. The inductance (L) of the coil is [28]
applied. The inductance (L) of the coil is [28]
(3)
= N2 µr µ0 A
L=
(3)
l
where N is the number of turns, μr is the relative permeability, μ0 is the permeability of free space,
and A and l are the area and length of the coil, respectively. The coefficient of inductance is the singleturn inductance, written as
=

∝

(4)

It can be seen that the relative permeability is proportional to the inductance, and the change in
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where N is the number of turns, µr is the relative permeability, µ0 is the permeability of free space, and
A and l are the area and length of the coil, respectively. The coefficient of inductance is the single-turn
inductance, written as
µr µ0 A
L=
∝ µr
(4)
l
It can be seen that the relative permeability is proportional to the inductance, and the change in
the relative permeability can be characterized by monitoring the changes in the inductance. Figure 6
shows the changes in the coefficient of inductance at different switching frequencies. Over a wide
frequencies range, the coefficient of inductance (i.e., µr ) remarkably decreases as the stress is increased
in samples. The decline of inductance for different frequencies in the sample SA-3 is as much as
~50% of the inductance in the sample FA (without stress). Accordingly, the method used in this study
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In the case of stress-annealed samples, the values of Ps at constant frequency (Figure 7a) or constant
magnetic field (Figure 7b) have slightly larger amounts than the sample FA. This increase of Ps in stressannealed samples might be due to the influences of imposed stresses on the pinning of domains wall
and subsequent increase in the coercive field, which eventually increases the hysteresis losses [27].
However, it should be noted that the variations of Ps in stress-annealed samples are marginal and
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occur in a range that is expected for Finemet-type nanocrystalline soft magnetic alloys [1].
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4. Conclusions
By applying external stress to the toroidal cores prepared from Fe73.5 Si13.5 B9 Cu3 Nb1 ribbons, the
soft magnetic properties and structure of treated samples were studied. We found that the size of
crystallites and microstrains in treated samples is independent of the extent of applied stress, and
the magnetic properties is influenced by the stress annealing treatment. The B-H curves get flattened
and the Br /Bs ratio becomes smaller as larger stresses are imposed. The applied stress also changes
the magnetic anisotropy energy of the stress-annealed nanocrystalline magnetic cores. Stress leads
to magnetoelastic anisotropy, which in turn induces anisotropy. By inducing magnetic anisotropy,
magnetic permeability can be adjusted over a wide range in treated samples and iron loss increases
slightly. These findings suggest that the application of radial stresses can effectively influence the
magnetic properties in Finement-type nanocrsyatlline toroidal cores.
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