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Stress-induced anisotropy for MHz-stable permeability in Fe-based

nanocrystalline alloys
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ABSTRACT Tensile stress annealing (TSA) is an effective
strategy for tailoring magnetic anisotropy and high-frequency
performance in nanocrystalline soft magnetic alloys. Here, we
systematically investigate the influence of TSA on the micro-
structure, magnetic domain evolution, and permeability sta-
bility of Fegy5C0o;Nb,Mo,55i;4ByCu; nanocrystalline alloys.
Across all applied stresses (0-300 MPa), the alloys retain an
ultrafine grain size (<11 nm), yet the induced uniaxial aniso-
tropy constant (K,) rises sharply from 22.5 to 665 J/m>. This
increase in K, refines the magnetic domain structure, reducing
average domain width from 110 to 36 pm, and shifts the
magnetization mechanism from domain-wall displacement to
rotation-dominated reversal. Quantitative correlation be-
tween K,, domain structure, and effective permeability (u.)
reveals that higher stress suppresses p,. at low frequencies but
yields exceptional frequency stability: y. ~ 2330 is maintained
up to 1 MHz at 50 MPa, and p. ~ 585 remains constant from
1 kHz to 10 MHz at 300 MPa. These findings demonstrate that
stress-induced anisotropy is a decisive factor in governing
high-frequency magnetic response, offering both mechanistic
insight and a practical framework for designing next-genera-
tion soft magnetic materials for precision current transfor-
mers, EMC filters, and MHz-class power electronics.

Keywords: tensile stress annealing, magnetic anisotropy, domain
structure evolution, high-frequency permeability stability, Fe-
based nanocrystalline alloy

INTRODUCTION

The rapid evolution of power electronics has intensified the
demand for magnetic components capable of operating effi-
ciently at high frequencies, often in the MHz range. Devices such
as current transformers, DC-DC power converters, and elec-
tromagnetic compatibility (EMC) filters are integral to smart
grids, electric vehicles, renewable energy systems, and high-
speed communication infrastructure [1-3]. However, the pro-
liferation of rectifiers, inverters, and high-frequency switching
circuits introduces substantial DC and harmonic components
into the power grid. These effects induce nonlinear magnetic
behavior and permeability degradation in transformer cores,
ultimately compromising measurement accuracy and efficiency.
Achieving low, stable effective permeability (y4.) under high-
frequency excitation and DC-bias is therefore critical for sup-
pressing electromagnetic interference and ensuring reliable

performance in next-generation power systems [4,5].

Fe-based nanocrystalline alloys are a prime candidate for such
applications due to their unique amorphous-nanocrystalline
dual-phase structure, which combines high saturation magnetic
flux density (B,), high p., low coercivity (H,.), and low core loss
(P.,) [6-8]. Yet under DC-bias, these alloys are prone to
saturation, where g, declines sharply even at relatively low DC-
bias fields, severely restricting their usable frequency range.
Conventional strategies, such as Ni alloying [9] or magnetic field
annealing [10], are commonly employed to modulate K, to
mitigate this effect. However, their effectiveness is often limited
by intrinsic trade-offs. While Ni alloying can tune g, to a certain
degree, it adversely affects frequency stability. Additionally,
magnetic field annealing results in mediocre permeability line-
arity and inadequate DC-bias tolerance.

Among Fe-based nanocrystalline systems, the FINEMET-type
alloys are particularly attractive for high-frequency applications
due to their excellent amorphous-forming ability and well-
defined nanocrystalline structure, favorable y. and P, [11-13].
Thus, it is a promising candidate for developing high-frequency
soft magnetic materials. However, further optimization of alloy
composition and annealing processes is critical to enhance its
high-frequency performance. Notably, adjusting the Co content
has been demonstrated as an effective approach to improving
both soft magnetic properties and thermal stability. The incor-
poration of Co enhances both B; and Curie temperature (T.),
while simultaneously contributing to the refinement and stabi-
lization of the nanocrystalline structure, suppressing grain
growth and thereby maintaining optimal soft magnetic proper-
ties [14-16]. However, the effect is intrinsically dualistic. While
Fe-Co strong exchange coupling contributes to improved ther-
mal stability, reduced H,, and elevated y. [15,17,18], excessive
Co content can disrupt microstructural homogeneity due to its
high magnetocrystalline anisotropy energy, leading to increased
K, and deteriorated soft magnetic properties [19-23]. Striking
the right compositional balance is therefore essential before
applying post-processing treatment. Nb and Mo are utilized to
improve glass-forming ability, suppress grain growth, and sta-
bilize the nanocrystalline structure during annealing [24,25].
Tensile stress annealing (TSA) offers a far more powerful route
to K, control than magnetic field annealing, typically achieving
two orders of magnitude greater anisotropy modulation [26].
TSA can produce Fe-based nanocrystalline alloys with precisely
tuned p. and exceptional frequency stability [26-28]. In a pre-
ceding study, Cai et al. reported on optimizing soft magnetic
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properties in FeCoSiBPC amorphous alloys characterized by a
high B, [29]. Through the TSA, a marked improvement in y. and
a decrease in magnetic loss were realized. Cai et al. successfully
prepared Fe;, ,Co,Si;3BgNb,CuMn, (x = 0, 2, 4, 6, 8) nano-
crystalline alloys via static TSA, achieving high-frequency g,
stability and strong DC bias resistance [30]. However, the fre-
quency range of permeability stability of this work is not wide
enough and can only be maintained within 1 MHz. Further-
more, Guo et al [31] reported the fabrication of a
Fe;; 581;55B;NbsCu; nanocrystalline alloy treated by TSA. This
alloy exhibited excellent frequency stability with a constant . of
400 over a wide operational range from 1kHz to 10 MHz.
However, the value of 400 in g, is insufficient for applications
requiring higher inductance.

In this work, Fe;, s_,Co,Nb,Mo; 5Si;4BsCu; (x = 1, 3, 5, 7) was
deliberately designed based on careful considerations of struc-
tural stability and soft magnetic optimization. After systematic
compositional  selection, FegysCosNb,Mo; 5Si;4BoCu,;  alloy
exhibited the optimal combination of high B, low H,, and stable
pe- It was thus selected for subsequent TSA investigation. To
improve the frequency stability and magnitude of effective
permeability at high frequencies. We systematically examine the
effects of varying Co element concentration and applying TSA
on the soft magnetic characteristics of the FegsCosNb,Mo, s-
Si;4BoCu; nanocrystalline alloy. The crystallization behavior, K,
evolution, domain structure modulation with tensile stress level,
and quantitatively linking these to frequency-dependent . with
core loss were systematically correlated. Benchmarking against
other Fe-based nanocrystalline alloys confirms that the present
approach achieves an unprecedented combination of perme-
ability stability, hysteresis linearity, and high-frequency resi-
lience. These findings provide both mechanistic insight and
practical design principles for next-generation soft magnetic
materials for high-frequency power electronics, including pre-
cision current transformers, EMC filters, MHz-class switching
devices for electric vehicles, and 5G communication systems.

EXPERIMENTAL SECTION

Alloy ingots with compositions of Fey, s_,Co,Nb,Mo; 5Si;4BsCuy
(x =1, 3, 5, 7) were prepared by induction melting the mixtures
of Fe (99.99 wt.%), Co (99.99 wt.%), Nb (99.999 wt.%), Mo
(99.999 wt.%), Si (99.999 wt.%), B (99.99 wt.%), and Cu
(99.999 wt.%) under an argon atmosphere. The as-quenched
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Figure 1

(AQ) ribbons were fabricated by single-roller melt spinning, and
the thickness was 20 + 2 um. The thermal properties were
analyzed by a differential scanning calorimeter (DSC, Netzsch
404 F3). TSA treatments were performed at 818 K for 10 min
under applied tensile stresses of 0-300 MPa, followed by rapid
forced-air cooling. This annealing temperature (818 K) was
chosen because preliminary DSC measurements and isothermal
trials identified it as optimal for controlled nanocrystallization of
the Fe-Co-Nb-Mo-Si-Cu ribbons. The initial magnetization
curves and hysteresis loops were measured by the vibrating
sample magnetometer (VSM, Lake Shore 7407), and the B, was
determined under an applied field of 800 kA/m. The ., H. and
P, were measured by an impedance analyzer (Keysight,
E4990A), a DC B-H loop tracer (Riken, BHS-40) under a
maximum field of 1 kA/m and an AC B-H loop tracer (Riken,
AC BH-100), respectively. The microstructure was characterized
by X-ray diffraction (XRD, Bruker D8-Discover) with Cu K,
radiation, and transmission electron microscopy (TEM, Talos
F200X). The average grain size of nanocrystals (D,,) was esti-
mated from the grain size distribution of nanocrystals in selected
bright field TEM images using Nano Measurer software and
Gaussian fitting. The magnetic domain was analyzed employing
a magneto-optical Kerr microscope (Evico Magnetics GmbH,
em-Kerr-highres).

RESULTS AND DISCUSSION

The XRD pattern of AQ Fe;,s_,Co,Nb,Mo; 5Si;4BoCuy (x =1, 3,
5, 7) ribbons reveals a typical broad diffuse halo, with no dis-
cernible sharp diffraction peaks (Fig. la), confirming the for-
mation of a fully amorphous structure. The DSC analysis
demonstrates a distinct two-stage crystallization process, corre-
sponding to the sequential precipitation of a-Fe(Co) and Fe-
metalloid compounds (Fig. 1b). As the Co content increases, the
initial crystallization temperature (T,;) rises from 815 to 819 K,
while the secondary crystallization temperature (T,,) remains
relatively unchanged, indicating that the addition of Co mar-
ginally enhances the thermal stability of the alloys. Moreover,
the alloys exhibit a broad crystallization temperature interval AT
(AT = T, — T,y) ranging from 149 to 152 K, which is a critical
parameter for evaluating thermal stability and guiding nano-
crystallization kinetics. A larger AT promotes uniform nuclea-
tion and growth of fine a-Fe(Co) grains while effectively
suppressing the formation of undesirable secondary phases,
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(a) XRD patterns, (b) DSC curves of AQ Fe;,5_,Co,Nb,Mo, 55i,,ByCu; (x=1, 3, 5, 7).

2 © Science China Press 2026



SCIENCE CHINA Materials

ARTICLES

thereby preserving optimal soft magnetic properties.

All Col-Co7 alloys demonstrated optimal soft magnetic
properties when annealed at 818 K. To quantitatively assess their
soft magnetic behavior under these conditions, the y. (1 A/m,
measured at 1, 10, and 100 kHz), H,, and B were analyzed for
each alloy composition with different annealing durations (10,
30 and 60 min), as illustrated in Fig. 2a-c. As shown in Fig. 2a,
the y. value for all compositions decreases with increasing test
frequency. At 10 min of annealing, y. ranges from 43800 to
46700 at 1 kHz, 39200 to 40900 at 10 kHz, and 19000 to 19200 at
100 kHz. Extending the annealing duration to 30 min enhances
Ue across all frequencies, reaching 47990-50900 (1 kHz), 40870-
41530 (10 kHz), and 19060-19910 (100 kHz). Further extension
to 60 min results in a continued increase in y., peaking at
48700-51260 (1 kHz), 43300-47250 (10 kHz), and 21090-21650
(100 kHz). These trends indicate that prolonged annealing
improved domain wall mobility and reduced magnetoelastic
energy, particularly at higher frequencies where p, stability is
critical. Fig. 2b shows that the H_ exhibits a slight but consistent
increase with prolonged annealing, which is inversely correlated
with the observed enhancement in g.. According to Herzer’s
classical stochastic anisotropy model, this behavior can be
attributed to the interplay between grain refinement and mag-
netic domain wall dynamics. Theoretically, H. scales inversely
with magnetic polarization strength (J;), while y, is proportional
to J2 [32]. Thus, an increase in J, due to improved micro-
structural ordering has a stronger impact on y. than on H..
Fig. 2c shows that B; also increase steadily with annealing time,
which reflects enhanced magnetic polarization and a more

uniform nanocrystalline structure. The simultaneous increase in
pe and B, despite a modest rise in H,, underscores the critical
role of optimized annealing in tuning the magnetic softness and
frequency stability of the alloys. Among all tested compositions,
Co3 alloy emerges as the most promising candidate, exhibiting
the lowest H,, the highest y., and relatively high B, all achieved
with a moderate Co content. These attributes balance magnetic
performance with compositional economy. Consequently, the
Co3 alloy was selected for subsequent TSA to further tailor its K,
and high-frequency behavior (Figs S1 and S2).

To clarify the influence of o on the soft magnetic properties of
Co3 alloys, TSA was conducted at an optimized temperature
(818 K) for 10 min. The frequency-dependence u. of the
annealed ribbons under various tensile stresses is presented in
Fig. 3a. Increasing o markedly enhances permeability stability
across the tested frequency range. At 50 MPa, the alloys exhibit a
high g, value that remains nearly constant from 1 kHz to 1 MHz.
However, as ¢ increases from 50 to 100 MPa, the . at 1 kHz
decreases sharply from 2330 to 1640, while its frequency
dependence becomes notably flatter, indicating improved sta-
bility up to 2 MHz. With further increases in o, . continues to
decline at lower frequencies, yet maintains high frequencies. At
300 MPa, the alloy exhibits stable y. (~585) from 1 kHz to nearly
10 MHz, demonstrating excellent constant y. characteristics.
This y. suppression at low frequencies, combined with enhanced
frequency stability, arises from stress-induced K, generated
during annealing [33,34]. During nanocrystallization, the
nanocrystals and amorphous phases exhibit different elastic
moduli. The confinement of the amorphous phase causes partial
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Figure 3 Frequency dependence of (a) . and (b) static hysteresis loops of FegysC03Nb,Mo; 5Si;4ByCu; nanocrystalline alloy under various applied tensile
stresses, the inset shows the variation of the remanence ratio (B,/B,) as a function of applied tensile stresses.

retention of elastic strain in the nanocrystalline phase after
annealing, producing magnetoelastic anisotropy [35]. This
results in a stable hard magnetization axis parallel to the applied
stress, reducing y. while stabilizing its frequency response.
Excessive ¢ may cause ribbons to fracture, thereby imposing a
practical limit on stress-enhanced K, and constant g, tuning,
which can provide guidance for industrial-scale production. The
influence of ¢ is further reflected in static hysteresis loops
(Fig. 3b). Compared with the 0 MPa state, the hysteresis loops
under tensile stress are progressively flatter, consistent with the
development of a hard magnetization axis. The hysteresis loops
consist of a linear region with nearly constant g, and a nonlinear
saturation region. Such a wide linear range is particularly
advantageous for a current transformer, where minimal per-
meability variation under DC-bias reduces measurement errors
[36]. As shown in the inset of Fig. 3b, the remanence ratio (B,/
B,) was extracted from the static hysteresis loops to quantify the
evolution of magnetization behavior under tensile stress. The B,/
B, values decrease monotonically from ~0.68 at 0 MPa to 0.005
at 300 MPa, indicating a gradual transition of the magnetization
mechanism from domain-wall displacement to rotation-domi-
nated reversal [37]. The near-zero B,/B; at 300 MPa confirm that
the applied stress induces a strong uniaxial anisotropy, which
constrains domain-wall motion and enforces coherent rotation
during magnetization.

While o offers clear benefits for frequency stability, Fig. 4a, b
illustrates the variation of H. and P, in Feg ;CosNb,Mo, 5-
Si;4BoCu; nanocrystalline alloy ribbons as a function of ¢. Both
H. and P, values exhibit an increasing trend with rising o. This
behavior is primarily attributed to lattice distortion in the
nanocrystalline phases, which is induced by external mechanical
o and results in enhanced magnetocrystalline anisotropy [34]. In
addition, magnetoelastic anisotropy arises from the elastic
interactions between the nanocrystals and the surrounding
amorphous matrix, which is a consequence of their differing
elastic moduli [35]. This anisotropy acts as an energy barrier to
magnetic domain wall motion, thereby contributing to an
increase in H. [36]. Consequently, the heightened resistance to
domain wall propagation leads to elevated P.,. Although domain
refinement is generally beneficial for reducing high-frequency
loss, the markedly higher P observed at 300 MPa can be
attributed to the excessive stress-induced anisotropy. Under

such high tensile stress, the K, increases to approximately
665 J/m’, which strongly constrains domain-wall displacement
and shifts the magnetization mechanism toward coherent rota-
tion. This rotation-dominated reversal requires higher magne-
tization energy, thereby increasing both hysteresis and eddy-
current losses. Furthermore, the high elastic strain accumulated
within the a-Fe(Co) nanocrystals introduces additional magne-
toelastic damping [38,39], which contributes to the overall rise
in P.. Hence, despite finer domain structures, the enhanced
anisotropy and magnetoelastic effects under 300 MPa collec-
tively lead to a higher total core loss. Therefore, when the
applied tensile stress is high, the H. and P, of the nanocrys-
talline alloy are elevated due to the increased secondary-intro-
duced internal stresses and stress-induced anisotropy [38].

To verify and quantify K, transverse initial magnetization
curves were measured and demagnetization-corrected for sam-
ples annealed at 818 K for 10 min under tensile stresses of 0
(stress-free), 50, 100, 200, and 300 MPa (Fig. 4c, d). The aniso-
tropy field (Hy) is defined as the magnetic field at which the
tangent to the steepest slope of the initial magnetization curve
and the B,, obtained by extrapolating the tangent to H=0 [40].
TSA markedly increases H), from 36 A/m in the stress-free
sample to 325 A/m at 50 MPa and up to 1065 A/m at 300 MPa,
significantly exceeding the respective H.. K, can be calculated
using:

_H kB s
K, =5 (M

Graphically, this corresponds to the shaded triangle area
(pink) in Fig. 4c, d. K, increases from 22.5 J/m? in the stress-free
state to 203 J/m® at 50 MPa to 665 J/m® at 300 MPa. The rela-
tively low K, at 50 MPa explains the persistence of mobile
domain walls and the less uniform domain configuration
observed during magnetization. This clearly indicates that the
average anisotropy is predominantly dominated by stress-
induced K,. The dependence of K, on ¢ is consistent with prior
reports [33,38] and expressed as follows [27,41]:

. 2
KuzgisFe&oxcr:z/ljs . (2)
otle

2
Here, 1" is the saturation magnetostriction coefficient of the
a-Fe(Si) phase, o is the applied o, x,, denotes the crystal volume
fraction, and y, is the vacuum permeability. According to this
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Figure 4 (a) H. and (b) P, curves of Feg sCo3Nb,Mo, 55i)4ByCu,; nanocrystalline alloy under various tensile stresses; Initial magnetization curves measured
transversally and corrected for the demagnetization effect of FegysCo;Nb,Mo; 5Sij4ByCu; nanocrystalline samples annealed by TSA: (c) 0 and 50 MPa,

(d) 300 MPa.

relationship, the reduction in g, with increasing o arises from the
increase in K,, which suppresses the domain wall mobility and
enhances permeability stability through anisotropy control. A
quantitative comparison between the experimentally derived and
theoretically estimated K, values was conducted to further
confirm the validity of the stress anisotropy relationship. The
theoretical K, was calculated according to Eq. (2). For o = 50—
300 MPa, the theoretical K, ranges from 226 to 621 J/m? (Table
S1), which is well matched with the experimental K, values
(203-665 J/m>) obtained from Fig. 4d. This consistency confirms
that the observed anisotropy enhancement originates pre-
dominantly from the magnetoelastic effect induced by tensile
stress.

While increasing the o moderately elevates H. and P, it
markedly suppresses the rapid decline of y. with frequency, an
essential characteristic for maintaining stable magnetic perfor-
mance in high-frequency regimes. Fig. 5 benchmarks the fre-
quency and g, of FessCosNb,Mo; 5Sij4ByCu; nanocrystalline
alloy against other representative Fe-based nanocrystalline alloys
[30,36,38,40,42-52]. The results clearly position the present alloy
in a unique performance window, which combines constant g,
characteristics with a substantially extended frequency that is
well beyond most conventional nanocrystalline compositions.
These advantages directly reflect the efficacy of TSA in tailoring
K, and domain dynamics. By balancing stress-induced aniso-

tropy with microstructural optimization, the present approach
achieves a rare combination of y. stability, high-frequency
resilience, and application-relevant loss characteristics. Conse-
quently, the FegysCo;Nb,Mo;Si;4BoCu; alloy emerges as a
promising candidate for advanced magnetic components in
high-frequency power electronics, including current transfor-
mers, high-speed inductors, and EMC filters.

Co3 alloy was conducted by XRD analysis, and stress-free
annealing was set as the control to elucidate whether o affects the
microstructure of alloys. As shown in Fig. 6a, all samples exhibit
distinct diffraction peaks at 20 = 45.1°, 65.7°, and 83.3°, which
correspond to the (110), (200), and (211) crystal planes of the a-
Fe(Co) phase, respectively. Since all samples were annealed
under identical thermal conditions, the intensities and positions
of the crystalline diffraction peaks remain largely unchanged
across the different o states. Fig. 6b-d shows the TEM bright-
field images, SAED patterns, and grain size distribution histo-
grams for samples subjected to tensile stresses of 0, 50, and
300 MPa. The bright-field TEM images reveal a homogenous
dispersion of nanocrystals embedded within the amorphous
matrix. The corresponding SAED patterns display typical ring
diffraction fringes, confirming the a-Fe(Co) phase, in agreement
with the XRD results. The average grain sizes for samples
annealed under 0, 50, and 300 MPa are 11, 11, and 10 nm, which
remain essentially unchanged under different applied stresses.
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Figure 5 A summary of frequency and g, of the nanocrystalline alloys
prepared in this work and other representative Fe-based nanocrystalline al-
loys.

This suggests that the variations in magnetic performance of
TSA-treated samples mainly originate from K, and dynamic
domain structure evolution. Such structural stability is closely
related to the role of Mo in the alloy system. As a refractory
element with low diffusivity, Mo prefers to segregate between a-
Fe(Co) and amorphous interfaces, which effectively suppresses
grain coarsening and promotes nanocrystal dispersion during
TSA. Therefore, the differences in magnetic properties induced
by TSA can be primarily attributed to changes in K, and domain
structure, rather than variations in crystallization behavior.

The dynamic magnetic domain structure and magnetization
process were systematically investigated to further elucidate how
the magnitude of o influences the soft magnetic properties. Fig. 7
illustrates dynamic magnetic domain evolution during magne-
tization of the samples subjected to TSA at 0, 50, and 300 MPa.
At H = 0 kA/m (demagnetized state), the magnetic domains in
the 0 MPa sample exhibit irregular morphologies characterized
by curved domain walls and disordered distributions, attribu-
table to the inhomogeneous magnetization effects caused by
average random anisotropy [38]. In contrast, samples subjected
to applied ¢ exhibit pronounced changes in domain configura-
tion. Broad strip-like domains emerge, separated by 180° straight
domain walls, indicating that the hard magnetization axis tends
to be parallel to the direction of tensile stress (i.e., the direction
of the ribbons), whereas the easy magnetization axis is perpen-
dicular to the direction of the ribbons [53-55]. As the ¢
increases, the average magnetic domain width (4) gradually
decreases, while the domain wall density increases significantly.
The 4 is typically modulated by K, and the domain wall energy
(¢o)- The theoretical relationship between J and K, can be
expressed as [56]:

S [2e,t
d= / x> 3
gm=bJFu , )

where ¢, b, and A are the ribbon thickness, a constant, and the
alloy exchange interaction coefficient, respectively. According to
this relationship, 4 is proportional to (Ku)_l/ *and (su,)_l/ 2. From
Egs. (2-4), increasing ¢ enhances both K, and ¢,, leading to a
reduction of 4. Experimentally, under 50 MPa, the domain
structure displays a strip-like pattern, though the domain walls
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Figure 6 (a) XRD pattern of FegysCo3;Nb,Mo, 5Si;4ByCu; nanocrystalline ribbons annealed under various applied stresses. TEM images, SAED patterns, and
grain size distributions of the FegysCo;Nb,Mo;5Si;sByCu; nanocrystalline ribbons annealed under different applied stresses: (b) 0 MPa; (c) 50 MPa;
(d) 300 MPa.
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Figure 7 Dynamic magnetic domain evolution patterns of FegysCo;Nb,Mo 5Si;4ByCu; nanocrystalline ribbon samples annealed under different tension

stresses: (a) 0 MPa, (b) 50 MPa, and (c) 300 MPa.

remain partially curved and unevenly spaced, with 4 value
reaching a maximum of 110 um. This suggests that the dis-
tribution of K, within the ribbon samples is still heterogeneous
and the induced stress anisotropy remains relatively weak. With
further increase in o to 300 MPa, the magnetic domain structure
becomes more regularly aligned, and the 4 decreases sharply to
approximately ~36 pm. The domain walls become more uni-
formly distributed, indicating the establishment of a strong and
homogeneously distributed stress-induced K.

The magnetization process also varies with ¢. In the 0 MPa
sample, the magnetization process is primarily governed by
domain wall displacement, accompanied by localized magneti-
zation fluctuations on the micrometer scale. The saturation field
occurs at 0.4 kA/m. At 50 MPa, wall displacement remains sig-
nificant, but wall tilting emerges, indicating a transition to a

mixed displacement-rotation mechanism [40]. At 300 MPa, the
sample exhibits a fundamentally different dynamic response.
Even under a 0.4 kA/m, the domain pattern remains largely
unchanged, with clear evidence of magnetization rotation
behavior dominating the reversal process. These results suggest
that under large g, the magnetization process is predominantly
via coherent rotation, accompanied by minor domain wall dis-
placement. According to Egs. (3) and (4), both K, and ¢,
increase with 0. The rise in K, facilitates domain alignment and
regularization, resulting in a lamellar domain structure with
uniform distribution. Consequently, the energy required for
domain wall movement becomes more consistent across the
sample, contributing to homogeneous domain dynamics and a
stabilized permeability response. Simultaneously, the increase in
€, elevates the energy barrier for domain rotation, restricting
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magnetization changes and thereby reducing g, while improving
the linearity of the hysteresis loops. This dual effect enhances the
constant . characteristics of the sample under high-frequency
operating conditions. The variation in soft magnetic properties
of Fegy5C03;Nb,Moy 5Si14ByCu; nanocrystalline alloys subjected
to TSA is intrinsically linked to changes in K.

Fig. 8 presents the relationships among K,, 4, and . for
Fego5Co3Nb,Mo, 5Si14ByCu;  nanocrystalline alloys  through
annealing under varying o. K, increases monotonically with o,
reflecting the enhanced uniaxial strain retained in the distortion
strain within the a-Fe(Co) phase during annealing. This strain
originates from elastic mismatch between the amorphous and
crystalline phases, inducing structural anisotropy (Agq) in the
crystalline lattice of the a-Fe(Co) phase and thereby elevating
both Hy and K, [34,57]. Simultaneously, 4 decreases with
increasing o, governed by the coupled rise in ¢, and K, as
described in Egs. (3) and (4). This narrowing of 4 reduces the
spatial scale for magnetization rotation, lowering the energy
differential for domain wall motion and enhancing frequency
stability of the magnetic responses. The evolution in p, parallels
the trend in 4: with higher K, magnetic exchange coupling
between nanocrystals weakens [58], leading to a systematic
decline in p, in accordance with Eq. (2). Moreover, the con-
current increase in &, raises the energy barrier for magnetization
reversal via domain wall rotation, further suppressing u. but
improve both linearity and frequency stability, as previously

Annealed ribbon
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Figure 8 The dependence of K, 4, and p. of FegsCo;Nb,Mo; 5Si;4BoCu;
nanocrystalline alloys annealed by TSA with varying o.

demonstrated in Fig. 3a.

The schematic mechanism depicting the effect of ¢ on
microstructure and domain evolution is shown in Fig. 9. In these
diagrams, the pointers represent magnetic moments, the blue
circles are nanocrystals, and the black double arrows indicate the
average effective magnetic anisotropy <K> within the exchange
correlation length (L.,). In the as-quenched (AQ) state, the
amorphous alloy displays a disordered magnetic domain con-
figuration. After stress-free annealing (0 MPa TSA), nanocrystals

Magnetic domain

AQ ribbon
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Figure 9 Schematic illustration of the effect of tensile stress on the induced anisotropy and magnetic domain structure.
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form uniformly within the amorphous matrix, but the magne-
tization direction remains mostly random, with magnetocrys-
talline anisotropy (K;) dominating, so the magnetic domain
structure remains irregular. Conversely, TSA can induce a uni-
axial anisotropy K, which is much larger than the Kj. At this
point, the induced anisotropy becomes dominant in the alloy. As
the stress increases, the magnetization gradually aligns perpen-
dicular to the stress direction, with magnetic moments pre-
ferentially oriented away from the applied stress. Consequently,
the magnetic domain structure evolves into a clear striped pat-
tern with straight 180° domain walls, directly linked to the
enhanced high-frequency soft magnetic performance observed
in TSA-treated samples. Furthermore, based on the principle of
minimum energy, the domain wall energy balances the magne-
tostatic energy and the anisotropy energy [59]. Therefore, as
stress rises, the number of magnetic domain walls increases,
resulting in finer magnetic domains.

CONCLUSIONS

TSA offers a powerful route to engineer magnetic anisotropy
and domain structure in Fegy5Co3Nb,Mo, 5Si;,ByCu; nanocrys-
talline alloys without compromising their ultrafine grain struc-
ture. Although the average grain size remains around 11 nm
under all stress conditions, ¢ profoundly altered the K, which
increases from 22.5 J/m? at 0 MPa to 665 J/m> at 300 MPa. The
rise in K, drives a systematic refinement of magnetic domains,
reducing average domain width and transforming the magneti-
zation process from domain-wall displacement to rotation-
dominated reversal. By modulating K, and domain structure,
TSA enabled precise control over the g, and its frequency sta-
bility. Under moderate stress (50 MPa), y. ~ 2330 is maintained
up to 1 MHz, while at high stress (300 MPa), . ~ 585 remained
constant from 1kHz to 10 MHz, delivering exceptional fre-
quency stability and flattened hysteresis behavior. These results
establish stress-induced K, as a central parameter for tailoring
high-frequency magnetic performance and provide practical
guidance for the design of soft magnetic materials. Such tun-
ability addresses critical performance demands in advanced
power electronics, including precision current transformers,
EMC filters, and MHz-class switching devices for electric vehi-
cles and 5G communication systems.
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