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Bulk metallic glasses

Fe-based bulk metallic glasses (BMGs) are recognized for their excellent soft magnetic properties, further
tunable through thermal processing. In this study, we investigate the effects of zero-field and field-assisted
annealing on crystallization and stress-driven magnetic properties of Feg,B;,P,Si,,C; 3 melt-spun ribbons.
Using Kerr microscopy and magnetic measurements, we analyze the evolution of magnetic domains, anisotropy,
and stress relaxation under different annealing conditions. Our results reveal that magnetic-field-assisted
annealing below the Curie temperature effectively suppresses crystallization while reprogramming magnetic
anisotropy, leading to improved soft magnetic properties. Reprogramming the magnetic anisotropy by anneal-
ing in a longitudinal magnetic field of 16 kA/m is effective only when the system remains fully amorphous.
In a partially crystallized system, local anisotropy dominates over field-induced anisotropy. These findings
clarify the thermal and structural conditions required for controlled tuning of magnetic anisotropy and soft
magnetic performance, providing deeper insight into the interplay between stress, crystallization, and magnetic
anisotropy in Fe-based BMGs.

1. Introduction Fe-Si-B-C series of amorphous alloys exhibit high Bg but suffer from

low AFA [5]. Wang et al. showed that combining P in the system

The urgent need to realize the green transition through electrifi-
cation necessitates developing lightweight, miniaturized, and energy-
efficient magnetic functional devices. Fe-rich amorphous alloys with
excellent soft magnetic properties (SMPs), such as high magnetic satu-
ration flux density (By), low coercivity (H), and low core loss, have
great potential for application in e.g. high-efficiency transformers and
electric machines [1-3].

Widely used Fe-based amorphous alloys, such as Metglas (Fe-Si-B-
type alloys), produced in the form of ribbon using rapid solidification
via the melt spinning process, exhibit lower hysteresis loss but also a
lower Bg compared to silicon steel. The enhancement of Bg to the
value of Fe-Si steel has been the major driving force in the search
for alternative alloys. Great efforts have been devoted to increasing
Bg by modifying alloy compositions [4,5], post-processing heat treat-
ment [6-8], and nanocrystallization [3,9]. The design of novel Fe-based
amorphous alloys, by increasing Fe content and adjusting metalloid
elements, is a trade-off between high By and the amorphous-forming
ability (AFA) [10].
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helps to improve Bg and AFA [11]. However, P-containing amorphous
alloys are prone to surface crystallization [12]. Surface crystallization
of amorphous ribbons has been studied thoroughly over the years,
and researchers pointed out the following reasons for the surface
crystallization to occur: (i) preferred oxidation on the surface which
triggers the crystallization, (ii) depletion of metalloids in the surface
region [12-14], and (iii) lower cooling rate on the air side of the
ribbon compared to the wheel side [15]. Lopatina et al. emphasized
that optimizing quenching conditions is critical to minimize surface
crystallization in P-containing alloys [13]. Meanwhile, nanocrystalliza-
tion has been explored as a means of enhancing By, although it often
introduces processing challenges [16]. Researchers have demonstrated
rapid thermal annealing as an effective approach to improve SMPs by
controlling nanograin size [3,17].

Magnetic field-assisted annealing also proved effective in improv-
ing the magnetic softness in both amorphous and nanocrystalline al-
loys [18]. This technique induces uniaxial magnetic anisotropy along
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the applied field direction and reduces core loss through domain re-
finement [19-21]. The annealing of amorphous alloys (Feg,SigB;;)
below the crystallization temperature in the presence of a magnetic
field of 1 T improved SMPs due to the formation of densely packed
clusters of spherical symmetry, as reported by Wang et al. [22]. Li
et al. [7] reported that magnetic field-assisted annealing improved the
SMPs of Fegs 3Si,B119P57C g amorphous alloys. However, Miglierini
et al. showed that the presence of a magnetic field of 0.652T acceler-
ates the crystallization process in comparison to isothermal annealing
performed at the same temperature under zero field conditions in
Feg(Zr;B; alloys [23]. These studies suggest that magnetic-field assisted
annealing can improve the SMPs by magnetic softening or can lead to
crystallization, and the annealing time (z,) should also be taken into
account to gain a proper understanding of the magnetic field annealing
and crystallization process of Fe-rich BMGs. Amorphous alloys with
large temperature intervals between T and Ty, where Ty is the first
crystallization temperature, result in better structural homogeneity and
SMPs during the annealing process [7]. Moreover, in superior glass-
forming alloys, atomic mobility remains relatively slow even above the
glass transition temperature (T,), which effectively suppresses struc-
tural rearrangements and delays crystallization. This sluggish dynamic
behavior contributes to their excellent thermal stability and enables
a wider processing window, critical to achieving and maintaining the
amorphous structure [24]. A comprehensive literature review suggests
that in magnetic field annealing, it is important to consider T, Ty,
T,, and t, along with T,. However, while field-assisted annealing can
influence crystallization kinetics, most studies have focused on T, and
magnetic field strength, with relatively little attention given to the role
of annealing time. The presence of phosphorus further complicates the
dependency between the magnetic field intensity and T, by altering the
crystallization dynamics, yet its effects on domain formation remain
poorly understood. This led us to explore the effects of magnetic field-
assisted annealing on the stress-driven magnetic properties of Fe-rich
P-containing BMGs with various annealing conditions by modifying the
field orientation, T,, and #,. The presence of phosphorus mandates a
deeper understanding of SMPs in relation to surface crystallization and
stress in the system.

Here, we investigate the impact of zero field and field-assisted
annealing on melt-spun ribbons of composition Feg,B;,P4Si, 7C; 3, fo-
cusing on the evolution of magnetic domain, stress relaxation, and
crystallization behavior. Using Kerr microscopy and magnetic measure-
ments, we elucidate the interplay between annealing conditions and
crystallization, revealing how field-induced and crystallization-induced
anisotropies influence domain structures and magnetic properties. This
study establishes strategies for reprogramming the magnetic anisotropy
by field-annealing below T, providing new insight into stress-driven
magnetic properties and advancing the design of Fe-based BMGs for
soft magnetic applications.

2. Methodologies

Alloy ingots with composition Feg(B;,P,Si, ;C; 3 were prepared by
arc melting a mixture of Fe (99.95%), B (> 98%) in FeB form obtained
from Hogands AB, P in Fe,P form, Si (99.999%) and C (99.98%) in
an Argon atmosphere. Fe,P was synthesized in the laboratory using
an induction melting process with pure P (99.99%) and Fe (99.95%).
The alloy ingots were quenched into ribbons in a single-roller melt
spinning method, resulting in as-quenched (AQ) ribbons with a width
of 2 mm and a thickness of 12-15 pm, respectively. The AQ ribbons were
subsequently heat-treated under continuous Ar flow in a custom-built
furnace equipped with a PID temperature controller. Heat treatments
were performed at a controlled heating rate of 5 °C/min, followed
by furnace cooling, at different temperatures ranging between 350 °-
500 °C by varying the annealing times (7,) and under three conditions:
(1) without a magnetic field, (2) in the presence of a longitudinal mag-
netic field (LFA), and (3) in the presence of a transverse magnetic field
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(TFA). For the magnetic field-assisted annealing, a high-temperature
AINiCo magnet was employed, producing a magnetic field of 16 kA/m.

The structural properties were characterized on both the air and
wheel sides of the ribbons by incorporating a Bruker D8 advanced
powder X-ray diffractometer with Cu-Ka source and a Netzsch DSC
440 F1 Pegasus differential scanning calorimeter (DSC) with a heating
rate of 10 °C/min equipped with a Pt furnace and Al,0; crucible. The
DSC analysis provided information on the glass transition temperature,
Curie temperature, and crystallization temperatures, which were used
to determine the appropriate annealing temperature range. Magnetic
measurements were performed on a 2 mm X 2 mm piece (cut from
both AQ and heat-treated ribbons) using a Lakeshore 7407 vibrating
sample magnetometer (VSM). For the VSM measurements, the magnetic
field was applied in the ribbon plane along the length of the ribbon
for all the samples. The magnetic domains of the samples were imaged
in an Evico magnets MOKE microscope with a 20X objective lens and
an applied field aligned along the ribbon axis. The air side of the
melt-spun ribbon, which is smoother compared to the wheel side, was
used to image the magnetic domains without any surface treatment.
A 1.5 cm long ribbon piece was mapped in the MOKE microscope to
average the magnetic domain data for each sample, including both AQ
and heat-treated ribbons. Magnetic susceptibility measurements were
performed on the ribbons with an MFK1-FA susceptibility bridge (Agico
Inc.) with an applied ac field of 200 A/m and a frequency of 976 Hz.
The measurements were carried out over a temperature range from
room temperature to 700 °C, with a heating rate of 10 °C/min.

3. Results and discussion

Fig. 1(a) presents the room-temperature magnetization (M-H) loops
of the as-quenched (AQ) ribbons and those subjected to the highest
annealing temperature (T, = 480 °C) for 7, = 20 min. The inset
of Fig. 1(a) provides an enlarged view of the central region for a
detailed examination of the coercivity (H.), highlighting the excellent
soft magnetic properties (SMPs) of the AQ ribbons. As shown in the
H¢ vs. annealing temperature (T,) plot, in Fig. 1(b), H. decreases with
an increase in T, as a result of structural relaxation and stress release,
reaching a minimum at 390 °C. At T,= 400 °C, magnetic hardening is
observed, followed by a softening trend as T, increases to 435 °C, after
which H increases again at higher T,. The saturation magnetization
(M) of the annealed ribbons remains consistent with that of the AQ
ribbons within the temperature range of 350 °C to 450 °C, with a value
of 172 + 9 emu/g. My of the ribbons annealed at 480 °C enhances to
184 + 10 emu/g. For annealed ribbons in the presence of a magnetic
field, a lower H is obtained at T, = 400 °C. A detailed discussion of
the effects of magnetic field annealing on the SMPs is presented later.

The amorphous nature of the AQ ribbons is verified by the X-ray
diffraction (XRD) pattern in Fig. 2. The enhanced Mg and H in the
ribbons annealed at 480 °C for 7, = 20 min is due to crystallization
with prominent a-Fe phase formation, as verified by the XRD pattern
in Fig. 2. XRD data of the ribbon annealed at 500 °C are used to identify
the crystalline phases formed, and are correlated with those in the
ribbon annealed at 480 °C. XRD files with matched peak positions and
identified phases are shown in Figures S1 and S2 of the supplementary
material information. We observe only the amorphous hump up to
T, = 435 °C. The annealed ribbons, treated in the temperature range
of 350 °C to 480 °C, displaying significant changes in the magnetic
properties in comparison to the AQ ribbons, are chosen to be included
in Fig. 2 and the rest are represented in Figure S3 of the supple-
mentary material information. The differential scanning calorimetry
(DSC) curve, measured with a heating rate of 10 °C/min, in Fig. 3
shows the glassy amorphous nature of the AQ ribbons, with a glass
transition temperature 7, = 440 °C and a first crystallization onset
temperature Ty = 490 °C. The wide temperature interval between
T, and Ty, suggests a good glass forming ability of the alloy system,
which is crucial for structural relaxation and stress release, inhibiting
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Fig. 1. (a) The room-temperature magnetization (M-H) loops of an AQ ribbon and a ribbon annealed at 480 °C for ¢, = 20 min with an enlarged version in the
inset. (b) Variation of H. with annealing temperature T, under different annealing time (z, = 20 min and 50 min) and annealing conditions, such as in absence

of a magnetic field and the presence of a longitudinal magnetic field.

crystallization during annealing. The small hump in the DSC curve near
400 °C indicates that the ferromagnetic Curie temperature (7) of the
AQ sample is approximately around that temperature.

To understand the magnetic behavior of the AQ and the annealed
ribbons for r, = 20 min, the surface magnetic domains are imaged
after annealing, as shown in Fig. 4. Kerr images were collected in
two modes: pure longitudinal mode, indicated by vertical arrows, and
pure transverse mode, indicated by horizontal arrows, as shown in
Fig. 4. The magnetic anisotropy direction can be deduced from the
orientation of the domain in the images. The Kerr sensitivity was
selected based on the micrograph that provided the best contrast while
imaging the surface domains. All the images are collected with the
same microscope settings, and depending on the magnetic anisotropy
alignment along the ribbon axis or the ribbon width, the Kerr sensi-
tivity is adjusted to the longitudinal or transverse modes, respectively.
The labyrinth-like domain structure in the AQ ribbon (Fig. 4(a)) is a
signature of stress-induced perpendicular anisotropy in the amorphous
system [25]. With an increase in T, the maze-like domains slowly
vanish, as shown in Fig. 4 (b—d) and result in a homogeneous broad

domain arrangement with a 180 ° domain walls (Fig. 4(e)) at T, =
390 °C. As shown in Fig. 1(b), 390 °C is also the temperature where
H¢ is minimum. 390 °C can be ascribed as the optimal temperature
to obtain microstructural homogeneity with improved SMPs and wide
magnetic domains by annealing [26]. Above this optimal T,, the in-
crease in Ho can be attributed to the formation of nanocrystals. In
the early stages of crystallization, magnetic hardening is attributed
to weak intergranular magnetic coupling due to the large fraction of
the amorphous phase [27]. The MOKE micrographs of the ribbons an-
nealed at 400 °C show a narrow stripe domain alongside wide domains
(marked in yellow in Fig. 4(f)), suggesting magnetic inhomogeneity
within the amorphous matrix possibly due to crystallization or cluster
formation [28]. However, the XRD pattern in Fig. 2 reveals the X-
ray amorphous nature of the ribbon annealed at 400 °, as evidenced
by the presence of a broad hump without distinct crystalline peaks.
This apparent contradiction suggests that at T, = 400 °C, the surface
crystallization or nanocluster formation initiates and can be detected
by analyzing surface domain patterns. Nanoclusters are a collection of
atoms or small nanoparticles with some crystalline arrangement that
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Fig. 3. DSC curve of the AQ ribbon. The inset figure shows the enlarged version of the dotted rectangular region for a better understanding of the transition

temperatures.

are often difficult to detect using XRD due to the small size of the
nanocrystals.

To have a better understanding of the domain patterns and domain
evolution process in amorphous material linked to crystallization, the
ribbons were annealed at higher temperatures to impose crystallization
and visualize the associated stress signature via domain imaging. The
crystallization onset temperature of the bcc-Fe phase is ~490 °C, as
obtained from DSC analysis. The ribbons were annealed in the tem-
perature range between 400 °C to 490 °C. The ribbons annealed at

435 °C show reduced magnetic hardening compared to those annealed
at 400 °C (Fig. 1(b)). This is due to the formation of a-Fe nanocrys-
tals, which enhance the grain coupling between the nanocrystals, also
observed in other amorphous and BMG systems [26,27]. As the XRD
pattern (Fig. 2) of the ribbons annealed at 435 °C does not show
any prominent crystallization peak, the surface domains are imaged
to detect the signatures of surface crystallization. Fig. 5(a) shows the
domain pattern of the ribbons annealed at 435 °C. The lower to the
middle region of the measuring window exhibits domains with 180 °
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Fig. 4. Kerr micrographs of (a) a AQ ribbon and ribbons annealed at (b) 350 °C, (c) 370 °C, (d) 380 °C, (e) 390 °C, (f) 400 °C. All the ribbons are annealed for
t, = 20 min. The Kerr sensitivity while collecting the domain images is indicated in the respective image. The yellow box in (f) shows the narrow stripe domain
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Fig. 5. Magnetic domain pattern of ribbons annealed at (a) 435 °C for ¢, = 20 min, (b) 450 °C for ¢, = 20 min, (c) 400 °C for ¢, = 50 min, and (d) 480 °C for
t, =20 min. All the images are collected in pure longitudinal mode, as shown in the respective images with vertical arrows.
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Fig. 6. Magnetic domain patterns of the (a-c) AQ ribbons and ribbons annealed at (d) 390 °C, (e) 400 °C, (f) 435 °C for 7, = 20 min. The same ribbon region
was imaged before and after annealing for each annealing condition. The Kerr sensitivity while collecting the domain images is indicated in the respective image.

domain walls having magnetic anisotropy along the ribbon axis. In
contrast, the upper region reveals a crisscross-domain pattern, indicat-
ing the possibility of surface crystallization. When T, is increased to
450 °C with ¢, = 20 min, the XRD pattern shows a-Fe crystallization
peak on the amorphous hump, as observed in Fig. 2. From the Kerr
micrograph of ribbons annealed at 450 °C, a combination of narrow
stripe and maze-like domains is observed, as shown in Fig. 5(b). This
observation suggests that in the presence of surface crystallization,
narrow stripe-like magnetic domains are formed, reinforcing the claim
of surface crystallization at 400 °C and 435 °C. The maze-like pattern
observed in Fig. 5(b) results from the out-of-plane magnetic anisotropy
that originated in the ribbons due to the surface crystallization-induced
compressive stress [29].

Handling bulk metallic glassy ribbons often introduces mechanical
stress, making them prone to surface defects such as cracks and pores,
which significantly affect the surface magnetic domains. During an-
nealing, atomic rearrangement in the amorphous ribbons can lead to
embrittlement [16] and an increase in these surface imperfections. To
confirm that the presence of narrow domains in the ribbons annealed
at 400 °C is the effect of surface crystallization and not the result
of mechanical stress, the AQ ribbon was subjected to a longer heat
treatment for 7, = 50 min at 400 °C, anticipating the growth of
nanocrystalline grains. Magnetic measurements show that H. increases
to 30 A/m (for 7, = 50 min) from 22 A/m (for ¢, = 20 min). After
50 min heat treatment, the magnetic domains exhibit narrow stripe
domains and crisscross patterns, as shown in Fig. 5(c), confirming
surface crystallization for 7, = 20 min and further grain growth with
prolonged annealing. The ribbons annealed at 480 °C result in sharp a-
Fe peaks, indicating full crystallization, showing no distinct magnetic

anisotropy direction, as shown in Fig. 5(d). This results in significant
magnetic hardening with H. shooting up to 728 A/m, as indicated in
Fig. 1.

The Kerr micrograph of the AQ ribbons suggests that the magnetic
anisotropy is predominantly oriented perpendicular to the ribbon axis
(the length of the ribbon), as shown in Fig. 6(a). However, in some
regions, typically limited to 5%-10% of a 1.5 cm long ribbon segment,
anisotropy aligns along the ribbon axis, as shown in Fig. 6(b—c). The
origin of this anisotropy orientation in the AQ ribbon is the com-
pressive stress that aligns the domains along the width of the ribbon
through positive magnetostriction [13,29]. At optimal T,, the stress
inhomogeneity that causes maze-like domains due to a combination of
perpendicular and in-plane magnetic anisotropy is relieved, resulting
in wide domains, as shown in Fig. 6(d). After annealing above the
optimal T,, the crystallized surface layer, which is under tensile stress,
exerts compressive stress in the amorphous bulk region of the sample,
influencing the direction of magnetic moments [29]. Annealing at
400 °C does not alter the magnetic anisotropy orientation (Fig. 6(e))
compared to the AQ ribbon (Fig. 6(b)). At T, = 435 °C, as we reach
near the supercooled liquid region (close to T, = 440 °C, as calculated
from the DSC curve in Fig. 3) with an annealing time of 20 min, some
crystallization is expected. Crystallization imposes compressive stress
on the amorphous regions, causing the domains to align along the width
of the ribbon through positive magnetostriction, as shown in Fig. 6(c)
and (). For better comparison, the pre-and post-annealing images are
collected in the same ribbon region and with the same microscope
settings, except for the Kerr sensitivity that is adjusted according to
the magnetic anisotropy alignment, as indicated in Fig. 6.
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Fig. 7. Kerr microscopy images of (a), (¢) AQ and field-annealed ribbons at 400 °C for 7, = 20 min under (b) LFA and (d) TFA. The same ribbon region was
imaged before and after annealing for each annealing condition. The applied field direction during annealing and the Kerr sensitivity while collecting the domain

images are indicated in the respective image.

The effect of magnetic field annealing is studied on the BMG rib-
bons. Fig. 7 shows the change in domain alignment following magnetic-
field-assisted annealing. Longitudinal field annealing (LFA) at 400 °C
for t, = 20 min enables the magnetic anisotropy to reorient along the
applied field direction. More interestingly, with LFA, there is no sig-
nature of crystallization, as confirmed by the magnetic measurements
(H¢ in Fig. 1), domain imaging, and XRD pattern (Figure S2). As shown
in Fig. 7(b), LFA results in wider domains, fewer domain walls, and no
pinning, compared to the AQ ribbon shown in Fig. 7(a), enabling low
Hc =15 A/m. Similarly, under TFA at the same T, and ¢,, the magnetic
domains become broader with fewer domain walls, as shown in Fig.
7(d), keeping the magnetic anisotropy orientation consistent with the
pre-annealing state (Fig. 7(c)). Furthermore, TFA achieves the same
reduction in coercivity to H-=15 A/m, demonstrating the effectiveness
of field annealing without inducing crystallization.

To further investigate the effect of field annealing on crystallization
and domain switching at 400 °C, the annealing time was increased to
50 min. Fig. 8 presents the domain patterns of the different regions
of the annealed ribbon. Evidence of cluster formation or surface crys-
tallization is observed in Fig. 8(a). Notably, only 10% of the ribbon
length exhibits domain patterns aligned along the ribbon axis (shown
in Fig. 8(b)), while the rest display transverse domain patterns (Fig.
8(c)). Although the domain patterns are wide, some pinning effects
are observed (marked in yellow in Fig. 8(c)). With this prolonged
annealing, H- decreases from 15 A/m (for ¢, = 20 min) to 13.5 A/m.
This observation can be associated with magnetic softening, owing to
the reduced number of domain walls with field-assisted annealing. The
prolonged annealing time, however, is not suitable for reprogramming
the magnetic anisotropy along H as it introduces local anisotropies in
the BMG system likely as a result of cluster formation.

For a better understanding of the effect of the applied magnetic field
on magnetic domain switching and crystallization in the temperature
ranges where zero-field annealed ribbons show the crystallization sig-
nature, T, was increased to 420 °C and 435 °C. The magnetic domains
of the ribbons were imaged before and after annealing in the same
region to understand the effect of annealing. At T, = 420 °C, the
magnetic domains that were aligned along the ribbon axis in the AQ

system remain unchanged post-annealing, exhibiting broader domains,
as shown in Fig. 9(a) and (b), for region 1 of the ribbon. However, this
particular annealing condition proves unsuitable for reprogramming
the transverse domain alignment under the influence of H. As shown
in Fig. 9(c) and (d), for region 2, the magnetic anisotropy orientation
remains unchanged between the pre- and post-annealing states. Only
5% of the ribbon regions exhibit switching of magnetic domains along
applied H, as shown in Fig. 9(e) and (f). For LFA at 420 °C, no sign of
crystallization is observed based on the XRD pattern, H., and domain
imaging. The H. value of the ribbons annealed at 420 °C remains
the same as that annealed at 400 °C under LFA. Fig. 10 shows the
effect of LFA at T, = 435 °C by comparing the domains of the AQ
(Fig. 10(a)) and annealed (Fig. 10(b)) ribbons. Unlike at 420 °C, the
signature of surface crystallization is prominent at 435 °C, with the
formation of crisscross domain patterns along with wide transverse
domains, as shown in Fig. 10(b). Moreover, a comparison of the pre-
and post-annealed domains in Fig. 10(c) and (d) reveals switch of the
domains from longitudinal to transverse orientation, even under the
application of H along the ribbon axis during LFA, highlighting the
dominant effect of crystallization for T, = 435 °C.

To elucidate the effect of the applied magnetic field on reprogram-
ming magnetic anisotropy and crystallization, the Curie temperature
(Tc) of the amorphous phase has to be taken into account. As T is
not very prominent from the DSC curve in Fig. 3, the temperature
dependence of ac susceptibility y(7') (Fig. 11) is analyzed to obtain
T of the AQ and the annealed samples. The experimental data were
recorded during both the heating and cooling cycles as indicated in
Fig. 11(a) and (b), respectively. The T, of the amorphous phase (de-
termined from the inflection point in Fig. 11(c)) of the AQ sample
is ~ 416 °C. When the AQ ribbons were annealed at 7, = 420 °C,
some of the transverse magnetic domains switched to the applied field
direction as T, =~ T.. However, at T, > T, the system is in the
paramagnetic state with a very weak effect of the applied H on the
Fe atoms. A closer examination of the enlarged region of the y vs.
T plot in Fig. 11(d) shows the high-temperature peaks corresponding
to the first crystallization temperature T, of the bcc Fe phase for the
respective samples. Table 1 provides a detailed list of T and T, for
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Fig. 8. (a—c) Magnetic domain pattern of the ribbon annealed under LFA at 400 °C for 7, = 50 min. The applied field direction during annealing and the Kerr
sensitivity while collecting the domain images are indicated in the figure. The pinning site is marked in a yellow circle in (c).

the AQ and the annealed samples. With LFA, T,, shifts towards a lower
temperature. This implies that crystal formation, both in LFA and in
TFA, at T, = 400 °C could be avoided for 1, = 20 min due to the
obstacle to cluster formation between Fe atoms under H = 16 kA/m,
where the system is in the ferromagnetic state in the approach region
to saturation with all magnetic moments aligned in the applied field
direction. However, with 7, = 50 min at the same T,, the atoms form
clusters or nanocrystals. On the other hand, an extended annealing time
from 20 min to 50 min, in LFA at T, = 400 °C, enhances the magnetic
softness with longer ¢,, due to stress relaxation. As T, approaches T,
the difference between T, under field annealing and normal annealing
diminishes. Interestingly, annealing the ribbons below the supercooled
liquid region reduces T,; and reduces further when annealed in the
presence of H. However, when T, approaches the supercooled liquid
region, i.e, for T, = 435 °C in the presence or absence of H, T,

increases to that of the AQ state. This implies that annealing the
ribbons in the supercooled liquid region causing a similar or equivalent
stress and local pinning to those of the AQ state, originated from the
clustering after annealing, resulting in equal T,; and T.. Notably, T,
and T, are dynamic variables and are affected by the magnetic field
and the heating rate. For both the DSC and y vs. T measurements, the
heating rate was kept the same at 10 °C/min. T of the crystalline phase
can be determined from the cooling curve in Fig. 11(b). Taking into
account that the T of a-Fe is ~770 °C, the peak in the cooling curve
represent the T of another crystalline phase present in the system
formed during the heating cycle. From the XRD pattern analysis of the
ribbon annealed at 480 °C in Figure S2 of the supplementary material
information, it is observed that along with the formation of a-Fe as the
most prominent crystalline phase, some phases are formed as the solid
solution of Fe-Si and B-Fe-P. The 7, phase (Fe;B,P,_,) of the ternary
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Fig. 9. MOKE micrographs of the (a), (¢), (e) AQ and (b), (d), (f) ribbons annealed at 420 °C for 7, = 20 min under LFA (applied H direction is shown). The
Kerr sensitivity while collecting the domain images is indicated in the respective image. For better comparison, the same ribbon region was imaged before and

after annealing.

Table 1
Variation of T, of the amorphous and 7, crystalline phases and of T,, with
different annealing conditions (r, = 20 min).

T, T, (Amorphous phase) T, T, (z, phase)
AQ 416 °C 515 °C 577 °C
400 °C 420 °C 509 °C 582 °C
LFA 400 °C 406 °C 501 °C 570 °C
LFA 420 °C 419 °C 507 °C 575 °C
435 °C 421 °C 515 °C 579 °C
LFA 435 °C 421 °C 513 °C 581 °C

B-Fe-P system forms a stable solid solution in the composition range
0.5< x <1 [30]. The T, of the Fe3B, g,Pg 15 (7;) composition is reported
to be 527 °C [30].

The occurrence of a rapid increase in the susceptibility cooling curve
around 580 °C should correspond to the T, of the r; phase of the
ternary B-Fe-P system. We note that the observed higher value of T,
of the 7, phase is likely because of the possible presence of C and Si in
the solid solution of B-Fe-P. The values of T, of the crystalline 7, phase
after different annealing conditions are included in Table 1.

During magnetic field-assisted annealing, the magnetic moments
rotate along the applied field direction to maintain equilibrium be-
tween the torque imposed on them by local anisotropies and the

applied field [31]. Magnetostriction plays a crucial role in the domain-
reorientation process under field-assisted annealing. In Fe-based amor-
phous systems with positive magnetostriction, the magnetoelastic cou-
pling energetically favors domain alignment along the local tensile
stress direction. During field annealing below T, a positive magne-
tostriction yields a slight expansion of the sample along the applied
field direction. At a sufficiently high annealing temperature, where the
amorphous system is in a stress-relieved state, the applied magnetic
field and magnetostrictive strain influence the atomic rearrangement.
Therefore, on cooling, a slightly different atomic arrangement is frozen
in involving only short-range rearrangements of the atomic positions.
If no other competing anisotropies exist (the sample is in a stress
relived state without crystallites), the global anisotropy can be repro-
grammed to this field-induced anisotropy. At T, = 400 °C, ¢, = 20
min, and H = 16 kA/m, the field-induced anisotropy is sufficient to
reorient the total magnetic anisotropy along the applied H. However,
when crystallization-induced local anisotropy become significant, as
when 7, is increased to 50 min, these competing local anisotropies are
stronger. Therefore, only some domains are aligned along the ribbon
axis, i.e., along the applied H. Magnetostriction actively supports
anisotropy reprogramming by locking in the new atomic arrangement
along the applied field direction under suitable annealing conditions,
predominantly when the system is in a ferromagnetic, amorphous, and
stress-relieved state.
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Fig. 10. Domain images of AQ and LFA 435 °C ribbons annealed for 7, = 20 min. (a) AQ and (b) post-annealing in Region 1, and (c) AQ and (d) annealed
domain pattern in Region 2. For better comparison, the domain images are collected in the same ribbon regions before and after annealing. The Kerr sensitivity

while collecting the domain images is indicated in the respective image.
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Fig. 11. Susceptibility vs temperature plots for the AQ and annealed samples (7, = 20 min) during the (a) heating and (b) cooling cycles. The enlarged regions
of the heating curve for proper interpretation of (c) the T, of the amorphous phase and (d) T,,.

At T, = 420 °C under LFA, there is no crystallization-induced
domain switching, as evident in Fig. 9(a) and (b). Additionally, as T, ~
T only 5% of the total measuring window shows field-induced domain
switching under this annealing condition. For a more comprehensive
interpretation, examining the domain patterns under different Kerr
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sensitivities, i.e., longitudinal and transverse modes, provides a better
understanding of the magnetic anisotropy orientation in the pre- and
post-annealed states. Figure S4 in the supplementary material informa-
tion highlights two different regions of the ribbon annealed at 420 °C
under LFA. It is observed that in the annealed ribbon, the longitudinal
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Kerr sensitivity dominates over the transverse sensitivity. At 435 °C
under LFA, however, the crystallization-induced domain switching is
evident from Fig. 10(c) and (d). A comparison of the domain patterns
in Figures 6(c) and (f) with those in Figures 10(c) and (d) suggests
that the presence of an applied field during annealing at 7 > T,
does not influence the process. This observation is further supported by
the identical values of H (Fig. 1(b)) and T, (Fig. 11(d)) for ribbons
annealed at 435 °C, both with and without an applied magnetic field.
With zero field annealing, Ty shifts towards a lower temperature
when T, < T,. At the same T, and #,, the presence of a magnetic field re-
duces Ty, further down compared to the zero field condition. However,
we can achieve reprogrammed magnetic anisotropy in these BMGs at T,
= 400 °C without crystallizing the amorphous system due to the mag-
netic field-assisted atomic arrangement of Fe atoms. Reprogramming of
magnetic domains by field-assisted annealing is achievable below T
only when the amorphous system is stress-relieved. Magnetostriction
governs the anisotropy reprogramming process. For T, above T, field
annealing is not efficient in reprogramming magnetic anisotropy with
H = 16 kA/m since local anisotropies occurred due to crytallization
or cluster formation. The influence of field annealing on P-containing
Fe-rich BMGs, particularly regarding thermally induced surface versus
bulk cluster formation, remains an open question and can be addressed
further through in situ structural and magnetic characterization.

4. Conclusion

In summary, this study provides valuable insights into the stress
signatures and evolution of magnetic anisotropy in rapidly quenched
FegoB1,P,Si, 7C; 3 ribbons subjected to heat treatment in the presence
and absence of a magnetic field. Kerr microscopy imaging, combined
with magnetic measurements, reveals a clear transition from maze-
like to wide-domain structures as the annealing temperature increases,
driven by stress relaxation. The results highlight the sensitivity of crys-
tallization to annealing conditions, where magnetic field-assisted an-
nealing successfully inhibits crystallization while reprogramming mag-
netic anisotropy along the applied field direction. A key finding is that
optimal field annealing with H = 16 kA/m below T at 400 °C for 7, =
20 min effectively reprograms magnetic anisotropy without triggering
crystallization. Our finding reveals that reprogramming of magnetic
domains is effective when the annealing temperature is high enough to
stress relieve the amorphous system, but still below its Curie temper-
ature and well below the crystallization temperature. The anisotropy
reprogramming is achieved through the magnetic-field-induced tensile
stress due to magnetostriction. Prolonged annealing or high process-
ing temperatures lead to crystallization-induced anisotropies, which
introduces random local anisotropies stronger than the field-induced
anisotropy. These findings contribute to a deeper understanding of
field-assisted stress relaxation in Fe-based BMGs and provide a path-
way for optimizing their magnetic performance for high-efficiency
applications.
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