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ABSTRACT

This study investigates the crystallization behavior of a 20 um thick Fe,, Si, B ,.C . amorphous ribbon under a 2
T magnetic field applied parallel to the sample surface. This phase transformation was characterized using X-ray
Diffraction (XRD) and Differential Scanning Calorimetry (DSC) techniques. The results demonstrate that the magnetic
field inhibits the formation of the bcc a-Fe(Si) phase at relatively low temperatures (480 and 490 °C), while it slightly
reduces the crystallization rate at an elevated temperature of 520 °C. The underlying phase transformation mechanisms
remain unchanged in the presence of the magnetic field. Application of the magnetic field at 520 °C for 15 min results
in significant refinement of the a-Fe grains, reducing their average size from 53 nm to 48 nm and decreasing the
crystallinity from 45% to 42%. These findings indicate that the magnetic field influences a-Fe nucleation through
two competing effects: i) an excess magnetic driving force that promotes nucleation, and ii) a reduction in growth
rate arising from decreased atomic diffusivity. The balance between these two factors governs the overall kinetics of
crystallization. In contrast to previous studies, the dominant effect observed in the present study under a 2 T magnetic
field is the reduced diffusivity of the rate-controlling element, silicon.

Keywords: FeSiB-based Amorphous Alloy, Magnetic Field Annealing, Crystallization Kinetics, Non-Isothermal DSC Analysis, XRD
Measurement.

1. Introduction

Strong magnetic fields significantly influence
the kinetics and thermodynamics of phase
transformations in steel alloys [1, 2]. By
applying an external magnetic field, the nuclei
of ferromagnetic phases such as a-Fe become
readily magnetized, leading them to a lower
energy state. Consequently, the formation of
such phases in steel alloys can be facilitated in the
presence of external magnetic fields, provided
that the heat treatment is performed below the
Curie temperature of the newly formed phase,
thereby preserving its ferromagnetic properties.

Joo et al. reported that the temperature of the a/y
phase transformation in plain steel rose by 10 °C
when subjected to a magnetic field of 20 Tesla [3].
This indicates that the magnetic field encourages
the formation of ferromagnetic a-Fe within the
paramagnetic y-Fe matrix. Similarly, the overall
kinetics of phase transformation have been
reported to increase markedly in bainitic and
maraging steels upon the application of strong
magnetic fields [4, 5]. These results highlight
how the magnetic field enhances the driving
force for forming ferromagnetic phases within a
paramagnetic parent phase.
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Nanocrystalline alloys based on the FeSiB system
represent a novel family of soft magnetic materials.
These alloys are characterized by the formation of
nano-sized a-Fe or ordered FeSi phases embedded
within an amorphous parent phase via the process
of nanocrystallization [6, 7]. This process is often
conducted at temperatures exceeding the Curie
temperature of the initial amorphous alloy, resulting
in the precipitation of a ferromagnetic crystalline
phase within a paramagnetic amorphous matrix
[8, 9]. Numerous researchers have investigated
the effects of strong magnetic fields on the
kinetics of nanocrystallization, an area essential
for understanding the final microstructure and
magnetic properties of FeSiB-based nanocrystalline
alloys [10-14], particularly the commercially
available FineMet  alloy [15, 16].

Previous studies have shown that the kinetics of
a-Fe crystallization were substantially enhanced
when a strong magnetic field of 6 T was applied
to Fe Si B and 15 T to Fe, Si, B . amorphous
alloys [12, 14]. Although only minimal changes in
the nanocrystallization kinetics were observed at
relatively lower magnetic fields (2 T for Fe_Si B
and 1T for Fe Si B, ), a notable refinement of the
a-Fe phase was achieved in the latter study [12,
13]. The volume fraction of the crystalline phase
in FineMet alloy was reported to increase after
annealing under a 2 T magnetic field, which was
linked to rapid nucleation rather than accelerated
growth [15]. In summary, it is generally believed
that external magnetic fields can influence the
nanocrystallization process by a) reducing the
grain size through an increased nucleation rate
and b) enhancing the overall kinetics, thereby
increasing the volume fraction of the crystalline
phase.

However, conflicting results have been reported
in the literature. Onodera et al. found that
applying a 10 T magnetic field promoted a-Fe
phase formation in the Fe, Si, B . amorphous
alloy [14], yet the same field was reported to
suppress this phase transformation in Fe Si B,
[9]. Such discrepancies, along with broader
variability in the reported effects of magnetic fields
on nanocrystallization, highlight the need for
further systematic investigation into how external
magnetic fields influence this thermally activated
phase transformation. This study examines
the effect of a moderately intense magnetic
field of approximately 2 T, a magnitude that is
economically viable for industrial applications, on
the crystallization kinetics of the a-Fe phase in the
Fe,, Si, B, .C, . (in atomic percent) amorphous
alloy. This alloy was selected because it exhibited
slow nucleation and rapid growth of the a-Fe phase,
creating a challenging environment for effective
nanocrystallization. This work aims to determine
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whether a moderate magnetic field can enhance the
kinetics of nanocrystallization in such alloys.

2. Materials and Methods

A commercially available amorphous ribbon
with the composition of Fe  Si, B .C . (at. %)
was selected for this research because it lacks any
alloying elements that affect nucleation or growth of
the a-Fe phase during crystallization. Therefore, it
could be an adequate raw material for investigating
the impact of an external magnetic field on the
crystallization rate. The material was supplied as
a 1.5 m long ribbon with a width of 18 cm and
a thickness of 20 um. Its chemical composition
was verified using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) and
Non-Dispersive Infrared (NDIR) analysis. The
chemical composition was consistent with the
specifications of the alloy described in patent No.
US20100175793A1.

All crystallization experiments were carried
out in a quartz tube connected to a heating system
that provided a continuous flow of hot argon gas,
ensuring a stable temperature across the sample
surface, with a variation measured to be as large as
3 °C. The tube was positioned between the poles
of an air-cooled copper coil electromagnet capable
of generating a magnetic field of up to 2 Tesla. The
magnetic field was found to be uniform in the space
between the poles, with field lines oriented parallel
to the sample surface. For this purpose, 5 mm
x 20 mm samples were cut from the as-received
ribbons. The samples were subjected to heat
treatment at various temperatures and durations
of interest, both with and without the application
of an external magnetic field. After heat treatment,
the samples were air-cooled to room temperature.

The microstructure of the investigated samples
was analyzed using a table-top X-ray diffraction
(XRD) instrument with Cu-K_  radiation, both
before and after crystallization experiments, to
characterize the extent of microstructural changes.
For this purpose, the samples were bonded to a
single-crystal silicon substrate with a thin adhesive
layer, which helped minimize unwanted X-ray
scattering from the substrate and thereby enhanced
the signal-to-noise ratio of the XRD spectra. The
collected spectra were processed using Origin
software for background removal. The refined data
were then used to generate diffraction patterns or
to perform Scherrer and Williamson-Hall analyses
to determine key microstructural parameters such
as grain size, lattice parameters, lattice strain, and
the volume fraction (crystallinity) of the a-Fe phase
within the surrounding amorphous matrix.

The Differential Scanning Calorimetry (DSC)
technique was employed to measure the heat of
crystallization for both the a-Fe phase and the
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boride phases. In this study, samples with different
heat treatment histories were analyzed using DSC.
For this purpose, approximately 100 mg samples
were prepared and placed in aluminum pans.
The pans and their aluminum lids were tightly
forged to enhance heat transfer during the DSC
measurements. Multiple pieces, each no larger than
4 mm, were cut from the samples to ensure sufficient
weight for reliable data collection. Furthermore, all
measured heats of phase transformations in this
study were normalized to the weight of the analyzed
samples, enabling a quantitative analysis of the
activation energy associated with the formation of
the crystalline phases using the Flynn-Wall-Ozawa
(FWO) formulation. Moreover, the local Avrami
exponent for the a-Fe phase crystallization was
calculated using the Matusita—Sakka method.

3. Results
3.1. XRD Analysis

Figure 1 presents the XRD patterns of the
Fe, Si,,B,,.C, . (at. %) alloy in its initial state (As-
Received) and after heat treatment at temperatures
of 480, 490, 520, and 540 °C under a magnetic
field of 2 T (Field-Annealed) and without the
magnetic field (Normal-Annealed). The absence
of distinct diffraction peaks in the as-received
sample indicates that the initial alloy possesses
an amorphous microstructure lacking long-range
atomic ordering. All samples subjected to heat
treatment without theapplication ofamagneticfield

exhibited a diffraction at 44.85°, which corresponds
to the (110) planes of the bec a-Fe phase. The lattice
parameter of the a-Fe phase was determined to be
2.859 A in the sample heat-treated at 490 °C for
10 min, which is slightly smaller than that of pure
a-Fe (2.866 A). This difference can be attributed to
the substitution of Si atoms within the lattice sites
of a-Fe, resulting in a decrease in the average lattice
parameter due to the smaller atomic size of Si
compared to Fe. The formation of the bcc a-Fe(Si)
phase has been documented in NANOMET" alloys,
while the crystallization of an ordered FeSi phase
with a DO, crystal structure is well-recognized in
FINEMET" alloys [17, 18]. Furthermore, the XRD
pattern of the sample heat-treated at 540 °C for 5
min displayed weak peaks at 42.61°, 49.86°, and
56.40°, indicating the presence of the Fe B phase,
which is known to form in FeSiB-based alloys at
relatively high temperatures. Consequently, the
annealing temperature in this study was limited to
520 °C to prevent the formation of boride phases,
which act as hard magnetic phases [6, 7].

The 110 diftraction peak of the a-Fe phase was
observed in all samples subjected to heat treatment
in the absence of the magnetic field. This peak
intensified with either higher temperatures or
prolonged crystallization times, indicating that
the volume fraction of the a-Fe phase (hereafter
referred to as crystallinity) increases within the
parent amorphous matrix. The crystallinity can be
estimated by calculating the ratio of the area under
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Fig. 1- The XRD patterns of the Fe_ Si,_B._ .C _alloy before and after heat treatment under various conditions (N=Normal-

82.9742712370.6

Annealed, F=Field-Annealed, 480F/5= Field-Annealed at 480°C for 5 min). The external magnetic field significantly reduced the
crystallization rate of the a-Fe phase.
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diffraction peaks of the a-Fe phase to the total area,
which also includes the broad background mainly
arising from the amorphous phase. As crystallinity
increases, additional but weaker diffraction peaks
corresponding to the (200) and (211) planes of the
a-Fe phase also emerge. Notably, the lattice parameter
of the a-Fe phase was measured to decrease from
2.863 A in the sample heat-treated at 480 °C for 5
min to 2.855 A in the sample heat-treated at 540 °C
for 5 min, indicating that the lattice parameter of
the a-Fe phase declines as crystallization progresses

at elevated temperatures. Figure 2 illustrates the
evolution of the lattice parameter and crystallinity
of the a-Fe phase as a function of temperature. Such
behavior isattributed to the diffusion of Siatoms from
the amorphous parent phase and their subsequent
enrichment in the growing a-Fe phase. It suggests
that Si serves as the rate-controlling element for the
overall diffusion rate in this alloy. Although elements
such as C and B may also influence the diffusion rate
to some extent, their impact is considerably smaller
due to their much smaller atomic radii.
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Fig. 2- Variation of the lattice parameter and volume fraction of the a-Fe phase as a function of annealing temperature, at 5
min annealing time. The reduction in lattice parameter is attributed to the enrichment of silicon atoms within the a-Fe grains
as crystallization progresses. The uncertainty in lattice parameter measurements is below 0.002 A.
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Fig. 3- Evolution of the average grain size and volume fraction of the a-Fe phase during prolonged crystallization at 520 °C, both
with (solid lines) and without (dashed lines) a 2 T magnetic field. Pronounced a-Fe grain refinement is observed.
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The XRD patterns presented in Figure 1
indicate that the application of an external
magnetic field of 2 T inhibited the crystallization
of the a-Fe phase in samples annealed at 480
°C and 490 °C, regardless of the annealing
duration. Moreover, the kinetics of a-Fe phase
formation were significantly suppressed in
samples subjected to the magnetic field at 520 °C,
with crystallinity decreasing from 45% to 42%
after 15 min of annealing under the magnetic
field (sample 520/F/15). Figure 3 illustrates the
average grain size and volume fraction of the a-Fe
phase as a function of annealing time at 520 °C,
as determined by the Williamson-Hall method.
Notably, the application of the magnetic field
induced substantial grain refinement, reducing
the average grain size from 53 nm in the sample
crystallized without a magnetic field to 48 nm
in the sample crystallized under a 2 T magnetic
field, indicating a suppression of the growth rate
of a-Fe nuclei. In addition to grain refinement, the
observed reduction in the overall crystallization
kinetics, i.e., the decreased crystallinity of a-Fe,
contrasts with numerous previous studies that
reported a positive effect of external magnetic
fields on the nanocrystallization rate in FeSiB-
based amorphous alloys. The observed reduction
in crystal size appears to be more pronounced than
the decrease in crystallinity, suggesting that the
reduced growth rate was partially compensated by
an increased nucleation rate.

Sample Preparation

3.2. DSC Analysis

The XRD results presented in Figure 1 revealed
that the application of a 2 T magnetic field
suppressed the crystallization of the a-Fe phase in
the Fe, Si, B, .C . amorphous alloy. To validate
these findings, an experiment employing a two-step
heat treatment protocol was designed, as illustrated
in Figure 4. Multiple 4*4 mm2 samples were
prepared from the as-received amorphous ribbon
and divided into three groups, each weighing no
less than 100 mg. The first group remained in the
initial amorphous state. The second group was
crystallized at 490 °C for 5 minutes under a 2 T
magnetic field, followed by air-cooling to room
temperature. The third group underwent the same
procedure but in the absence of the magnetic
field. Samples in each group were combined for
subsequent non-isothermal DSC analysis, ensuring
that any potential chemical heterogeneity within
the master batch and possible instrumental errors
during the crystallization step, such as fluctuations
in magnetic field strength or variations in sample
temperature inside the quartz tube, could be
mitigated in the final average result.

DSC measurements were performed on three
groups of samples at three different heating rates (5,
10, and 20 K/min), following the protocol outlined
in Figure 4. The resulting DSC curves are presented
in Figure 5, where the exothermic peaks correspond
to the formation of crystalline phases. As expected,
these peaks shift to higher temperatures with

DSC Analysis

490 °C

Annealing (Partial
Crystallization)

Temperature

Quick Heatmg
Buy00D AONO

Fig. 4- Experimental protocol for a two-step crystallization of the as-received ribbon for quantitative DSC analysis. In the first

step, samples were partially crystallized at 490 °C for 5 min, both in the presence and absence of an external magnetic field

of 2 T. In the second step, as-received amorphous samples and partially crystallized samples were analyzed using the non-
isothermal DSC method.
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increasing heating rate. The first peak is attributed
to the crystallization of the a-Fe phase, and the
subsequent peak is associated with the formation
of boride phases within the remaining B-rich
amorphous matrix surrounding the a-Fe phase. The
DSC results indicate that the formation of boride
phases begins only after the crystallization of a-Fe
is complete. In this study, the crystallization onset
temperature (T ) is defined as the temperature at
which a given phase transformation reaches 1%
progress. Notably, the measured T (T -T ), which
reflects the separation between the formation of
these two crystalline phases, is smaller than that
reported for NANOMET and FINEMET" alloys
(17, 18].

The heat of a given phase transformation can
be quantified by integrating the area under the
corresponding peak in the DSC curves. A larger
peak corresponds to a greater volume fraction of
the newly formed phase. As shown in Figure 5,
the heat of a-Fe phase formation in the normal-
annealed samples is significantly lower than that
measured for the as-received amorphous alloy,
indicating that a smaller amount of the a-Fe phase

crystallized in the normal-annealed samples
during the subsequent DSC step. This finding
is consistent with the XRD results presented in
Figure 1, indicating partial crystallization of the
a-Fe phase at 490 °C during the first step of the
experiment, thereby reducing the amount of a-Fe
formed during the subsequent DSC measurement
(see protocol in Figure 2).

Interestingly, the heat of a-Fe crystallization
measured for the field-annealed samples during
DSC analysis is relatively high, with values closely
aligned to those of the as-received amorphous
alloy. This suggests that the microstructure of
the field-annealed samples closely resembles that
of the as-received amorphous alloy, resulting
in a similar thermodynamic response during
DSC measurements. This finding is in perfect
agreement with the XRD results shown in Figure 1,
where the 110 diffraction peak of a-Fe completely
disappears in samples annealed at 490 °C under a
2 T magnetic field, confirming that the magnetic
field markedly suppressed the crystallization of
the a-Fe phase in the Fe, Si, ,B,,.C, . amorphous
alloy.

Amorphous
- - - Field Annealed
Normal Annealed

Exothermic (a.u.) —>

10 K/min

5 K/min

525
Temperature (°C)

475

550 575 600

Fig. 5- DSC plots of the as-received amorphous alloy and the partially crystallized samples (see Fig. 2). Notably, the heat of
crystallization for the field-annealed samples was found to be significantly higher than that of the normal-annealed samples,
approaching that of the as-received alloy.
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In this study, the local activation energy
and Avrami exponent for a-Fe crystallization
were determined in the three groups of samples
from iso-conversional plots derived from DSC
measurements. The progress of a-Fe crystallization
at a given temperature was calculated as the ratio
of the heat released up to that temperature to the
total heat of crystallization. These values were
then analyzed using the FWO method. Figure 6
presents the local activation energies for a-Fe phase
formation within the amorphous matrix of the
Fe,,Si,,B,,,C,, alloy. The local activation energy
decreased trom approximately 360 to 300 KJ/mol
as crystallization progressed in the as-received
sample. At the early stage of crystallization, the
activation energy is associated with nucleation of
the a-Fe phase, while the contribution of growth
events becomes predominant at later stages.
Accordingly, the activation energy for nucleation
in this alloy was estimated to be approximately
360 KJ/mol, which is lower than that reported for
the Fe_Nb_B, amorphous alloy (550-600 KJ/mol)
[19]. The higher activation energy in the latter alloy
is attributed to its relatively small driving force
resulting from the low iron content, combined with
slow diffusivity due to the presence of niobium. In
contrast, the value obtained in the present study
is higher than that measured for nucleation of the
a-Fe phase in the Fe,, .Si B.P,Cu, . amorphous alloy
(~ 270 KJ/mol), where nucleation occurs more
readily in the presence of Cu [20].

400

The activation energy at the onset of a-Fe
crystallization in the normal-annealed samples
is higher than that of the as-received amorphous
alloy, consistent with the higher T  measured
in the normal-annealed samples (see Fig. 5).
This finding indicates that the overall driving
force for crystallization is reduced after the
amorphous alloy undergoes partial crystallization
(approximately 1.3%) during the first step of
the protocol. In contrast, the activation energy
for nucleation in the field-annealed samples is
very close to that of the as-received samples,
indicating that both groups of samples have
similar microstructures and thermodynamic
status before the DSC measurements. This is in
perfect agreement with the XRD patterns (see Fig.
1), which reveal that crystallization was inhibited
at 490 °C under a 2 T magnetic field. The local
activation energy exhibits complex behavior at
advanced stages of the phase transformation,
indicating that a deeper understanding of the
underlying mechanisms is required. As discussed
below, this alloy undergoes weak and sluggish
nucleation. When a 2 T external magnetic field
is applied, a large number of a-Fe nuclei form
during the first crystallization step. This promotes
easier crystallization during the second step in the
field-annealed and normal-annealed samples, as
reflected by the rapid decrease in local activation
energy once crystallization progresses beyond a
certain extent.
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Fig. 6- Local activation energies for the crystallization of the a-Fe phase in the as-received amorphous alloy and the partially
crystallized samples (see protocol in Fig. 4). Notably, the activation energy for nucleation in the field-annealed samples is
significantly lower than that in the normal-annealed samples, with values closely matching those of the as-received alloy.
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Fig. 7- Local Avrami exponent for crystallization of the a-Fe phase in as-received amorphous alloy and samples that were
partially crystallized at 490 °C with and without the 2 T magnetic field.

Figure 7 presents the local Avrami exponent
for a-Fe crystallization, determined from iso-
conversional plots using the Matusita-Sakka
formulation. The overall Avrami exponent reflects
contributions from both nucleation and growth
events. A very large Avrami exponent at the early
stage (crystallized fraction less than 0.4) indicates
that nucleation of a-Fe is the rate-controlling
process, suggesting that the formation of a stable
critical-sized nucleus is more challenging than
subsequent growth. In contrast, the local Avrami
exponent of approximately 1.5 at the later stages
of crystallization indicates that the overall kinetics
are predominantly governed by three-dimensional
growth. During the intermediate stages, the kinetics
become more complicated, as nucleation proceeds
at a decreasing rate while previously formed a-Fe
nuclei grow, accompanied by the depletion of
Si atoms from the amorphous matrix and their
enrichment in the a-Fe phase. Importantly, the
phase transformation mechanism remained
unaffected by prior crystallization, regardless of
the application of a magnetic field. Therefore,
the lower local activation energy observed in the
partially crystallized samples (see Fig. 6) cannot
be attributed to a change in the crystallization
mechanism. Instead, this finding suggests that
both groups of partially crystallized samples,
irrespective of the crystallized fraction prior to the
DSC measurements, contain a significant number
of pre-existing a-Fe nuclei, thereby leading to a
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more substantial contribution from growth events
in these samples.

4. Discussion

This study reveals that the crystallization
of the a-Fe phase in the Fe, Si, B, .C,
amorphous alloy proceeds via a nucleation and
growth mechanism. Consequently, the overall
activation energy of this phase transformation
comprises the activation energies associated with
nucleation events (Q ) and the growth stage (Qg).
As illustrated in Figure 6, the overall activation
energy decreases as the phase transformation
progresses, while the growth of previously formed
grains becomes the dominant phenomenon.
This observation suggests that Q_ is lower than
Q,. Figure 7 shows that the Avrami exponent
for crystallization of the a-Fe phase reaches a
value of 1.5 after progress of approximately 0.8,
indicating that a-Fe nuclei grow via a three-
dimensional diffusion-controlled mechanism.
Silicon is believed to govern the overall diffusion
rate in this alloy, as its atomic size is smaller than
that of elements such as boron and carbon [21,
22]. The activation energy for silicon diffusion
in the Fe,B , amorphous alloy has been reported
to be 193 KJ/mol [23]. Considering the three-
dimensional growth of a-Fe grains, Q _ can be
estimated to be 1.5 times greater, i.e., around
290 KJ/mol, which is consistent with the results
obtained in this study [24].
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The nuclei of a-Fe form homogeneously within
the amorphous matrix of Fe,, Si, B .C alloy.
Thus, the homogenous nucleation rate (N, ) can

be expressed as follows [24]:

AG*
kT

)

where C represents the number of atoms per unit
volume of the amorphous parent phase, AG* is the
activation energy for the formation of a nucleus of
critical size, ® includes the vibrational frequency
of atoms along with the cross-sectional area of
the critical-sized nucleus, k is the Boltzmann
constant, and T is temperature. Additionally, AG,
denotes the activation energy for atoms crossing
the amorphous/crystalline interface. Due to the
open atomic arrangement of the amorphous
microstructure, AG is expected to depend on
the diffusivity of silicon via a semi-interstitial
mechanism [23]. By extracting the entropy terms,
the activation energy of the nucleation event can be
expressed as the sum of the enthalpy of migration
(AH,) and the enthalpy for the formation of
critically sized nuclei (AH"), given by:

Nnom = wCo exp (— 222 exp (- (1)

Qn = AH,, + AH" (2)

The AG* term can be calculated by accounting
for all driving forces involved in the crystallization
of the a-Fe phase, under the assumption of constant
surface energy (y) with no orientation dependence

[24]:

y3

AG" =K (AGch—AGs+AGmag)

()
where Kisa factor that accounts for the morphology
of the critically sized nucleus, AG, is the chemical
driving force for this phase transformation, AG,
represents the elastic stain energy associated with
the volumetric mismatch between the nucleus and
the surrounding amorphous matrix, and AG,,,
denotes an excess magnetic driving force that is
often believed to facilitate the nucleation of the
ferromagnetic a-Fe phase within the paramagnetic
amorphous parent phase [13-15]. Consequently,
an external magnetic field is expected to facilitate
crystallization through a reduction in the AG*
term.

This study indicates that the a-Fe crystallization
rate is likely influenced by the diffusivity of silicon
atoms within the paramagnetic amorphous phase.
Available reports on interdiffusion kinetics in the
Fe-Si alloy system show a significant reduction in
diffusivity under an external magnetic field of 0.8
T, while the activation energy for diffusion (AH )
remained unchanged [25]. This was attributed to
a decrease in the pre-exponential frequency factor
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of the diffusion coefficient, which is associated
with the entropy term of diffusion (AS ). Similar
findings were observed in Al-Mg alloys subjected
to a static magnetic field of 10 T, despite the
paramagnetic nature of aluminum and magnesium,
and regardless of the paramagnetic or diamagnetic
characteristics of the intermediate phases [26, 27].
Additionally, the diffusivity of carbon in both the o
(in ferromagnetic and paramagnetic states) and y
phases of iron has been reported to be influenced by
external magnetic fields, with diffusivity decreasing
as the magnetic field intensity increases [28]. These
studies revealed that the activation energies for
diffusion remained consistent under external
magnetic fields, while the frequency factor changed
due to the reduction of the entropy of diftusion [25,
27,28].

The results in this study demonstrate that
the overall rate of a-Fe crystallization in the
Fe, Si,,B,,.C,, amorphous alloy significantly
decreases when subjected to an external magnetic
field of 2 Tesla. It can be attributed to the diffusion-
controlled growth of a-Fe nuclei, which is hindered
by the 2 T magnetic field due to the decreased
diffusivity of silicon (and, to a lesser extent, carbon
andboron). On the other hand, the nucleation rate is
influenced by two competing effects of the magnetic
field: i) the magnetic field provides an access driving
force that facilitates nucleation by lowering AG*;
and ii) conversely, it reduces diffusivity, making it
more difficult for atoms to cross the amorphous/
crystalline interface and attach to a critically sized
nucleus to form stable nuclei. Thus, the overall
impact of the magnetic field on the nucleation rate
depends on which effect prevails. In this study,
the effect of reduced diffusivity was found to be
dominant, effectively inhibiting crystallization at
relatively low temperatures (490 °C). However,
at an elevated temperature of 520 °C, diffusivity
was enhanced, allowing the formation of the a-Fe
phase with refined grains under the magnetic field.
Nonetheless, the volume fraction of the a-Fe phase
reduced under the 2 T magnetic field even at 520
°C, suggesting that while nucleation may have
occurred, its rate did not increase sufficiently to
offset the decrease in the growth rate.

Considering only the density differences
between the amorphous phase (7.19 g/cm’) and
the crystalline phase (~7.6 g/cm’), and assuming
no relaxation or morphological changes, the
volumetric strain for a-Fe crystallization can be
estimated to be as large as 5.5%, with tensile stresses
applied to the crystalline phase. Notably, an elastic
strain of about 8% has been reported to completely
inhibit the formation of the equilibrium Zr,Cu
phase in the amorphous Zr_Cu, Al  alloy, leading
to the formation of non-equilibrium transient
phases [29]. This suggests that the influence of
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elastic misfit energies must be considered in any
quantitative modeling of a-Fe crystallization in
FeSiB-based amorphous alloys, an area that has
been largely neglected, to the author’s knowledge.

5. Conclusions

In this study, contrary to many previous reports,
a static uniform magnetic field of 2 T significantly
reduced the overall kinetics of a-Fe crystallization in
the Fe Si, B, .C . amorphous alloy. Quantitative
DSC analyses revealed that the overall phase
transformation mechanism remained unchanged
under the 2 T magnetic field; crystallization
proceeds via homogeneous nucleation of the a-Fe
phase, followed by three-dimensional growth
controlled by the diffusion of atoms. The application
of the magnetic field i) reduces silicon diffusivity,
thereby lowering the growth rate and hindering
nucleation by increasing the activation energy of
migration (AG_), and ii) promotes nucleation by
decreasing its activation energy through an excess
magnetic driving force. The observed reduction
in the overall crystallization kinetics indicated
that the decrease in diffusivity is the dominant
effect in this study. Nonetheless, the contribution
of the excess magnetic driving force becomes
more pronounced during the nucleation stage,
leading to grain refinement in samples crystallized
under a 2 T magnetic field. Given that the alloy
under investigation lacks elements that control
the diffusion rate or facilitate nucleation, and
considering its high iron content, the application
of a magnetic field may offer new opportunities
for tailoring the microstructure of similar alloys,
particularly those governed by diffusion-controlled
growth kinetics.
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