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A crucial step in creating cutting-edge soft magnetic alloys is the nanocrystallization of Fe-based amorphous alloys. However, it
is unclear how the thermal history affects the nanocrystallization. In this work, high-precision nanocalorimetry and in-situ high-
temperature transmission electron microscopy are used to systematically examine how the pre-annealing relaxation process
affects the nanocrystallization of Fe-based amorphous alloys. We discover that the glass with more thermal energy storage will
crystallize into superb nanocrystalline structures with exceptionally advanced soft magnetism. The soft magnetic properties of
Fe-B nanocrystalline alloys can be improved by increasing the relaxation temperature. This finding provides solid and clear
evidence for the influences of thermal history on crystallization behavior for Fe-based amorphous alloys, which is helpful for
designing advanced soft magnetic nanocrystalline alloys.
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1 Introduction

The invention of exceptional soft magnetic materials is de-
sired by the increasingly electrified world and the growing
demands for sustainable development of the society [1]. Due
to their exceptional soft magnetic properties that are suitable

for contemporary electric and electronic applications, Fe-
based amorphous and nanocrystalline alloys have received
considerable attention [2-12]. Nanocrystallization is a crucial
step to produce soft magnets with higher saturation magnetic
induction (Bs) and lower core loss than the Fe-based amor-
phous alloys [6,9,13]. The good magnetic softness of the
nanocrystallized alloys is directly related to the micro-
structure [14-16]. Nanocrystallized alloys provide the prob-
ability to achieve both high Bs and good magnetic softness
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(i.e., low coercivity and low core loss). The high-Bs Fe-based
nanocrystalline alloys with a Bs of 1.75-2.0 T and a core loss
only 10%-25% of that of Si-steel have been developed in the
previous decade [2,3,7,8,17-19].
Due to the high viscosity, homogeneous nucleation of

nanocrystals is kinetically unfavored in amorphous alloys
[20-23]. Diffusion-controlled growth of the heterogeneously
nucleated grains dominates the crystallization in high-B Fe-
based amorphous alloys, which usually have a number
density (N) of about 1018-1022 m−3 (depends on the quench-
ing process) [4,20,24-27]. In earlier studies, the goal was to
produce a monolithic glass precursor with a high number
density of heterogeneous nucleation sites and a slowed
growth kinetics [28-30]. It has recently garnered a lot of
interest to generate high number density (~1023 m−3) of pre-
crystallites in the as-quenched amorphous precursors by
well-matched glass-forming ability and cooling rate
[18,31,32]. All these studies rely on changing the composi-
tion, particularly the minor-alloying of the non-magnetic
element Cu which may create a high number density of na-
nocrystals (N ≈ 1023-1024 m−3). However, the alloying of
non-magnetic elements invariably decreases the Bs. Refining
the nanostructure of nanocrystallized alloys by modifying
the heat treatment process is favored because it will not
decrease the Bs [13,27,33-37]. However, due to the stochastic
dynamics of crystallization, precisely managing the nano-
crystallization behavior remains quite challenging.
Recent studies found that the crystallization behavior of

amorphous systems is strongly influenced by the thermal
history above Tg (e.g., in supercooled liquid state) [38-40].
Additionally, the enthalpy relaxation of an Au-based amor-
phous alloy also significantly affected the crystallization
kinetics [41]. Since Fe-based amorphous alloys usually do
not show the obvious supercooled liquid region, their ther-
mal history might be memorized in the amorphous state and
inherited to the crystallization process. Studying how the
thermal history affects the nanocrystallization process in Fe-
based amorphous alloys is therefore very interesting. In this
study, we investigated the effect of relaxation on the iso-
thermal crystallization behavior using a Fe86B14 amorphous
alloy with a high-Fe concentration. Fe86B14 was chosen as the
model substance because it is simple in composition. It is
free of the alloying elements that have a strong influence on
the crystallization kinetics (e.g., Nb, Ni, Cu, etc.) or on the
soft magnetic properties (e.g., Co, Si). A high-precision chip-
based differential scanning calorimetry (Flash DSC) that can
give a heating rate up to 104 K/s was used to evaluate the
enthalpy evolution. The outcomes demonstrated that the
crystallization kinetics, microstructure, and soft magnetic
properties of Fe-based nanocrystalline alloys were directly
influenced by the relaxation conditions.

2 Experimental section

2.1 Sample fabrication

Fe86B14 ingots were prepared by arc melting 99.98 wt.% pure
iron pieces and 99.9 wt.% pure boron pieces in a Ti-gettered
Ar atmosphere. Fe86B14 ribbons with a thickness of 10-11 μm
and a width of 10-12 mm were prepared in an Ar atmosphere
by a single roller melt spinner using a copper wheel with a
circumferential speed of 50 m/s.

2.2 Nanocalorimetry measurements

Nanocalorimetry experiments were performed by Mettler
Toledo Flash DSC which is capable of heating/cooling at
rates up to 104 K/s. The as-spun ribbons were diced into
100 μm × 100 μm and 20 μm × 20 μm squares by high pre-
cision Ni blade for nanocalorimetry tests. Isothermal an-
nealing tests were performed by heating an amorphous
sample to the isothermal annealing temperature (Ta) at a
fixed heating rate (Rh) and annealing it isothermally. The
sample was then cooled down to room temperature at a
cooling rate (Rc) of −3 × 10

3 K/s. More details about the
experiment procedures are provided in Supporting In-
formation.

2.3 Crystallization kinetics analysis

The crystallization kinetics of amorphous Fe86B14 undergone
different thermal histories was analyzed by Komogrov-
Johnson-Mehl-Avrami (KJMA) model. The conversion of
fractional enthalpy change (dH/dHmax) to the volume fraction
of phase transformation (ft) was done by the procedures
described in Supporting Information.

2.4 Microstructure characterization

The FDSC samples were cut and thinned by a focused ion
beam (FIB, Auriga by Car Zeiss) microscope for transmis-
sion electron microscope (TEM) observations. The micro-
structure of samples was observed by Tecnai Talos F200X
TEM and Tecnai F20 TEM operated under 200 kV high-
tension. The in-situ crystallization experiments were per-
formed by welding the amorphous samples onto a chip and
heating the chip by Joule heating in the Talos F200X mi-
croscope (Rh ≈ 1000 K/s). Pre-relaxation of the amorphous
samples for the in-situ experiment was done by a home-made
rapid annealing furnace with an Rh ≈ 5000 K/s.

2.5 Magnetic properties characterization

Ribbons with a length of 70 mm were fast annealed by a
home-made rapid annealing furnace. The peak heating rate
was about 5000 K/s to mimic the Flash DSC measurement.
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The coercivity of ribbons was measured using a Rikken
Denshi DC B-H tracer. The core loss of ribbons was mea-
sured by a Rikken Denshi AC B-H analyzer. The relative
permeability of ribbons was estimated from the inductance
values measured by an impedance analyzer (Agilent 4294A).
The saturation magnetic induction values were measured by
a vibrating sample magnetometer (VSM, Lakeshore 7410).

3 Results

The as-spun Fe86B14 ribbons were amorphous, as confirmed
by the X-ray diffraction (XRD) and transmission electron
microscopy (TEM) results (see Supporting Information
Figure S1). The Flash DSC curves of as-spun Fe86B14 (Figure
1(a)) revealed a two-stage phase transformation process,
which is typical for this alloy system [24]. A clear glass
transition phenomenon was identified at Rh ≥ 5000 K/s, with
a glass transition temperature Tg about 800 K. The isothermal
annealing temperature (Ta) ranged from 733 to 773 K.
The isothermal heat flow traces of amorphous Fe86B14

samples are illustrated in Figure 1(b). Each isothermal heat
flow curve has two distinct exothermic peaks. The first

exothermic peak is recognized as the relaxation event hrelax
by performing an isothermal scan twice on the same sample.
Detailed information is presented in Figure S2. The second
peak is identified as the primary crystallization peak hx. The
labels hrelax and hx refer to the “normalized residual relaxation
enthalpy” and the “normalized crystallization enthalpy”,
respectively.
The Avrami exponent (n) for primary crystallization in

amorphous Fe86B14 at various Ta are plotted in Figure 1(c).
The details on how n was determined are shown in Sup-
porting Information. Under standard annealing conditions,
e.g., Rh ≤ 1.7 K/s and Ta ≤ 693 K, the crystallization of
Fe86B14 amorphous alloys firstly undergoes heterogeneous
nucleation and then 3-D grain growth (n = 1.5) [26,27]. The
fact that n increases from 1.5 to 2.5 suggests that as Ta rises,
an extra nucleation mechanism is triggered and even ac-
celerated in the early stage of crystallization (ft = 20%-40%)
(Table S1) [42-44]. The nucleation kinetics are enhanced
with a larger value of n, which results in a finer micro-
structure free of big agglomerates (blue circled) and with a
higher number density of grains (Figure 1(d)).
The following experiments were conducted at Ta = 773 K,

where crystallization involves significant nucleation over

Figure 1 (Color online) (a) Isochronal Flash DSC curves of as-spun Fe86B14 at different heating rates (Tx1 = 795.4, 829.2, 844.2 K for heating rate Rh =
1000, 5000, 10000 K/s, respectively). (b) Isothermal annealing heat flow curves of amorphous Fe86B14 at different annealing temperatures (Ta) with Rh =
1000 K/s. The inset shows the annealing protocols. (c) The Avrami exponents (for ft = 20%-40%) versus Ta plot for the primary crystallization in amorphous
Fe86B14 [27]. (d) Bright field TEM images of Fe86B14 heated at Rh = 1000 K/s and then crystallized isothermally at 733 K (n = 2.0, D = 30.3 nm) and 773 K (n
= 2.5, D = 22.3 nm) with ft = 80%-85%.
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time (n ≈ 2.5). To alter the temperature path that the glassy
state underwent before crystallization onset, we first varied
Rh in a range from 100 to 10000 K/s. For Rh ≥ 300 K/s, the
relaxation peak is observable in Figure 2(a). The relaxation
state of each sample is represented by the normalized re-
sidual relaxation enthalpy, hrelax. For Rh = 10000 K/s, the hrelax
reached a maximum whose value was defined as unity; the
minimum value of hrelax was defined as zero. An unchanging
hx was seen since the entire crystallization process was left to
the isothermal stage (Figure 2(b)). Less relaxation enthalpy
was consumed on heating as Rh increased, and more re-
laxation process was reserved to Ta. As a result, the re-
lationship between hrelax and Rh is positive (Figure 2(b)).
Intriguingly, Figure 2(c) shows a monotonic connection be-
tween hrelax and the Avrami exponent of primary crystal-
lization in Fe86B14. According to this, higher relaxation
enthalpy set aside for Ta can facilitate the nucleation kinetics
during the early stages of crystallization, which is beneficial
for generating a finer and denser nanocrystalline micro-
structure. Increasing hrelax can refine the microstructure and
prevent the formation of agglomerates during the nano-
crystallization of Fe86B14 (blue circled in Figure 2(d)), which
is anticipated to achieve superior soft magnetic properties.
On the other hand, by pre-relaxing the amorphous samples

at Tr = 673 K for various time tr, the relaxation condition of
the glass state may be adjusted (inset of Figure 3(a)). A
longer tr in this protocol triggers more relaxation at 673 K
and lowers the hrelax at 773 K (Figure 3(a)). The Avrami
exponent in Figure 3(b) decreases when tr is extended, and
the sample that has been pre-relaxed at 673 K for 7 s (hrelax ≈
0) contains more agglomerated grains. Transferring the re-
laxation process from 673 to 773 K could result in a 10.5%
reduction in mean grain size for nanocrystalline Fe86B14

(from 24.9 to 22.3 nm). By measuring from the bright field
images, the corresponding number density of grains was
increased from 1.44 × 1022 to 2.12 × 1022 m−3. The exact
values measured by this method are not accurate since the
bright field TEM image is only a 2-D projection of a 3-D
volume. Since the same standard was used, this measurement
could semi-quantitatively reflect the difference in the num-
ber density of grains in nanocrystalline Fe86B14 with different
relaxation conditions prior to crystallization.
To further clarify the effect of relaxation conditions on

crystallization, we annealed amorphous Fe86B14 with differ-
ent relaxation conditions in-situ in TEM. Figure 4(a) and (f)
show the amorphous Fe86B14 pre-relaxed at 673 K for 4 s and
the as-spun Fe86B14, respectively. The samples in Figure 4(a)
and (f) were annealed in TEM for 5 s at 773 K, pre-heated at

Figure 2 (Color online) (a) Isothermal heat flow curves of as-spun Fe86B14 at Ta = 773 K with Rh from 100 to 10000 K/s. (b) The normalized crystallization
enthalpy (hx) and normalized residual relaxation enthalpy (hrelax) estimated from the isothermal curves in (a). (c) The Avrami exponents (for ft = 20%-40%)
versus hrelax plot estimated from the isothermal curves in (a). (d) Bright field TEM images of Fe86B14 crystallized isothermally at Ta = 773 K with Rh = 100 K/s
(n = 2.16, D = 24.4 nm) and Rh = 10000 K/s (n = 3.04, D = 20.7 nm), ft = 80%-85%.
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Rh = 1000 K/s. Ex-situ pre-relaxation at 673 K nearly com-
pleted the relaxation for the sample in Figure 4(a). In-situ
relaxation took place at 773 K for the sample in Figure 4(f)
prior to crystallization. Due to the incredibly thin thickness,
annealing an amorphous sample in a TEM would accelerate
crystallization. The high surface to volume ratio gives the
TEM samples plenty of heterogeneous nucleation sites. The
sample relaxed at 673 K (Figure 4(d)) exhibits larger grains
and more agglomerates than the sample relaxed at 773 K
(Figure 4(i)). Figure 4(k) and (l) show the grain size dis-
tribution measured from the samples in Figure 4(d) and (i).
The grain size in both samples shows a lognormal distribu-
tion, lognormal(μ, σ2). In Figure 4(k), the log-mean of grain
size is μ = 2.644 and the log-variance of grain size is σ2 =
0.4082. The corresponding arithmetic mean of grain size is
15.4 nm and the standard deviation of grain size is 6.8 nm. In
Figure 4(l), the log-mean of grain size is μ = 2.560 and the
log-variance of grain size is σ2 = 0.4402. The corresponding
arithmetic mean of grain size is 14.2 nm and the standard
deviation of grain size is 6.4 nm. Raising the relaxation
temperature caused an ~8% drop in the arithmetic mean
grain size of Fe86B14.
The soft magnetic properties of nanocrystalline Fe86B14 are

directly impacted by the alteration in the crystallization ki-
netics induced by various relaxation conditions. Using a
home-made ultra-rapid annealing (URA) furnace with a peak
Rh of up to ~5000 K/s, bulk Fe86B14 amorphous ribbons were
heated in accordance with the annealing protocols shown in
Figure 3(a). Fe86B14 has an outstanding Bs of 1.89 T, which is
almost the highest among Co-free Fe-based nanocrystalline
alloys. By moving the relaxation process from 673 to 773 K,
the coercivity of nanocrystalline Fe86B14 was reduced by
62%, from 15.5 to 5.9 A/m (Figure 5(a)). Its relative per-
meability was increased by 105% from 4000 to 8200 (Figure
5(b)). The corresponding core loss value showed a 45% re-
duction, from 0.42 to 0.23 W/kg (Figure 5(c)). The im-

provement in soft magnetic properties does not affect the Bs
of Fe86B14 that remains a super-high level of 1.89 T
(Figure 5(d)). Higher enthalpy states of amorphous alloys
will yield superior nanocrystalline alloys with enhanced soft
magnetism.

4 Discussion

Amorphous precursors of Fe-based nanocrystalline alloys
often crystallize before glass transition due to their poor
thermal stability. In this case, adding nucleating agents such
as Cu appears to be the most effective way to boost the
number of bcc-Fe grains, even though doing so degrades the
glass-forming ability and Bs. In recent years, increasing the
heating rate became another method to improve the soft
magnetic properties of Fe-based nanocrystalline alloys [34].
However, the influencing mechanism of heating rate on soft
magnetic properties is not clear. Here, our research shows
that altering the relaxation conditions of the glassy state can
greatly aid in the nucleation of high-B Fe-based nanocrys-
talline alloy systems.
Figure 6 schematically shows the link between the thermal

path and hrelax in this work. In the amorphous sample, thermal
pathways across the red region yield higher hrelax, whereas
those through the blue region produce lower hrelax. The inset
of Figure 6 illustrates how it affects the crystallization of
amorphous Fe86B14 at 773 K. The nuclei for the samples
nanocrystallized through the blue thermal paths have a re-
latively low number density (e.g., on the magnitude of
1022 m−3). On their interface with the amorphous matrix, new
grains will be created during crystallization growth. More
substantial agglomerates will be present in the resulting na-
nocrystalline microstructure. On the other hand, an amor-
phous sample that undergoes the thermal path shown by the
red arrows has a mostly restrained relaxation process up to

Figure 3 (Color online) (a) The relationship between normalized residual relaxation enthalpy (hrelax) at Ta = 773 K and the pre-relaxation time (tr) at Tr =
673 K. The inset shows the annealing protocol used. (b) The Avrami exponents (for ft = 20%-40%) versus hrelax plot of samples annealed by the annealing
protocol in (a) with Tr = 673 K, Ta = 773 K, Rh = 1000 K/s, and tr from 0 to10 s. The inset shows the microstructure of samples with tr = 0 (n = 2.5, D =
22.3 nm) and tr = 7 s (n = 1.99, D = 24.9 nm), ft = 80%-85%.
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Ta. Such an amorphous precursor enhances nucleation ki-
netics, leading to a higher number density (e.g., above
1023 m−3) of nuclei during crystallization. Because the grain
growth of existing grains is constrained by the promoted
formation of fresh crystals, the resulting nanocrystalline

microstructure is refined and homogenized.
The clusters in a glass created during cooling may persist

in the supercooled liquid state and affect the subsequent
crystallization and growth process [38-40]. In addition to the
clusters that form during cooling, Song et al. [41] showed

Figure 4 (Color online) (a) Amorphous Fe86B14 pre-relaxed at 673 K for 4 s. (b) SAED pattern of the sample in (a). (c) HRTEM image of the sample in (a).
(d) Nanocrystalline structure developed in-situ from the sample in (a) with Ta = 773 K, ta = 5 s, Rh = 1000 K/s. (e) SAED pattern of the sample in (d). (f) As-
spun Fe86B14. (g) SAED pattern of the sample in (f). (h) HRTEM image of the sample in (f). (i) Nanocrystalline structure developed in-situ from the sample in
(f) with Ta = 773 K, ta = 5 s, Rh = 1000 K/s. (j) SAED pattern of the sample in (i). (k) Size of bcc-Fe grains (measured from the BF images) in Fe86B14 relaxed
at 673 K ex-situ and then crystallized at 773 K in-situ. D represents the arithmetic mean grain size and DVW represents the volume-weighted mean grain size.
The size distribution is fitted by lognormal distribution lognormal(μ, σ2) with the log-mean μ = 2.644 and the log-variance σ2 = 0.4082. (l) Size of bcc-Fe
grains (measured from the BF images) in Fe86B14 relaxed and crystallized at 773 K in-situ. The size distribution is fitted by lognormal distribution with the
log-mean μ = 2.560 and the log-variance σ2 = 0.4402.
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that the microstructural development accumulated during the
α relaxation process might also facilitate the crystallization
process above Tg. We picked an amorphous alloy system that
can crystallize prior to the glass transition. We would assume
that the amorphous samples were relaxed to the same en-
thalpy state before crystallization at a constant Ta because the
relaxation peak and the crystallization peak can be clearly
identified on each graph. Our results suggest that while the
high viscosity of the glassy state restricts atomic mobility
throughout the relaxation process, different microstructural
features should form and accumulate at various relaxation
temperatures. The development of critical nuclei in an
amorphous alloy is directly impacted by the microstructural
features that emerge below Tg. The development of such
microstructural features is thought to be more under control
than the cooling-induced cluster formation.
Accelerating the nucleation process is vital for designing

advanced soft magnetic nanocrystalline alloys. In the past,
the alloying of the element, e.g., Cu, which has positive
mixing enthalpy with Fe demonstrated effective to promote
the nucleation of Fe nanocrystals [29,45]. However, the al-
loying of Cu causes some side-effects, e.g., the decrease in
glass-forming ability and saturation magnetization [32,34].
Our method proposed in this work derives from the inherent
nonequilibrium characteristic of glasses, which should be

Figure 5 (Color online) Relationship between soft magnetic properties and hrelax for nanocrystalline Fe86B14 crystallized at 773 K. (a) Coercivity;
(b) relative permeability; (c) core loss; (d) saturation magnetic induction.

Figure 6 (Color online) Schematic illustration of the thermal history for
the glassy state and its influence on the nanocrystallization behavior and
magnetic properties. The glass that retains higher energy to higher tem-
peratures will crystallize into finer and more homogeneous nanocrystals
that has lower coercivity.
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universally applicable for different amorphous alloys. In-
creasing the energy state or retaining the relaxation enthalpy
to higher temperatures for amorphous alloys does not need to
change their composition and has no influence on glass-
forming ability. This makes it a promising and attractive
strategy for fabricating advanced nanocrystalline alloys.

5 Conclusion

In summary, a systematic relationship between relaxation
conditions and crystallization behavior is established for an
amorphous Fe86B14 alloy. We find that the crystallization
kinetics of amorphous alloys is directly inherited from their
relaxation kinetics. For the amorphous Fe86B14 alloy, reser-
ving greater relaxation enthalpy at higher temperatures can
speed up the nucleation process. An ultra-fine microstructure
and good soft magnetic properties are achieved in the high Bs
Fe86B14 nanocrystalline alloy. These results demonstrate a
novel characteristic that is inherited from the glassy state to
the crystallization process and will be helpful in the devel-
opment of advanced soft magnetic nanocrystalline alloys.
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