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1. Introduction

One of the most successful examples of utilizing the crystal-
lisation of amorphous alloys in technological applications is 
the Fe-based nanocrystalline soft magnetic alloys [1] prepared 
from melt-spun amorphous precursors. The first example of 
alloy development in this class of soft magnetic materials was 
reported by Yoshizawa et al [2] in 1988, which was followed 

by the development of many new alloys prepared similarly by 
the nano-crystallisation of melt-spun amorphous precursors 
[3–6]. The effect of the magnetocrystalline anisotropy (K1) 
in these alloys is exchange-averaged and magnetic softening 
occurs simply by nanoscale grain refinement. These alloys 
have attracted much attention from the viewpoint of funda-
mental magnetism [1, 7–11].

Since the exchange-softening effect takes place where the 
grain size (D) is smaller than the natural exchange length 
(L0

ex  =  30  −  40 nm in Fe-based alloys) [1], the nanostructural 
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Abstract
Magnetically soft nanostructures are known to be prepared by the primary crystallisation 
of Fe-based amorphous precursors containing Cu and/or Nb. These nonmagnetic additives 
are essential for accelerated nucleation and retarded crystal growth during crystallisation. 
However, it has recently been found that none of these additives are necessary for the 
preparation of similar nanostructures when ultra-rapid annealing (URA) is employed. As a 
result, a magnetically soft nanostructure with exceptionally high Fe contents is realized in 
a simple Fe–B binary system. An obvious question is the mechanism of the nanostructural 
formation in such a simple system. To answer this question, the crystallisation behaviour of 
amorphous precursors was investigated by means of in situ resistivity measurements with 
heating rates up to ~100 K s−1. The primary crystallisation temperature (Tp) in Fe86B14 is 
increased at least by ~100 K under URA. This brings Tp to the vicinity of the glass transition 
(Tg) predicted by Egami’s zeroth-order approximation, suggesting that an enhanced nucleation 
rate near Tg due to the contribution of homogeneous nucleation could be responsible for 
the nanostructural formation in Fe86B14. Contrarily, the effect of URA is absent from 
Fe80B14Nb6, and a magnetically soft nanostructure is realized by conventional annealing 
because the crystallisation reaction in this alloy takes place above Tg even with a low heating 
rate of ~1 K s−1. URA offers new possibilities for enhancing the saturation magnetization 
in nanocrystalline soft magnetic alloys through reductions of the amount of nonmagnetic 
additives.
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formation upon the crystallisation of amorphous precursors 
is a primary condition in the alloy development. To realize 
nano-crystallisation, the vast majority of alloys developed 
to date contain a considerable amount of additives such as 
Nb [2, 3], Cu [2–6], and P [6]. Among these additives, the 
roles played by Cu and Nb were studied extensively; Cu is 
known to enhance heterogeneous nucleation [12] while Nb 
is believed to inhibit the crystal growth process [13] during 
nano-crystallisation in Fe-based alloys. These additives have 
been known to be effective in refining microstructures even in 
nanocomposite magnets [14]. Hence, it has been a common 
perception that a certain amount of nonmagnetic additives 
in addition to glass-forming elements is essential to realize 
magnetically soft nanostructures in Fe-based alloy ribbons. 
Consequently, their Fe content and saturation magnetization 
remain lower than those of Si steels.

A possible approach to realizing nanoscale microstruc-
tures with a reduced amount of nonmagnetic additives is rapid 
annealing. In the 1990s we reported that the mean grain size 
in nanocrystalline Fe–Zr–B alloys after primary crystallisa-
tion is reduced by 30% upon increasing the heating rate from  
0.042 K s−1 to 3.3 K s−1 [15]. Recently, ultra-high heating rates 
up to 105 K s−1 have been realized by a range of advanced 
materials processing and thermal analysis techniques [16–18]. 
Among these approaches, using a pair of preheated Cu blocks 
for annealing [17] is ideal because this technique could pre-
vent a detrimental overheating effect due to crystallisation4. 
Most recently, we have employed this ultra-rapid annealing 
(URA) technique and demonstrated [19, 20] that a magn-
etically soft microstructure with a grain size of 18 nm can be 
prepared in simple Fe87B13 and Fe85B13Ni2 alloys. As a result, 
a high satur ation magnetization (Js) of 1.9 T along with a low 
coercivity (Hc) of 4.6 A m−1 are realized. This Js value is com-
parable to that of Si steels whereas the Hc value is an order of 
magnitude smaller, thus demonstrating the high potential of 
URA in nanocrystalline soft magnetic materials.

An obvious question here is the mechanism of nanostruc-
tural formation induced in a simple Fe–B-based alloy free of 
Cu and/or Nb. We have investigated [21] the effect of URA on 
the microstructural and magnetic properties in nanocrystalline 
Fe–Nb–B alloys, which are well-studied soft magnetic alloys 
(Nanoperm) originally developed in the 1990s [3, 22]. The 
nanostructure in this ternary system in the original work was 
obtained by conventional annealing, and a high permeability 
of ~104 was limited to Nb contents between 5 and 7 at% [15]. 
Lowering the Nb content below 4 at% resulted in a coarsening 
of the nanocrystallites, and thus sets a lower limit on the Nb 
content. However, this lower limit is suppressed to zero when 
URA is employed. This behaviour is ideal for investigating 
the nanostructural formation mechanism because the sensi-
tivity of the grain size to the heating rate during annealing 
varies systematically with Nb content. To investigate the 

nanostructural formation process, we have employed in situ 
resistivity measurements during the rapid annealing treat-
ment. The aim of this study is to clarify the nanostructural 
formation mechanism in a simple Fe–B binary system.

2. Experimental procedures

Amorphous alloys with compositions of Fe87B13 and 
Fe100−xB14Nbx (x  =  0, 1, 2, 3, 4, 5, and 6) were prepared by 
a single-roller melt spinner in an Ar atmosphere. Samples 
were characterised by x-ray diffraction and differential 
thermal analysis (DTA). Transmission electron microscopy 
(TEM) was carried out on an FEI Tecnai-T20 TEM operated 
at 200 kV. The mean grain size (D) was estimated from the 
(1 1 0)bcc reflection by using Scherrer’s formula. The optical 
broadening effect was subtracted quadratically from the line 
width for the grain size estimation. The saturation magn-
etic polarization (Js) and the coercivity (Hc) were measured 
on a vibrating-sample magnetometer and a dc B–H tracer, 
respectively.

In figure 1(a) we show a schematic diagram of the exper-
imental setup employed for ultra-rapid heating. The two 
pure-Cu blocks were heated to an annealing temperature, and 
ribbon samples were inserted between the two blocks. The 
bottom Cu block was mounted on a gas actuator cylinder by 
which the top surface of the bottom block was raised to the 
level of the bottom surface of the top block. The temperature 
change in the sample was measured using a thermocouple 
with a diameter of 25 µm, which was spot-welded into a melt-
spun ribbon. The ribbon sample was wrapped in a Cu foil 
with a thickness of 20 µm. The change in temperature during 
heating by the Cu blocks is shown in figure 1(b) along with the 
gradient of the temperature profile, i.e. the heating rate (α). 
The average heating rate between 600 and 800 K obtained by 
a linear regression is 1.39  ×  104 K s−1. It is worth mentioning 
here that the average heating rate measured depends on the 
heat capacity of the thermocouple. Lower average heating 
rates of 9.2  ×  103 K s−1 and 1.3  ×  103 K s−1 were obtained 
for the same temperature range when the diameter of the ther-
mocouple was increased to 0.1 mm and 2.0 mm, respectively. 
In the present report, the heating rate quoted was measured 
using a K-type thermocouple with a diameter of 0.1 mm, 
except where otherwise stated. Lower average heating rates 
of 22 and 2.3  ×  102 K s−1 were also realized by placing an 
extra layer of Cu foil with a thickness of 0.1 mm and alumina 
fibre matting in addition to the 20 µm thick Cu foil. A con-
ventional infrared furnace operated under a reduced pressure  
(<10−2 Pa) was used for annealing at a rate of 1.67 K s−1.

The electrical resistivity of the ribbon samples during the 
heating process by the Cu blocks was measured by a four-
probe method. Both the annealing and resistivity meas-
urements using the Cu blocks were carried out in an Ar 
atmosphere. Figure 1(c) schematically shows the configura-
tion of this resistivity measurement. A strip 160 mm long with 
a width of 1 mm and a thickness of 15 µm was used, and the 
sample was wrapped by a polyimide tape to insulate it electri-
cally from Cu. The time resolution of the data acquisition was 

4 Provided that the crystallization reaction takes place under an adiabatic 
condition, ΔH of crystallisation in typical amorphous Fe–B alloys  
(~10 kJ mol−1) could result in a temperature increase of a few 100 K, which 
is more than enough for triggering the formation of magnetically hard com-
pounds via the secondary crystallisation reaction.
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0.5 ms. The temperature change was also estimated by using 
a pure Pt ribbon where the temperature dependence of elec-
trical resistivity was known. The error of temperature during 
heating was determined by the difference between this esti-
mate and the measurement by the thermocouple.

3. Results and discussion

3.1. Effect of heating rate on the grain size and magnetic 
softness

The crystallisation behaviour of amorphous Fe100−xB14Nbx 
(x  =  0–6) has been well studied [23, 24], and it is known that all 
the alloys show a two-stage crystallisation behaviour described 
by the following sequence: amorphous  →  bcc-Fe  +  residual 

amorphous  →  bcc-Fe  +  compounds. During the primary 
crystallisation reaction, the solute atoms are rejected from 
the bcc-Fe precipitates, and hence, the amorphous matrix is 
enriched with solute. The partial equilibrium between the 
primary bcc-Fe phase and the residual amorphous phase is 
maintained during primary crystallisation, and the crystal 
growth becomes diffusion-controlled [11]. The metastability 
of the bcc-Fe/amorphous two-phase microstructure is lost at 
the second stage of crystallisation, leading to the formation of 
magnetically hard compounds [11]. Hence, maintaining this 
metastable equilibrium is an essential condition for realizing 
a magnetically soft microstructure. In figure 2 we show the 

Figure 1. (a) Schematic representation of preheated Cu blocks, (b) 
change in temperature during URA, and (c) configuration of in situ 
resistivity measurements.

Figure 2. Change in coercivity (Hc) as a function of annealing 
temperature (Ta) for (a) Fe86B14, (b) Fe82Nb4B14, and (c) 
Fe80Nb6B14 alloys.

J. Phys. D: Appl. Phys. 51 (2018) 415001
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change in the coercivity as a function of annealing temper ature 
for the Fe100−xB14Nbx (x  =  0, 4, and 6) alloys. The precursor 
amorphous ribbons were annealed at α  =  1.7, 22, 2.3  ×  102 
and 9.2  ×  103 K s−1. The onset of primary crystallisation esti-
mated by DTA at α  =  0.67 K s−1 is indicated in each figure by 
an arrow. It is commonly seen for all the alloys that the Hc of 
the samples annealed above the onset of primary crystallisa-
tion shows large values in relatively low annealing temper-
atures (Ta). This magnetic hardening effect is well known in 
alloy systems where the Curie temperature of the residual 
amorphous matrix is low and the intergranular exchange cou-
pling is limited [25]. Upon increasing the volume fraction of 
the bcc-Fe grains at a higher Ta range, the intergranular cou-
pling is strengthened and the exchange softening is promoted, 
leading to a gradual decrease in Hc. However, this is followed 
by an abrupt increase in Hc at the highest end of Ta due to 
the formation of magnetically hard compounds at the second 
stage of crystallisation. It is also seen that the Ta at which the 
lowest Hc value is obtained for each heating rate, hereafter 
referred to as the optimum annealing temperature, shows a ten-
dency to increase with increasing heating rate, thus reflecting 
the effect of heating rate on the crystallisation kinetics. 
The Hc after optimum annealing for both the Fe86B14 and 
Fe82B14Nb4 alloys is reduced dramatically from ~100 A m−1  
to a few A m−1 upon increasing α from 1.7 to 9.2  ×  103 K s−1.  
However, this dramatic softening effect is absent from the 
Fe80B14Nb6 alloy because a small Hc  <  10 A m−1 is realized 
even by conventional annealing.

In figure  3 we show the change in the mean grain size 
(D) estimated from x-ray diffraction as a function of heating 
rate during annealing for the Fe100−xB14Nbx (x  =  0, 4, and 
6) alloys. These D values were obtained from the samples 
annealed at the optimum annealing temperature. The results at 
the lowest heating rate 8.3  ×  10–2 K s−1 are from our previous 
report [23]. The mean grain size after primary crystallisation 
in the Fe86B14 and Fe82Nb4B14 alloys is reduced dramatically 
by increasing heating rate whereas such a grain refinement 
effect is absent from the Fe80B14Nb6 alloy. The microstruc-
tures of the Fe86B14, Fe82B14Nb4 and Fe80B14Nb6 alloys after 

annealing were also confirmed by TEM. In figure 4 we show 
the bright-field transmission electron micrographs obtained 
from (a) Fe86B14 annealed at 673 K with α  =  1.7 K s−1,  
(b) Fe86B14 annealed at 773 K with α  =  9.2  ×  103 K s−1, 
(c) Fe82B14Nb4 annealed at 823 K with α  =  1.7 K s−1, (d) 
Fe82B14Nb4 annealed at 913 K with α  =  9.2  ×  103 K s−1, (e) 
Fe80B14Nb6 annealed at 898 K with α  =  1.7 K s−1, and (f) 
Fe80B14Nb6 annealed at 963 K with α  =  9.2  ×  103 K s−1. A 
dramatic microstructural refinement is confirmed for both the 
Fe86B14 and Fe82B14Nb4 alloys by increasing the heating rate, 
but little change in D is seen for Fe80B14Nb6; this is consistent 
with the results in figure 3. Since the well-known exchange-
softening effect takes place when the grain size becomes 
lower than L0

ex (30  −  40 nm) and the coercivity is proportional 
to the sixth power of the grain size for D  <  L0

ex [1, 2], the 
dramatic magnetic softening in figures 2(a) and (b) are well 
understood by the grain refinement effect induced by rapid 
annealing. The absence of the softening effect by URA in the 
Fe80B14Nb6 alloy is also consistent with the lack of the grain 
refinement effect in this alloy.

In both figures 3 and 4, it is evident that the grain size of 
conventionally annealed Fe82B14Nb4 is larger than that of 

Figure 3. Change in the mean grain size after primary 
crystallisation as a function of heating rate for Fe100−xNbxB14 
(x  =  0, 4, and 6) alloys.

Figure 4. Bright-field TEM images obtained from  
(a) Fe86B14 annealed at 673 K with a heating rate (α)  
of 1.7 K s−1, (b) Fe86B14 annealed at 773 K with α  =  9.2  ×  103 K 
s−1, (c) Fe80B14Nb6 annealed at 898 K with α  =  1.7 K s−1, and (d) 
Fe80B14Nb6 annealed at 963 K with α  =  9.2  ×  103 K s−1.

J. Phys. D: Appl. Phys. 51 (2018) 415001
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the Nb-free Fe86B14 alloy, indicating that the well-known 
effect of Nb on inhibiting the grain growth process is lim-
ited in Fe82B14Nb4. A simple reason for this inverse effect 
of Nb addition on the grain size could be the crystallisation 
temperature. The crystallisation onset (T×1) in Fe–B alloys is 
known to be enhanced by reducing the average 3d electron 
concentration, and thus, T×1 is increased dramatically by 
additions of early transition metals such as Nb. As a result, the 
optimum annealing temperature at α  =  1.7 K s−1 is also raised 
significantly from 673 K to 823 K by the addition of 4 at% 
Nb. This temperature increase (150 K) corresponds to a few 
100-fold increase in diffusivity, given the typical activation 
enthalpy of diffusion for transition metals in Fe-based amor-
phous alloys (~2 eV) [26]. Thus, the benefit of Nb addition on 
limiting the crystal growth rate is likely lost by the enhanced 
T×1. The well-established argument on the mechanism of Nb 
addition often omits this significant aspect. In fact, a similar 
effect is also expected for the ultra-rapidly annealed samples. 
Since T×1 is also enhanced dramatically by increasing the 
heating rate, the crystal growth rate during primary crystal-
lisation in amorphous Fe86B14 and Fe82B14Nb4 is enhanced by 
URA. Nevertheless, the resultant microstructure after URA is 
dramatically refined, thus reflecting the fact that the crystal 
growth rate is not a governing factor in these alloys. Hence, 
the nucleation frequency must be the governing factor in the 
nanostructural formation process induced by URA.

In figure  5 we show cross-sectional bright-field TEM 
images obtained from nanocrystalline Fe87B13 prepared by 
URA at Ta  =  758 K. This nanocrystalline alloy exhibits a 
high Js value of 1.92 T and a low Hc value of 6.0 A m−1 [20], 
which is comparable to those of nanocrystalline Fe86B14. The 
bright-field images were obtained from (a) the free surface 
and (b) roll-chilled sides of the melt-spun ribbon. A homoge-
neous microstructure with grains of about 10–20 nm is con-
firmed on both sides of the ribbon, and no significant change 
in the grain size is seen near the two surfaces. This indicates 
that the influence of heterogeneous nucleation often found 
on the ribbon surfaces [27] is effectively suppressed by rapid 
heating and that homogeneous nucleation predominates the 

nano-crystallisation process in the ultra-rapidly annealed 
Fe87B13.

In figure  6 we show the change in the mean grain size 
(D) and saturation magnetic polarization (Js) as a function 
of Nb content for amorphous Fe100−xB14Nbx (x  =  0 to 6) 
alloys after primary crystallisation with a heating rate (α) of 
9.2  ×  103 K s−1. The D values reported elsewhere [23] for 
the same alloy system obtained by conventional annealing 
with α  =  8.3  ×  10−2 K s−1 are also show for comparison. 
It is clear that a small D below the natural exchange length 
(30–40 nm) are limited above x  =  5 under the conventional 
annealing, thus setting the previous lower limit of Nb con-
tent in Nanoperm [11]. However, this lower limit has been 
removed by employing URA, and a magnetically soft nano-
structure forms even without Nb addition. This effect is tech-
nologically significant because suppressing the Nb content in 
Nanoperm results in a considerable enhancement of the satur-
ation magnetization (about  −0.07 to  −0.06 T at%−1 Nb) up 
to 1.9 T.

3.2. Kinetics of crystallisation upon rapid heating

Thermal analyses such as DTA and differential scanning calo-
rimetry (DSC) have been commonly employed for investi-
gating the kinetics of crystallisation in amorphous materials 
[28, 29]. The upper limit of the heating rate in these conven-
tional techniques is typically below 5 K s−1 while the signifi-
cant effect of rapid annealing on the grain size refinement starts 
to take place at α ~ 100 K s−1 in the Fe86B14 alloy. Hence, con-
ventional thermal analysis techniques are unable to trace the 
crystallisation process upon rapid annealing. Although ultra-
fast heating scanning calorimetry has recently been developed 
[30], its availability is limited, and the heat capacity of the 
sample needs to be extremely small. An alternative approach 
to tracing the phase transformation in solids is the electrical 
resistivity method [31–33]. Unlike DTA/DSC, the resistivity 
method does not rely on the enthalpy change associated with 
crystallisation, and thus, the crystallisation process may be 
investigated in situ while the sample is annealed using the 

Figure 5. Bright-field cross-sectional TEM images for ultra-rapidly annealed Fe87B13 acquired from (a) the free surface and (b) roll-chilled 
sides.

J. Phys. D: Appl. Phys. 51 (2018) 415001
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preheated Cu blocks. The temperature dependence of the elec-
trical resistivity for amorphous Fe86B14 was measured using 
a conventional infrared furnace at α  =  8.3  ×  10−2 K s−1. 
Figure 7 shows the result along with a DTA curve obtained 
with the same heating rate. The resistivity (ρ) was nor malized 
by the value at room temperature (ρRT), and the temper ature 
derivative of ρ/ρRT is also shown. Two abrupt decreases are 
evident on the ρ/ρRT curve, and its derivative exhibits two neg-
ative peaks where the primary and secondary crystallisation 
exotherms are seen on the DTA curve. This shows that the 
resistivity is sensitive enough to trace the crystallisation reac-
tions in Fe86B14. The discrepancy between the peak temper-
atures in these two methods is within 6 K.

The resistivity of amorphous Fe86B14 was also measured 
at higher heating rates up to 95 K s−1 by using the preheated 
Cu blocks. The heating rate for each resistivity measurement 
was defined by the rate at the onset of primary crystallisation 
while the error was determined by the variation of α during 
the crystallisation reaction. Owing to the requirement of an 
electrically insulating layer between the sample and the Cu 
foil, the heating rates are considerably lower than the highest 
rate realized by the Cu blocks. Figure 8 shows the temperature 
dependence of the normalized resistivity and its temperature 
derivative for amorphous Fe86B14. The results presented in 
figure 7 for α  =  8.3  ×  10−2 K s−1 are also included for com-
parison. Two-stage crystallisation reactions are evident on 
each resistivity curve, and the onset of crystallisation shows 
a clear tendency to increase upon increasing the heating rate.

The effect of heating rate (α) on the crystallisation temper-
ature was analysed based on the following Kissinger method 
[33]:

ln

Ç
α

T2
p

å
= − Ea

kBTp
+ const., (1)

where Tp is the peak temperature where the maximum reac-
tion rate is reached, Ea is the apparent activation energy, and 
kB is Boltzmann’s constant. It is worth mentioning here that 

Figure 6. Changes in the mean grain size (D) and saturation 
magnetization (Js) as a function of Nb content (x) for Fe100−xNbxB14 
(x  =  0–6) after URA with α  =  9.2  ×  103 K s−1. The mean grain 
sizes extracted from a TEM study of the same alloy series annealed 
with α  =  8.3  ×  10−2 K s−1 [24] are also shown for comparison.

Figure 7. (a) Temperature dependence of normalized electrical 
resistivity (ρ/ρRT) along with its temperature derivative and (b) DTA 
curve for amorphous Fe86B14 at α  =  8.3  ×  10−2 K s−1.

Figure 8. (a) Temperature dependence of normalized electrical 
resistivity (ρ/ρRT) and (b) temperature derivative of ρ/ρRT for 
amorphous Fe86B14 acquired at a range of heating rates up to  
95 K s−1.

J. Phys. D: Appl. Phys. 51 (2018) 415001
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the negative peak temperature on the d(ρ/ρRT)/dT curve may 
not necessarily reflect the exact point of the maximum reac-
tion rate because of the possible deviation from the ideality 
between the resistivity change and the fraction transformed. 
Rossiter [31] pointed out that the extent of the deviation 
depends highly on the morphology and the distribution of 
the precipitates. However, as demonstrated in figure  7, the 
deviation is within a few degrees for the Fe86B14 alloy. Using 
the peak temperatures observed on the d(ρ/ρRT)/dT curves, 
ln(α/T2

p ) is plotted against 1/Tp in figure 9. In this plot, the 
results obtained by DTA in a low α range between 5  ×  10−2 
and 6.7  ×  10−1 K s−1 are also included. Although the scat-
tering of plots at the highest end of the heating rate tends to 
be larger due to the error of temperature measurements, the 
overall trend is described by equation (1). The apparent acti-
vation energy extracted from the Kissinger plot is 2.6 eV and 
3.6 eV for the primary and secondary crystallisation processes, 
respectively. Given the activation energy for the tracer diffu-
sion of 3d transition metals in amorphous alloys (1.5–2.5 eV) 
[26], these values appear to be slightly higher than those of 
diffusion. This is natural given the fact that the crystallisation 
process is governed by both the nucleation and crystal growth 
kinetics, which cannot be described by the single thermal acti-
vation process of atomic diffusion assumed in equation  (1). 
Nevertheless, the heating rate dependence of the primary crys-
tallisation temperature is confirmed to be described phenom-
enologically by the Kissinger model.

3.3. Mechanism of grain refinement by URA

The most significant aspect of the nanostructural formation by 
URA is that the usual nonmagnetic additives such as Nb and 
Cu are no longer essential for the formation of a magn etically 
soft nanostructure. It is well known that Cu in the nano-
crystalline Fe–Si–B–Nb–Cu alloys forms clusters [12] prior 

to crystallisation. These Cu clusters with a high population 
density could become heterogeneous nucleation sites, or they 
could induce destabilized Fe-rich regions in the amorphous 
phase [17], leading to a significantly enhanced nucleation rate. 
The crystal growth rate in this alloy system is considered to 
be retarded by Nb addition [13]. Hence, the nanostructural 
formation in this traditional Fe–Si–B–Nb–Cu system is well 
understood by the combination of these two alloying effects. 
Similarly, the nanostructural formation in amorphous Fe87B13 
and Fe86B14 upon URA must also be due to either an accel-
erated nucleation rate or a reduced crystal growth rate (or a 
combination of both). However, as discussed in the previous 
section, the latter is highly unlikely in the rapidly annealed 
alloys because of the significant increase in crystallisation 
temperature. Judging by the Kissinger plot in figure  9, the 
crystallisation temperature is raised by ~100 K in our URA 
(α up to 104 K s−1). This corresponds to an increase in dif-
fusivity by two orders of magnitude in Fe-based amorphous 
alloys [26], and thus, a higher crystal growth rate is expected. 
Consequently, the grain refinement effect induced by URA 
must be attributed to an accelerated nucleation rate.

The nucleation mechanisms in amorphous materials upon 
crystallisation have been studied extensively [27, 34, 35], and 
it is known that the homogeneous nucleation rate is highly 
temperature-dependent. The kinetics of homogeneous nuclea-
tion is limited below the glass transition temperature (Tg), and 
thus, heterogeneous nucleation starts to govern the nucleation 
kinetics well below Tg. Köster and Herold [27] pointed out that 
quenched-in nuclei or embryos insufficient in size at higher 
temperatures could become stable at lower temperatures, 
leading to nucleation. However, the nucleation frequency 
of heterogeneous nucleation in amorphous alloys is usually 
very limited unless additives such as Cu or Au are added. 
Hence, the population density of nuclei below Tg is small, 
and the microstructure after crystallisation tends to be coarse 
and inhomogeneous. Contrarily, the contribution of viscous 
flow to the atomic transport term of the nucleation kinetics 
becomes significant near Tg, and homogeneous nucleation 
starts to govern the nucleation frequency. These effects of 
temperature on the nucleation frequency have been confirmed 
experimentally for both primary and polymorphic crystallisa-
tion reactions in amorphous Fe–Ni–B alloys by Köster and 
Meinhardt [35]. They demonstrated that the volume density of 
crystals is enhanced by as large as two to three orders of mag-
nitude by increasing the annealing temperature to above Tg. 
The maximum grain refinement effect observed in the present 
study is from about 70 nm to 20 nm. This corresponds to an 
increase in the crystal volume density by approximately two 
orders of magnitude, which is well within the change reported 
by Köster and Meinhardt. Thus, our experiment can be under-
stood by the contribution of homogeneous nucleation near Tg.

Although the glass transition temperature is crucial for 
discussing the possible effect of homogeneous nucleation, it 
remains challenging to experimentally measure Tg for amor-
phous Fe87B13 and Fe86B14 alloys because the onset of crystal-
lisation in these alloys is too low to reveal the glass transition 
behaviour by currently available techniques. However, a crude 
approximation may be possible when Tg is known for alloys 

Figure 9. Kissinger plot for amorphous Fe86B14.
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with similar chemical compositions. Egami [36] suggested in 
his early work that Tg in amorphous alloys is approximated by 
0.4 Tm  where Tm  is the average melting point defined by

Tm =
∑

f i
mTi

m, (2)

where f i
m  and Ti

m are the molar fraction and the melting point 
of the i th element in the alloy. Lu and Li [37] analysed the 
glass transition temperatures of more than two hundred Ca-, 
Cu-, rare earth-, Mg-, Ni-, Ti-, and Zr-based amorphous 
alloys in a great amount of literature. Their analyses agrees 
with this zeroth-order approximation proposed by Egami, 
and the average Tg/Tm  is 0.385 for the aforementioned non-
ferrous alloys. As we discuss below, the glass transition is a 
kin etically governed process, and Tg depends on the heating 
rate. Thus, Egami’s zeroth-order approximation (Tg  ≈  0.4 Tm )  
should only stand under a conventional heating rate (~1 K s−1).  
To test this approximation in Fe metalloid-based amor-
phous alloys, the glass transition temperatures of amorphous 
Fe86−xB14Nbx (x  =  6 and 8) alloys [24] along with those of 
amorphous (Fe, Co, Ni)–Si–B [38], (Fe, Co, Ni)–Si–B–Nb 
[39], and Fe–B–C–Si [40] alloys are plotted against their Tm  
in figure 10. The Tg measurements in these previous reports 
were performed at a heating rate of ~1 K s−1. The proportion-
ality constant in these Fe metalloid alloys is 0.405, with a stan-
dard error of 0.017; this is consistent with Egami’s prediction.

In figure 11 we show the onset of primary crystallisation 
(T×1) for amorphous Fe86−xB14Nbx (x  =  0–8) alloys obtained 
by the resistivity measurements (α  ⩾  3.6 K s−1) and DTA 
(α  ⩽  0.67 K s−1). In this figure, 0.405  ±  0.017 Tm  is shown 
along with the Tg of x  =  6 and 8 alloys estimated elsewhere 
from the temperature dependence of the specific heat (Cp) 
acquired at α  =  1.3 K s−1 [24]. Due to the enhancement of T×1 
by Nb addition, T×1 exceeds Tg at around x  =  6 even under a 
low heating rate of 8.3  ×  10−2 K s−1. Hence, the contribution 
of viscous flow to the homogeneous nucleation kinetics must 
be significant even when annealed conventionally when Nb 
content is 6 at%; this is consistent with the fact that the effect 
of URA on the grain size is totally absent in the Fe80B14Nb6 

alloy (figure 6). Furthermore, D ~ 10 nm is realized regardless 
of heating rate.

Since glass transition is a kinetically governed process, 
Tg is also increased along with T×1 when the heating rate is 
increased. Thus, the effect of ultra-rapid heating on Tg needs to 
be discussed in order to clarify the possibility of homogeneous 
nucleation in the nanocrystalline Fe86B14 alloy. The kinetics 
of glass transition in amorphous alloys has been studied from 
the view point of fragility [41], and the effect of heating rate 
on Tg was investigated for some metallic glasses. Since the 
glass transition process involves collective atomic transport, 
its apparent activation energy becomes much larger than that 
for a typical single atomic jump. Bruning and Samwer [42] 
pointed out that the apparent activation energy for Tg is typi-
cally a factor of three larger than that for atomic diffusion. 
They also investigated the dependence of Tg on heating rate for 
Pd- and La-based metallic glasses, and demonstrated that Tg 
is described well by the following Vogel–Fulcher–Tammann 
(VFT) type expression:

Tg (α) = T0
g +

A
ln(B/α)

, (3a)

or equivalently

Tg (α) = T0
g +

D∗T0
g

ln(B/α)
, (3b)

where T0
g  is the asymptotic value of Tg at α  →  0. The param-

eters A and B have dimensions of K and K s−1, respectively. 
The strength parameter D*, defined by the ratio of A to T0

g  
reflects the deviation of the temperature dependence of vis-
cosity from the Arrhenius law. Some metallic glasses have 
been investigated based on this model, and both parameters D* 
and B were extracted experimentally [42–45]. The extracted 
D* typically spans from 0.3  ±  0.05 [45] to 7  ±  2 [44] while 
lnB spans from 5  ±  6 [45] to 25  ±  20 [44]. The significant 
error for the latter parameter seems to be due to the large 

Figure 10. The glass transition temperatures of amorphous (Fe, Co, 
Ni)–Si–B [39], Fe–B–Nb [25], (Fe, Co, Ni)–Si–B–Nb [40], and Fe–
B–C–Si [41] alloys plotted against their average melting point Tm .

Figure 11. The onset of primary crystallisation for amorphous 
Fe100−xNbxB14 (x  =  0–6). The glass transition temperatures (Tg) 
of Fe80B14Nb6 and Fe78B14Nb8 [25] along with predicted Tg 
(=0.405  ±  0.017 Tm ) are also shown.
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discrepancy between B and the upper limit of heating rates 
used in experiments.

Although it is difficult to precisely predict T0
g , D*, and B for 

amorphous Fe86B14, the former two parameters can be related 
to the following fragility (m) [46]:

m =
D∗T0

g Tg

2.303 × (Tg − T0
g )

2 . (4)

Na et  al [47] studied the fragility of Fe-based glasses, and 
found that m and glass formability are inversely correlated for 
Fe-based alloys. This suggests that the amorphous phase in 
Fe-based alloys is kinetically stabilized. Given the fact that 
the glass formability of Fe86B14 is one of the lowest in known 
amorphous alloys prepared by rapid quenching, a high critical 
cooling rate ~106 K s−1 is expected for this alloy. Adopting 
the relationship reported by Na et al, a large m value of about 
130 is predicted for Fe86B14. Accordingly, the lower end of the 
D* value in the literature (~0.5) is assumed for Fe86B14. This 
fragility leads to 737 K  ±  30 K for T0

g  through the relationship 
in equation  (4) with D*  =  0.5. The remaining open param-
eter B can be determined from the predicted Tg at α ~ 1 K s−1  
(770  ±  32 K). This leads to lnB  =  11.6  ±  0.4, which is well 
within the range of known experimental values reported to 
date for Fe-based amorphous alloys. Hence, these rough esti-
mates are at least physically sound.

The heating rate dependence of Tg for amorphous Fe86B14 
is predicted based on the VFT type expression in equation (3) 
with the following estimated parameters: T0

g   =  737 K  ±  30 K, 
D*  =  0.5, and lnB  =  11.6  ±  0.4. The result is shown in 
figure 12. In this figure, the temperature at which the reaction 
rate of primary crystallisation is the highest (Tp) is included 
along with the fitting result based on equation (1). The uncer-
tainty of Tg is represented by the shaded area, which reflects 
both the uncertainties of T0

g  and lnB. The plot shows that Tp 
approaches the predicted glass transition temperature when 
heating rate exceeds 102 K s−1. Köster and Meinhardt [35] 

pointed out that the contribution of viscous flow to the atomic 
transport term of the homogeneous nucleation kinetics com-
mences at least 50 K below the experimentally observed Tg. 
Since the temperature difference between Tp and 〈Tg〉 for 
amorphous Fe86B14 becomes  <50 K at α  >  102 K s−1, it is 
likely that the primary crystallisation reaction in this amor-
phous precursor proceeds with homogeneous nucleation when 
URA is employed. The mean grain size (D) after primary crys-
tallisation for amorphous Fe86B14 (figure 6) clearly reflects 
this trend, and D shows a decrease from 50 nm to 20 nm when 
α is increased from 1 K s−1 to 102 K s−1. Consequently, the 
grain refinement effect induced by URA can be explained 
consistently by the accelerated homogeneous nucleation rate 
brought about by the viscous flow contribution near the glass 
transition temperature.

4. Conclusions

In order to understand the mechanism of nanostructural for-
mation induced by URA in a simple Fe–B binary system, the 
effect of heating rate on the microstructural and magnetic 
properties after primary crystallisation have been investigated 
for amorphous Fe100−xB14Nbx (x  =  0–6) alloys. The results 
obtained are summarized below:

 (i)  The grain size of Fe100−xB14Nbx (x  <  5) after primary 
crystallisation was found to decrease dramatically from 
50–70 nm to about 20 nm by increasing the heating rate 
from 8.3  ×  10−2 K s−1 to  ⩾  102 K s−1, resulting in a sig-
nificant decrease in the coercivity. Contrarily, the effect 
of URA on grain refinement is absent from Fe80B14Nb6, 
and a magnetically soft nanostructure is obtained even 
with a conventional heating rate of ~1 K s−1.

 (ii)  The glass transition behaviour is absent from amorphous 
Fe86B14 because the onset of crystallisation (T×1) is 
too low to reveal the glass transition temperature (Tg). 
However, T×1 is increased considerably by Nb addition, 
and it exceeds Tg for x  >  5. Hence, the nano-crystallisa-
tion in Fe80B14Nb6 takes place with the contribution of 
viscous flow to the nucleation kinetics whereas such a 
contribution is limited in Fe86B14 when the amorphous 
precursor is annealed conventionally.

 (iii)  The onset of primary crystallisation in Fe86B14 is enhanced 
by at least ~100 K when URA is employed, and it is pre-
dicted to be in the vicinity of Tg. Thus, the contrib ution of 
viscous flow to the homogeneous nucleation kinetics can 
be responsible for the nano-crystallisation in amorphous 
Fe–B alloys induced by URA.
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transition temperature based on the VFT type expression (equation 
(3)) is also included.

J. Phys. D: Appl. Phys. 51 (2018) 415001



R Parsons et al

10

ORCID iDs

K Suzuki  https://orcid.org/0000-0002-8659-6786

References

	 [1]	 Herzer G 1997 Handbook of Magnetic Materials vol 10 
K H J Buschow (Amsterdam: Elsevier), ch 3, p 415

	 [2]	 Yoshizawa Y, Oguma S and Yamauchi K 1988 New Fe-based 
soft magnetic alloys composed of ultrafine grain structure J. 
Appl. Phys. 64 6044–6

	 [3]	 Suzuki K, Makino A, Inoue A and Masumoto T 1991 Soft 
magnetic properties of nanocrystalline bcc Fe–Zr–B and 
Fe–M–B–Cu (M  =  transition metal) alloys with high 
saturation magnetization J. Appl. Phys. 70 6232–7

	 [4]	 Willard M A, Laughlin D E, McHenry M E, Thoma D, 
Sickafus K, Cross J O and Harris V G 1998 Structure 
and magnetic properties of (Fe0.5Co0.5)88Zr7B4Cu1 
nanocrystalline alloys J. Appl. Phys. 84 6773

	 [5]	 Ohta M and Yoshizawa Y 2011 Recent progress in high Bs 
Fe-based nanocrystalline soft magnetic alloys J. Phys. D: 
Appl. Phys. 44 064004

	 [6]	 Mallick S, Sharma P, Takenaka K, Makino A and Bedanta S 
2018 Static and dynamic behavior of domain walls in 
high Bs soft magnetic ribbons tuned by the annealing 
temperature J. Phys. D: Appl. Phys. 51 065007

	 [7]	 Herzer G 1989 Grain structure and magnetism of 
nanocrystalline ferromagnets IEEE Trans. Magn. 25 3327–9

	 [8]	 Miglieriniy M and Greneche J M 1997 Mössbauer 
spectrometry of Fe(Cu)MB-type nanocrystalline alloys: 
I. The fitting model for the Mössbauer spectra J. Phys.: 
Condens. Matter 9 2303–19

	 [9]	 Hernando A 1999 Magnetic properties and spin disorder 
in nanocrystalline materials J. Phys.: Condens. Matter 
11 9455–82

	[10]	 Michels A 2014 Magnetic small-angle neutron scattering of 
bulk ferromagnets J. Phys.: Condens. Matter 26 383201

	[11]	 Martínez-García J C, Rivas M, Lago-Cachón D and García J A 
2014 First-order reversal curves analysis in nanocrystalline 
ribbons J. Phys. D: Appl. Phys. 47 015001

	[12]	 Hono K, Ping D H, Ohnuma M and Onodera H 1999 Cu 
clustering and Si partitioning in the early crystallization 
stage of an Fe73.5Si13.5B9Nb3Cu1 amorphous alloy Acta 
Mater. 47 997–1006

	[13]	 Köster U, Schünemann U, Biank-Bewersdorff M, Brauer S, 
Sutton M and Stephenson G B 1991 Nanocrystalline 
materials by crystallization of metal-metalloid glasses 
Mater. Sci. Eng. A 133 611–5

	[14]	 Salazar D, Martín-Cid A, Madugundo R, Garitaonandia J S, 
Barandiaran J M and Hadjipanayis G C 2017 Effect 
of Nb and Cu on the crystallization behavior of under-
stoichiometric Nd–Fe–B alloys J. Phys. D: Appl. Phys. 
50 015305

	[15]	 Suzuki K, Makino A, Inoue A and Masumoto T 1994 
Formation of nanocrystalline structures by crystallization of 
amorphous Fe–M–B (M  =  IVa to VIa group metal) alloys 
Sci. Rep. RITU A39 133–40

	[16]	 Johnson W L, Kaltenboeck G, Demetriou M D, Schramm J P, 
Liu X, Samwer K, Kim C P and Hofmann D C 2011 
Beating crystallization in glass-forming metals by 
millisecond heating and processing Science 332 828–33

	[17]	 Pradeep K G, Herzer G, Choi P and Raabe D 2014 Atom 
probe tomography study of ultrahigh nanocrystallization 
rates in FeSiNbBCu soft magnetic amorphous alloys on 
rapid annealing Acta Mater. 68 295–309

	[18]	 Wang J Q, Chen N, Liu P, Wang Z, Louzguine-Luzgin D V, 
Chen M W and Perepezko J H 2014 The ultrastable kinetic 
behavior of an Au-based nanoglass Acta Mater. 79 30–6

	[19]	 Suzuki K, Parsons R, Zang B, Onodera K, Kishimoto H and 
Kato A 2017 Copper-free nanocrystalline soft magnetic 
materials with high saturation magnetization comparable to 
that of Si steel Appl. Phys. Lett. 110 12407

	[20]	 Zang B, Parsons R, Onodera K, Kishimoto H, Kato A, Liu A 
and Suzuki K 2017 Effect of heating rate during primary 
crystallization on soft magnetic properties of melt-spun 
Fe–B alloys Scr. Mater. 132 68–72

	[21]	 Parsons R, Zang B, Onodera K, Kishimoto H, Kato A and 
Suzuki K 2017 Soft magnetic properties of rapidly-
annealed nanocrystalline Fe–Nb–B–(Cu) alloys J. Alloys 
Compd. 723 408–17

	[22]	 Suzuki K, Makino A, Inoue A and Masumoto T 1993 Low 
core losses of nanocrystalline Fe–M–B (M  =  Zr, Hf, or Nb) 
alloys J. Appl. Phys. 74 3316–22

	[23]	 Suzuki K, Cadogan J M, Sahajwalla V, Inoue A and 
Masumoto T 1997 The role of alloying elements in Cu-free 
nanocrystalline soft magnetic alloys Mater. Sci. Eng. A 
226–8 554–8

	[24]	 Suzuki K, Cadogan J M, Aoki K, Tsai A P, Inoue A and 
Masumoto T 2001 Nanocrystallization and glass transition 
in Cu-free Fe–Nb–B soft magnetic alloys Scr. Mater. 
44 1417–20

	[25]	 Suzuki K and Cadogan J M 1999 The effect of the 
spontaneous magnetization in the grain boundary region on 
the magnetic softness of nanocrystalline materials J. Appl. 
Phys. 85 4400–02

	[26]	 Frank W, Hörner A, Scharwaechter P and Kronmüller H 1994 
Diffusion in amorphous metallic alloys Mater. Sci. Eng. A 
179-180 36–40

	[27]	 Köster U and Herold U 1982 Crystallization of metallic 
glasses Glassy Metals I. Topics in Applied Physics ed 
H J Guntherodt and H Beck (Berlin: Springer) pp 225–59

	[28]	 Greer A L 1982 Crystallisation kinetics of Fe80B20 glass Acta 
Metall. 30 171–92

	[29]	 Conde C F, Blázquez J S, Franco V, Conde A, Švec P and 
Janickovic D 2007 Microstructure and magnetic properties 
of FeMoBCu alloys: influence of B content Acta Mater. 
55 5675–83

	[30]	 Efremov M Y, Olson E A, Zhang M, Schiettekatte F, 
Zhang Z and Allen L H 2004 Ultrasensitive, fast, thin-
film differential scanning calorimeter Rev. Sci. Instrum. 
75 179–91

	[31]	 Rossiter P L 1987 The Electrical Resistivity of Metals and 
Alloys (Cambridge: Cambridge University Press)

	[32]	 Barandiarán J M, Fernández Barquin L, Gomez Sal J C, 
Gorria P and Hernando A 1993 Resistivity changes of some 
amorphous alloys undergoing nanocrystallization Solid 
State Commun. 88 75–80

	[33]	 Kissinger H E 1957 Reaction kinetics in differential thermal 
analysis Anal. Chem. 29 1702–6

	[34]	 Kelton K F and Greer A L 2010 Nucleation in Condensed 
Matter (New York: Elsevier)

	[35]	 Köster U and Meinhardt J 1994 Crystallization of highly 
undercooled metallic melts and metallic glasses around the 
glass transition temperature Mater. Sci. Eng. A 178 271–8

	[36]	 Egami T 1984 Magnetic amorphous alloys: physics and 
technological applications Rep. Prog. Phys. 47 1601–725

	[37]	 Lu Z and Li J 2009 Correlation between average melting 
temperature and glass transition temperature in metallic 
glasses Appl. Phys. Lett. 94 061913

	[38]	 Inoue A, Yamamoto H and Masumoto T 1989 Glass transition 
behavior of (Fe, Co, Ni)–Si–B amorphous alloys Mater. 
Trans. JIM 31 677–83

J. Phys. D: Appl. Phys. 51 (2018) 415001

https://orcid.org/0000-0002-8659-6786
https://orcid.org/0000-0002-8659-6786
https://doi.org/10.1063/1.342149
https://doi.org/10.1063/1.342149
https://doi.org/10.1063/1.342149
https://doi.org/10.1063/1.350006
https://doi.org/10.1063/1.350006
https://doi.org/10.1063/1.350006
https://doi.org/10.1063/1.369007
https://doi.org/10.1063/1.369007
https://doi.org/10.1088/0022-3727/44/6/064004
https://doi.org/10.1088/0022-3727/44/6/064004
https://doi.org/10.1088/1361-6463/aaa43d
https://doi.org/10.1088/1361-6463/aaa43d
https://doi.org/10.1109/20.42292
https://doi.org/10.1109/20.42292
https://doi.org/10.1109/20.42292
https://doi.org/10.1088/0953-8984/9/10/017
https://doi.org/10.1088/0953-8984/9/10/017
https://doi.org/10.1088/0953-8984/9/10/017
https://doi.org/10.1088/0953-8984/11/48/308
https://doi.org/10.1088/0953-8984/11/48/308
https://doi.org/10.1088/0953-8984/11/48/308
https://doi.org/10.1088/0953-8984/26/38/383201
https://doi.org/10.1088/0953-8984/26/38/383201
https://doi.org/10.1088/0022-3727/47/1/015001
https://doi.org/10.1088/0022-3727/47/1/015001
https://doi.org/10.1016/S1359-6454(98)00392-9
https://doi.org/10.1016/S1359-6454(98)00392-9
https://doi.org/10.1016/S1359-6454(98)00392-9
https://doi.org/10.1016/0921-5093(91)90146-E
https://doi.org/10.1016/0921-5093(91)90146-E
https://doi.org/10.1016/0921-5093(91)90146-E
https://doi.org/10.1088/1361-6463/50/1/015305
https://doi.org/10.1088/1361-6463/50/1/015305
https://doi.org/10.1126/science.1201362
https://doi.org/10.1126/science.1201362
https://doi.org/10.1126/science.1201362
https://doi.org/10.1016/j.actamat.2014.01.031
https://doi.org/10.1016/j.actamat.2014.01.031
https://doi.org/10.1016/j.actamat.2014.01.031
https://doi.org/10.1016/j.actamat.2014.07.015
https://doi.org/10.1016/j.actamat.2014.07.015
https://doi.org/10.1016/j.actamat.2014.07.015
https://doi.org/10.1063/1.4973772
https://doi.org/10.1063/1.4973772
https://doi.org/10.1016/j.scriptamat.2017.01.030
https://doi.org/10.1016/j.scriptamat.2017.01.030
https://doi.org/10.1016/j.scriptamat.2017.01.030
https://doi.org/10.1016/j.jallcom.2017.06.208
https://doi.org/10.1016/j.jallcom.2017.06.208
https://doi.org/10.1016/j.jallcom.2017.06.208
https://doi.org/10.1063/1.354555
https://doi.org/10.1063/1.354555
https://doi.org/10.1063/1.354555
https://doi.org/10.1016/S0921-5093(96)10684-5
https://doi.org/10.1016/S0921-5093(96)10684-5
https://doi.org/10.1016/S0921-5093(96)10684-5
https://doi.org/10.1016/S1359-6462(01)00849-1
https://doi.org/10.1016/S1359-6462(01)00849-1
https://doi.org/10.1016/S1359-6462(01)00849-1
https://doi.org/10.1063/1.369797
https://doi.org/10.1063/1.369797
https://doi.org/10.1063/1.369797
https://doi.org/10.1016/0921-5093(94)90160-0
https://doi.org/10.1016/0921-5093(94)90160-0
https://doi.org/10.1016/0921-5093(94)90160-0
https://doi.org/10.1016/0001-6160(82)90056-6
https://doi.org/10.1016/0001-6160(82)90056-6
https://doi.org/10.1016/0001-6160(82)90056-6
https://doi.org/10.1016/j.actamat.2007.05.051
https://doi.org/10.1016/j.actamat.2007.05.051
https://doi.org/10.1016/j.actamat.2007.05.051
https://doi.org/10.1063/1.1633000
https://doi.org/10.1063/1.1633000
https://doi.org/10.1063/1.1633000
https://doi.org/10.1016/0038-1098(93)90773-G
https://doi.org/10.1016/0038-1098(93)90773-G
https://doi.org/10.1016/0038-1098(93)90773-G
https://doi.org/10.1021/ac60131a045
https://doi.org/10.1021/ac60131a045
https://doi.org/10.1021/ac60131a045
https://doi.org/10.1016/0921-5093(94)90553-3
https://doi.org/10.1016/0921-5093(94)90553-3
https://doi.org/10.1016/0921-5093(94)90553-3
https://doi.org/10.1088/0034-4885/47/12/002
https://doi.org/10.1088/0034-4885/47/12/002
https://doi.org/10.1088/0034-4885/47/12/002
https://doi.org/10.1063/1.3081028
https://doi.org/10.1063/1.3081028
https://doi.org/10.2320/matertrans1989.30.677
https://doi.org/10.2320/matertrans1989.30.677
https://doi.org/10.2320/matertrans1989.30.677


R Parsons et al

11

	[39]	 Inoue A, Shen B L and Chang C T 2006 Fe- and Co-based 
bulk glassy alloys with ultrahigh strength of over 4000 MPa 
Intermetallics 14 936–44

	[40]	 Hibino T and Bitoh T 2017 Ternary Fe–B–C and quaternary 
Fe–B–C–Si amorphous alloys with glass transition and high 
magnetization J. Alloys Compd. 707 82–6

	[41]	 Angell C A 1995 Formation of glasses from liquids and 
biopolymers Science 267 1924–35

	[42]	 Brüning R and Samwer K 1992 Glass transition on long time 
scales Phys. Rev. B 46 11318–22

	[43]	 Mitrovic N, Roth S and Eckert J 2001 Kinetics of 
the glass-transition and crystallization process of 
Fe72−xNbxAl5Ga2P11C6B4 (x  =  0, 2) metallic glasses Appl. 
Phys. Lett. 78 2145–7

	[44]	 Borrego J M, Conde C F, Conde A, Roth S, Grahl H, 
Ostwald A and Eckert J 2002 Glass-forming ability and 
crystallization behavior of Co62−xFexNb6Zr2B30 (x  =  0, 16) 
amorphous alloys with large supercooled liquid region J. 
Appl. Phys. 92 6607–11

	[45]	 Biswas K, Venkataraman S, Zhang W Y, Ram S and Eckert J 
2006 Glass-forming ability and fragility parameter 
of amorphous Fe67Co9.5Nd3Dy0.5B20 J. Appl. Phys. 
100 023501

	[46]	 Borrego J M, Conde A, Roth S and Eckert J 2002 Glass-forming 
ability and soft magnetic properties of FeCoSiAlGaPCB 
amorphous alloys J. Appl. Phys. 92 2073–8

	[47]	 Na J H, Demetriou M D and Johnson W L 2011 Fragility of 
iron-based glasses Appl. Phys. Lett. 99 161902

J. Phys. D: Appl. Phys. 51 (2018) 415001

https://doi.org/10.1016/j.intermet.2006.01.038
https://doi.org/10.1016/j.intermet.2006.01.038
https://doi.org/10.1016/j.intermet.2006.01.038
https://doi.org/10.1016/j.jallcom.2016.12.060
https://doi.org/10.1016/j.jallcom.2016.12.060
https://doi.org/10.1016/j.jallcom.2016.12.060
https://doi.org/10.1126/science.267.5206.1924
https://doi.org/10.1126/science.267.5206.1924
https://doi.org/10.1126/science.267.5206.1924
https://doi.org/10.1103/PhysRevB.46.11318
https://doi.org/10.1103/PhysRevB.46.11318
https://doi.org/10.1103/PhysRevB.46.11318
https://doi.org/10.1063/1.1361099
https://doi.org/10.1063/1.1361099
https://doi.org/10.1063/1.1361099
https://doi.org/10.1063/1.1518768
https://doi.org/10.1063/1.1518768
https://doi.org/10.1063/1.1518768
https://doi.org/10.1063/1.2214333
https://doi.org/10.1063/1.2214333
https://doi.org/10.1063/1.1494848
https://doi.org/10.1063/1.1494848
https://doi.org/10.1063/1.1494848
https://doi.org/10.1063/1.3651763
https://doi.org/10.1063/1.3651763

	Nano-crystallisation and magnetic softening in Fe–B binary alloys induced by ultra-rapid heating
	Abstract
	1. Introduction
	2. Experimental procedures
	3. Results and discussion
	3.1. Effect of heating rate on the grain size and magnetic softness
	3.2. Kinetics of crystallisation upon rapid heating
	3.3. Mechanism of grain refinement by URA

	4. Conclusions
	Acknowledgments
	ORCID iDs
	References


