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Abstract The effect of a magnetic field on the nature of
nanocrystallization from a melt-spun Fe;3 5Si;3 5sBoNb3Cu;
amorphous precursor has been studied with the aim of
controlling microstructures and magnetic properties.
Annealing for magnetic crystallization was carried out at
temperatures between the Curie temperature of the amor-
phous phase (586 K) and that of the crystalline phase
(920 K). It was found that the {110} texture component in
crystallized a-Fe(Si) phase increased in importance with
increasing magnetic-field strength. An X-ray diffraction
analysis based on the Shultz method revealed that the
magnetic field caused preferential formation of {110}-
oriented nuclei. In addition, the applied field enhanced
crystallization kinetics, particularly the nucleation rate. No
significant difference in grain growth behavior was
observed as a result of applying a magnetic field. We
therefore conclude that the development of the {110}
texture by magnetic crystallization is predominantly
attributable to preferential nucleation, rather than prefer-
ential growth, of {110}-oriented nuclei. The saturation
magnetization of nanocrystallized specimens, evaluated
using a vibrating sample magnetometer (VSM), was
increased by the application of a magnetic field up to 4T
during nanocrystallization.
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Introduction

Soft-magnetic materials are widely used in modern tech-
nological applications such as transformers, hard disk drives,
and mobile phones. Nanocrystalline (nc) iron-based mate-
rials like FINEMET [1, 2] have been found to show superior
magnetic softness than in their purely amorphous phase.
There are several processing routes for production of nc-
materials [3]. Crystallization from an amorphous precursor
is one of the most important of these, and therefore extensive
studies on this processing route have been conducted [3]
since Yoshizawa et al. found that nc-Fe—Si—-B-Nb—Cu alloy
produced by crystallization from an amorphous precursor
possessed excellent soft-magnetic properties [1]. It is well
known that the degree of magnetic softness is significantly
influenced by microstructure [4, 5]. Most previous studies
concentrate primarily on the control of the size and mor-
phology of crystallites. However, in addition to this, crystal
orientation and its distribution (texture) are important
microstructural factors controlling magnetic softness.
Therefore, if we can control the microstructure of iron-based
nc-materials more precisely, further enhancement of soft-
magnetic properties should be possible.

In this work, we have considered the application of a
magnetic field during nanocrystallization by annealing
from an iron-based amorphous precursor. Because crys-
tallization from an amorphous phase involves much less
restriction from existing microstructure than a crystalline-
to-crystalline phase transformation such as recrystallization
and grain growth, a more significant field-induced effect on
the development of the microstructure can be expected. In
our previous study, we found that the magnetic crystalli-
zation (H = 6 T) of an Fe,3SigB 3 amorphous precursor at
853 K, which is between the Curie temperature of the
amorphous phase and that of the o-Fe(Si) crystalline phase,
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causes the development of a sharp {110} texture in the
microcrystalline alloy [6]. In earlier work on magnetic
crystallization from amorphous precursors, HauBler and
Baumann [7] reported first in 1980 that the crystallization
temperatures of amorphous Bi, Ga, and Yb were not affected
by a magnetic field of 18.5 T. However, Wolfus et al. [§]
investigated the effect of a magnetic field (ranging from
3 mT to 1 T) on the crystallization kinetics of Feg3SisB |,
amorphous alloy, and found that the crystallization of fer-
romagnetic phase increased with increasing field. Otani
et al. [9] studied magnetic crystallization of a melt-spun
Pr,Co4B amorphous alloy for the purpose of controlling
grain orientation. They found that crystallization in a 0.3 T
magnetic field slightly enhanced the development of a tex-
ture, with the easy magnetization c-plane oriented along the
magnetic field direction. Recently, Wang et al. [10] have
investigated the effect of a magnetic field on the nucleation
of crystallites of diamagnetic tI-Zr,Cu, fcc-Zr,Ni, and hp-
ZrgAlLNi phases in ZrgAgNij;3Cuy; amorphous alloys.
They mentioned that the difference between the perme-
ability of the amorphous phase and that of the crystalline
phase suppressed crystallization in a magnetic field.

From these results, one can understand that a new strategy
of magnetic crystallization can be a useful tool for control-
ling microstructure and crystallization kinetics. However, to
the authors’ knowledge, this strategy has not yet been
applied to nanocrystallization. It is also of great interest to
know how magnetic properties of nc-materials change
according to magnetic crystallization. The aim of the present
work is thus to investigate the effect of a magnetic field on
the nanocrystallization of the Fe;; 55113 5BoNbsCu; amor-
phous alloy with particular emphasis on texture formation,
nanocrystallization kinetics, and the magnetic properties
resulting from magnetic crystallization.

Experimental
Magnetic crystallization

An Fe73 55113 5BgNb3;Cu; melt-spun amorphous ribbon of
15 mm in width and 18 pm in thickness, which was sup-
plied by Hitachi Metals Ltd., was used as the starting
material in this study. A differential scanning calorimeter
(DSC, Netzsch DSC-404C) was used to determine the
Curie temperature of the amorphous (Tﬁ‘m) and that of the
crystalline phase (7X) and the crystallization temperature
(Ty). The DSC measurements were carried out at a heating
rate of 0.33 K/s (20 K/min) in an Ar gas flow of 50 mL/s.
The measured specific temperatures are shown in Table 1.
The annealing conditions for magnetic crystallization,
which were determined on the basis of the specific tem-
peratures, are exhibited in Table 2. The annealing
temperatures, ranging from 723 K to 823 K, were chosen
to be between the Curie temperature of the amorphous
phase and that of the crystalline phase, which allows fer-
romagnetic crystallites to be formed in a paramagnetic
amorphous phase. The specimens to be crystallized were
cut from the amorphous ribbon with dimensions of
10 mm x 5 mm, and then sandwiched by tungsten sheets
to prevent contamination from the carbon holder used for
annealing. The annealing treatments were carried out in a
vacuum of 1.0 x 107> Pa under magnetic fields of up to
6 T using a superconducting magnetic-field heat treatment
system composed of a helium-free superconducting mag-
net (Sumitomo Heavy Machine Corporation) and a high-
temperature furnace with a molybdenum sheet heating
element (Futek Furnace Inc.). The magnetic field was
applied parallel or perpendicular to the surface of the
specimen.

Table 1 Measured specific
temperatures in
Fe;3.5S113.5BoNb;Cu; alloy

Material

Curie temperature of
amorphous phase, T?M (K)

Crystallization
temperature, 7y (K)

Curie temperature of
crystalline phase, Tf (K)

Fe73‘55i13A5B9Nb3Cu1 586

750 920

Table 2 Annealing conditions
for magnetic crystallization of
Fe73 58113 5BoNb;Cu

Material

Temperature, T (K)

Time, ¢ (ks) Magnetic field

Strength, H (T) Direction

amorphous alloy
F€73_5Si13_5B9Nb3CU| 723

723
723
773
793
823

1.4 0,2,4,6 H // surface, H 1 surface
2.6 0,2,4,6
44 0,2,4,6
2.6 0,2,4,6
2.6 0,2,4,6
2.6 0,2,4,6
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Observations of microstructure and measurements
of magnetic properties

An X-ray diffractometer (XRD, RIGAKU JDX-3530) was
used to observe the progress of crystallization and to
identify the crystalline phases. In addition, the texture of
the assembly of grains after crystallization was evaluated
using the orientation index R(hkl) given by the following
equation [11],

~ I(hkl) Io(hkl)
R(hid) = ZI(WET) / le(h’k’l’)’ (1)

where I(hkl) is the XRD intensity obtained from experi-
mental data and Iy(hkl) is the intensity from a standard
powder diffraction measurement. The orientation distribu-
tion of nuclei was analyzed by the X-ray Shultz method
using specimens at an early stage of crystallization, where
individual nucleated crystals had not yet met each other;
this condition was obtained by annealing at 723 K for
1.8 ks without and with a 6 T magnetic field.

In order to examine the effect of a magnetic field on the
kinetics of nucleation and growth in the amorphous alloy,
transmission electron microscopy (TEM) was applied to
observe microstructural change in the specimens annealed
at 723, 773, and 793 K for 1.4, 2.6, and 4.4 ks without and
with 6 T magnetic fields. Thin foils suitable for TEM
observation were prepared by atom-milling at 5 kV and
2 mA with a beam angle of 15°, using an apparatus
equipped with a cooling stage using liquid nitrogen. Con-
ventional TEM observations were performed on a
HITACHI HF-2000 FEG-TEM operated at an accelerating
voltage of 200 kV. From the TEM micrographs, the
number density of nuclei per unit volume, the grain size
distribution, and the volume fraction of crystallized phase
were statistically analyzed. To determine the volume of the
observed area, the thickness of the area of interest was
measured using a contamination-spot separation method
[12].

The magnetic properties of the crystallized specimens
were measured at room temperature using a vibrating

Fig. 1 Bright-field TEM
micrographs and diffraction
patterns for the
Fe73,55i13,5B9Nb3Cu1 ribbons
nanocrystallized from an
amorphous precursor by
annealing at 823 K for 2.6 ks
(a) without and (b) with a 6 T
magnetic field

sample magnetometer (VSM) from Tamakawa Co. Ltd.,
and discussed in terms of the observed microstructures.

Results and discussion
Microstructure evolution in a magnetic field

Figure 1 shows TEM micrographs of Fe,; 5Si;3 5sBoNb3;Cu,
specimens crystallized at 823 K for 2.6 ks (a) without and
(b) with a 6 T magnetic field applied parallel to the ribbon
surface. Selected area electron diffraction (SAD) patterns
obtained from the same area as the TEM micrographs are
also shown in Fig. 1. Both specimens are composed of a
residual amorphous phase and a nanocrystalline phase.
There appears to be no significant difference between the
microstructure of the two specimens. The average grain
size of the crystalline phase, which is determined to be
a-Fe(Si), as shown in Fig. 2, is approximately 15-20 nm
irrespective of whether a magnetic field is applied.

X-ray diffraction profiles for the specimens crystallized
by annealing at 823 K for 2.6 ks with different field
strengths are shown in Fig. 2. For comparison, the profile
for the as-spun specimen is shown in the figure as well.
Only some peaks associated with o-Fe(Si) phase are
observed. No other phases except a-Fe(Si) were recognized
from the XRD profiles. Of particular importance is the
finding that the intensity of the {110} peak increases with
increasing magnetic-field strength. The degree of texture
was evaluated by means of the orientation index defined in
Eq. 1 from the XRD profiles, and the variation of this value
with field strength is shown in Fig. 3. The orientation index
for the {110} reflection is a monotonically increasing
function of magnetic-field strength, indicating an increase
of sharpness of the {110} texture as a result of magnetic
crystallization. Here a question arises as to whether the
{110} texture is induced by preferential nucleation or by
preferential growth. In order to examine further the influ-
ence of a magnetic field on the orientation of nuclei, X-ray
diffraction based on the Shultz method was applied to the
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Fig. 2 X-ray diffraction profiles for the Fe; 5Si;3 5sBoNbzCu; ribbons
crystallized at 823 K for 2.6 ks with different magnetic-field
strengths. The magnetic field was applied parallel to the ribbon
surface
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Fig. 3 Orientation index for (hkl) reflections for Fe;3 5Si;3.5BoNb;Cu;
ribbons crystallized at 823 K for 2.6 ks as a function of magnetic-field
strength

specimen at an early stage of crystallization from the
amorphous phase, where the individual nucleated grains
had not yet met each other. Figure 4 shows 110 pole figures
from specimens annealed at 723 K for 2.6 ks without and
with a 6 T magnetic field. The {110} poles of the assembly
of crystallites are found to be somewhat localized at the
center of the pole figure in the specimen crystallized with a
6 T magnetic field compared with those in the specimen
annealed without a magnetic field; the intensity of {110}
poles at the center is higher by about 25% in the magnet-
ically annealed case. One may expect that one of the (001)
directions which are the easy magnetization directions in
bce-iron, might be aligned along the magnetic field direc-
tion in o-Fe(Si) crystals. However, there is no significant
evidence of localization of {110} poles anywhere except at
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the center of the pole figure even in the specimen crystal-
lized with a 6 T magnetic field. From these results, we can
conclude that the {110}-oriented nuclei are formed pref-
erentially in a magnetic field, and one of the (001)
orientations in these nuclei is oriented in a random direc-
tion in the plane of the ribbon surface. This result is in good
agreement with previous work on magnetic crystallization
from an Fe,4SigB3 amorphous alloy.

Regarding grain growth in a magnetic field, grain size
distributions were examined in specimens crystallized
under various annealing conditions. Figure 5 presents
changes in the grain size distribution with annealing time
for specimens crystallized at 723 K without and witha 6 T
magnetic field. These closely resemble normal distributions
whether or not a magnetic field is applied; this indicates that
normal grain growth of o-Fe(Si) crystals occurs both with
and without magnetic field. Looking through Fig. 5a—f, we
can see that the average grain size and the standard devia-
tion both change only very slightly with annealing time, and
there is no observable difference between the nature of
grain growth without and with a 6 T magnetic field. A
similar result is observed at different temperatures as shown
in Fig. 6. Unlike the magnetic crystallization of the
Fe;4SigB ;5 alloy, in which energetically preferred {110}
grains grew faster and a bimodal grain size distribution
developed in a magnetic field [6], grain growth in the
Fe3.55113.5sBoNb3Cu; alloy does not appear to be affected
by a magnetic field. This lack of influence on grain growth
by the magnetic field is probably attributable to the mech-
anisms believed to be responsible for the extremely slow
grain growth in this alloy under ordinary annealing condi-
tions. These are either that Cu clusters formed in the
amorphous phase prevent the migration of the interface
between the crystallite and the amorphous phase, or that the
diffusivity of Nb atoms that are rejected from o-Fe(Si)
crystallites to the amorphous phase is very low [13]. The
increased driving force for grain growth of preferred ori-
entations under a magnetic field may be insufficient
compared to the forces, mentioned above, that resist grain
growth. Judging from Figs. 2 to 5, we can conclude that
preferential nucleation of {110}-oriented grains, rather than
preferential growth, is the predominant reason for the devel-
opment of {110} texture in the nc-Fe; 5Si13 sBoNb;Cu; alloy
annealed under a magnetic field.

Another question arises, of why the {110} orientation is
preferentially nucleated in a magnetic field. In the previous
report on the magnetic crystallization of the Fe,;gSigB3
alloy, we discussed the reason for the {110} texture
formation from the point of view of magnetocrystal-
line anisotropy energy on the basis of observations
suggesting preferential growth of {110}-oriented a-Fe(Si)
grains [6]. However, since no significant effect of a mag-
netic field was observed on the grain growth in the
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Fig. 4 {110} pole figures for
Fe73ASSi13‘5B9Nb3Cu1 ribbons
after annealing at 723 K for
2.6 ks (a) without and (b) with a
6 T magnetic field parallel to
the ribbon surface
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Fig. 5 Changes in the grain size distribution in the nc-Fe;3 5Si;3 sBoNb;Cu; alloy with annealing time at 723 K without (a, ¢, e) and with (b, d, f)

a 6 T magnetic field

nc-Fe;; 55113 5sBoNb3Cu, alloy, a similar explanation based
on the anisotropy energy seems to be insufficient to explain
the preferential nucleation of {110} oriented grains
observed. Several possible reasons for this should be fur-
ther considered: e.g., the influence of a magnetic field on
surface energy.

Volume fraction of nanocrystallized grains
in a magnetic field

In our previous study on magnetic crystallization of the
Fe,3SigB 3 alloy, it was found that the volume fraction of

the crystalline «-Fe(Si) phase was increased by application
of a 6 T magnetic field [6]. Accordingly, we evaluated the
volume fraction of the nanocrystalline «-Fe(Si) phase in the
Fe;3.5S113.5BoNb3Cu; alloy using an XRD profile fitting
procedure [14, 15]. The XRD {110} peak was fitted accord-
ing to the pseudo-Voigt function given by the following
equation,

V(x) = (1 = n)L(x) + nG(x), (2)

where L(x) and G(x) are the Lorentzian and Gaussian
functions, respectively, and # represents the Gaussian
contribution to the peak. (Here it was assumed that the
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Fig. 6 Changes in the grain size distribution in the nc-Fey3 5Si3 sBoNb3;Cu; alloy with annealing temperature for an annealing time of 1.4 ks

without (a, ¢, e) and with (b, d, f) a 6 T magnetic field

XRD profiles from the amorphous and crystalline phases
could be expressed by Lorentzian and Gaussian functions,
respectively.) Figure 7 exhibits the volume fraction of
o-Fe(Si) phase crystallized from the Fe;3 5Si;3.5sBoNbsCu,
amorphous precursor by annealing at 823 K for 60 s to
1.8 ks as a function of magnetic-field strength. Considering
the data for each value of magnetic field strength, there is
no systematic variation of volume fraction with annealing
time. Taking account of experimental error, it is considered
that the fraction crystallized may have almost approached
saturation even after annealing for only 60 s at 823 K.
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Fig. 7 Volume fraction of a-Fe(Si) phase crystallized from Fe;3 s

Siy3.5sBoNbs;Cu; amorphous precursor by annealing at 823 K for 60 s
to 1.8 ks as a function of a magnetic-field strength
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However, by observing the average values, the volume
fraction of o-Fe(Si) phase somewhat increases with
increasing magnetic-field strength, from 67% at zero field
to 68% at 6 T magnetic field. These estimated values of
volume fraction crystallized are in good agreement with
those previously reported for nc-Fe;35Sij;5BoNbsCuy
alloy produced by fully annealing at similar temperatures
[14-17]. Regarding the increase in the volume fraction of
o-Fe(Si) phase by magnetic crystallization, we have dis-
cussed the possibility of change in the equilibrium phase
stability due to the energetic contribution of the magnetic
field [18]. However, one of the present authors (V.Y.) has
recently calculated the contribution of the magnetic free
energy to the total Gibbs free energy on the basis of
CALPHAD methodology [19], and pointed out that the
energetic contribution from an applied magnetic field of
6 T was insufficient to predict the changes in a-Fe phase
fraction in nc-Fe35Si;3.sBoNb3Cu; reported here, or the
larger phase fraction differences observed in Fe;gSigB 3
[6]. To obtain the changes in the o-Fe fraction observed
experimentally, a magnetic energy contribution of the
order of —2 kJ mol™" would be needed. This energy cor-
responds to an applied field of 180 T. A possible expla-
nation for the observed differences in phase fraction
(discussed in more detail in [19]) is that the magnetic
energy contribution, by increasing the nucleation rate,
results in nuclei of crystalline phase in an amorphous
matrix that still contains some quenched-in excess energy
from the melt-spinning process. Slower nucleation kinetics,
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by contrast, would allow the matrix time to relax and to
lower its energy. The position of local equilibrium between
the amorphous and crystalline phases, and therefore the
fraction of crystalline phase formed, would thus be dif-
ferent in the two cases. However, this explanation is still
speculative and further investigation is needed in this area.

Crystallization kinetics in a magnetic field

In order to study the effect of a magnetic field on the kinet-
ics of nucleation and growth in the Fe;35Si;35BoNb;Cu,
amorphous alloy, TEM was used to observe the progress in
crystallization, particularly at the early stages. Figure 8
shows TEM micrographs of specimens crystallized at
723 K for 1.4 ks (a) without and (b) with a 6 T magnetic
field. The SAD patterns from each specimen are also
exhibited in the figures. From these micrographs, the
number of crystallites appears to be higher in the specimen
annealed with a 6 T magnetic field than without a magnetic
field. In addition, the SAD pattern from the specimen
annealed without a magnetic field displays a broader ring
shape, whereas the ring pattern from the specimen annealed
with a 6 T magnetic field is clearer and sharper. Conse-
quently, it is considered that a magnetic field can enhance
the nucleation rate of ferromagnetic o-Fe(Si) grains from
the paramagnetic amorphous phase.

We quantitatively evaluated the number density of nuclei
per unit volume as a function of annealing time as shown in
Fig. 9a. The number density appears to be an exponential
function of annealing time irrespective of whether or not a
magnetic field is applied. However, values were increased
by 2-3 times by the application of a 6 T magnetic field.
Anderson and Mehl found that the nucleation rate N, as a
function of annealing time in the recrystallization of alu-
minum was given by the following exponential function, at
least up to 30% recrystallization [20].

N, = aexp(bt), (3)

@) 723K, 1.4ks, OT, Vacuum

where a and b are constants. Figure 9b shows the semi-
logarithm plots of the number density of nuclei against
annealing time. There is a good linear correlation between
the natural logarithms of N,, and annealing time for speci-
mens crystallized both without and with a magnetic field.
Therefore, Eq. 3 can be applied for magnetic crystallization
of the nc-Fe;3 55113, 5BoNb3Cu, alloy. The values of a and b
in Eq. 3 were estimated to be a = 1.2 x 10*! m~3 sfl,
b = 0.23 for crystallization with a 6 T magnetic field and
a=152x 10°m3s™!, b = 0.20 without a magnetic field.

Changes in the volume fraction of the «-Fe(Si) crystalline
phase f; during crystallization of the Fe;3 5Si 3 sBoNbs;Cu,
amorphous precursor by annealing at 723 K without and
with a 6 T magnetic field are shown in Fig. 10a and b. To
determine the volume of each grain, grains were assumed to
have a spherical shape. The volume fraction is found to be
increased by 2-3 times by the application of a magnetic
field, as shown in Fig. 10a. The dependence of the crystal-
lized fraction on annealing time was examined on the basis
of the Johnson-Mehl-Avrami—Kolmogorov (JMAK) equa-
tion given by

fi=1—exp(—K7"), 4)
K =f N,G>, (5)

where f is a shape factor (47/3 for spheres) and G the
growth rate. From the JMAK plot of the crystallization
kinetics of the Fes35Si;35BoNbsCu; alloy shown in
Fig. 10b, the Avrami indices of the specimens crystallized
without and with a 6 T magnetic field were estimated to be
0.65 and 0.74, respectively. The value of K, which is a
function of both the nucleation rate and the growth rate of
the grains, was higher by 2.2 times with the 6 T magnetic
field (447 x 107°) than without the magnetic field
(2.02 x 10_3). As mentioned above, the nucleation rate
was increased by 2-3 times by the application of a mag-
netic field, but the growth rate was not significantly
affected by a magnetic field. Therefore, it is considered that
the increase in the volume fraction of crystallized phase

Fig. 8 Bright-field TEM micrographs and diffraction patterns for Fe,; 5Si;3 sBoNb3Cu, ribbons at an early stage of crystallization obtained by
annealing at 723 K for 1.4 ks (a) without and (b) with a 6 T magnetic field
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Fe;3.55113.5BoNb3Cu; amorphous precursor with annealing time at
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due to a magnetic field is predominantly caused by the
increase in nucleation rate rather than by any change in the
growth rate.

Origin of the enhancement of crystallization kinetics
in a magnetic field

According to the classical nucleation-growth theory, the
activation energy barrier against nucleation, AG", is
determined from the free-energy change per unit volume,
AGy, associated with the phase transformation, and the
interface energy, y, between the nucleus and the amorphous
matrix. In addition, a magnetic contribution to the volume
free energy should be considered in a magnetic field
because the ferromagnetic a-Fe(Si) phase is formed from
the paramagnetic amorphous phase. Therefore, the activa-
tion energy for nucleation, AG", and the critical radius for
nucleation r*, in a magnetic field are given by the fol-
lowing equations:
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161 3
Ve L A— (6)
3(AGV + AGM)
2y
o er 7
d AG, + AGym ’ ( )

where AGy, is the change in magnetic free energy associ-
ated with crystallization. Ignoring any influences of the
magnetic field on the interface energy, and assuming that
the magnetic free energy of the paramagnetic amorphous
phase is negligible, the values of AG" and r will decrease
in a magnetic field as shown in Fig. 11a because both AGy
and AGy are negative. Thus, the nucleation of the ferro-
magnetic «-Fe(Si) phase will be made easier by application
of a magnetic field.

Here, let us look at Fig. 9 again. When the exponential
curves showing the relation between the number density of
nuclei N, and the annealing time ¢ are interpolated to t = 0,
the curves intersect the vertical axis at a finite value irre-
spective of whether a magnetic field is applied; the number
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Fig. 11 Schematic explanation of (a) the influence of a magnetic
field on the activation energy of nucleation and the critical nucleus
size, and (b) a possible reason for the increase in nucleation rate under
a magnetic field

density of nuclei does not become zero at t = 0. This is
probably because some short-range ordered clusters
(embryos), which could subsequently become the cores of
nucleating crystals, may have existed in the amorphous
precursor, unlike in the case of nucleation of crystals from
a liquid phase. If we assume that the size distribution of the
clusters is Gaussian, the number of clusters (embryos) that
are super-critical and can grow into stable grains would
increase with a decrease in the critical radius due to a
magnetic field, as illustrated in Fig. 11b. Furthermore, if
the size distribution of clusters could shift to a regime of
larger cluster size by annealing, an increase in the nucle-
ation rate would be higher in a magnetic field than in zero-
field.

An attempt is made to test this proposition using some
data from literature and from equilibrium calculations in
the framework of the CALPHAD methodology. The
magnetic free energy per unit volume for ferromagnetic
materials is given by

AGy = 1 (H - NZZVIS)Ms (8)
where p is the permeability in vacuum, N is the demag-
netizing factor, and M, is the saturation magnetization. In
our experiments, a magnetic field was applied parallel to
the long axis of the ribbon, so that the demagnetizing factor
is assumed to be zero. The saturation magnetization of
the crystalline phase was estimated to be yoM, = 1.82 T
(=kg/s2 A) for the composition of Fe,35Sij55 by assuming
that it decreases with increasing Si content according to the
data for the magnetic moment of Fe—Si alloys as a function
of Si content found in [21]. From Eq. 8, we can obtain a
value of the magnetic free energy, AGlfVl = 8.69 x 10° J/m*
in a 6 T magnetic field. The value of AG, was calculated
using the CALPHAD methodology for a nucleus of equi-
librium composition (Fe;;Si;gNb4Cu,), forming at 823 K
in a matrix of composition Fe,;5Si;35BgNbsCu; and a
value of approximately 8.0 x 10® J/m® obtained. A surface
energy of y = 1.850 J/m? which was reported for a
Fe-3 wt%Si alloy [22, 23], was used. Consequently, the
critical radius of a nucleus in zero-field and that in a 6 T
magnetic field are estimated to be 4.63 nm and 4.57 nm,
respectively. The difference between these values seems to
be insufficient to predict the large changes in nucleation
rate observed experimentally.

Magnetic properties of nc-Fe3 55113 5sBoNbsCu; alloy
crystallized in a magnetic field

Magnetic properties of the nc-Fe;35Sij35BoNbszCu; alloy
crystallized at 823 K for 2.6 ks in a magnetic field are
shown in Fig. 12. For comparison, a magnetization curve
for the amorphous precursor is also shown. The saturation
magnetization of the nanocrystallized specimen is found to
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Fig. 12 Magnetization curves for Fe;5Sij35BoNbsCu; ribbons
crystallized at 823 K for 2.6 ks with different magnetic-field
strengths. For comparison, the curve for the as-spun amorphous
ribbon is also shown
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nanocrystalline ribbons as a function of magnetic-field strength
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for 0.8-8.0 ks. The volume fractions of the crystalline phase, f;, are
also shown

be higher than that of the amorphous alloy, and it is more
enhanced by the application of a magnetic field. Figure 13
presents the saturation magnetization of the specimens
measured as a function of magnetic-field strength applied
during annealing. The saturation magnetization increases
with increasing magnetic-field strength up to a maximum at
4 T. The change in the saturation magnetization with
magnetic-field strength can be explained from the view-
point of the boron concentration in the residual amorphous
phase. Because the crystalline a-Fe(Si) phase possesses a
low solid solubility for boron, boron atoms are rejected into
the amorphous phase as crystallization proceeds [3, 24]. It
is known that the magnetic moment of an iron atom in an
Fe—B amorphous phase is a function of boron concentration
[25, 26], and shows a maximum at a boron concentration of
17 at%. The atomic ratio of boron to iron is 12% in the
Fe;3.5Si155BoNb3Cu; amorphous precursor, so that the
magnetic moment of iron atoms in the residual amorphous
phase increases as crystallization progresses until the ratio
approaches around 17%. As mentioned in section ‘“Vol-
ume fraction of nanocrystallized grains in a magnetic
field’’, the higher the magnetic-field strength, the greater
the volume fraction of crystalline phase. Therefore, it is
considered that the 4 T magnetic field, where the saturation
magnetization showed a maximum, yielded an optimal
fraction of crystalline phase to achieve the most enhanced
saturation magnetization.

Conclusions
An Fe;;35Si135BoNbsCu; amorphous precursor was crys-

tallized by annealing at temperatures between the Curie

@ Springer

temperature of the amorphous phase and that of the crys-
talline «-Fe(Si) phase in magnetic fields of up to 6 T. The
texture formation and kinetics of nanocrystallization in a
magnetic field were studied. The chief results obtained are
as follows:

(1) The magnetic crystallization enhanced the formation
of {110} texture in the o-Fe(Si) phase. Preferential
nucleation, rather than preferential growth, of {110}-
oriented crystals is predominantly responsible for the
texture formation.

(2) Application of a magnetic field increased the nano-
crystallization kinetics, particularly the nucleation rate
of the ferromagnetic o-Fe(Si) grains from the para-
magnetic Fe;3 5Si;3.5BoNb3Cu; amorphous phase.

(3) The volume fraction of the nanocrystalline o-Fe(Si)
phase increased slightly with increasing magnetic-
field strength. However, thermodynamic calculations
suggest that the contribution of the applied field to the
Gibbs free energy is insufficient to account for the
observed change in phase fraction.

(4) The saturation magnetization of the nc-Fe;35Sii35
BoNb;Cu, alloy increased with increasing magnetic-
field strength up to a maximum at a 4 T magnetic
field.
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