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Mechanism of nanocrystalline microstructure formation in amorphous Fe-Nb-B alloys
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To understand the mechanism of the high number density of bce-Fe nanocrystals in a partially crystallized
Feg,Nb;Bg alloy, we have investigated detailed local structural and compositional changes on annealing amor-
phous ribbons using transmission electron microscopy, three-dimensional atom probe, and high-energy x-ray
diffraction techniques. Nanobeam electron diffraction patterns from an as-quenched amorphous ribbon indi-
cated a local nanoscale atomic ordering. On annealing, reduced interference functions showed a clear change
just below the crystallization temperature (~773 K). At this stage, local compositional fluctuations started to
appear, and medium-range ordering with a bcc-Fe structure as small as 2 nm was clearly observed in high-
resolution electron micrographs with an extremely high number density. Pair distribution function analyses
suggested a structural change at this stage of annealing to increase the chemical bonds in the residual amor-
phous matrix around the bec-Fe regions. The increase of atomic chemical bonds in the residual amorphous
matrix is considered to retard the growth of the bcc-Fe nanocrystals after the coalescence of bec-Fe MRO
regions in the later stage of annealing. These results suggest that bcc-Fe nanocrystallization with the extremely
high number density is ascribed to primarily (i) the presence of highly dense bce-Fe MRO regions and (ii) the

increase of chemical bonds of matrix atoms on annealing.
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I. INTRODUCTION

Crystallization in amorphous alloys with a large number
density of nanocrystals has attracted much attention because
of their applications to nanocrystalline soft magnetic materi-
als and nanocomposite hard magnetic materials.! Despite
many previous investigations,” the mechanism of nanocrys-
tallization in amorphous alloys with a high number density
of nucleation has not been thoroughly understood. According
to the classical nucleation theory, the number density of nu-
clei in the primary crystallization of amorphous alloys is
estimated to be less than 10 m™3, thus the classical nucle-
ation theory cannot be used to explain the appearance of
nanocrystals  with extremely high number density
(10%*-10?* m=3).3# The following models have been pro-
posed to explain such high-density nanocrystallization: a
model of composition fluctuation in the amorphous state
prior to crystallization,>” a heterogeneous nucleation model
that posits a high density of impurities or insoluble constitu-
ent nucleation sites,®? and a homogeneous nucleation model
with little or no activation energy.* These alternative nanoc-
rystallization mechanisms are now under examination
mainly for crystallizations in various amorphous alloy sys-
tems.

In Fe-based amorphous alloys, the formation of bcc-Fe
nanocrystals is important for applications as nanocrystalline
soft magnetic materials. For the Fe;; 5513 sBgNbsCu, alloy,
which is well known as FINEMET,'? detailed analyses have
been employed for elucidating the origin of the bcc-Fe
nanocrystallization with a particle size of about 10 nm.®!! In
this system, insoluble Cu clustering occurs prior to the pri-
mary crystallization stage of bce-Fe, and the fce-Cu particles
that evolve from the clusters are considered to become het-
erogeneous nucleation sites for the high-density bcc-Fe
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nanocrystals during annealing. The role of the fcc-Cu par-
ticles in nanocrystallization has also been confirmed in a
FegoZr;B5;Cu, alloy, in which a bce-Fe nanocrystal was di-
rectly observed in direct contact with fcc-Cu by high-
resolution electron microscopy (HREM).!?

However, the dense formation of bcc-Fe nanocrystals
with an extremely high number density has also been found
even in Cu-free Fe-M-B (M =Nb, Zr, Hf) alloy systems,'3
although their Cu-added alloys exhibit a higher number den-
sity of precipitates than those without Cu. The mechanism of
nanocrystallization in the Cu-free alloys, where the number
density is comparable to those of the Cu-added alloys, re-
mains an open question. In this paper, we demonstrate de-
tailed structural and compositional analyses in the nanocrys-
tallization process of an amorphous Feg,Nb;B, alloy by
means of three different complementary methods, i.e., trans-
mission electron microscopy (TEM) with accelerating volt-
ages of 200 and 300 kV, three-dimensional atom probe
(3DAP), and high-energy x-ray diffraction using synchrotron
radiation. The TEM technique enables us to obtain nanoscale
local structural information, whereas the x-ray diffraction
presents precise averaged structure information taken from
an extended region through a pair distribution function
analysis. In addition, 3DAP has been used to investigate the
local chemical information with a near-atomic resolution.
Therefore, this complementary study can provide a compre-
hensive understanding for the mechanism of nanocrystalliza-
tion with the extremely high number density.

II. EXPERIMENTAL PROCEDURE

An amorphous Feg,Nb;Bg ribbon with a thickness of
about 20 um was prepared by the single-roll melt spinning
method. The samples were continuously heated to various

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.184204

HIRATA et al.
200 : —
(@) b |
150 | _ :
Q50
Iod 773K
5100t 0 T
& 5 olhm Y
0
as-q

0 100 200
Q [1/nm)]

FIG. 1. (Color online) Reduced interference functions of as-
quenched and annealed (773 K) specimens obtained by (a) high-
energy x-ray diffraction and (b) energy-filtered electron diffraction
techniques.

temperatures in a differential scanning calorimetry furnace
with a heating rate of 20 K/min. For transmission electron
microscopy study, the specimens were thinned by Ar-beam
thinning under a low beam angle (<10°) with a low voltage
(<2 kV) and also by electropolishing with an electrolyte of
6 vol. % perchloric acid in acetic acid. Note that these dif-
ferent sample preparation techniques basically did not result
in any difference in the HREM and electron diffraction.
Energy-filtered diffraction patterns were obtained using a
LEO-922D (200 kV). Nanobeam electron-diffraction
(NBED) patterns and HREM images were taken using a
JEM-3000F (300 kV) TEM. The TEM images and SAED
patterns were recorded on imaging plates (IP) and read using
IP readers (DITABIS-MICRON and FDL-5000). The NBED
patterns were recorded by a TV-rate CCD camera. High-
energy x-ray diffraction was measured at BL-04B2 in
SPring-8, Harima, Japan. To reduce the truncation errors in
the Fourier transform, the x-ray intensity profile was taken
up to a high-scattering wave vector of Q,,,,=250 nm~!. The
detailed procedure has already been described in a previous
paper.'* The 3D chemical mapping was performed by a lo-
cally built energy compensated 3DAP equipped with the Ox-
ford Nanoscience delay line detector. Needlelike specimens
for atom probe analysis were prepared by electropolishing
square rods of approximately 20 um X20 um X5 mm,
which were prepared from the ribbon by mechanical
grinding.?

III. RESULTS AND DISCUSSION

First we examined the structural change on annealing
prior to nanocrystallization. From a previous study,'* the ini-
tial crystallization is known to start at around 773 K. Figure
1 shows a series of reduced interference functions [Qi(Q)]
taken from a specimen annealed up to 773 K, together with
the as-quenched specimen, where Q is the scattering vector
(47 sin 6/\: 0 is the scattering angle and \ is the x-ray or
electron wavelength) and i(Q) is the interference function.
The profiles shown in Fig. 1(a) were taken using the high-
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FIG. 2. (a) HREM image and (b)—(e) NBED patterns taken from
an as-quenched specimen.

energy x-ray diffraction technique, and those in Fig. 1(b)
were obtained from energy-filtered selected area electron dif-
fraction (SAED) patterns (200 kV TEM). The characteristics
of the change in Qi(Q) for both x-ray and electron diffraction
on annealing are almost the same as shown in the figures,
indicating that the fundamental structural feature is indepen-
dent of the analysis areas of the specimen. In comparison
with the case of the as-quenched specimen, larger relative
heights of the first and second peaks and faster dumping of
oscillations of Qi(Q) are found for the annealed specimen.
This indicates that the amorphous structure changes during
the annealing prior to the nanocrystallization. This will be
discussed later in detail.

Next we examined the microstructures of both specimens
using TEM to clarify the microscopic feature of the struc-
tural change. An HREM image and NBED patterns taken
from the as-quenched specimen are shown in Fig. 2(a) and
Figs. 2(b)-2(e), respectively (300 kV TEM). The corre-
sponding SAED pattern obtained from the same region is
also shown in the inset in Fig. 2(a). The SAED pattern shows
halo rings due to the fully amorphous state. The HREM im-
age of Fig. 2(a) was taken under the optimum defocus con-
dition (60 nm underfocus) suitable for detecting local lattices
with interplanar spacings ranging from 0.25 to 0.18 nm in
high contrast.!> No clear local lattice fringe images are ob-
served in Fig. 2(a). In our previous studies on amorphous
Feg,B 6 and FeyyZr;B; alloys,'®!” local regions with bec-like
structure were observed as crossed lattice fringe regions as
small as 1 nm. These small local regions that exhibit lattice
fringe images may be called atomic medium range order
(MRO) in the sense of amorphous local structures. Although
MRO regions with the bce-Fe type structure were not ob-
served clearly with HREM in this specimen, clear diffraction
spots were detected in NBED patterns. In Figs. 2(b) and 2(c),
diffraction spots with fourfold and sixfold symmetries are
observed by NBED with a beam size of about 1.5 nm. From
additional information that the reciprocals of these diffrac-
tion vectors are all close to 0.20 nm, the diffraction patterns
in Figs. 2(b) and 2(c) were found to correspond to those of
the bee-Fe structure with (100) and (111) beam incidences,
respectively. This result is consistent with the previous high-
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FIG. 3. (a) HREM image taken from an annealed specimen
(773 K), together with NBED patterns in (b), (c), and (d). Simu-
lated HREM image is also shown in the inset of (a). (¢) HREM
image of minor regions in the specimen annealed up to 773 K.

energy x-ray diffraction analysis indicating the existence of
the bee-type structural ordering in the as-quenched state.'*
On the other hand, the diffraction spots indicated by arrows
in Figs. 2(d) and 2(e) are presumably due to the compound
structures, according to the corresponding interplanar spac-
ings of about 0.30 and 0.24 nm, respectively. Hence, the
NBED technique revealed the existence of a very fine scale
structural ordering directly as reported in our previous
studies,'0-18 although such a fine scale structural feature
could not be clearly imaged by HREM.

Figure 3(a) shows a typical HREM image obtained from
the specimen annealed at 773 K (300 kV TEM). The image
was also taken under the 60 nm underfocus condition. A
SAED pattern from the area is shown in the inset. In this
stage, bee-Fe MRO (local lattice fringe regions) with sizes of
about 1-1.5 nm are clearly observed with a very high den-
sity in the HREM image. The fringe spacings and their cross
angles of these images are consistent with those from the
bee-Fe structure. For example, encircled clear beec-Fe MRO
indicated as A and B correspond to the bcc-Fe MRO with the
(100) and (111) orientations, respectively. An HREM image
simulation was performed to confirm that the images ob-
served in regions A and B are those of bcec-Fe MRO. The
structural model for the simulation consisted of 10 000 atoms
in a tetragonal cell with a size of 3.87 X 3.87 X 7.75 nm? and
included two (111) and (100) oriented bce-Fe clusters with a
diameter of 2 nm embedded in an amorphous matrix with
dense-randomly packed Fe, Nb, and B atoms. A physical
density of the model was set to be 7.77 g/m?, which is iden-
tical to that of the as-quenched specimen determined by the
Archimedean method. Nb and B atoms are also included in
the bee-Fe MRO. The (100) and (111) bee-Fe MRO images
simulated under the defocus of 60 nm reproduce the experi-
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mental local images at A and B. Although the bcc-Fe MRO
in the model are 2 nm in size, apparent MRO regions in the
simulated images were as small as 1.5 nm. This is because a
clear imaging of the bcc-Fe MRO is disturbed by the amor-
phous matrix structure overlapped along the beam direction.
In addition to the HREM image, we confirmed the existence
of the bcc-Fe MRO directly by using the NBED technique.
The NBED patterns obtained from various regions in Fig.
3(a) are shown in Figs. 3(b)-3(d), which correspond to the
(100), (110), and (111) zones, respectively. This indicates
that the bcc-Fe MRO regions grow on annealing in the amor-
phous matrix. In addition, we occasionally found clear
bce-Fe nanocrystals grown as large as 3—10 nm as shown in
Fig. 3(e). The SAED patterns from the areas including such
regions showed weak diffraction spots identified as those
from bee-Fe (not shown). The contribution of the nanocrys-
tals to the whole diffraction intensity is, however, negligible
because of their small volume faction. Thus, the reflections
from them hardly contribute to the interference functions in
the x-ray diffraction structure analysis at this annealing
stage.

A 3DAP elemental analysis was made for the as-quenched
and annealed (~773 K) specimens to examine the change of
the nanoscale compositional fluctuation during annealing.
Since there was no obvious compositional fluctuation in both
of the 3D elemental maps, we examined the deviation of the
frequency distribution of compositions from the binomial
distribution, which can be regarded as random compositional
distribution, using the x? test. Note that the binomial distri-
bution is determined by a composition, a number of the at-
oms in one block, and a number of blocks. Figure 4 shows
the frequency distributions of Fe, Nb, and B concentrations
analyzed for more than 3000 blocks (one block consists of
100 atoms) obtained by 3DAP. The histograms show the ex-
perimental results, whereas the solid curves are the binomial
distribution functions for random distribution. The frequency
distribution of the homogeneous state should follow the bi-
nomial distribution. For each element, the )(2 value, the de-
gree of freedom (v), and the significance probability value
(P value) are written in the figures.'” In the as-quenched
specimen, the P values are relatively large, indicating that
the compositional fluctuation is negligible, that is, a homo-
geneous compositional distribution. On the other hand, the
small P values of the specimen annealed up to 773 K indi-
cate that an appreciable compositional fluctuation occurs at
the stage of 773 K. Thus, the 3DAP analyses reveal that the
local compositional fluctuation starts to occur after annealing
at about 773 K concurrently with the structural change ob-
served in Fig. 3.

Since we found the clear high-density bcc-Fe MRO re-
gions by HREM and the local compositional fluctuation by
3DAP in the annealed state, the amorphous matrix phase
should have changed both structurally and chemically in the
course of annealing. Here, we focus on the change of the
atomic correlations especially in the amorphous matrix ex-
cept for the bee-Fe MRO regions. The total pair distribution
functions (PDF) were obtained from the Fourier transform of
the x-ray reduced interference functions in Fig. 1(a). Figure 5
shows the first peaks of PDFs from the as-quenched and
annealed (up to 773 K) specimens. Note that the first PDF
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FIG. 4. (Color online) Frequency distribution diagrams of 3D elemental mapping for each element obtained from (a) as-quenched and (b)

annealed (773 K) specimens.

peak profiles in Fig. 5 give us precise atomic near-neighbor
correlation as a result of the scattering information up to high
Q0 (Q0~250 nm™"). The Fe-Fe distances for bce-Fe structure
are indicated by arrows. The first PDF peak of the annealed
specimen has the maximum at a slightly larger radial dis-
tance compared with that for the as-quenched specimen, and
also has an increase of g(r) in the shorter radial distance
range. Such an increase of g(r) at smaller r values can only
be explained by assuming shorter Fe-Fe bond distances in
the annealed structure shorter than that for bce Fe. Note that
the change is considered to arise from a residual amorphous
matrix surrounding the bcc-Fe nanophases. The shorter
atomic correlation is probably related to the local develop-
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FIG. 5. (Color online) Pair distribution functions of (a) as-
quenched and (b) annealed (773 K) specimens obtained by the
high-energy x-ray diffraction technique.

ment of local chemical order in the matrix. Since the amor-
phous phase was found to decompose into bcc-Fe and
a-Mn-type compound phases at higher temperature,? it is
well presumed that the development of local chemical order
in the matrix is closely related to a formation of local
a-Mn-like cluster structures in fine scale, which cannot be
observed by HREM. Note that the short Fe-Fe atomic dis-
tances are found in the a-Mn-type compound structure.
Schroers et al. reported that the high number density of
nucleation (10*3—10%* m~3) cannot be explained by the clas-
sical nucleation theory,® in which even the highest nucleation
density is less than 10" m™3. In the case of Zr-based bulk
metallic glasses, spinodal decomposition in the amorphous
state (amorphous phase separation) with a large composi-
tional fluctuation prior to nanocrystallization has been pro-
posed to explain the nanocrystallization.>~” However, accord-
ing to the modern nucleation theory where a diffuse interface
is considered,* the energy barrier to the crystal nucleation
can diminish or disappear at a high supercooling and can
provide the high-density nucleation. They also mentioned
that the high-density nucleation cannot be explained within a
framework of the classical nucleation theory, even if the
spinodal decomposition is taken into account. In the present
system, no long-range compositional fluctuation expected
from a spinodal decomposition was observed prior to nanoc-
rystallization. There have also been some recent reports in
several alloy systems that no amorphous phase separation
was observed before the nanocrystallization.”'~2* Under this
situation, a continuous development of the quenched-in local
structural ordering on annealing, as represented in this study,
is rather consistent with the modern nucleation theory. The
quenched-in local structural ordering is considered to origi-
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FIG. 6. (Color online) Schematic diagram of structural and com-
positional changes in the present nanocrystallization model.

nate from local atomic movements during the rapid quench-
ing. It is likely that the local structural ordering triggers high-
density bcc-Fe MRO, giving rise to nanocrystallization
during annealing. Since a number density of the observed
local bee-Fe MRO regions was estimated to be more than
10%°> m~3, which is much higher than that of the nanocrystals
after crystallization (102*~10>* m™3), their growth and coa-
lescence would generate the resultant bce-Fe nanocrystals
with grain sizes of about 10 nm. The anisotropic shape of the
growing bce-Fe grain shown in Fig. 3(e) also supports the
coalescence growth mechanism, because the bcc-Fe crystal
structure has a cubic symmetry. Based on the above results,
the structural and compositional changes in the present
nanocrystallization model are conceptually depicted with
three steps in Fig. 6. First, as shown by the NBED and 3DAP
results, structural ordering occurs locally even in the as-
quenched state with a negligible compositional fluctuation.
In the next annealing stage (annealed up to 773 K), the struc-
tural ordering with the bcc-Fe structure develops with a
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gradual local compositional change, as observed in NBED,
HREM, and 3DAP. At this stage, the structural change in the
matrix, which is probably due to an increase of the chemical
bonding, was detected in the residual amorphous matrix by
x-ray-diffraction analysis. The bcc-Fe nanophases eventually
combine into the large bee-Fe nanocrystals in the final stage.
At this stage, Fe-atom diffusion is considered to be retarded
due to the increase of chemical bonds in the matrix, which
inhibits the overgrowth of the bcc-Fe nanocrystals giving a
high number density of the nanocrystals. Even in this stage,
some amount of B atom presumably remains in the bcc-Fe
nanocrystals.?

IV. CONCLUSIONS

In the Feg,Nb,Bg alloy, the amorphous phase is found to
contain a high number density of bcc MRO regions prior to
nanocrystallization. The local structural ordering (the MRO
formation) exists without any compositional fluctuation in
the as-quenched state. On annealing, the nanoscale structural
ordering developed with the detectable compositional change
and is not equivalent to the amorphous phase separation, as
was reported mainly in the Zr-based system. The experimen-
tal results seem to be reasonable within a framework of the
modern nucleation theory, where a nucleation barrier dimin-
ishes at a large supercooling, that is, the growth mode be-
comes dominant. In addition, the grain growth is inhibited by
an enhancement of the chemical bond in the residual amor-
phous matrix to retard the Fe-atom diffusion.
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