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2Institute of Scientific and Industrial Research, Osaka University, Ibaraki 567-0047, Japan

(Received 1 May 2015; accepted 18 June 2015; published online 26 June 2015)

A structural heterogeneity of the melt-spun Fegs ,Si,BgP4Cuy g alloy has been studied
by spherical aberration (Cy) corrected high-resolution transmission electron micros-
copy. Hollow-cone illumination imaging revealed that the density of coherent scat-
tering regions in the as-quenched Fegs »Si;BsP4Cug g alloy is much higher than that
in the Fe76SigBoPs bulk metallic glass. According to the Cg-corrected TEM, crys-
talline atomic clusters, typically of ~1 nm in diameter, are densely distributed in an
amorphous matrix of Fegs »Si,BgP4Cug g alloy. Observation of four-fold and six-fold
atomic arrangements of these clusters implies existence of Fe clusters with the body
centered cubic structure. These Fe clusters must be responsible for the formation
of ultrahigh-density o-Fe nanocrystals produced by post-annealing. © 2015 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4923329]

Iron (Fe) based nanocrystalline soft magnetic materials have been developing for long years by
tuning alloy composition and constituent elements.'~> The newly developed FeSiBPCu nanocrys-
talline soft magnetic alloy contains more than 83at%Fe, and exhibits excellent soft magnetic prop-
erties with a high saturation magnetization after a proper heat treatment of an as-quenched ribbon
(H. =7-10 A/m, B, = 1.88-1.94 T).*> The Fe content exceeds the upper limit (~80at%) required
for single amorphous phase formation for soft magnetic Fe-Si-B-P metallic glass; hence it is
probable that the as-quenched alloy must contain crystalline clusters, forming “hetero-amorphous”
structure.*> The preceding studies have shown*> a sign of the presence of crystalline clusters,
while detailed atomic structure characterization has not been performed yet. It has been suggested
that possible “pre-existing” Fe clusters formed at the as-quenched state could act as nucleation
site for the a-Fe grains with the body centered cubic (bcc) structure during the crystallization of
hetero-amorphous structure.* Also note that the pre-existing nuclei and the newly formed nuclei in
the annealing process will grow together, which has been proposed based on thermal analysis as
a function of heating rate.® Such a simultaneous growth of two kinds of nuclei will prevent grain
growth and lead to the formation of high-density a-Fe grains with smaller grain sizes. The excellent
soft magnetic properties of the FeSiBPCu nanocrystalline alloy can be attributed to the high-density
o-Fe nanocrystals as well as the high Fe content. However, atomic scale structural details of the
as-quenched FeSiBPCu alloy still remain an open question.

To characterize atomic structures unambiguously, spherical aberration (Cy) corrected high-
resolution transmission electron microscopy (HRTEM) is a suitable technique in respect of spatial
resolution (~0.1 nm). In addition to highly improved spatial resolution, Cs-corrected TEM has a
benefit of smaller defocus values under optimal defocus conditions, which is beneficial for imaging
extremely small atomic clusters. The purpose of this study is to reveal atomic structures of a melt-
spun Fegs »,Si,BgP4Cuy g alloy, especially in relation to the proposed hetero-amorphous structure.

FeSiBPCu alloy ingots were prepared by induction melting of Fe (99.98 mass%), Si (99.998
mass%), B (99.5 mass%), Cu (99.99 mass%) and premelted Fe-P (99.9 mass%) in a high purity

4Electronic mail: ksato@imr.tohoku.ac.jp
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Argon (Ar) atmosphere. Then, rapidly solidified FeSiBPCu ribbons with 10 mm in width and
~13 um in thickness were prepared using the aforementioned ingots by a single-roller melt-spinning
method in air. Plan-view TEM specimens were prepared by a mechanical polishing in ethanol
using a 0.3 um-Al,O3 wrapping film followed by a low voltage Ar-ion milling at low temper-
atures (~180 K). For atomic structure imaging using a 300 kV-TEM (FEI Titan80-300), the C;
was adjusted to approximately —1 wm. Theoretical optimal defocus required for atomic structure
imaging is as small as 1.6 nm in the present experimental condition, which can effectively mini-
mize imaging artifact. Possible structural change due to electron irradiation can be excluded in the
HRTEM observation using a CCD camera with a short acquisition time of 1 s or less.” Nanobeam
electron diffraction (NBED) patterns were obtained by scanning ~0.1 nm-sized electron probe using
a 200 kV-TEM with a cold field emission gun (JEOL JEM-ARM200F).

Figure 1(a) shows a hollow-cone dark-field (DF) TEM image of an as-quenched Fegs »Si,BgPy
Cug g alloy. An attached selected area electron diffraction (SAED) pattern obtained from a wide
area (~700 nm in diameter) shows only halo rings arising from amorphous structure. Intensity
from the first halo ring selected by a small objective aperture (10 um in diameter) was employed
for the hollow-cone DF-TEM imaging. In this study, electron beam was deflected in the radial
direction and then rotated in the circumference direction. Thus, all the intensity from the first halo
ring was incorporated in a DF-TEM image. In Fig. 1(a), bright contrast so called “speckle” comes
from a distribution of medium-range order (MRO) in an amorphous structure.®’ For comparison, a

FIG. 1. Hollow-cone DF-TEM images and the corresponding SAED patterns of as-quenched (a) Fegs 2SioBgP4Cuy g
hetero-amorphous alloy and (b) Fe76SigBoPs bulk metallic glass.
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hollow-cone DF-TEM image and the corresponding SAED pattern of an as-quenched Fe;6SigBoPs
bulk metallic glass with single amorphous phase are also shown in Fig. 1(b). As seen, the areal
number density of strong speckled-contrasts is apparently higher in the FeSiBPCu alloy than in
the bulk metallic glass. Thus, DF-TEM imaging clearly reveals the presence of a highly heteroge-
neous structure presumably of atomic clusters (MRO regions) in the FeSiBPCu alloy, while their
detailed structure is unknown. To clarify the atomic structure of such high-density speckles, we
have performed C;-corrected TEM observation.

Figure 2 shows a C,-corrected HRTEM image of an as-quenched Fegs ,Si;,BgP4Cuy g alloy. An
attached SAED pattern shows only halo-rings arising from amorphous structure. However, small
atomic ordered regions are observed in the encircled area. As can be seen, there is a size distribution
of such local ordered regions ranging from 1 nm to about 2.5nm. By using the image simulation
technique applied for amorphous structures,'®!! it has been well demonstrated that an ordered re-
gion of bright spots (or dark spots, depending on the defocus condition) appearing in the HRTEM
image of amorphous alloy under a suitable imaging condition comes from a local atomic ordered
region in the alloy. Because of the locally confined crystalline structure, we occasionally call these
local ordered regions “crystalline (atomic) clusters”.

In Fig. 2(a), deformed images of ordered regions are often seen as shown in the white bold-
circles. Also, we often observe eucentric onion-like contrasts (see in the white thin circle with a
single arrow). Because of the embedded crystalline clusters are thought to be strongly deformed,
and also a fairly strong orientation dependence is expected for the clear imaging of crystalline
clusters, statistically, it is not easy to obtain clear high contrast local crystalline cluster images

FIG. 2. Cg-corrected HRTEM image and a corresponding SAED pattern of an as-quenched Fegs 2SinBgP4Cug g hetero-
amorphous alloy. Atomic clusters are seen in the encircled area.
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FIG. 3. Examples of (a) [100]-oriented and (b) [111]-oriented bec-Fe-like clusters. Crossed lattice fringes of ~0.2 nm in
spacing are seen, while those are distorted.

illuminated along their atomic columns. However, it should be emphasized that even under such
condition cluster regions with four-fold or six-fold atomic arrangements are locally observed as
indicated by double-arrowheads, implying existence of stable crystalline bce-Fe clusters'? with a
considerable volume fraction in the alloy. In the structure simulation of Fe-B amorphous alloys with
near eutectic compositions by Mykol et al.,'® regions of bee-Fe clusters are formed together with
icosahedral-Fe and polytetrahedral Fe-B cluster regions, in agreement with a Voronoi polyhedral
analysis of the eutectic Fe-B alloy from an electron diffraction study.!' The observed onion-like
and deformed-crystal-like regions are considered to be image projections of these local clusters. A
rigorous image simulation has to be made for such characteristic types of local crystalline clusters in
order to understand all the observed important images of local clusters.

Magnified images of [100]-oriented and [111]-oriented bce-Fe (or Fe-based alloy) clusters are
shown in Figs. 3(a) and 3(b), respectively. As can be seen, local crossed-lattice fringes of ~0.2 nm
in spacing extend over 1 nm, while those are heavily distorted. Such images imply that inter-atomic
distance and cross-angles between atomic planes of these clusters must be close to those of bcc-Fe.
It should be noted that, according to the preceding image simulation studies, such locally ordered
regions are not reproduced by assuming a dense random packing (DRP) model structure.!®11:14
The present HRTEM observation strongly supports the existence of bcc-Fe like clusters in the
as-quenched FeSiBPCu alloy.

Figure 4 shows scanning NBED patterns including weak diffraction spots. The pattern shown in
Fig. 4(a) is close to ~[001]yccre zone. Reflections indicated by arrowheads having a lattice spacing
of ~0.2 nm correspond to 110 reflections of bcc-Fe (also can be seen in Fig. 4(b)). These NBED
patterns from the cluster regions are usually deformed and asymmetric in their spot-intensities with
respect to the central spot due to their local lattice distortion. The distribution of interplanar spacing
(spot distance) is at most ~7%. Similarly, double-arrowheads in Fig. 4(c) suggest 200 reflections
of bce-Fe with a lattice spacing of ~0.14 nm. Thus, the observation of these NBED patterns is
also a strong evidence of existence of crystalline bcc-Fe clusters in the as-quenched melt-spun
ribbon. Among the dense atomic clusters exist in the as-quenched alloy it is presumed that a part

FIG. 4. Scanning NBED patterns including weak diffraction spots. Probe size is ~0.1 nm with beam convergence semi-angle
of ~3 mrad (a 5 um-sized condenser aperture was used). (a) beam incidence ~[001]pcc-Fe, (b) and (c) include 110 (an
arrowhead) and 200 (double-arrowheads) reflections of a-Fe, respectively.
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of the clusters with structures close to the bee-Fe must contribute to high-density a-Fe nanocrystals
produced by post-annealing.

In summary, a combination of modern C-corrected HRTEM and scanning NBED unambigu-
ously revealed a formation of a hetero-amorphous structure including high-density crystalline clus-
ters in the as-quenched Fegs »Si,BgP4Cug g alloy with the high Fe content. The size of the clusters
are typically ~1 nm in diameter. A part of these clusters is bcc-Fe-like in respect of interplanar
spacing and symmetry of NBED patterns as well as atomic image contrast. Our next step is to
clarify growing process of these “pre-existing” bcc-Fe clusters on annealing, which would be a
key to unveil the formation process of high-density a-Fe nanocrystals with excellent soft magnetic
properties.
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