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We have found nanoscale metastable state with a �-FeCrMo-like structure exhibiting pseudotenfold diffrac-
tion pattern in the course of crystallization in an Fe-based Fe48Cr15Mo14C15B6Tm2 bulk metallic glass with a
high glass stability. All the diffraction spots were found along the first and second halo rings of the glass
structure. It was also found that the diffraction pattern with the pseudotenfold symmetry changed into the �113�
zone-axis pattern of the �-FeCrMo structure. On the basis of the results, we discussed local atomic arrange-
ments of this metastable state in relation to the glass stability.
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Local atomic arrangements of metallic glasses have been
intensively addressed by using experimental and computa-
tional structural analyses.1–4 In addition to this, it is widely
accepted that atomic arrangements of crystalline or quasic-
rystalline structures formed in crystallization stage are also
important in understanding the local atomic arrangements of
metallic glasses. For example, in Zr-based metallic glasses,
icosahedral atomic clusters have been suggested to exist as a
dominant local atomic arrangement in the glass states5–8

since icosahedral atomic cluster is known as a basic struc-
tural unit of quasicrystal phase and the big-cube phase �Ti2Ni
type� which are formed during the first crystallization
process.9–11 In Fe-based and Pd-based metallic glasses
known as metal-metalloid systems, on the other hand, prism-
type structures with a central metalloid atom are regarded as
dominant structural units when the metalloid composition is
beyond 20 at %.12 In these metallic glasses, Fe3B, Pd3P,
etc., known as their crystalline phases, are also composed of
periodic arrangements of the prism-type structural units. In
lower metalloid �B, C, or P� composition range �less than
20 at %�, aside from the prism-type structures, crystal struc-
tures comprising coordination polyhedra with large coordi-
nation numbers �CN� have been reported in crystallization of
various Fe-based metallic glasses. For example, as a crystal-
line phase, the �-Mn-type structure with CN12, CN13, and
CN16 polyhedra was reported in Fe-�Cr, Mo, W�-C,13

Fe-Si-C,14 Fe-Si-P,15 Fe-Nb-B,16 and Fe-Si-Nb-B �Ref. 17�
metallic glasses, and the �-phase structure with CN12,
CN14, and CN15 polyhedra was reported in Fe-Si-B and
Fe-Cr-V-B metallic glasses.18 Note that the icosahedral
atomic cluster is identical to a coordination polyhedron with
CN12. A coordination polyhedron with CN16 can be seen in
the Cr23C6-type structure �stoichiometric metalloid composi-
tion is 20.7 at %� which is frequently found in crystalliza-
tion of the Fe-based metallic glasses such as Fe-Nb-B,16

Fe-Nb-Zr-B,19 Fe-Nb-B-Y,20 and �Fe, Co, Ni�-Si-Nb-B �Ref.
21� with metalloid composition larger than 20 at % although
the prism-type units are also included in the structure.22

From these facts, the coordination polyhedra are considered
to be also important structural units in Fe-based metallic
glasses as well as the prism-type structure. It is a significant

issue to solve which kind of local structures and their linkage
manners fundamentally contribute to the high glass stability
of the Fe-based bulk metallic glasses �BMGs�.

Recently, in Fe-based glasses, nonferromagnetic BMGs
with a rod diameter of more than 1 cm have been synthesized
using a Cu-mold casting method.23–25 It was found that the
glass-forming ability could be drastically improved by add-
ing a small amount of lanthanides to Fe-transition metal-
metalloid alloys such as Fe-�Cr, Mo�-�C, B� �Ref. 26�. In
order to understand the high glass stability, it is significant to
reveal the local atomic arrangements and their relation to the
growth process of crystalline phases in crystallization. Very
recently, we have examined a crystallization process of an
Fe48Cr15Mo14C15B6Tm2 BMG which belongs to the above
type of Fe-based BMG with quite high glass stability �the
crystallization temperature is as high as 910 K�.22 During the
crystallization, double exothermic reactions were found us-
ing differential scanning calorimetry �DSC�.25 Although such
double peaks were also observed in the same type of Fe-
based BMGs,23,24 only the Cr23C6-type phase was reported as
the main crystalline product in the crystallization.23 In the
Fe48Cr15Mo14C15B6Tm2 glass, we found �-Mn-type
�-FeCrMo structure corresponding to the first peak of the
double exothermic DSC peaks.22 Moreover, before the for-
mation of �-FeCrMo, �-FeCrMo-like long period structures
�LPSs� were also observed in nanoscale as small as 5 nm.22

From such nanoscale regions, we have successfully obtained
pseudotenfold electron-diffraction patterns such as quasic-
rystal using nanobeam electron diffraction �NBED�. In this
Rapid Communication, we present the obtained experimental
results and discuss the atomic arrangement by comparing
with the �-FeCrMo structure.

A ribbon of the Fe48Cr15Mo14C15B6Tm2 metallic glass
was made by using the single-roll rapid quenching technique.
In order to observe the crystallization process by transmis-
sion electron microscopy �TEM�, the ribbon specimens were
annealed isothermally at 893, 923, and 973 K for 30 min in
a vacuum furnace. Specimens for TEM observation were
prepared by electropolishing �acetic-perchloric acid� at room
temperature. The surface oxide layer was removed using the
Ar ion-milling technique at a voltage of 3 keV under a low
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glancing angle of 4° �GATAN PIPS�. Selected area electron-
diffraction �SAED� patterns for obtaining reduced interfer-
ence functions Qi�Q� were taken using a LEO-922D TEM
�200 kV� equipped with an omega-type energy filter. The
SAED patterns were recorded on imaging plates �IP� and
read by using an IP reader �DITABIS MICRON�. NBED
patterns were taken using a JEM-3000F TEM �300 kV�.
NBED patterns were captured using a television rate video
camera by scanning a nanoprobe �diameter: �1 nm� at a
speed of �10 nm /s. More than 50 000 frames were re-
corded on the video tape and relatively clear patterns were
selected for analyzing local structures of the nanoscale re-
gions. The amount of electron dose for the nanoprobe in
NBED was 2.0�1019 e /cm2 �measured by a Faraday
gauge�, almost ten times smaller than that for the conven-
tional high-resolution electron microscopy imaging.

Figure 1 shows four Qi�Q� profiles obtained from the as-
quenched specimen and the specimens annealed at 893, 923,
and 973 K for 30 min. Here, i�Q� denotes the interference
function, and Q is the scattering vector defined as Q
=4� sin � /�, where � is the scattering angle and � is the
electron wavelength. A procedure for obtaining the i�Q�
curve from the SAED patterns was described in our previous
paper.27 With increasing the annealing temperature, the
Qi�Q� profile gradually changed along with an appearance of
many subpeaks. At 973 K, apparent crystalline peaks can be
seen in the profile and it was reveled that all the peaks come
from the Cr23C6-type structure as was described in the pre-
vious paper.22 The �-FeCrMo-like LPSs were observed in
the specimens annealed at 893 and 923 K where Qi�Q� pro-
files similar to that from the as-quenched specimen were ob-
tained. The �-FeCrMo structure ��-Mn type� was found only
in the specimen annealed at 923 K. In addition, a dark field
image obtained from the specimen annealed at 923 K �using
a part of the first Debye ring� is also shown in the inset.

From the image, grain sizes are less than 10 nm at this stage.
Characteristic two types of NBED patterns with pseudot-

enfold symmetry obtained from the specimen annealed at
923 K are shown in Figs. 2�a� and 2�b�. The NBED patterns
�a� and �b� were taken from different nanoscale regions. In-
terestingly, we can see pseudotenfold diffraction patterns
with ten strong diffraction spots along the first and second
halo rings in both the patterns. Note that pattern �a� is close
to exact decagonal symmetry, whereas pattern �b� is slightly
distorted from exact one. Therefore, it is considered that the
structure giving pattern �a� is more close to the glass struc-
ture. Even in pattern �a�, however, distances between neigh-
boring diffraction spots observed on the first halo ring were
found to be fluctuated within 10%. In this Rapid Communi-
cation, the local structural state especially exhibiting
pseudotenfold NBED pattern is called the �� state.

In the specimen annealed at 923 K, we also found de-
formed tenfold NBED patterns as shown in Fig. 3�a�. This
pattern was found to be similar to the �113� zone-axis pattern
of the �-FeCrMo structure as simulated in Fig. 3�c�. For
comparison, an experimental NBED pattern obtained from
the �-FeCrMo structure is also shown in Fig. 3�b�. In Fig.
3�a�, it can be seen that positions of the diffraction spots
indicated by A and B deviate from the positions forming the
tenfold arrangement. This feature of diffraction spot posi-
tions is quite similar to that in the �113� pattern of �-FeCrMo

for those spots beside the 332̄ or 3̄3̄2 spot, as indicated by
arrow heads in Fig. 3�b�. The NBED pattern in Fig. 3�a� is
intermediate characteristics between the pseudotenfold pat-
tern of the �� state �Fig. 2� and the �113� pattern of the
�-FeCrMo structure �Fig. 3�b��. From this fact, the �� state
with the pseudotenfold pattern can be regarded as a precursor
state before forming �-FeCrMo.

In order to understand the �� state in detail, we here focus
on an atomic arrangement of the �-FeCrMo structure. Figure
4 shows the �113� projection of the �-FeCrMo structure with
respect to a Mo framework. All the atoms projected on �113�
including Fe and Cr atoms are depicted in the upper left
portion. A linkage of pentagonal tiles is arranged in a peri-
odic manner. Note that Mo atoms are always central atoms of
all the CN16 polyhedra and the �113� projection of Mo ex-
hibits a pentagonal tile pattern. This structure can be ex-
plained by only three linkage manners of the pentagonal tiles
with three limited angles as shown in Fig. 4�b�. Anisotropic
feature of the �113� pattern that largely deviates from the
decagonal symmetry presumably comes from the limited
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893K 30min
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973K 30min
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100 nm

FIG. 1. �Color online� Reduced interference functions Qi�Q�
obtained from electron-diffraction patterns of as-quenched and an-
nealed specimens. A dark field image obtained from the specimen
annealed at 923 K is also shown in the inset.

��� ���

FIG. 2. Pseudotenfold NBED patterns obtained from the speci-
men annealed at 923 K for 30 min. The patterns �a� and �b� were
taken from different areas. The pattern of �a� is close to exact ten-
fold symmetry whereas the pattern of �b� is slightly distorted.
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linkage manners �only three directions�. To achieve the ten-
fold symmetry, additional two tiles are considered to be nec-
essary �Fig. 4�c��. Considering this fact, we tried to construct
a projection of a preliminary structural model projected
along the direction corresponding to �113� of the � structure
as shown in Fig. 4�d�. The model consists entirely of the five
directional linkages of the pentagonal tiles which are shown
in both Figs. 4�b� and 4�c�. The atomic arrangement in each
tile is just identical to that in the �-FeCrMo structure. How-
ever, it is necessary to modify the atomic positions and re-
place some Fe, Cr, and Mo atoms with C, B, and Tm atoms.

A fast Fourier transform pattern obtained from the model is
also shown in Fig. 4�e�. The pattern is well consistent with
the experimental one �Fig. 2�. Although the present structural
model is just a projected structure model, the basic concept
of adding the additional two tiles is considered to be ad-
equate. To reveal the atomic arrangement, it is inevitable to
elucidate more structural details from analyses in both the
reciprocal and real spaces. Unfortunately, however, it is dif-
ficult to obtain correct structural information at present since
the regions are quite small ��5 nm� and are oriented
randomly.

The linkage of Mo atoms is directly related to that of
CN16 polyhedra since CN16 polyhedra are always formed
surrounding the Mo atoms in the �-FeCrMo structure. It is
likely that the structural difference between the �� and
�-FeCrMo structures is characterized by the linkage manner
of CN16 polyhedra. Because of the additional two tiles to the
�-FeCrMo structure, it is expected that the �� state has more
variety of the linkage manners concerning the polyhedra
compared with �-FeCrMo. Since the glass structure is simi-
lar to the �� structure �in both of the states, the strong NBED
spots can be seen just on the halo rings22�, it is expected that
various stable linkages of the polyhedra are also found in the
glass state as a medium range order �MRO� structure. Due to
great flexibility of the linkages, possible stable MRO struc-
tures that conform to the halo diffraction intensity are prob-
ably increased in the present BMG compared with less-stable
metallic glasses. The locally stabilized MRO structures are
considered to resist the atomic rearrangement toward the
crystallization. We infer from these speculations that the
quasicrystal-like local structure plays an important role for
stabilizing the glass state.

Previously, among Fe-based alloys, the diffraction pattern
with tenfold symmetry has been reported only in crystalline
alloys.28–31 One of us �A.H.� and Koyama found a disordered
decagonal atomic column state in solid solution of an Fe-Mo
alloy where deformed decagonal atomic columns are linked
to each other in ten different directions.31 This state is partly
similar to quasicrystal in that there is bond-orientational or-
der but quasiperiodic order is low. The �� state found in this
study �see Fig. 2� probably belongs to the same sort of struc-
ture because there is no strong ordered spot with lower scat-
tering angle �inside of the first halo ring�, which is usually
observed in the diffraction patterns from quasicrystal. No
such bond-orientational-ordered structure partly similar to
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FIG. 3. �a� Deformed tenfold NBED pattern obtained from the specimen annealed at 923 K for 30 min, together with an �113� zone-axis
�b� experimental and �c� calculated patterns.
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FIG. 4. �Color online� �a� �113� projection of the �-FeCrMo
structure with respect to the Mo linkage in which the pentagonal
tiles are arranged regularly. All the atoms including Fe and Cr are
shown at the upper left. �b� Three tiling manners of pentagonal tiles
found in the �-FeCrMo structure, and �c� another tiling manner
which are necessary to make the tenfold symmetry. �d� Preliminary
structure model of the �� state including five tiling manners and �e�
fast Fourier transform pattern obtained from the model.
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quasicrystal has been reported for Fe-based metallic glasses.
However, in this study, we found the quasicrystal-like ��
state in the Fe48Cr15Mo14C15B6Tm2 BMG with an extremely
high glass stability. A close relationship between quasicrystal
and BMG formations has been discussed by Dong et al.,32

based on phase diagrams. They pointed out that both quasi-
crystal and BMG alloy systems have a similar compositional
rule for their formations in the phase diagrams. The rule is
closely related to an existence of the special dense-packed
atomic clusters. Also in the present Fe-based alloy, it was
confirmed that a good BMG-forming composition well cor-
responds to a quasicrystal-forming composition.

The appearance of the �� state with pseudotenfold sym-
metry reminds us of the quasicrystal formation in Zr-based
BMGs. In the Zr-Ti-Ni-Cu-Be BMGs with various alloy
compositions, Waniuk et al.33 showed that the icosahedral
quasicrystal phases formed for all investigated alloys during
the first reaction of the double exothermic reaction at low
temperatures. This situation is quite similar to the case of the
present alloy as was mentioned. In both cases, moreover,
calorific values of the first exothermic reaction are smaller
than those of the latter one.33,34 This fact implies that the

quasicrystal�-like� structures are closer to the glass structures
in their atomic arrangements compared with those in the
crystalline phase�s� which corresponds to the second large
DSC peak.

We found metastable �� state with pseudotenfold symme-
try in the course of crystallization in the
Fe48Cr15Mo14C15B6Tm2 BMG. The �� state was found to
change into �-FeCrMo through a formation of the interme-
diate �-FeCrMo-like state. On the basis of the �-FeCrMo
structure, we proposed a preliminary structure model of the
�� state where pentagonal tiles such as �-FeCrMo are con-
nected to each other in five different directions. It is consid-
ered that the �� state is somewhat similar to quasicrystal in
that it has bond-orientational order. This structural state can
be regarded as an intermediate one between glass and crys-
talline states. Therefore, the quasicrystal-like �� state, which
comprises coordination polyhedra, will be helpful for under-
standing the MRO structure in the BMG.
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