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Atomic-Level Observation of
Disclination Dipoles in
Mechanically Milled,
Nanocrystalline Fe

M. Murayama,'* J. M. Howe,'t H. Hidaka,? S. Takaki?

Plastic deformation of materials occurs by the motion of defects known as dis-
locations and disclinations. High-resolution transmission electron microscopy was
used to directly reveal the individual dislocations that constitute partial disclination
dipoles in nanocrystalline, body-centered cubic iron that had undergone severe
plastic deformation by mechanical milling. The mechanisms by which the forma-
tion and migration of such partial disclination dipoles during deformation allow
crystalline solids to fragment and rotate at the nanometer level are described.
Such rearrangements are important basic phenomena that occur during ma-
terial deformation, and hence, they may be critical in the formation of nano-
crystalline metals by mechanical milling and other deformation processes.

Mechanical milling is a technique for produc-
ing metallic alloys with ultrafine grain sizes
by severe plastic deformation (/—4). These
nanocrystalline alloys have unique mechani-
cal properties, such as hardnesses and yield
strengths that are several times as large as
those of conventional alloys, that make them
attractive for a variety of applications (3—5).
The mechanisms by which materials deform
during mechanical milling to produce ultra-
fine grains are not known, although it is
thought that turbulent shear processes requir-
ing crystal rotation are operative and that
disclinations contribute to this process (6, 7).
Similarly, the reasons for the unusual me-
chanical properties are not fully understood,
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but have been attributed to the nature of grain
boundaries (5, 8-10), the fine grain size, and/
or the presence of defects such as disclina-
tions, dislocations, and twins (-4, 7, 11-14).
We report the use of high-resolution trans-
mission electron microscopy (HRTEM) (/5,
16) to directly observe the atomic structure of
partial disclination dipoles in body-centered
cubic (bec) Fe that had undergone severe
plastic deformation by mechanical milling.
Disclinations are special physical objects
that serve as carriers of violation of rotational
symmetry (6, /7). They are found throughout
nature and are used to describe such diverse
phenomena as the arrangement of molecules
in liquid crystals (17, 18), the deformation
behavior of metals (6, 7), polarization effects
and diffraction of electromagnetic waves
(19), displacements of Earth’s crust (20), ga-
lactic structures (217), misorientation in het-
eroepitaxial diamond films (22), and so forth.
Disclinations in crystalline materials can al-
ternatively be described in terms of individ-
ual line defects in the atomic structure called
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dislocations (23, 24). It is possible to image
the atomic structures of defects such as dis-
locations in crystalline solids by means of
HRTEM (!5, 16). For example, HRTEM has
been used to reveal the atomic structures of
individual dislocations and arrays of disloca-
tions such as grain boundaries in a variety of
materials, including semiconductors and met-
al alloys, where their presence has a profound
effect on the electro-optical and mechanical
properties of the materials, respectively (15,
16). HRTEM has also been used to reveal the
structure and behavior of disclinations in a
variety of polymeric materials at the micro-
scopic and molecular levels (18, 25). In con-
trast, the atomic structure of disclination de-
fects in inorganic crystalline solids has rarely
been directly observed (22, 26).

The procedure of making a mechanically
milled, pure Fe powder has been described in
detail (4). In summary, commercially pure Fe
powder was mechanically milled with steel
balls by using a planetary ball mill for 100
hours under an Ar gas atmosphere. During
this process, the Fe powder is mashed be-
tween the steel balls and undergoes severe
plastic deformation at high strain rates. After
the fabrication process, the bcc Fe powder
had a hardness of 850 on the Vickers scale.
HRTEM specimens were prepared from the
Fe powder by ion milling and were examined
in a JEOL JEM-4000EX microscope
equipped with a UHP40H pole-piece and op-
erating at 400 kV. The point resolution of the
microscope at Scherzer defocus (—49.0 nm)
is 0.18 nm, and this is sufficient to image the
atomic structure of bce Fe when it is oriented
such that the k axis in the crystal structure is
parallel to the viewing direction (Fig. 1).

Figure 2A shows a HRTEM image of the
mechanically milled, nanocrystalline Fe pow-
der. The image is ~20.5 nm wide. The grain
that occupies most of the figure is in a k
orientation. The hexagonal arrangement of
columns of Fe atoms in this orientation are
visible as white spots, as in the simulated
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image in Fig. 1B (27). White lines were
drawn periodically along the three sets of
edge-on {110} planes in the grain, and these
are shown superimposed on the HRTEM im-
age in Fig. 2B. Two sets of {110} planes
running vertically in the figure are straight (or
nearly so), but the set that is approximately
horizontal in the figure bends considerably.
Dark lines were drawn on all of the nearly
horizontal, bent {110} planes in Fig. 2B to

accurately indicate their positions. The black .

and white lines in Fig. 2B were removed from
the HRTEM image and are shown separately
in Fig. 2C for clarity. The discussion that
follows emphasizes the bent {110} planes
shown in Fig. 2C, but it should be remem-
bered that these planes are derived from the
actual atomic positions visible in Fig. 2A.
The arrows in Fig. 2C mark two wedge-
shaped regions that together form a partial dis-
clination dipole (6). The wedge-shaped regions
are ~3.5 nm apart. Each of the wedge-shaped
regions contains a number of terminating {110}
planes, which are individual dislocations with a
Burgers vector b—the displacement vector that
describes the magnitude and direction of their
strain field (24)—of b = a/2x. The partial
dislocation dipoles in Fig. 2C appear to be
wedge disclinations with a Frank vector w—
the rotational vector that describes the distor-
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Fig. 1. (A) Projection of the atomic structure of
bcc Fe oriented along a k direction. The col-
umns of Fe atoms spaced 0.248 nm apart form
a hexagonal pattern and are clearly visible in
this projection. Three sets of edge-on {110}
planes of atoms are indicated by black lines. (B)
Simulated HRTEM image of a 6.0-nm-thick
crystal of bec Fe oriented along the k direction;
microscope and specimen conditions were sim-
ilar to those used to obtain the experimental
image shown in Fig. 2A (27). Scale bar in (A),
0.248 nm.
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tional power of the disclination—that is parallel
to the defect line (in this case, the k viewing
direction). Unfortunately, it is not possible to
exactly determine the wedge and twist compo-
nents of the partial disclinations in Fig. 2 be-
cause a HRTEM image only reveals atomic
displacement perpendicular to the electron
beam direction and there may be displacements
parallel to the beam that are not visible (15, 16).
However, this image demonstrates.that it is
possible to directly observe the individual dis-
locations that constitute partial disclination di-
poles in metals at the atomic level, even in
mechanically milled powders that have under-
gone severe plastic deformation.

The set of terminating {110} planes that
constitute the individual partial disclinations,
such as the one circled and labeled I in Fig.
2C, can also be considered terminating tilt
grain boundaries (24, 26). Compared with
complete tilt grain boundaries, terminating
tilt grain boundaries contain missing disloca-
tions, and these are replaced by rotational

Fig. 2. (A) Experimental HRTEM image of me-
chanically milled, nanocrystalline Fe powder
taken in a JEM-4000EX microscope near Scher-
zer defocus. The hexagonal arrangement of
white spots in the image corresponds to col-
umns of Fe atoms in a k crystal orientation (see
Fig. 1). (B) White lines shown superimposed
periodically on the three sets of {110} planes in
(A) to highlight the distortion of the nearly
horizontal set of {110} planes. Black lines were
also superimposed on this set of planes to
clearly indicate their position. (C) The nearly
horizontal black and white lines in (B) removed
from the HRTEM image so that they are more
clearly visible. The various labels are explained
in the text. Scale bar in (A), 1.0 nm.

elastic deformation in the crystal (22). Such a
configuration can be interpreted as a wedge
of material added to or removed from an ideal
crystal, as illustrated in Fig. 3, and this is
evident from the wedge shape of the bent
white lines in Fig. 2, B and C. The crystal
rotation produced by the partial disclinations
(or terminating tilt grain boundaries) in Fig. 2
is also evident. For example, the {110}
planes located between the two partial discli-
nations (labeled 11 in Fig. 2C) are rotated ~9°
relative to the {110} planes located outside
the dipole (such as the nearly horizontal
planes labeled III in Fig. 2C). This observa-
tion provides direct confirmation that crystals
can rotate and thereby undergo turbulent be-
havior during severe plastic deformation by
the action of partial disclinations (6).

The terminating dark lines in Fig. 2C reveal
the arrangement of individual dislocations that
constitute the partial disclinations associated
with the dipole in this figure, as well as other,
isolated dislocations in the metal. It is not com-
mon to find terminating tilt grain boundaries in
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Fig. 3. lllustration of the elastic distortion asso-
ciated with a partial wedge disclination (or ter-
minating tilt grain boundary). (A) A set of planes
in a perfect crystal, such as the perfect {110}
planes seen in Fig. 1B. A wedge-shaped piece of
material is removed from the crystal in (B), and
the new surfaces are allowed to close in (C) to
fill the wedge. The resulting crystal in (C) con-
tains a terminating tilt grain boundary, i.e., a
terminating array of edge dislocations, and
considerable elastic distortion, which increases
the elastic strain energy of the remaining solid.
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materials, although a few cases have been re-
ported in heteroepitaxial layers of semiconduc-
tors (22, 26). The presence of such defects in
semiconductors was rationalized by comparing
the energies of complete low-angle tilt grain
boundaries with similar disclinations (22). It
was shown that the disclinations are energeti-
cally more favorable when the misorientations
between two crystals is only a few degrees,
similar to the rotation in Fig. 2.

The introduction of partial wedge discli-
nations, dipoles, and other disclination de-
fects into a metal during mechanical milling
increases the stored elastic energy (6), as
illustrated by the bent planes in Fig. 3. This
stored elastic energy may be partly responsi-
ble for the unusually high enthalpy, which is
on the order of one-third the heat of fusion,
that is associated with mechanically milled
Fe powder (2). Disclination defects can also
contribute to the unusually high strength of
fine-grained mechanically milled metals, be-
cause the large stress fields associated with
them make it difficult for other deformation
defects to move through the metal (23, 24). It
is also likely that they contribute to the broad-
ening of crystalline peaks in x-ray diffraction
patterns commonly observed in mechanically
milled metals (12, 14, 28).

The generation and interaction of partial
wedge disclinations allows reorientation of
crystal volumes only several nanometers in
size. This mode of deformation on such a fine
scale likely facilitates the fragmentation and
reorientation process of metal grains undergo-
ing severe plastic deformation (6, 29), leading
to an ultrafine grain size. Thus, partial disclina-
tion defects such as those in Fig. 2 can contrib-
ute to both the deformation response and the
strengthening of metals. The generation of par-
tial disclination defects provides an alternative
mechanism to grain boundary sliding, which
has been suggested to allow rotation of nano-
sized crystals during mechanical milling (30). It
is not possible to determine exactly how the
partial disclination dipoles in Fig. 2 formed
from the HRETM image, although the disloca-
tions likely nucleated at preexisting defects
such as grain boundaries or cell walls in the
metal (29) and rearranged into the terminating
arrays in Fig. 2.

Because HRTEM investigations have been
performed on other mechanically milled pow-
ders, it is worth commenting why partial discli-
nations, such as those in Fig. 2, have not been
previously reported. One reason for this may be
that previous HRTEM investigations were per-
formed on Cu and Cu-Fe alloys, where twin-
ning is a common mode of deformation, and
much attention was placed on the formation of
twins, shear bands, and grain boundaries, rather
than on disclination defects (13, 37). It may also
be that the bec crystal structure of Fe favors the
formation of partial disclination defects over
other possible types of defects in the material,
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and that the high melting temperature of Fe
limits movement and annihilation of the defects
at ambient temperatures, thereby preserving
them in the material for examination. These
factors could be tested by performing HRTEM
investigations of other high—melting tempera-
ture bee metals and alloys.

We have used HRTEM to directly observe
the atomic structure of partial disclination
dipoles in bce Fe that had undergone severe
plastic deformation by mechanical milling
and shown that the formation and migration
of such partial disclinations during deforma-
tion allows crystalline solids to rotate and
rearrange at the nanometer level. Such rear-
rangements are important basic phenomena
that occur during material deformation, and
hence may be critical in the formation of
nanocrystalline metals by mechanical milling
and other deformation processes. The forma-
tion of partial disclination dipoles and other
disclination defects facilitates deformation
under high stresses, and they also can cause
considerable strengthening, owing to the in-
teraction of their elastic stress fields with
each other and with grain boundaries in the
material. Thus, such disclination defects may
make an important contribution to the unique
material properties of nanocrystalline metal
alloys produced by mechanical milling.
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Orbital Influence on Earth’s
Magnetic Field: 100,000-Year
Periodicity in Inclination

Toshitsugu Yamazaki'* and Hirokuni Oda’

A continuous record of the inclination and intensity of Earth’s magnetic field, during
the past 2.25 miillion years, was obtained from a marine sediment core of 42 meters
in length. This record reveals the presence of 100,000-year periodicity in
inclination and intensity, which suggests that the magnetic field is modulated
by orbital eccentricity. The correlation between inclination and intensity shifted
from antiphase to in-phase, corresponding to a magnetic polarity change from
reversed to normal. To explain the observation, we propose a model in which
the strength of the geocentric axial dipole field varies with 100,000-year
periodicity, whereas persistent nondipole components do not.

Long-term secular changes in Earth’s mag-
netic field are important for understanding
the energy sources of the geodynamo, which

produces the field. Although the geodynamo
may be a self-sustained system within Earth’s
core that is maintained by heat and gravita-
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