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The atomic structure of the (310) twin in Nb was predicted using interatomic potentials derived from
the embedded atom method (EAM), Finnis-Sinclair theory (FS), and the model generalized pseudopo-
tential theory (MGPT). The EAM and FS predicted structures with crystal translations which break
mirror symmetry. The MGPT predicted one stable structure which possessed mirror symmetry. This
defect was experimentally determined to have mirror symmetry. These findings emphasize that the an-
gular dependent interactions modeled by the MGPT are important for determining defect structures in

bcc transition metals.

PACS numbers: 61.16.Bg, 61.72.Mm

Atomistic simulations which can model the interactions
of many tens of thousands of atoms are increasingly used
as a predictive tool and have the potential to play an im-
portant role in the overall understanding of the properties
of the solid state [1], such as the atomic structure of de-
fects [2], segregation [3], and fracture [4]. The present
investigation seeks experimental distinction between
several models of the interatomic interactions used in

these types of calculations. In particular, the interest is
to assess the diAerences among the embedded atom
method (EAM) [5,6], Finnis-Sinclair theory (FS) [7],
and the model generalized pseudopotential theory
(MGPT) [8] for predicting the atomic structure of de-
fects in body-centered-cubic (bcc) transition metals and
whether the predictions correspond with experimental ob-
servations. The predictive power of the EAM and FS for
face-centered noble metals is well established [2,9]. De-
fect structures in bcc transition metals may be less easily
predicted due to the partial filling of the d bands which is
expected to add an angular dependence to the interac-
tions [10].

The grain-boundary calculations studied here diAer
primarily by the absence or inclusion of angular depen-
dent interactions. The EAM and FS potentials are both
of the pair-functional form [10], where the energy con-
tains a term which is a function of a simple pairwise sum
over neighbors. They incorporate the trend that higher
coordination implies longer, weaker bonds. However,
they include no angular dependence of the atomic in-
teractions. In contrast, the MGPT potentials incorporate
three- and four-body interactions based on a model treat-
ment of canonical d bands [8]. Only potentials which in-
corporate angular dependencies have been shown to pre-
dict the correct reconstruction of Mo and W (100)
surfaces [11,12], while this is not possible with pair-
functional methods [13]. Grain boundaries are more
similar to the bulk than surfaces, possessing comparable

coordination, and should provide additional information
on the importance of angular dependent interactions due
to the diff'erent atomic arrangements. Other potential
forms which incorporate angular dependent interactions
are being pursued by a number of investigators [10,14,
15], but, at present, little experimental data exist for
grain-boundary structures in bcc transition metals
[i6, i7].

H igh-resolution transmission electron microscopy
(HREM) is a useful tool for characterizing the atomic
structure of certain high symmetry grain boundaries
[18,191. Likewise, theory is limited to studying "special"
grain boundaries which are periodic in the plane of the
boundary. Because of these limitations, the comparison
between theoretically predicted grain-boundary structures
and experimentally characterized structures requires the
fabrication of model grain boundaries, which was done in
this study by diAusion bonding of single crystals. DiAu-
sion bonding allows complete freedom in the selection of
the orientation of a bicrystal. HREM reveals atomic
structure via comparison of experimental images with im-
ages simulated using a model atomic structure as the in-
put [20]. The comparison of simulated with experimental
images then allows the choice of the model which best fits
the data.

The structure of the symmetric 36.9' tilt grain bound-
ary with [001] tilt axis forming a twin about (310) has
been calculated using EAM [21], FS [22], and MGPT
[23] potentials for Nb. The size of the simulation cell
was chosen corresponding to the expected periodicity of
the grain boundary (Z5 within the coincident site lattice
[24] model). To explore the formation of diAerent meta-
stable grain-boundary structures, many diAerent transla-
tional states of the adjacent crystals were used as initial
conditions for the energy-minimization calculation.

The calculated structures for the three models are
shown in Fig. 1. The MGPT potential predicts a struc-
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FIG. I. Model atomic structures of the (310) twin in Nb
predicted by the various interatomic potentials indicated. The
model structures are shown in two orientations: The top row
has a viewing direction parallel to the tilt axis of [001] while the
bottom row is perpendicular to the tilt axis along [130]. In each
case, the grain boundary runs vertically.

ture which exhibits mirror symmetry across the interface
and is very close to a 25[001]/(310) unrelaxed structure.
Within the MGPT, this structure was the only one found
to be stable. As expected from the similarity of the
methods, the use of the EAM and FS potentials led to
nearly identical results. They predicted several metasta-
ble structures. The two shown in Fig. 1 ("model I" and
"model 2") exhibited the lowest energies. There exist
translational shifts between the adjacent crystals which
differentiate model 1 and model 2 from the MGPT pre-
diction. In model 1 there is a relative shift in the crystal
positions by a translation of 0.078 nm in the [001] direc-
tion, corresponding to half a (002) lattice plane spacing.
Model 2 includes a crystal translation of 0.083 nm in the
[001] direction as well as a translation of 0.052 nm in the
[130] direction in the plane of the boundary. The mirror
symmetric structure predicted by the MGPT is stable
when simulated using EAM potentials, but the energy of
the structure, 1.20 J/m, is significantly greater than that
of the two other structures, 1.03 J/m for model I and
0.98 J/m for model 2. Additionally, when model I and
model 2 are used as the initial configurations for the
MGPT calculation, they are unstable and relax to the
MGPT structure shown. One of the effects of the angu-
lar terms in the MGPT is to penalize structures contain-
ing right angles and to favor those with angles around
71' [10], which is the nearest-neighbor bond angle in the
bcc structure. Model 2 contains a significant number of
right angles at the boundary, ~hereas the other two mod-
els do not.

Grain boundaries forming (310) twins in Nb were
prepared by diffusion bonding two precisely oriented, to
within + 0.1, Nb single crystals with flat polished (310)
surfaces which were misoriented by 180' about [310] rel-
ative to the perfect crystal [25]. Two projections are re-
quired for a complete HREM investigation. For this case
[001] and [130], which lie in the interface, were chosen.
Image simulation [26] was performed using the multislice
formalism [27]; for details see [28,29].

A high-resolution micrograph is shown in Fig. 2. Both
crystals are viewed in the [001) direction. Crystallo-
graphically flat, straight sections of the boundary on

FIG. 2. A high-resolution image of the (310) twin in Nb
viewed along [001]. The grain boundary runs horizontally.
Straight, flat sections of the boundary indicate faceting. The
facets provide atomically perfect regions of the (310) twin for
study.
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FIG. 3. Simulated high-resolution images using the model
(310) twin structures as viewed along [001]: (a) MGPT, (b)
EAM and FS model I, and (c) EAM and FS model 2. The
focus deviation from Gaussian, hf, and the crystal thickness, t,
are shown.

(310) planes (for both crystals) are seen to be separated
by small regions of severe mismatch.

Image simulations based on the models in Fig. 1 for the
viewing direction parallel to the tilt axis are shown in Fig.
3. There is essentially no difference between the simulat-
ed image from the MGPT and model 1. The simulated
intensities differ by less than 1% for all values of thick-
ness and defocus investigated. The crystal shift parallel
to the tilt axis is indiscernible when viewed along [001].
But when there is a shift in the [130] direction, as in
model 2, different contrast at and near the boundary can
be observed. The comparison of the simulated image us-
ing the MGPT (or model 1) to the experimental image is
shown in Fig. 4. Comparison of the spot patterns makes
it clear that a match to the simulation using model 2 can
be ruled out. This result was confirmed by also compar-
ing experimental and simulated images for other focus
values [29].

The [130] direction, orthogonal to the first viewing
direction, is most suitable for the second projection of the
grain-boundary structure. The largest spaced atomic
planes of Nb parallel to [130] are (002) and (310), with
interplanar spacings of 0.165 and 0.104 nm, respectively.
The spacing of the (310) is below the information limit of
the microscope, which is approximately 0.14 nm. The
(002) reflections will be the only ones contributing to the
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FIG. 4. Comparison of experimental image with simulated
image. The simulated image uses the MGPT model atomic
structure from Fig. 1, but the result would be identical if EAM
and FS model 1 were used. The positions of the atomic
columns are indicated by white boxes.

phase contrast image resulting in a lattice fringe image
(Fig. 5). The (002) planes are perpendicular to the
(310) twin plane and a relative shift of the adjacent crys-
tals in [001] (model 1 and model 2) should result in a
discontinuity of the (002) lattice fringes at the interface
(Fig. 5). Conversely, for the MGPT model, where no
shift exists between the crystals, the (002) fringes are
continuous across the interface. The experimental high-
resolution image corresponding to this viewing direction
is shown in Fig. 6. The (002) fringes run vertically and
are seen, especially easily in the glancing-angle perspec-
tive view, to be continuous across the grain boundary.
Thus, the results of the high-resolution microscopy indi-

cate that the boundary atomic structure is mirror sym-
metric, which agrees with the prediction of the MGPT.

One limitation for all HREM studies is that the area of
grain boundary probed is very small. For example, the
area imaged in Fig. 4 is approximately 3 nm thick and 5

nm long. This sampling cannot rule out the possibility of
grain-boundary structural multiplicity [30]. But the ex-
tensive faceting to the (310) plane at the diffusion bond-

ing process temperature of 1500'C indicates that the ob-
served structure is of a relatively low energy compared to
boundaries with small deviations in tilt angle from the ex-
act Z5 (310) geometry. The faceting also suggests that
the two high-resolution images shown, although not from
the same sample, came from boundaries having the same
structure.

The success of the MGPT in predicting the atomic
structure of the (310) twin in Nb is due to the incorpora-
tion of multibody interactions in the model. Partial filling
of the d bands in Nb imparts a directionality to the bond-
ing, suggesting that these bond-angle eAects may also be
important for other central transition metals. The similar
results obtained by the EAM and FS potentials indicate
that their failure results from an inadequacy of pair-
functional methods rather than from possible problems

MGPT (» EAM and FS Model 1
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associated with the practical implementation of these po-
tentials. Grain-boundary structures in bcc metals have
also been studied using pair potentials designed to model
Fe and simple metals [31]. Symmetric boundaries were
found despite the lack of angularly dependent interac-
tions. The metals for which these potentials were
designed are not expected to have large bond-angle
eAects; thus the pair-potential treatment is better justi-
fied. The current results indicate that the pair-functional
potentials of the type used here are inadequate for Nb.
Although the repulsive part of the MGPT potential ap-
pears too stiff [28], such potentials incorporating angular-
ly dependent interactions will be required for Nb and
probably the other central transition metals where direc-
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FIG. 6. A high-resolution image of the (310) twin in Nb as
viewed along [130]. The boundary runs horizontally between
the arrows. At bottom is a glancing-angle, perspective view of
the image to emphasize that the (200) lattice fringes run

straight across the boundary without any displacements due to
relative shifts of the crystals.

FIG. 5. Simulated high-resolution images using the remain-
ing model (310) twin structures as viewed along [130] for (a)
MGPT and (b) EAM and FS model 1. The lattice fringe im-
age arises from (002) planes with spacing of 0. 165 nm. The
bottom row of images are glancing-angle, perspective views of
the same images as in the row above, rotated by 90 to em-
phasize the displacement of the lattice fringes at the boundary
for model 1.
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tional bonding due to partially filled d bands is important.
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