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CORRELATIONS BETWEEN GRAIN BOUNDARY STRUCTURE AND ENERGY

K. L. MERKLE and D. WOLF
Materials Science Division, Argonne National Laboratory, Argonne, IL 60439

ABSTRACT

High-resolution electron-microscopy (HREM) and computer simulations of <110> tilt grain
boundaries (GBs) in Au are used to investigate correlations between atomic-scale GB structure
and energy. The energies calculated for a variety of symmetric and asymmetric GBs suggest that
asymmetric GB-plane orientations are often preferred over symmetric ones. The experimentally
observed faceting behavior agrees with the computed energies. Computer simulations indicate
general interrelations between GB energy and (i) volume expansion and (ii) the number of bro-
ken bonds per unit area of GB. These atomic-scale microstructural GB parameters, as evaluated
from HREM observations, are compared to simulation results.

1. INTRODUCTION

It is not surprising that polycrystalline materials generally contain a wide variety of grain
boundaries (GBs), since there are five macroscopic degrees of freedom for the formation of a
single planar interface between two crystals. From the range of geometries the subset of low-en-
ergy high-angle GBs largely determines the naturally occurring boundaries and has often been a
subject of investigation. Since it is difficult to assess the geometry of the internal interfaces be-
tween the crystallites in a polycrystal, rarely has a full geometric characterization of the bound-
aries in a polycrystal been possible, even on the macroscopic scale. Simulations or model stud-
ies of GBs have typically also been limited to simple interfacial geometries, such as symmetric
GB-plane orientations. Moreover, in order to study the true nature of an interface, the GB has to
be studied at the atomic level. Experimentally this is possible for tilt GBs by HREM, which not
only allows the observation of possible microfacets on the atomic scale, but will also give infor-
mation on the rigid-body displacements as well as the local coordination of atomic columns
across the GB.

Asymmetric GBs, i. e., interfaces made up of two crystallographically different sets of
planes, are often found experimentally, and their importance has been suggested (a) from high-
resolution electron microscopy (HREM) studies [1,2] and (b) based on theoretical considera-
tions [3- 5]. Recently computer simulations have been used to determine the energies of a
variety GBs in fee and bce metals, including symmetric [6,7] and asymmetric tilt and twist (i.e.,
general) boundaries [4, 8, 9].

In the present investigations HREM observations are combined with computer simulations to
study symmetric and asymmetric tilt GBs in Au bicrystals. In each bicrystal, the relative orienta-
tion of the crystals is fixed, however the GB plane is free to choose any symmetric or asymmet-
ric inclination. Simulations are performed for a variety of symmetric and asymmetric GBs and
comparisons are made to observed facets, volume expansion (i. e. the normal component of the
rigid-body translation) and the local atomic environments in the GBs.

2. GEOMETRIC CHARACTERIZATION OF GRAIN BOUNDARIES

The misorientation between the two grains of a bicrystal is defined by a misorientation axis nr
(in the present experiments <110> ) and a misorientation amfie |l Within this bicrystal tilt GBs
can be formed, subject to the constraint that ( ni nr )=( r\2 nr) =0, where ni and n2 are the GB
plane normals in crystals | and 2, respectively. Therefore, as illustrated in fig.l, one additional
parameter, conveniently defined as the inclination a, is sufficient to characterize the GB plane
within a tilt bicrystal. We note that at most two different symmetric tilt GBs are formed, whereas
geometrically there exists the possibility to form infinitely many asymmetric tilt GBs. Figure
1(a), however, clearly suggests that there is a finite number of facets which are preferred. The
individual GBs (facets) are best characterized by specifying the pairs of crystallographic planes
that form the GB, (h k 1)i and (h k 1)2. All general boundaries on these planes (involving twist
and tilt components) are then formed by twist rotations around the GB plane normal by some
angle 9. This procedure has been found to be very useful in simulating a wide range of GB
geometries [4-7],
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Fig. 1. (a) Transmission electron micrograph of <nO> tilt GBs in Au, viewed edge-on. (b) Different facets
are characterized by their inclination a; for a twofold axis symmetric GBs are at a=0°(STGBI) and ct=90°
(STGB2).

3. GRAIN BOUNDARY SIMULATIONS

A zero-temperature iterative energy-minimization algorithm ("lattice statics”) was used to
compute the fully relaxed atomic structures and energies of various symmetric and asymmetric
GBs. To enable the GB to expand or contract, the unit-cell volume was allowed to increase or
decrease in response to the internal pressure [10]. Also, by computing the forces which the two
halves of the bicrystal exert on each-other, translations parallel to the GB plane were allowed
while the atoms relax. By starting from a variety of initial rigid-body translational configura-
tions, the GB energy is thus minimized with respect to both the atomic positions and the three
translational ("microscopic") degrees of freedom of the GB.

A many-body potential of the embedded-atom-method (EAM) type, fitted for Au [11], was
employed, enabling a direct comparison with the HREM experiments. A comparison of these
simulations to those obtained with a much simpler Lennard-Jones potential suggests that qualita-
tively, the main results are typical of fee metals, while smaller differences may well occur from
one material to another [12],

A typical result of a series of simulations is illustrated in fig. 2 which shows the general (i.e.,
asymmetrical twist) boundaries formed by the (557) and (771) planes for different twist angles
0. For any combination of planes it is found that the two asymmetric ¢/t GB configurations at
0=0° and 0=180° give rise to pronounced energy cusps (see fig. 2). These cusps are thought to
be due to the relatively small planar unit-cell areas of these boundaries which enable a rather
good interlocking of the atom positions across the GB [7,9]. By comparison, the general
boundaries obtained for arbitrary values of 0, with both tilt and twist components, have
relatively large planar unit cells. The energy cusps associated with the asymmetric #/t GB con-
figurations point to the importance of tilt GBs (symmetrical and asymmetrical) in polycrystalline
materials. Fortunately, these GBs are the types of boundaries which can be investigated by
means of atomic-scale HREM.

4. HIGH-RESOLUTION ELECTRON MICROSCOPY OF TILT GRAIN BOUNDARIES

Thin (110) gold films were grown epitaxially on NaCl in a UHV system and then pairwise
sintered together at the appropriate misorientation angle, using a modification of the Schober-
Balluffi technique [13]. After removal from the NaCl substrate, columnar grains with the
desired tilt GBs were obtained by further annealing. Suitably thin samples for HREM were
obtained by ion-beam milling. Typically, high-resolution images were taken under axial
illumination at a magnification of 700,000 X for several defocus values near optimum defocus,
utilizing a H9000 high-resolution electron microscope, operated at 300 kV.

Upon annealing, the GBs were constrained to the vertical orientation in the films while forming
pure tilt GBs, based on the minimization of energy by GB-area reduction. However, the GBs
were free to choose any tilt GB inclination. All of the bicrystals examined were found to exhibit
a number of facets, corresponding to a finite set ofinclination angles a. Frequently island grains
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Fig. 2 Energies as a function of twist angle 0 for Fig. 3 HREM micrograph of (225)(441) GB, which
(557)(771) asymmetric twist GBs. Note deep disintegrates into (111)(001) asymmetric microfacets,

cusps at the tilt configurations, 9 =0° and 9=180°.

were also present, surrounded by a single-crystalline matrix. Such structures can in principle
give information on relative GB energies from the length and frequency of observed facets.
However, typically no clearly dominant facets were apparent, except for misorientations where
facets of’particularly low-energy, such as the coherent twin and the (113)(113) symmetric tilt
GB, or the (111)(001) asymmetric tilt GB, could be formed.

In order to be able to distinguish whether the facets are planar on an atomic scale, or whether
the interface reconstructs into smaller, atomic-scale facets, it is important to make the observa-
tions at a spatial resolution close to the atomic level. An illustration of microfaceting is given in
fig. 3, which shows the decomposition of a GB into asymmetric facets bounded by dense-
packed planes. The observed planar facets presumably are those associated with low interfacial
energies. While a number of <110> bicrystals were investigated, detailed comparisons between
simulated and observed boundaries were performed for the X=9 and X=11 systems, where X is
the reciprocal coincident-site-lattice density.

5. DEPENDENCE OF GRAIN BOUNDARY ENERGY ON INCLINATION

Given two grains at a specified misorientation, it is of considerable importance to find the
GB planes with low interfacial energy, since they will largely determine the faceting behavior in
polycrystalline materials. Simulation results in fig. 4 show GB energies (for the Au(EAM)
potential) as a function of inclination angle, a, for the X=9 and X=11 bicrystals. Among the
particular combinations of GB planes considered in the figure, only the (112)(1,1,22) GB has
not been observed experimentally. Several points should be noted about fig. 4: (i) The majority
of GB energies lie in a relatively narrow band, (ii) For those facets that have been observed
experimentally, the data points in fig. 4 must represent energy cusps, (hi) Symmetric GBs,
corresponding to the inclinations a=0° and a=90°, are not necessarily preferred energetically.
The experimentally observed faceting behavior in X=9 and X=1! Au bicrystals shows good
agreement with the calculated energies [14], The fact that many, often asymmetric facets are pre-
sent is thus in agreement with calculated GB energies.

The rather similar energies associated with different inclinations explains the multitude of
facets that have been observed in these and other bicrystals. While the actual number of low-
energy boundaries may vary with misorientation and may include quite low-energy symmetric
GBs, such as (113)(113) for X=11 bicrystals, it is clear that tilt bicrystals are not dominated by
symmetric facets. In fact, because in contrast to the geometrically unlimited number of possible
asymmetric configurations, at most two different symmetric GBs are possible for each misorien-
tation [14], asymmetric GBs may, indeed, be expected to play a dominant role in polycrystalline
samples. Moreover, kinetic factors may favor the growth of asymmetric boundaries in annealed
polycrystals. Dissociation of asymmetric facets into symmetric facets has only been observed
when L=3 coherent twin boundaries can be formed; similarly asymmetric microfacetting can
occur when two dissimilar low-index (i.e. atomically dense-packed) planes are close to being
parallel in the two grains (see fig. 3).
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Fig. 4. Calculated Au (EAM) GB energies as a Fig. 5. Symmetric and asymmetric facets
function of inclination a for X=9 ( o0 ) and £=11 coexist in this HREM micrograph of <110> tilt
(O) bicrystals. Full symbols indicate GB-energy GB in Au, v=39°. (221)(221) GB at left
reduction due to dissociation . goes over into asymmetric (557)(771) facet.

6. STRUCTURE-ENERGY CORRELATIONS

The rigid-body displacements have long been known to provide an important relaxation
mechanism for minimization of the energies of GBs. A direct relationship between GB energy
and the normal component of the rigid-body displacement, the volume expansion, had been
suggested more than 30 years ago by Seeger and Schottky [15]. More recently detailed atomistic
simulations of'a wide range of GB geometries in metals have shown a roughly linear relationship
between GB energy and volume expansion (see fig. 6 (a)). Therefore, experimental measure-
ments of this quantity should provide a direct indication of GB energy.

Experimentally it is difficult to measure volume expansions precisely because of their small
magnitudes, typically only a small fraction of a lattice parameter. Lattice fringe techniques have
however recently been developed that should provide a precision of better than 0.01 nm [16,

17]. As illustrated in fig. 7, compared to the simulation results, the measured volume ex-
pansions for Au are typically greater by more than a factor of two, except for the (111)(111) twin
which shows practically zero expansion. The origin of this discrepancy is not clear at present.
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Figure 6. (a) Correlation between the GB energy and volume expansion per unit GB area, 5V/a (in units
of the lattice parameter a) for symmetrical and asymmetrical tilt and twist GBs in fee metals calculated for
Au(EAM) potential, (b) GB energy vs. coordination coefficient C(1). (The number of broken nearest-
neighbor bonds per unit area is given by C(1)/2).
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Fig. 7. Measured (full symbols) and calculated (open symbols) volume expansions displayed
against calculated GB (EAM) energies. Triangles are measurements of X = 5 grain boundaries in
Au from ref. [18]. The error bars in the present measurements represent standard deviations from
several measurements ofthe same interface. The GBs are identified at the top of the figure.

but may in part be due to problems with the Au (EAM) potential. Also, the three highest values
of 5V in fig. 7 were obtained for a small island grain, for which the GB relaxations may have
been constrained. Although in principle 5V values can now be investigated systematically by the
HREM technique, much work remains to be done to establish correlations to the different GB
structures, including their chemical composition.

HREM observations of ceramic and metallic GBs also suggested that the degree of atomic
matching at the GB is correlated to GB energy, since, as for the preference of dense-packed
planes, extended facets also are observed when a particularly good match can be accomplished
between atomic planes crossing the GB. Recent atomistic simulations have in fact shown that in
terms of the cumulative atomic miscoordination around each atom there is a good correlation
between the number of “broken bonds” per GB unit area and GB energy (see fig 6 b) [19].

Although the HREM technique gives at
best a two-dimensional projection of the
atomic structure and therefore requires obser-
vations along more than one zone axis for a

oM three-dimensional reconstruct-tion of a GB,

€S

M one can attempt to construct three-
dimensional models of tilt GBs based on the
171 assumption that there are no shifts along the
.6C direction of observation. Using this simple
es model, we have analyzed HREM images in '
terms of the number of broken bonds per unit
§ GB area.
0 By determining the number of atoms within a
£2 shell that bisects the distance between first-

and second-nearest neighbors in the ideal
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Energy (mj/m ) found for each atom n within the GB struc-
tural unit as the deviation AKn = Kun -
Fig. 8. Measured (A) and calculated (O) from the perfect fee crystal coordination

coordination coefficients (broken bonds per

; number, K|d=12. A coordination coefficient
unit GB area) vs. GB energy.

C=1/A ZnlKn-Kidl , where A is GB unit
area and the sum is performed over all
atoms in the GB unit cell [19]. The number of broken bonds per GB unit area is given by C/2,
as plotted in fig. 8 for several symmetric <110> tilt GBs in Au and shows a close to linear rela-
tionship to the calculated EAM energies for these boundaries. Moreover it is seen that the agree-
ment between the miscoordination coefficients from experiment and simulations is quite good.



7. SUMMARY AND CONCLUSIONS

HREM experiments provide valuable information on several atomic-scale GB parameters.
The fact that for each bicrystal (a) many more asymmetric combinations of GB planes are
possible than symmetric ones, and (b) asymmetric tilt GBs often have lower energies than sym-
metric tilt GBs, suggests a special importance of asymmetric GBs in polycrystalline materials.
Moreover, from the frequent observations of facets in which low-index planes are combined, it
appears that relaxations towards GB structures formed by combination of two low-index planes
can create asymmetric GBs with a particularly low energy . Asymmetric GBs may be of consid-
erable importance in grain growth, diffusion induced GB migration, and other GB properties.

Extensive simulations for GBs in fee and bcc metals, using both pair- and many-body poten-
tials, demonstrate a practically linear relationship between the energy and volume expansion per
unit GB area. Combined with the simulations, HREM measurements of the volume expansion
thus provide direct information on the GB energy, while a comparison of measured with com-
puted rigid-body translations parallel to the boundary plane provide an important test for (i) the
validity of the interatomic potential and (ii) the relaxation procedures used in the simulations.

Finally, HREM experiments clearly demonstrate a tendency of the atomic structure to pre-
serve a high degree of atomic-level coherency across the interface. The underlying causes,
elucidated via simulation, are closely connected with the desire of the interface to minimize its
number of broken bonds, i.e. its energy.
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