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tructure and

Energy of Grain
Boundaries in

Metals

K.L. Merkle and D. Wolf

Introduction

The investigation of structure-property
correlations is a rather complex endeavor
not only because interfacial systems
are intrinsically inhomogeneous, with
chemical composition and physical prop-
erties differing from the surrounding
bulk material, but also since three differ.

(a)

ent aspects of the geometrical structure
are involved — namely the macroscopic,
microscopic, and atomic structures. As
outlined in the Guest Editors’ introduc-
tion, in addition to the choice of the
materials which form the interface, five
macroscopic and three microscopic de-
grees of freedom (DOFs) are needed to
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Figure 1. Creation of an “asymmetrical twist™

for general) GB by a twist rotation of an

asymmetrical combination of lattice planes about the common GB-plane normal. Two
asymmetrical tilt configurations (ATGBs), with identical unit-cefi dimensions but inverted
stacking sequences. are obtained for & = 0° and 180°/m tsketched in lai. (Here m
characterizes a possible rotation symmetry (for m > 15 in the planar unet cell of the GB.)
For some arbitrary tunst angle, 8. an asymmetrical twist GB s obtatned (r:‘ghr.” :

®

characterize a single bicrvstalline inter-
tace.’ The importance of the atomic
structure at the interface as well as the
local intertacial chemistry, extrinsic
(i.e., Impurity segregation) or intrinsic
{for example, via interfacial reactions or
space-charge phenomena), greatly add
to the task’s complexity.

Grain boundaries {GBs) in pure metals
represent ideal model systems for inves-
tigating the strictly geometrical aspects
of structure-property correlations for
the following three reasons. First, the
complexity due to the mynad of possible
choices of materials combinations form-
ing the interface is avoided, enabling a
focus on the different roles of the three
distinct geometrical aspects of the struc-
ture. Second, because GBs are bulk inter-
faces, dimensiona! interface parameters
(such as the modulation wavelength in
strained-layer superlattices, or the thick-
ness of epitaxial layers) do not enter into
the problem. Finally, the GB energy is
thought to play a central role in various
GB properties, such as impurity segrega-
tion, GB mobility and fracture, GB diffu-
sion and cavitation, to name a few. A
better understanding of the correlation
between the structure and energy of
GBs, therefore, promises to offer insights
into more complex structure-property
correlations, as well. Also, it represents
a base line against which the effects of
interfacial chemistry can be probed.

Despite various controlled bicrystal
experiments performed to date, a sys-
tematic experimental exptoration of the
misorientation phase space associated
with the five macroscopic and three
microscopic DOFs of a single flat GB has
not been performed. Because of the
relative ease with which the macroscopic
DOFs can be manipulated in the com-
puter, an approach using the comple-
mentary capabilities of atomic-level
computer simulation and experiment
seems to be particularly promising.
However, while a comparison between
experiments and modeling results in
crucial test cases is absolutely essential,
the main strength of such simulations
lies in their ability to provide atomic-
level insights into structure-property
correlations. In this spirit we describe
the combination of high-resolution
electron-microscopy (HREM) observa-
tions of the structure of grain boundaries
with atomistic computer simulations to
investigate the structure and energy of
GBs in fcc metals.

In correspondence with the three types
of structure-energy correlations to be
considered in the following text, three
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kinds ot combined HREM-simulation
studies will be hughlighted. First, con-
cerning the correlation with the five
macroscopic DOFs, the HREM identifi-
cation of planar facets illustrates the
domtnating role of the densest planes in
the crystal, in agreement with the simu-
lation of GB energies. Second, among
the three microscopic DOFs the volume
expansion usually observed at metallic
GBs is most directly related to the GB
energy; this expansion can be determined
via both simulation and HREM experi-
ments. Finally, the atomic structures
observed in HREM experiments typi-
cally consist of well-matched regions
separated by highly localized areas of
misfit. The origin of this tendency to
maintain perfect-crystal coordination at
the interface is elucidated by extensive
simulations showing a direct correlation
between the number of broken nearest-
neighbor bonds per unit area of the GB
and its energy.

Grain-Boundary Geometry

A systematic investigation of structure-
property correlations for GBs shouid,
from the outset, be based on a thorough
understanding of the basic geometry of
bicrystalline interfaces. As is well known,
five macroscopic and three microscopic
DOFs must be specified to characterize
a general GB.' (If the GB is mobile, a
sixth DOF is needed to characterize the
position of the GB plane.) While the
three microscopic DOFs are usually rep-
resented by a vector, T, associated with
rigid-body translations of the two halves
relative to one another, parallel (T,,7T,)
and perpendicular (T;) to the GB plane,
the five macroscopic DOFs fully deter-
mine the type of the GB, i.e., whether it
is of a pure tilt, twist or mixed (general)
type, whether it is symmetrical or asym-
metrical, or whether it is of a low- or high-
angle type.

Within the framework of the coindi-
dent-site lattice (CSL} description of
GBs?, three out of the five macroscopic
DOFs are identified with the CSL mis-
orientation, and only the remaining two
DOFs are assigned to the GB plane.
(The inverse density of CSL sites, Z, is
usually added as a sixth parameter.) Be-
cause of the consequent focus on the
misorientation between the two grains,
rather than the plane of the defect, the
CSL-based terminology is not usually
applied to interfaces other than grain
boundaries, thus rendering a compari-
son of properties of different interfacial
systems virtually impossible. A more
useful choice of the five macroscopic
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DOFs, applicable to both commensurate
and incommensurate interfacial sys-
tems, focuses on the importance of the
interface plane by assigning to it four of
the five DOFs as tollows (see Figure 1)

IDOFs} = {i,, 1y, 8} (1)

Here the unit vectors 7, and 7, (i.e., four
DOFs) represent the GB-plane normal,
however, they are rotated respectively
into the principal coordinate systems
of semi-crystals 1 and 2, forming the
bicrystal. For example, #; and #A; might
be the normals of (100) and (115) planes,
respectively. By definition, the angle 8
(one DOF) describes a twist rotation
(i.e., about the GB-plane normal; see
Figure 1), because any other rotation
would change f; and fi,.

The twist component of a general
boundary described by Eq. 1 is therefore
governed by 8 and by the GB-plane
normal, while its tiit component, gov-
erned by the condition that i L 4,7,
is given by

fir = [, X Ry)/sin ¥, 2)
sin W = (i, x A0, 3

where #r is a unit vector defining the
orientation of the tilt axis and ¥ denotes
the tilt angle.

Equations 2 and 3 illustrate that the it
component of a general boundary, defin-
ing 4 = 0°, is fully determined by the
normals 7; and #,; i.e., by the GB plane
(see Figure la). # = 0° thus characterizes
a GB with the smallest planar unit cell of
all GBs formed by the same combination
of planes; any non-zero value of # (see
Figure 1b) increases the planar unit-ceil
area. § = 0° thus characterizes an asym-
metrical tilt boundary (ATGB), while for
an arbitrary value of 6, a general bound-
ary is obtained.

[t is important to recognize that for
the same combination of lattice planes
forming the GB, a second ATGB con-
figuration is found at 8 = 180°/m. (Here
m characterizes a possible rotation sym-
metry (for m > 1) in the planar unit cell
of the GB.) Two ATGB configurations
exist because in crystal lattices with in-
version symmetry, a twist rotation by
# = 180°/m leads to an inversion of the
stacking sequence of the lattice planes,
sav in the top half of Figure la with
respect to the bottom half.?* In the fcc
lattice, there are two exceptions: Because
of the ...1ABIABI... stacking, the inver-
sion of the (100) and (110) planes by a
180°m twist rotation about (100) or
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Figure 2. Energies (in m{/m?) of
symmetrical and asymmetrical fwist
boundaries simulated by means of the L]
potential, The ATGB and STGB
configurations at the endpoints, with the
smallest planar unit cells, are indicated.
Because of the three-fold symmetry axis
int the planar unit cells, in 2a the usunl
misorientation angle, 8.5 was replaced
by 8 = 3ocg, thus scaling ail angles to
180°. The (111} twin configuration, with
an unrealistically low energy of 2 mjim?
for this and the EAM potential, is thus
shifted from 85 = 60° to 8 = 180°, as
required by Eq. 4. The lines represent
least-squares fits of the extended Read-
Shockley Eq. 4 to the simulation data. ™

(110}, respectively, can be undone sim-
ply by a rigid-body translation parallel
to the plane, thus restoring the perfect
crystal configuration. Therefore, in asym-
metrical GBs with a (100) or (110) plane
on one side of the interface, the two
ATGBs are identical. To better visualize
the effect of a twist rotation by 180°%m,
one may simply think of its net effect as
the turning upside down of one of the
two semi-crystals in Figure la.

Since (1) the inversion of the stacking
sequence preserves the planar unit-cell
dimensions of the ATGB at # = 0°, and
(2) an-* twist deviation from 6 = 0° and
¢ = 180°/m results in an increase of the
planar unit cell of the GB, the two ATGB
configurations are unique geometrically
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©,

Figure 3. Transmission electron micrograph of (110) tilt GB in Au. Coexistence of extended
planar symunctric facets (51 with a number of asymmetric facets is evident. Facets labeled D,
near (XTI, are dissociated into coherent and incokerent twin boundaries (see HREM

mset).

Figure 4. HREM micrograph of {17107
tlt GB ow Au. shownny a short
synimctrie (221) face! near Hie top of Hhe
fgtere amd an asyrmetree (3370071
favet with Hhe sam smisorwentaton

[ =397 (X91). Winte spots represent
atontc colunies

in that they have identical planar unit-
cell dimensions with an area that is the
smallest of all GBs formed by the same
combination of lattice planes. As ilus-

a4

trated in the next section, this unique
peometry transiates into a particularly
low energy, giving rise to “special” prop-
erties of these two configurations at the
endpoints of the twist-misorientation
range.

Symmetrical GBs are obviously char-
acterized by the condition that #, = =5,
in Eq. (1), thus reducing the number of
DOFs from five to only three (see also
Figure 1). 8 = 0° now corresponds to the
perfect crystal while, for some arbitrary
value of 8, a pure twist boundary (with
three DOFs) is obtained. As in the asym-
metrical case, a twist rotation by 4 =
180%m inverts the stacking sequence on
one side of the GB plane with respect to
the other while preserving the perfect-
crystal planar unit-cell dimensions.?
Consequently, the symmetrical tilt
boundary (STGB) that is obtained is
fully determined by only the two DOFs
associated with the GB-plane {because §
is fixed at 180%m). Its atomic structure is
characterized by the familiar twinning
of the iattice planes at the interface, a
feature common to all STGBs.

As in the asymmetrical case, for any
twist deviation from 6 = 0° and § =
180°%m the planar unit-cell area also
increases in the symmetrical case. The
STGB and perfect-crystal configurations
on a given plane are therefore unique in
that thev share identical planar unit-celi
dimensions, with an area that is the

smallest possible for anv planar defect
on that plane. As iliustrated later, this
unique geometry of the pure tilt con-
figuration gives rise to a deep energy
cusp at # = 180°m, and therefore to
“special” properties of STGBs by com-
parison with twist boundaries. Alsq,
since both STGBs and free surfaces are
characterized by only the two DOFs
associated with the interface plane, the
properties of these two simplest types
of all planar defects can be compared
directly. However, because free surfaces
lack the three translational DOFs of
GBs, the related three-dimensional (3d)
structure-energy plots show some inter-
esting differences (see below).

The above choice of the five DOFs has
essentially three advantages over the
CSL-based definition of the macroscopic
DOFs. First, the resemblance of a gen-
eral boundary (with five DOFs) with a
pure twist boundary (with three DOFs)
becomes apparent (see Figure 1b) in that
(1) the beginning and endpoints of the
twist rotation, at § = 0° and @ = 180%m,
represent pure tilt boundaries (see Fig-
ure la), with the smallest possible pla-
nar unit cells, and (2) both may be
viewed as having been generated by a
twist rotation about the GB-plane nor-
mal. The term asymmetrical twist
boundary therefore appears to reflect
the geometry of a general boundary
more succinctly;® its tilt and twist com-
ponents are apparent in that any asym-
metry in the GB plane automatically
implies the existence of a tilt component
(see Eqs. 2 and 3). Second, incorporated
naturally in the description is that—
from a purely geometrical point of
view — tilt boundaries represent a special
subset of symmetrical or asymmetrical
twist boundaries, thus greatly simplify-
ing the exploration of the five-parameter
misorientation phase space associated
with the macroscopic DOFs (see below).
Finally, the above choice of Macroscopic
DOFs is not limited to the description of
commensurate systems and is, in fact,
rather commonly applied to coherent or
incoherent dissimilar-material inter-
faces, thus enabling a more direct com-
parison of the different basic types of
interface systems defined in the Editors’
Introduction.

Correlation Between Macroscopic
Degrees of Freedom and GB
Energy

Using the previously developed termi-
nology, we can now address the first of
the three aspects of the structure-energy
correlation, namely the variation of the
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GB energy in the five-parameter misori-
entation phase space defined in Egq. 1.

Energies of Symmetrical and
Asymmetrical Grain Boundaries

An iterative energy-minimization algo-

rithm (“lattice statics”) was used to com-
pute the fully relaxed zero-temperature
atomic structures and energies of GBs.
By computing the forces that the two
halves of a bicrystal exert on each-other,
translations parallel to the GB plane
(T.,T,) are allowed while the atoms
relax. Also, to enable the GB to expand
or contract (related to T,), the unit-cell
dimension in the direction of the GB
normal is allowed to increase or decrease
in response to the internal pressure. By
starting from a variety of initial rigid-
body translational configurations, the
GB energy may thus be minimized with
respect to both the atomic positions and
the three microscopic DOFs.
] Figures 2a and 2b show typical varia-
tions of the GB energy, E<8(#), for two
different symmetrical and asymmetrical
combinations of lattice planes. While
these results were obtained using a
Lennard-Jones (L]) pair potential fitted
for Cu, a semi-empirical many-body
potential of the embedded-atom-method
{EAM) type fitted for Au® gives qualita-
tively identical results; throughout,
therefore, results from both types of
potentials will be used.

In all four cases, the tilt configurations
at the endpoints give rise to pronounced
energy cusps, separated by more or less
flat plateau regions in which the energy
is practically independent of 8. The
physical origin of these cusps lies in the
especially smalil planar unit cells of
STGBs and ATGBs discussed previously,
which enable a better local interlocking
of the atom positions across the GB than
in twist boundaries, thus permitting
their energy to be minimized more effec-
tively.® This explains the preponderance
of tilt boundaries (symmetrical and
asymmetrical) in recent “rotating-sphere-
on-a-plate” experiments in which the
GB planes and types were identified,
with only a small fraction representing
twist GBs.”

Replacing one of the two sets of sym-
metrical planes, thus creating asymmet-
rical boundaries, has a profound effect
on the GB energy in the two cases (com-
pare Figures 2a and 2b). While the
replacement of the densest (111) planes
in the fcc lattice (see Table 1) by less
dense (115) planes leads to a significant
increase in the GB energy over the entire
misorientation range (see Figure 2a), the
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Figure 5. Schematic plot, similar to the stereographic triangle, of the distribution of STGB
planes simulated to explore the 2d phase space associated with the GB-plane normal.
Orientations perpendicular to {100}, (110), (111} and (112) tilt axes are included. 8 and &
are the two DOFs associated with the polar and azimuthal angles characterizing the

GB-plane normal. & is in degrees.

energy in the plateau region actually
decreases when (557) planes are substi-
tuted for the fourth-densest (113) planes
{see Figure 2b). Interestingly, however,
the (113) STGB nevertheless has a lower
energy than the (557)(113) ATGB configu-
ration at @ = 180° (see also Figure 10}.
This indicates an important role played
by the particular lattice planes forming
the GB. It also suggests that some asym-
metrical GB-plane orientations may have
a lower GB energy than related symmet-
rical ones, although the asymmetry may
affect tilt and twist boundaries in differ-
ent ways. Also notice, however, that
despite the sharp increase in energy on
substituting (115) planes for {111}
planes, the energies of the (115)(111)
boundaries are nevertheless signifi-
cantly lower than those of the bounda-
ries in Figure 2b with a {113} plane on
one or both sides of the interface. This
strongly suggests an important role of
the densest lattice planes in the energies
of not only symmetrical’® but also
asymmetrical GBs.’®

As illustrated by the solid lines in Fig-
ures 2a and 2b, a quantitative analysis of
the variation of the GB energy per unit

area as a function of # may be based on
an empirically extended Read-Shockley
equation’ in which 8 is simply replaced
by sind, according to*°

ESB(g) = ECB(8 = 0°)
+ sinf{E. — EJn(sin®)]'b,
(0° =8 =90, (4)

where b is the Burgers vector. The core
and strain-field energies per unit length
of the GB dislocations, E. and E,, (in this
case screw dislocations because EP
varies as a function of the twist angle)
are regarded as adjustable fitting parame-
ters.’® An analogous expression can be
written for the other half of the misori-
entation range (90° < 6 = 180°). Similar
expressions also hold for the volume
expansion at the GB.'* Based on the
physics of lattice dislocations, Eq. 4 thus
permits the § dependence of the GB
energy to be described analytically. The
remaining problem in the investigation
of the macroscopic structure-energy
variation therefore lies in understand-
ing the GB plane’s role.
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STGBs Au(EAM)

GB ENERGY

[Rdelv)]

Figure 6. 3d structure-energy plot
computed for the EAM potential,
illustrating the correlation between the
energy and GB-plane normal for STGBs.
The base plane is represented by the
phase-space triangle defined in Figure 6.
A similar plot is obtained for the L]
potential.

Table I: Interplanar spacing, d(hi!) (in
units of the lattice parameter a), for
the 11 most widely spaced planes In
the fcc lattice. These planes also cor-
respond to the ones with the highest
planar density of atoms, (i.e., the
smallest planar repeat unit cells).

No. (hki) d(hk!)/a
1 (111) 0.5774
2 (100) 0.5000
3 (110) 0.3535
4 (113) - 0.3015
5 (331) 0.2294
6 (210) 0.2236
7 (112) 0.2041
8 (115) 0.1925
9 (513) 0.1690

10 (221) 0.1667

11 (310) 0.1581

HREM Investigation of the GB
Plane

From the experimental point of view,
the fact that—due to their unique
geometry —tilt boundaries are energeti-
cally preferred is a very fortunate cir-
cumstance because these are the only
GBs whose atomic structure is readily
accessible by HREM methods. How-
ever, for reasons of limited resolution,
the observation of atomic columns par-
allel to the tilt axis is only possible for
relatively densely-packed tilt directions.

46
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Figure 7. 3d cross section, for GB planes perpendicular to (110}, of the 4d structure-energy
hypersurface associated with symmetrical GBs in fcc metals. The STGBs are seen for the
twist angles of 180°. The figure illustrates that in the 3d misorientation phase space
associated with all symmetrical GBs, the symmetrical tilt boundaries represent an infinitely
small subset of fwist boundaries. Simiar plots have also been obtained for GB planes

perpendicular to (1003, {111) and {112). 1

With no twist components, the energy
of these boundaries is governed com-
pletely by the four DOFs associated with
the GB plane (see Egs. 2 and 3); tilt
boundaries thus represent ideal model
systems for an experimental investiga-
tion of the role of the GB plane. Our
basic idea is the following: By forming
tilt bicrystals with a weli-defined tilt mis-
orientation between the two grains (for
example, via a sintering technique''?),
in principle the GB plane is free to chose
any symmetrical or asymmetrical con-
figuration that is energetically favored.
Assuming the GBs observed in such
bicrystals to be thermally equilibrated,
edge-on HREM characterization of the
observed facets and their lengths should
reveal the preferred (i.e., lowest-energy)
boundary planes.

In one such effort,? tilt boundaries in
Au with a common (110} tilt axis were
manufactured by sintering two thin
(110) gold films (which were grown epi-
taxially on NaCl in a UHV system)
together at the appropriate tilt angle ¥,

thus fixing the value of Z. After removal
from the NaCl substrate, columnar
grains misoriented by the desired tilt
angle were obtained by further anneal-
ing. HREM samples were then prepared
by ion-beam milling followed by a 225°
C anneal. Typically, high-resolution im-
ages were taken at a magnification of
700,000 X for several defocus values
near optimum defocus, using a H9000
high-resolution electron microscope,
operated at 300 kV. HREM images gen-
erally depend strongly on thickness and
defocus values, and therefore need to
be interpreted via image simulation,
based on atoric models obtained from
simulation. For the HREM images
shown below, which were taken close
to the optimum focus, atomic columns
are quite we' represcnted by the bright
spots in the images.

Employing conventional transmission
electron microscopy, a typical low-
resolution edge-on view of several
extended planar facets of tilt GBs in Au
with a common (110) axis and tilt angle
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ot W =d40° (29) is shown in Figure 3. The
spatial resolution in this figure is insuffi-
cient to determine which interface is
present, since, on an atou.ic scale, the
GB may be roughened, form atomic-
scale facets, or it may be dissociated.
The latter is, in fact, the case at the
facets labeled D in Figure 3, as seen in
the HREM inset, which shows dissocia-
tion of a (115)(111) facet into a combina-
tion of coherent and incoherent twin
boundaries. Extensive HREM analysis
of several Au bicrystals has shown the
presence of a finite number of planar
facets, indicating that in each case some
GB planes are preferred over others. For
each misorientation, symmetric and
asymmetric facets are found to coexist,
as illustrated in Figure 4. Moreover, in
many asymmetric facets, one of the
densest lattice planes on one side of the
interface is combined with some higher-
index plane on the other side.

In an attempt to extract more quanti-
tative information on the GB energy
from the combination of such experi-
ments with computer simulations, we
recently examined several tilt bicrystals
of Au, with different misorientations, in
the form of small island grains in a
single-crystailine matrix. Comparison of
the observed faceting behavior with
computed energies illustrates that low
GB energy indeed manifests itself in
long facets. Moreover, many of the
asymmetric facets indeed have lower
energies than the corresponding sym-
metric ones, explaining the observed
preponderance of asymmetrical GBs. In
addition, the dissociation of (113)(111)
facets (see the inset in Figure 3) is found
to be energetically favored over the asym-
metric straight GB-plane configuration.
In other cases the multitude of observed
facets of similar lengths could be corre-
lated with rather similar magnitudes of
the computed energies.

These examples demonstrate the
considerable promise of HREM obser-
vations combined with computer simu-
lations in furthering our understanding
of the energies of GBs.

Structure-Energy Phase Space for
Symmetrical GBs

As previously discussed, STGBs and
free surfaces represent the conceptually
simplest of all crystalline interface sys-
tems because both are equally character-
ized by only the two macroscopic DOFs
associated with the interface plane.
Their macroscopic structure-energy
correlation, which may thus be dis-
played in a single 3d plot, shouid there-
fore provide additional insight into the
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Figure 8. Correlation between the GB energy and volume expansion per unit area, §Via tin
units of the lattice parameter a) for symmetrical and asymmetrical tilt and twist GBs (L]
potential; a similar plot is obtained for the EAM potential}. 1

importance of the interface plane in the
energy.

As is well known, in a cubic crystal all
orientations, specified by the polar and
azimuthal angles & and ¢, may be repre-
sented by the phase-space triangle
sketched in Figure 6 —this is similar to
the sterecgraphic triangle. Figure 5
shows the distribution of the STGB and
free-surface normals considered in our
exploration, by means of computer
simulation, of this two-parameter {5,¢}
phase space. The figure also illustrates
our motivation for including (111} and
{112) tilt or pole axes, in addition to the
more popular (110) and {100} orienta-
tions: the latter sample only the periph-
ery of the triangle, while the (111} and
{112) axes cover its center section.

The overall variation of the energy of
STGBs in the 2d phase space is illus-
trated in Figure & (shown here for the
EAM potential). A comparison between
Figure 6 and the interplanar spacings in
Table | demonstrates a close interrela-
tion between the appearance of cusps
and a relatively large interplanar spac-
ing, d{kkl), of the planes parallel to the
GB. (Note, however, that because of the
underlving two-plane (...|ABIABI...}
stacking sequence, the STGB configura-

tions on the (100) and (110) planes are
identical to the perfect crystal, thus giv-
ing rise to deep cusps.) In Bravais lat-
tices, the planar unit-cell area, A (hkl), of
a perfect-crystal (hki) plane (and hence
of the STGB and free surface on that
plane) is inversely proportional to d (hkl),
since A{hkl) = Q/d{hki), where {} is the
atomic volume. A large interplanar
spacing therefore corresponds to a small
planar unit cell and a consequently high
planar atomic density. Consequently,
the conclusion drawn from Figure 6 is
that the densest planes in a given crystal
structure, as well as their vicinal orien-
tations of course, give rise to the lowest
GB energies. 51

A comparison with similar simula-
tions for free surfaces'’ shows the disap-
pearance of the minor cusps in Figure 6
along the edges and in the central regions
of the triangle, leaving only those cusps
associated with the three densest planes
at the comers. Since free surfaces lack
the three additional microscopic DOFs
of GBs, this comparison illustrates the
imprtance of translations at the inter-
face in the minimization of the GB
energy, particularly the energy of those
boundaries with the smallest planar
unit cells, which consequently give rise
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to cusps (see Table [ and Figure 6). By
subtracting the GB energies in Figure 6
from those of free surfaces, y, the ideal-
cleavage energy associated with brittle
decohesion at the GB, 2y — £us (also
known as the work of adhesion), is read-
ily obtained. Without giving details, it is
obvivus from Figure 6 and the corre-
sponding (much smoother) plot for free
surfaces” that the GBs on the densest
planes, as well as their vicinal orienta-
tions, also exhibit, by far, the highest
cleavage energies.!

Finally, if the twist angle is now added
as the third DOF (see Eq. 1), every point
in the 2d phase space associated with
the GB plane is unfolded into an infinite
number of @ values, which, in Figure 5,
are projected into a single point. The
structure-energy plot for all symmetrical
GBs may then be thought of as a 4d
hypersurface. To gain some understand-
ing of what this plot might look like, one
can consider three-dimensional cross
sections obtained as follows. By select-
ing a subset of planes perpendicular to a
particular pole axis (for example, a {110
direction), a single tilt angle, W, uniquely
defines a given symmetrical GB plane.*
If we now choose the twist angle as the
second variable, a 3d cross section,
EC%(W¥8), of the 4d structure-energy
hypersurface may therefore be obtained,
which contains all symmetrical {tilt and
twist) GBs with the same tilt axis.

One such cross section, perpendicu-
lar to (110}, is shown in Figure 7." The
energies of the STGBs, appearing for
twist angles of 180°, are the same as
those in Figure 6 (see also Figure 5),
while the variation of the GB energy as
a function of 8 is based on the extended
Read-Shockley Eq. 4.'* Figure 7 illus-
trates graphically that the STGBs are,
indeed, a small — yet energetically
favored —subset of twist boundaries.
The cusped valleys in the figure demon-
strate the importance of the densest lat-
tice planes and their vicinal orienta-
tions. (For further details, as well as other
cross sections, including the related
ideal-cleavage energy, see Reference 14.)

Volume Expansion at GBs

The second aspect of the structure-
energy correlation involves the micro-
scopic DOFs. Rigid-body translations of
the two halves of a bicrystal relative to
each-gother, T = (T.T,,T,), can provide
an important relaxation mechanism for
minimizing the GB energy. When com-
puting the relaxed atomic structure of a
GB, a number of metastable transla-
tional configurations, with more or less
equal energies, is often found to exist.
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Figure 9. Digitized HREM imaye of an
asymmetric (1T1001) bt GB 15 analyzed
for its volume expansion by utilizing an
intensity scan across several (100) and
(111) planes away from the GB region.

Figure 10. HREM tmage of symmetric
and asymmetric GB configurations in Au
with the same {170), W=36° (311)]
misorientation between the two grains
{see also Figure 2b). A horizontal
(TL3NT13) syrmmetric facet is followed by
asyrmmetric (2250441) and 1357 )5771)
facets. Note the asymmetric lattice
strans associated with both ATGBs,

For example, the short symmetric (221)
segment shown in Figure 4, which has
mirror symmetry, is not the preferred
structure of the STGB on the (221)
plane. This is evidenced by the exis-
tence of more extended facets of the
same, but nonmirror-svmmetric, GB
found with different rigid-body transla-
tions parallel to the GB plane. * Not sur-
prisingly, when the relaxed energies for

two translational states are very close,
multiple structures usually exist, a situ-
atton which experimentally manifests
itself by the presence of lucalized steps
separating well-defined facets.™!”
The = component of T should be par-
ticularly important from the point of
view of the GB energy, because T, = 8V
accounts for a possible volume expan-
sion per unit area at the GB and because
volume is a thermodynamic variable. As
pointed out more than 30 years ago, the
volume expansion usually found at metal-
lic GBs should thus be related directly to
the energy (and electrical resistivity) of
the boundary.’ Recently, more exten-
sive computer simulations, using vari-
ous pair- and many-body potentials for
fec and bee metals, have indeed con-
firmed the existence of a more or less
linear relationship between the volume
expansion per unit area and the related
GB energy (see Figure 8). HREM obser-
vations of the volume expansion at the
GB should thus provide a means for
estimating its energy.
The HREM measurement of the vol-
ume expansion involves determining
the positions of atomic columns or
planes (if the latter are relatively dense)
away from the boundary and compar-
ing them to the unrelaxed GB structure.
While different procedures can be
employed (for details, see Reference 19),
it is important to identify the GB core
structure and GB plane. Figure 9 shows
an example of a GB formed by two low-
index planes, which permit the volume
expansion to be determined through the
analysis of the atomic-plane positions in
this case. The volume expansion was
alsc investigated for other {110) and
(100 tift GBs in Au;-20 thege expansions
are usually considerably larger, though,
{typically by a factor of two) than the
ones computed by means of the EAM
potential for Au, indicating that such
potentials may not be very well suited
to describe the volume dependence of
the GB energy. That the L]-potential
predictions agree much better with the
experimental values is particularly sur-
prising, since a local volume depen-
dence of the interatomic interactions is
taken into account explicitly only in the
EAM potential.

Role of Atomic Matching Across
the GB

The third aspect of the structure-energy
correlation involves the role of the local
atomic structure at the GB. Experimen-
tally, a strong tendency for forming
atomically well-matched regions at the
interface, separated by highly localized
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regons which accommodate the atomic
level mismateh, 1s commonly observed®
tsee also Figure 10}, This localized nature
ot atomic relaxations thus appears to
favor structures that maintain, as much
as pussible, the coordinatio 1 of the ideal
lattice even at the intertace.

A typical example is shown in Figure 10
tor the STGB on the {113) plane and two
asvmmetrical facets ~ith the same mis-
orientation (W=30° X11). The regular
arrangement of atomic columns in the
symmetrical facet produces an optimum
match between the two lattices, with no
evidence of lattice strain. The greater
length of the symmetrical configuration
is due to its much iower energy, as com-
pared with the two asymmetric facets in
the figure (see also Figure 2b); the latter
clearly exhibit extended regions of lattice
strain, In some cases the tendency to
minimize the number of broken bonds
at the interface is so strong that a nor-
mally periodic GB instead forms a
quasiperiodic — but better coordinated —
structure with a lower energy. 1%

The role of the local coordination at
the interface was also investigated by
computer simulations. While for free
surfaces a broken-bond description of
the structure-energy correlation has
been commuonly used for more than half
a century, such an approach has only
recently been adopted for GBs. Figure 11
demonstrates the correlation between
the average nearest-neighbor (nn) mis-
coordination, C, characterized by the
number of broken nn bonds per unit
area, and the GB energy. For compari-
son, the corresponding free-surface
results are also shown.'" While more
distant neighbors should also play a
role, in foc metals their contribution was
found to be rather small (typically about
10-20% of the nn contribution}.

While the interface energy and C are
reasonably well interrelated for both
free surfaces and GBs (see Figure 11),
the GB data scatter significantly. This
scatter results from an intrinsic limita-
tion of a broken-bond characterization
of the atomic structure of GBs, largely
because only the dislocation cores, and
not their elastic strain fields, give rise to
broken bonds.# A broken-bond descrip-
tion is therefore fully applicable only to
high-angle GBs, which consist entirely
of overlapping dislocation cores. In low-
angle GBs, by contrast, an elastic (Read-
Shockley’) contribution has to be added
to the broken-bond (i.e., core) energy
(see also Eq. 4). A more complete descrip-
tion of the atomic s*ructure would
involve the radial distnibution function
of the svstem, which alse contains infor-
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Figure 11. Correlation between GB energy (in

mfim=) and the number of broken

nearest-neighbor bonds per unit area, C, for the EAM potential. For comparison, the related

free-surface energies, v, are shown also. 5% C

mation on the elastic strain fields sur-
rounding the GB dislocations.

The usefulness of any model for the
atomic structure of solid interfaces
should be assessed in terms of its ability
to quantify the structure and thus per-
mit a quantitative prediction of physical
properties of GBs. The Read and Shock-
ley® dislocation model provides an excel-
lent example (see also Eq. 4). For nearly a
quarter century, polyhedral-unit models
have been used to describe the atomic
structure of GBs in terms of the stacking
of structural units along the GB plane.®
However, the requirements of space fill-
ing at the interface and of the compati-
bility of the structural units with the
adjoining grains generally cannot be
satisfied simultaneously, unless the
polyhedra are elastically distorted by
strains that differ from one GB to another.
Within the framework of these models,
the atomic structure therefore has not
been quantified. The above broken-bond
characterization of the atomic structure
of GBs represents, in essence, a quanti-
fied polyhedral-unit model, with its
omission of elastic phenomena and
hence its limitation to high-angle GBs in
the Read-Shocklev sense (in which the
dislocation cores overlap completely).

is um urmits of a~.

Conclusions

We have attempted to illustrate how
the complernentary capabilities of HREM
experiments and atomistic computer
simulations can provide new insights
into the correlation between the macro-
scopic, microscopic, and atomic struc-
tures of GBs and their energy.

An extensive exploration of the five-
parameter misorientation phase space
assoclated with the macroscopic DOFs
is realistically possible only via simula-
tion, while HREM experiments are lim-
ited to the tilt boundaries in this phase
space. However, since the latter are fully
governed by only the four DOFs associ-
ated with the GB plane, and because of
their unique geometry, their HREM
investigation provides valuable infor-
mation on the role of the GB plane in
their energy. In particular, the compari-
son of the relative lengths of symmetri-
cal and asymmetrical facets provides
serniquantitative information on their
relative energies, while the detailed
crystallographic analysis of such facets
suggests a dominating role of the dens-
est planes in the crystal lattice.

HREM experiments also provide valu-
able information on the three micro-
scopic DOFs associated with rigid-body
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translations at the GB. Extensive simu-
lations, using both pair- and many-body
potentials, demonstrate a practicaily lin-
car relationship between the energy and
volume expansion for GBs in metals
(i.e.. transiations perpendicular to the
GB plane). Transiations parailel to the
GB, by contrast, play a relatively minor
role in the relaxed GB energy, although
their optimization represents an impor-
tant relaxation mechanism. Combined
with the simulations, HREM measure-
ments of the volume expansion thus
provide direct information on the GGB
energy, while a comparison between
measured and computed rigid-body
translations parallel to the boundary
provides an important test for (1) the
validity of the interatomic potentials
and (2) the relaxation procedures used
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in the simulations,

Finallv, HREM experiments clearly
demonstrate a tendency of the atomic
structure to preserve a high degree of
coherency across the interface. As in the
case of free surfaces, the underlying
causes, elucidated via simulation, are
closely connected with the desire of the
interface to minimize its number of bro-
ken bonds per unit area (i.e., its energy).
However, such a broken-bond descrip-
tion of GBs ignores anv elastic contri-
bution to the GB energy, limiting its
applicability to high-angle interfaces (in
which the dislocation cores overlap
completely). In all other interfaces both
dislocation-core and strain-field phe-
nomena may be of equal importance,
and a Read-Shockley type of analysis
based on Eq. 4 permits separation of the
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