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Formation of hexagonal close packing at a grain boundary in gold
by the dissociation of a dense array of crystal lattice dislocations
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Abstract We analyze a thin (~ 1 nm) hexagonal-close-
packed (HCP) intergranular layer at a 29° (110) tilt grain
boundary in gold. Our analysis, which is based on HRTEM
observations and atomistic calculations, shows that this
boundary consists of a dense array of 60° 1/2(110) crystal
lattice dislocations that are distributed one to every two
{111} planes. These dislocations dissociate into paired
Shockley partial dislocations, creating a stacking fault on
every other plane and thereby producing the ...abab..., or
HCP, stacking sequence. This distribution of dislocations is
consistent both with the measured intergranular misorien-
tation and with the calculated rigid-body translation along
the tilt axis. By establishing the interfacial dislocation
arrangement, we also show how the HCP layer at the 29°
boundary observed here is geometrically related to that
found previously at the 80.6° X = 43 (110) boundary. This
result helps to link dislocation-based descriptions for
boundary structures between the high- and low-angle
misorientation regimes.

Introduction

Grain boundaries in face-centered-cubic (FCC) metals
with low stacking fault energies often form broad, three-
dimensional structures that are composed of arrays of
stacking faults [1-12]. A general question concerns how
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the pattern of such faults, and hence the structure of the
boundary, is related to the orientational parameters that
describe the macroscopic geometry of the interface. In
this paper, we analyze the formation of a layer of hex-
agonal-close-packed (HCP) material at a grain boundary
in gold. We present high-resolution transmission electron
microscopy (HRTEM) observations and atomistic calcu-
lations of this interface. HCP has been predicted and
observed previously at FCC grain boundaries [10-12], but
at a higher misorientation than that of the boundary we
analyze here. Thus, the specific questions we address here
are: why does HCP form at this particular boundary and
how is it related to the HCP that has been found at higher
misorientations?

Our approach is to analyze the dislocations present at
the interface. The misorientation of the boundary in this
study, which is about 29°, falls in a limiting angular regime
where the accommodation of misorientation by 1/2(110)
crystal lattice dislocations would require these dislocations
to be spaced at atomic-scale separations. At such a close
spacing, it is reasonable to ask whether such defects would
retain any physical significance as individual entities. As
we show here, despite the close spacing of the dislocations,
the details of the interfacial structure and its relationship to
the intergranular misorientation can be understood in terms
of the properties of the individual dislocations present at
the interface. Specifically, the HCP stacking arises through
the dissociation of a dense array of crystal lattice disloca-
tions into pairs of Shockley partial dislocations that pro-
duce stacking faults on alternating {111} planes.
Furthermore, by establishing the details of this dislocation
arrangement, we show how the formation of HCP at this
boundary is related to the HCP intergranular layers that
have been found previously at boundaries of higher mis-
orientation [10, 12].
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Experimental procedure

The boundary investigated in this paper was observed in a
thin film of gold. We investigated gold because its low
stacking fault energy (~33 mJ/m? [13, 14]) allows dislo-
cations to spread into dissociated configurations and
because it is straightforward to prepare thin film samples
that have a (110) crystallographic texture, an orientation
that is convenient for detailed, atomic-scale analysis of the
dislocation arrangements. We vapor deposited gold onto a
polished, (110)-oriented, single-crystal NaCl substrate
(T = 300°). Growth on this substrate yields a film with a
strong (110) texture. In addition to epitaxial and twin-
oriented grains, a number of non-twin-related (110) tilt
boundaries, such as the boundary analyzed here, arise in
these films. After growth, the NaCl substrate was dissolved
in de-ionized water, and the remaining film was collected
on a fine-meshed grid. The supported film was then thinned
to electron transparency using Ar+ ion milling and
examined in a JEOL 4000EX HRTEM operated at 400 kV.
The misorientation and inclination of the boundary were
measured by analyzing the HRTEM intensity peak posi-
tions, which were extracted from the HRTEM image using
a peak finding algorithm in the commercial software
package MacTempas (Total Resolution LLC, Berkeley,
CA, 94707, USA).

Results

An overview of the grain boundary analyzed in this paper
and several of its neighbors is shown in Fig. 1; an
enlargement of the dissociated region of boundary, which
is indicated by the bracket, is shown in Fig. 2. The
boundary lies near a 5-fold {111} twin junction, which is
located at the lower right side of the image. Near the
bottom of the image, the boundary intersects one of the
{111} twins that radiate out from this twin junction. Above
the indicated region of boundary, which is about 60 A
long, the contrast from the boundary becomes more com-
plex and difficult to interpret. This change in contrast may
reflect a rotation of the boundary inclination, through the
thickness of the film, away from the (110) zone.

Over the indicated section, the boundary possesses a
broad, dissociated core, as is evident from the gradual
bending of the (111) planes as they cross the boundary. In
this region, the boundary has a repeating pattern with a
periodicity of two planes. As shown in the enlargement at
the right of Fig. 2, this repeat pattern is consistent with the
...abab... stacking arrangement of close-packed planes in
a hexagonal-close-packed (HCP) structure.

To investigate the relationship of this structure to
the geometry of the boundary, we measured the

Fig. 1 HRTEM image giving an overview of the dissociated grain
boundary and its neighbors

misorientation and inclination of the boundary. To make
these measurements, we analyzed the positions of lattice
fringe intensity peaks extracted from the HRTEM image
(Fig. 3). By fitting lines to the intensity peaks along the
(111) planes on either side of the interface, we measured a
misorientation of 28.8 + 0.5° about the (110) tilt axis. To
measure the boundary inclination, we first computed the
local angle of each (111) plane as a function of distance
along the plane. We measured this angle at each peak by
fitting a line to the peak and its two adjacent neighbors on
a given (111) plane. We then defined the boundary posi-
tion at each (111) plane as the peak position with a local
angle closest to the midpoint of the far-field angles on the
two sides of the interface. A line fit to the boundary
positions gives an average inclination of 16.1° relative to
[111] in the left crystal (and 12.7° relative to the [111] in
the right crystal).

Inspection of the boundary positions, which are marked
on Fig. 3, shows that this section of boundary is composed
of two terraces that lie parallel to (131) in the left crystal
and (111) in the right crystal and are separated by a step of
one (111) plane height. As we discuss in the appendix,
additional insight concerning the role of these steps is
provided by analyzing the boundary in a coherent reference
frame for which (131) and (111) are parallel. The dislo-
cation content of this type of step (or disconnection)
accommodates the strain required to ensure coherency of
the (111) planes crossing this interface.

@ Springer
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Fig. 2 HRTEM image of the
dissociated grain boundary.
The enlargement shows the
...abab... stacking arrangement
in the core region of the
boundary
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Fig. 3 Plot of the intensity peak positions extracted from the
experimental image. The measured misorientation is 28.8 £ 0.5°.
This angle approximately aligns (131),,, with (lil)right. The marked
positions indicate the edge of the boundary as discussed in the text.
The boundary inclination measured from a line fit to these positions is
16.1° relative to [111] in the left crystal

Discussion

Relationship of the HCP interlayer to the interfacial
geometry

Because HCP stacking is equivalent to introducing one
stacking fault to every two {111} planes in a FCC crystal,
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we start by considering whether these stacking faults
originate, as at lower misorientation angles, through the
dissociation of crystal lattice dislocations. The question,
then, is whether the boundary geometry—namely, its
misorientation and inclination—is consistent with a distri-
bution of crystal lattice dislocations at the appropriate
density of one to every two {111} planes.

Consider a set of coplanar, crystal-lattice dislocations
(b = 1/2(110)). Taking the dislocation line direction (&) to
lie along the [101] tilt axis, three types of perfect 1/2(110)
dislocation lie on the (111) plane. One (£BC in Thomp-
son’s notation [15, 16]) is a pure screw dislocation, with b
parallel with the [101] tilt axis, and cannot contribute to the
tilt misorientation. However, the remaining two types of
dislocation (£AB and +£AC), which have b at +60° with
respect to [101], possess both screw and edge components;
thus, the edge components of these dislocations could
accommodate the tilt provided both types of dislocation are
present in equal numbers so that their oppositely signed
screw components cancel (e.g., reference [17]).

Figure 4 illustrates schematically how the dissociation
of such an array of dislocations into Shockley partial dis-
locations (b = 1/6(112)) would produce an HCP inter-
layer. Here, 60° 1/2(110)-type dislocations (BA and CA)
are distributed at a spacing of one dislocation to every
two (111) planes. The dislocations are dissociated into
Shockley partial dislocations in the normal way: BA —
Bé + A and CA — Co + O0A [16]. This dissociation
introduces a stacking fault on every other (111) plane,
thereby yielding an ...abab... stacking sequence in the
region between the partial dislocations. The left side of the
dissociated layer consists of 30° Shockley partial disloca-
tions (Bé and Cd), which have opposite screw components,
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Fig. 4 Schematic showing dislocation arrangement forming inter-
layer of HCP. In this model, 60° 1/2(110)-type dislocations (BA and
CA) are distributed at a spacing of one dislocation to every two {111}
planes. These dislocations are dissociated into Shockley partial
dislocations (BA — Bé + 0A and CA — Cé + 0A), creating faults

while the right side consists of pure-edge, 90° Shockley
partial dislocations (6A).

The Burgers vector density, B, at a grain boundary is
related to the misorientation and inclination of the
boundary through the Frank-Bilby equation (e.g., reference
[18]):

B=1I-P )y (1)

Here, v is a vector along the interface, expressed in the
reference coordinate system (which we will take as the
coordinates of the left crystal in Fig. 2), P is a rotation
matrix describing the misorientation of the two crystals,’
and I is the identity. We use this expression to solve for the
misorientation and inclination that would give B of one 60°
1/2(110) dislocation for every two (111) planes intersected
by the interface (i.e., B/nj;; = (1/8)[121]). Requiring v to
be a periodic lattice translation vector, the equation is sat-
isfied for v =1/2[19,10,19] and P~'v = 1/2[13,22,13]
(The corresponding boundary planes are (5, —19, 5) in the
left crystal and (11, —13, 11) in the right crystal, which are
inclined to (131) and (111) by 4.83° and 4.62°, respec-
tively). The misorientation, which is given by the angle
between these two vectors in the reference crystal, is 29.7°.

'Pis computed from P = URU™". For the geometry in this paper,
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on every other plane and resulting in an ...abab... stacking sequence.
The Thompson tetrahedra for the two crystals are shown along the
[101] (B/C) projection. A is a pure edge, 90° dislocation; Bé and C&
are 30° dislocations with opposite screw components. Dashed lines
indicate the stacking faults

The boundary inclination, defined here as the angle of v
with respect to [111], is half this amount, 14.85°. Although
this dislocation arrangement produces an asymmetric tilt
boundary, in that the boundary planes are different in the
two adjacent crystals, the (111) planes in both crystals are
rotated by equal amounts with respect to the boundary.

The misorientation and inclination predicted by this dis-
location model compare well with the values measured from
the experimentally observed boundary (misorientation:
28.8°; inclination: 16.1°). To estimate the significance of the
difference between the observed misorientation and incli-
nation and that of the idealized 29.7° model described above,
we have computed from Eq. 1 the variation of B with
inclination for both of these misorientations. B is plotted in
terms of its [111] and [121] components, B;;; and B,5;, in
Fig. 5. These values are expressed as dimensionless quan-
tities giving the magnitude of the Burgers vector per unit
interface length. For the model (misorientation 29.7°,
inclination 14.85°), B3, is 0.5126 and B, is zero. For the
observed boundary, B3, is 0.4972 and B, is —0.0148. The
magnitude of the difference in Burgers vector content for the
observed and model boundaries multiplied by length of the
observed boundary segment (about 60 A)is 1.3 A, which is
still reasonably small compared with, say, the edge com-
ponent of 60° 1/2(110) dislocation (2.5 A in gold). The
small angular discrepancy may be a result of strains resulting
from interactions with the nearby boundary junctions that
can be seen Fig. 1. Within this limit, then, the misorientation
and inclination of the observed boundary is consistent with
the dislocation content of the model presented in Fig. 4,
supporting the interpretation that the HCP interlayer forms
through the dissociation of an array of individual crystal
lattice dislocations.

@ Springer
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Fig. 5 Plot of the dependence of interfacial Burgers vector density,
B, on inclination for misorientations of 29.7° (solid line) and 28.8°
(dashed). Components of B along [121] and [111] are expressed per
unit interface length. For a misorientation of 29.7° and inclination of
14.85° By is zero and B3, is 0.5126

Atomistic model

We constructed and relaxed an atomistic model to test
further our interpretation of the interfacial dislocation
structure. We used the embedded atom method (EAM) [19,
20] and employed a potential that was fit explicitly to the
stacking fault energy of gold [11]. To construct the initial,
unrelaxed configuration for this model we used the fol-
lowing procedure. We first joined two slabs of FCC
material to an intermediate slab of HCP material oriented
with [2110],cp parallel to the [101]xc. Figure 6 illustrates
these three slabs prior to being rotated and joined. We tried
several widths for the initial HCP slab, ranging from the
zero-width limit (i.e., simply joining the two FCC slabs
with no starting HCP layer) to a maximum width of 30 A.
All of these starting configurations converged during
relaxation to the same ending structure. Although the left
and right FCC slabs were constructed with faces initially
parallel to (131) and (111), respectively, we chose periodic
boundary conditions to ensure that the overall interfacial
inclination and misorientation would be consistent with a B
of one 60° 1/2(110) dislocation for every two (111) planes
intersected by the interface, as discussed in the previous
section. In detail, the left and right FCC slabs were rotated
by 10° and 19.7°, respectively, to join the (IOTO)HCP faces
on the two sides of the intermediate HCP layer. We
chose these rotation angles so that 1/2[19,10,19] and
1/2[13,22,13], would be parallel in the two FCC crystals.

@ Springer
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Fig. 6 Schematic illustrating an intermediate step in producing the
initial configuration for the atomistic model

We applied a strain to the HCP layer to maintain continuity
of the close-packed planes through the interface and then
rotated the entire assembly so that periodic boundary
conditions could be applied along the 1/2[19,10, 19] and
1/2[13,22,13] directions. This construction gives an
average interface inclination parallel to (5, —19, 5) and (11,
—13, 11) planes in the left and right FCC crystals,
respectively. We relaxed the structure using periodic
boundary conditions in the directions parallel with the
boundary and free surfaces at approximately 140 A away
from both sides of the boundary plane.

Figure 7a shows the relaxed model projected along a
[101] direction. The (111) planes bend gradually through a
broad interfacial region where, as shown in the enlarge-
ment (Fig. 7b), the atoms are arranged in an ...abab...
stacking sequence. The atoms in Fig. 7a, b are shaded to
indicate their relative depth along the [101] axis. In a (110)
projection of a single crystal of FCC material, the atoms
are at two depths that differ by the {220} interplanar
spacing, a/ 21/2. Notably, the calculations predict a trans-
lation along the tilt-axis of 1/8[101], giving a planar offset
of half the {220} spacing (a/4\/§) (see Fig. 7c). This
translation is a result of the alternating screw components
of the dislocations present at the interface. As shown in
Fig. 7b, c, the translation occurs at the left side of the
dissociated interfacial layer, where the 30° Shockley partial
dislocations (Bé and Cé) are located, rather than at the
right side with the 90° Shockley partial dislocations (A).
Because Bd and Cé have oppositely signed screw com-
ponents, there is no element of twist to the intergranular
misorientation. However, the displacements due to these
screw dislocations do combine to give a net displacement
of 1/8[101] parallel to the tilt axis. For similar reasons, a
translation of 1/8[101] is found in atomistic simulations of
dissociated 90° {111}/{112} boundaries in Au, which form
an intergranular layer of 9R stacked material [11]. As in the
present case, the translation at the {111}/{112} boundary
occurs at an array of closely spaced, 30° Shockley partial
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Fig. 7 Atomistic simulation of
the boundary. a Projection along
the [101] tilt axis direction. The
periodic lengths parallel with
the interface, Y2[19, 10, 19] and
¥5[13, 22, 13] in the left and
right crystals, respectively, are
shown. The different shading of
the atoms indicates their relative
height in the out-of-plane
direction along the [101] tilt
axis. A translation of 1/8[101]
in the out-of-plane direction
occurs at the left side of the
dissociated region. b An
enlargement of the central
dissociated region with the
...abab... stacking of the HCP
layer annotated. c. Projection
along a direction orthogonal to
the [101] tilt axis (along the
vertical direction of Fig. 4a).
The locations of the a and b
sites in the HCP intergranular
layer are annotated. Away from
the interface, the two FCC
crystals are translated relative to
each other by 1/8[101] along
the tilt axis
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dislocations terminating stacking faults emitted from the
interface. Thus, even at a relatively high misorientation
angle, the essential features of this boundary—namely its
dissociation into HCP and its translation along the tilt
axis—follow from the properties of the individual dislo-
cations that constitute the interface.

Finally, we comment briefly on how the interfacial
geometry affects the spacing of the close-packed planes
within the HCP interlayer. Although the c/a ratio of the HCP
layer is difficult to define precisely since the interfacial layer
is quite narrow and the planes bend continuously as they
cross the interface, we can nevertheless draw some general
conclusions. First, to maintain continuity as they bend
through the interface, the close-packed planes must be
expanded to a larger separation than that of the {111} planes
in the FCC bulk material. From the boundary conditions,
the upper limit to this expansion is given by a factor of
1/cos(6/2) = 1.034. Furthermore, because the magnitude of
the bending on the two sides of the interlayer is different, the
expansion of the close-packed planes must be non-uniform
and asymmetric across the thickness of the layer, being
smallest at the left side of the layer, where the bending is
least, and largest at the right side, where the bending is the
most. Qualitatively, the difference in bending on the two
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sides of the layer occurs because the edge components of the
90° partial dislocations at the right side of the layer are larger
than those of the 30° dislocations at the left.

Relationship to dissociated structures at higher
misorientation: HCP at the 80.63° (110) {353}
(X = 43) symmetric tilt boundary

We now turn to a second question: how is this structure
related to the dissociated intergranular layers that have
been observed at higher misorientations? Because hexag-
onal close packing is equivalent to the highest possible
density of stacking faults in an FCC structure, the 29.7°
boundary likely represents an upper limit of misorientation
for which such grain boundary structures can be mean-
ingfully described in terms of the dissociation of individual
1/2(110) crystal lattice dislocations. Nevertheless, because
dense arrays of stacking faults are also found at many
boundaries at yet higher misorientation angles, it is inter-
esting to consider how the present boundary is related to
these other boundaries. Of specific relevance to our dis-
cussion is the 80.63° (110){353} (£ = 43) symmetric tilt
boundary, since this boundary also dissociates to form an
interlayer of HCP material [10-12].

@ Springer
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It is useful to analyze the structures of such dissociated
high angle boundaries by modeling the interfaces as dense
arrays of individual Shockley partial dislocations (rather
than full crystal lattice dislocations). In particular, the
pattern of faults at symmetric (110) tilt boundaries with
misorientations in the range of 50.5° to 109.5° can be
predicted by modeling the interfaces as sets of 90° (Ad)
and 30° (Bd and Cd) Shockley partial dislocations that are
distributed on adjacent, close-packed planes [11, 12]. The
idea behind this analysis is that the misorientation pro-
duced by the array consists of two components: one com-
ponent due to the twinning operation of the partial
dislocations and a second component due to the net Bur-
gers vector of the dislocation array. For instance, a periodic
distribution of partial dislocations consisting of equal
numbers of Ad, B, and Cd would have zero net Burgers
vector but would still rotate the crystal lattice (by 70.53°
about (110)) by twinning it, as was noted by Dash and
Brown [21] in early studies of annealing twins in FCC
materials.

The relationship between the net Burgers vector, B*, of
this array and the interfacial geometry is [11]:

B* =v—PuinV (2)

where v and v’ are vectors along the interface expressed in
the untwinned and twinned crystals, respectively, and Py,
describes the twinning rotation.” Representing the total
rotation between the two grains by the rotation matrix P, as
before, Eq. 2 can be rewritten in a form similar to the
Frank-Bilby equation:

B* = (I-PyinP™')v (3)

For symmetric (110) tilt boundaries, this equation can
be solved to determine the distribution of Shockley partial
dislocations describing a given misorientation and
inclination. The symmetric 80.63° (110){353} (X = 43)
boundary is a limiting case in this framework since it is
composed of a 1:1 ratio of 90° (Ad) and 30° (Bd and Cd)
partial dislocations.® As has been discussed previously [11,
12], if these dislocations are distributed in a repeat
sequence of ...Ad Bd Ad Co..., separation of the 90°
and 30° dislocations produces an HCP interlayer by
forming a stacking fault on alternating {111} planes.
Such a structure is consistent with atomistic simulations of
this interface [10] and further supported by HRTEM

- 2 -2 -1
2 For the geometry in this paper, Py, = % 2 1 2 1.

-1 -2 2
* For the £ = 43, 0 = 80.63° (353)/(353) boundary, v =1[5,6,5].
From Eq. 3, B* = 1[121]. As discussed in reference [11], requiring
that B” be composed of Shockley partial dislocations distributed one

to each of the 8 {111} planes crossed by v gives a distribution of 4
Ad, 2 B, and 2 Cé.
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observations of a boundary in Au near this misorientation
and inclination [12].

The dislocation arrangements at the 29.7° boundary and
the 80.63° {353} boundary are closely related. In both cases,
the boundaries are composed of walls of 90° and 30°
Shockley partial dislocations. The partial dislocations in
these walls are each distributed one to every 2 {111} planes.
The essential difference between the boundaries is the fol-
lowing. At the 29.7° boundary, the 90° and 30° partial dis-
locations have the same sign and are paired on the same plane
to form full lattice dislocations (separated by a stacking
fault). At the 80.63° boundary, the 90° and 30° partial dis-
locations are oppositely signed and sit on alternate planes.

We illustrate the relationship between these two
boundaries schematically in Fig. 8. In particular, one could
imagine converting between these two boundaries by
transforming the array of 90° partial dislocations through a
suitable dislocation reaction. This notion is illustrated in
Fig. 8a. Here the left side of Fig. 8a shows the array of
dissociated 1/2(110) dislocations that describe the 29.7°
boundary and its HCP interlayer. We now imagine
sweeping into the crystal a wall of 90° partial dislocations
(AJ), distributed with one to each adjacent {111} plane,
and allowing these dislocations to react with the oppositely
signed 90° partial dislocations (JA) at the right side of the
29.7° boundary. As it passes through the right crystal, the
Ad-wall reorients the crystal by shearing each {111} plane
by a vector of type 1/6(112). Once the Ad dislocations
reach the right side of the 29.7° boundary, half of the
dislocations cancel with the dA dislocations already at the
interface resulting in a sequence of unpaired partial dis-
locations, ...Ad Bé Ad Co ..., along the interface. This
operation, thus, produces the same sequence of partial
dislocations as at the symmetric ¥ = 43 boundary.

This dislocation reaction can be analyzed quantitatively
using Eqgs. 1 and 3. The Burgers vector density (normalized
per {111} plane intersected by the interface) for the 29.7°
boundary is B ={[121]. The array of Ad dislocations,
distributed at 1 per {111} plane, has B* = [[121]. Adding
these two arrays of dislocations gives B + B* = L[121].
This is the Burgers vector density (per {111} plane) that is
produced by the Shockley partial sequence: ...Ad Bé Ad
Co .... Solving Eq. 3 for this Burgers vector density and
taking v to be a periodic lattice translation vector gives
v = 1[565] and P~'v = 1[565] (P~ 'v is the interface vector
in the rotated, right crystal). The interface planes are thus
(353)/(353) and the misorientation about the [101] axis is
80.63°, which is the symmetric ¥ = 43 boundary. In
forming this symmetric configuration from the 29.7°
boundary, the inclination therefore rotates by 19.9° in the
anti-clockwise direction (i.e., in the left crystal going from
a inclination along [19, 10, 19] to an inclination along
[565]).
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Fig. 8 Schematic illustrating the inter-relationship between the two
HCP boundaries. a The left-most boundary is the same as shown in
Fig. 3. On the right, one imagines a wall of 90° Shockley partial
dislocations (Ad), distributed one to every {111} plane, sweeping in
from the right. These dislocations reverse the stacking on the right
side of the wall. In (b) the array of Ad dislocations has reached the

Conclusions

The analysis here helps to link our understanding of low-
and high-angle grain boundary structure. In this particular
case, we have shown how the dissociation of a dense array
of perfect crystal lattice dislocations into partial disloca-
tions produces an interfacial layer of hexagonal close
packed material and how this dislocation array is related to
the partial dislocations that produce HCP at the high-angle
2 = 43 boundary. The success in connecting these two
boundaries of quite different misorientation suggests that
similar analyses in terms of individual partial dislocations
may have general utility in unifying our understanding of
FCC boundary structure as a function of misorientation.
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Appendix A: Analysis of a step at the {111}/{131}
interface

In the main text, we have analyzed the defect content of
the interface with reference to one of the two adjacent
single crystals. We chose this approach because it
directly addresses the origin of the stacking fault pattern
and its relationship to boundaries at other misorientations.

right side of the interface, eliminating the dA dislocations that had
formed the right side of the HCP slab and leaving an A¢ dislocation
on the remaining planes. The resulting arrangement of un-paired
partial dislocations is the same as that forming (110) X =43
boundary [11, 12]

However, because the boundary in this paper is vicinal to
{111}/{131}, it is also instructive to analyze the interface
relative to a reference frame in which these planes are
aligned. This complementary analysis approach, which
we discuss below, provides further insight concerning the
nature of the interface at the facet length scale.

For this analysis, we adopt a coherent reference frame
following an approach used previously for boundaries in
FCC metals vicinal to {111}/{121} [22, 23]. The dichro-
matic pattern representing this strained reference state is
shown in Fig. 9. Here, (131) and (111) are rotated into

d{‘l”}u .

T ol R - o
A111 ') O 0 m|
u s~ = A B A~ ®B A =

-———»
101 121

Fig. 9 Dichromatic pattern for the coherently strained reference
state. (131) and (111) are rotated into alignment (0 = 29.496°) and
periodic lengths parallel to the interface in the upper (1) and lower (w)
crystals (1/2[323]; and [121],) are strained into coherency. The
analyzed disconnection can be envisioned as the difference between
two lattice translation vectors, t; = [101] and t, =211]. The
difference in step heights (2 (131) planes A and 1 (111) plane in u)
gives a component of Burgers vector that is perpendicular to the
(131),//(111),, terrace
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alignment (0 = 29.496°) and periodic lengths parallel to the
interface in the upper (1) and lower (u) crystals (1/2[323];
and [121],) are strained into coherency. The matrix defining
this coherent reference state, Py, is given by:

Pcoh = Prel U,uAU;l (4)

P, relates the coordinate frames of the two relaxed and
unstrained crystals, A describes the uniaxial compression
of u to bring it into coherency with 4 (in unit orthogonal
coordinates), and U, converts from unit orthogonal
coordinates to u crystal coordinates:

| 54433 4 5-—+/33

Prelzi —4 10 —4
2WB\s_ 33 4 543
V5 00
A= 0 1 0o (5)
0 0 1
| (1 V2 V3
U, = 2 V2 0

Vell —v2 3

As noted in the results sections, the observed section of
boundary consists of two terraces that are separated by a
step-like defect (or “disconnection” in the terminology of
Hirth [24], which emphasizes the dual roles of step and
dislocation content of such defects). By constructing a
circuit around the disconnection, and then mapping this
circuit into the coherent reference frame, the topological
properties of the defect can be established. Figure 10
shows the intensity peak positions extracted from the
HRTEM image of the dissociated boundary. This is the
same data as in Fig. 3 of the paper, but here the data are
rotated so that (131) and (111) are horizontal to better
highlight the step and to allow comparison with Fig. 9.
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ob o 0¥ oo P gY 50 59 050 K0 4
020%0000000%0%00o%ooooooooo
gt a 0Telolalo 626 820%94%6%0
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0%90%0%06%06°%0 0%06%90%¢0
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0400 0g 69606040
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Fig. 10 Circuit analysis of the observed interfacial disconnection.
The data are the same as in Fig. 3, but is rotated here by 90°
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Denoting the circuits in the upper and lower crystals as
C; and C,, respectively, the Burgers vector associated with
this disconnection is given by:

b=— (Cﬂ + Pcohcu) (6)

Resolving b into edge components parallel and normal to
the terrace gives: by = 0.3020a and b, = —0.0256a. The
defect also possesses a screw component of bgew =
40.3535a. The step heights in the upper and lower crystals
are —2d;3; = —0.603aand —d;;; = —0.577a, respectively.
As illustrated in Fig. 9, this defect can be envisioned as the
difference between two lattice translation vectors, t; = [101]
and t, = 1[211] (note: b = t; — Pcont,,).

A periodic array of such disconnections would rotate
both the boundary inclination and crystal misorientation
from (I3T)A//(Ili)# due to the step and dislocation con-
tent of the defects. Pond et al. have derived the relation-
ships for the interface inclination and misorientation when
disconnections are spaced at the separation required to
fully accommodate the interfacial coherency strain [25].
Using the expressions in Appendix B of reference [25], we
compute that an array of disconnections of the type
observed here would accommodate the coherency strain at
the (131),//(111), interface when distributed at a sepa-
ration of L = 7.166a (an equal distribution of positive and
negative screw components would be required to cancel
any twist). At this spacing, the normal component of the
Burgers vector of the disconnections adds 0.206° to the
crystal misorientation, bringing the total misorientation to
27.702°. Moreover, the step components of the discon-
nections rotate the macroscopic boundary inclination from
(131),//(111), by 4.83° in Z and 4.62° in y (both in the
clockwise direction). This misorientation and macroscopic
boundary inclination are equivalent to that computed in
section 1 of the discussion using the Frank-Bilby equation
for a Burgers vector density of one 60° 1/2(110) disloca-
tion for every two (111) planes intersected by the interface.
This analysis, then, gives a microscopic picture of the
relationship between the macroscopic geometric parame-
ters of the interface and its specific atomic-scale defects.
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