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The present study applies high-resolution transmission electron microscopy with a combination of geometric
phase analysis to characterize atomic structures of a twist grain boundary in gold, illuminating the presence
of misfit dislocations with a stand-off distance from the grain boundary. The formation of the stand-off misfit
dislocations is attributed to a difference in shear modulus between the two grains bordering the grain boundary,

which originates in elastic anisotropy of Au.
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The misfit at an interface between two crystalline phases
is accommodated by misfit dislocations, which are located
directly at the interface.! However, if the shear moduli are
different for two phases, misfit dislocations are repelled to the
region with the lower modulus. That is, the misfit dislocations
exhibit a stand-off distance from the interface, because the
dislocation energy is lower in the more compliant region.>™
The stand-off distance is accepted as being determined by
the balance between image forces due to the difference in
elastic constants between two crystals adjoining at the interface
and coherency forces due to the lattice mismatch of the
crystals calculated by using linear elastic approximation.’>=
Their calculations indicate that the equilibrium stand-off
distance increases with increasing ratio of the shear moduli
and with decreasing misfit. The theoretical treatments of
the formation of stand-off dislocations have been applied
to experimental observation of heterophase interfaces, e.g.,
metal-oxide ceramic systems.®!° However, if a material is
elastically anisotropic, two grains bordering a grain boundary
(GB) may produce a difference in shear modulus, under which
misfit dislocations will be repelled from the GB and moved
into the more compliant one.

Here, we report observations of stand-off dislocations at a
homophase interface (here, a twist GB with a misorientation
of 45°/[010] in Au) by high-resolution transmission electron
microscopy (HRTEM). The bicrystalline TEM specimen was
composed of two grains with surface normal directions of
[001] and [—101]. Interestingly, misfit dislocations did not lie
exactly at the GB, but their cores were positioned a few atomic
layers away from the GB into the (001) grain. The observation
is successfully clarified by elastic anisotropy of Au, whose
Zener’s anisotropy factor [2(S1; — S12)/S44] is ~2.9, where
S;j’s are the elastic compliances. When the factor is unity,
the elastic properties are isotropic. It follows that Au is a
highly anisotropic material. Our calculations of shear modulus
based on elastic anisotropy of Au reveal that the (001) grain is
more compliant than the ( — 101) grain, which is in agreement
with the observation. The shear modulus difference varies
with the GB plane normal (GB inclination), a dependence
that has not been elucidated so far. GBs are very important
for materials performance in many technical applications.!!
For understanding physical phenomena associated with GBs,
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knowledge of the GB-related defect structure is crucial. Our
study promotes an understanding of the GB-related defect
structure.

In this study, we used a 99.999% pure Au bicrystal
having a rwist GB with a misorientation of 45°/[010]. The
bicrystal was fabricated by diffusion bonding (MaTeck). TEM
specimens were prepared from the bicrystal on a focused Ga-
ion beam (FIB) workstation. Cross-section FIB lamellae were
Pt-welded to a Mo half-grid for TEM. The prepared specimens
were heated up (at a rate of 15°C/min) and annealed at
600 °C for 2 h without the electron beam in a high-voltage
TEM operating at 1.25 MeV (JEM-ARM1300S, JEOL). After
cooling to room temperature they were observed in the same
microscope. The ex situ observation was employed to exclude
knock-on damage by the 1.25 MeV electron beam, which
amounts to the threshold value for Frenkel pair formation
for Au (~1.2 MeV). The thickness of the specimens was
determined by an electron-energy-loss-spectroscopy log-ratio
method'? to be 33—50 nm. Quantitative measurements of local
strain components near the GB were made by geometric phase
analysis (GPA),'>!'* a TEM strain mapping technique, with
a spatial resolution of 0.41 nm. The strain artifact in the
phase images arising from the electron optical lens distortion
introduced by the microscope was calibrated for the accuracy
of the strain measurements to be better than 0.1%.

As shown in Fig. 1(a), the GB was observed to be smoothly
curved before annealing. After annealing, the GB was observed
to be faceted with flat (010)4//(010)p [(010)4 p] terraces
separated by occasional atomic-scale height steps [Fig. 1(b)],
where the grain with the surface normal orientation of [001]
is designated as A and the other grain as B. The average
separation distance was ~6 nm. And interestingly, an array of
dislocations appeared in grain A, being aligned along the GB,
as shown in Fig. 1(c). Their cores were positioned away from
the GB, a stand-off distance being two times the interplanar
spacing of the (020)4, planes. A Burgers circuit made around
the core region produces a closure failure [Fig. 1(c)]. Since
HRTEM projects a two-dimensional image of a material, the
observed closure failure of the Burgers circuit was a projection
of a real Burgers vector, in this case, onto the (001) plane.
The projected Burgers vector was a/2[100], with a being the
lattice parameter of Au. The Burgers vector corresponds to
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FIG. 1. HRTEM images of a twist GB with a misorientation of
45°/[010] (a) before and (b) after annealing. (c) Enlarged view of a
boxed region in (b). A dashed line in (b) indicates the average GB
inclination angle of ~2.85° from the (010)4//(010)p plane about the
z direction. Stacking faults are seen in grain B, as marked by a white-
kinked line in the middle of (b). Stand-off dislocations formed in grain
A can be seen in (c). The GB position is indicated by a dashed line.

a/2(101), because it is the shortest vector allowed in Au and
thus has the lowest dislocation energy. The Burgers vector was
parallel to the GB plane [i.e., (010)4 p in Fig. 1(b)] at an angle
of 45° with the [100],4 direction. The atomic columns at the
cores appear to be missing, suggesting that the dislocation line
ran parallel to the [001]4 direction, which is the specimen
thickness direction. This might result from a reduction of
dislocation line energy. The spacings between the stand-off
dislocations show a repeat of two kinds of periods, three and
four times the interplanar spacing of the (200) planes (a/2,
where a is the lattice parameter of Au).

As a result, the Burgers vector and dislocation line formed
an angle of 45° and the slip plane, determined by the Burgers
vector and dislocation line, is taken to be parallel to the (010) 4,
which is not the slip plane in face-centered-cubic materials.
The observations indicate that the dislocations were sessile
and mixed. What was observed is the edge component of the
dislocations.

As shown in Fig. 2, strain fields e,,, €, and &, around
the stand-off dislocations were analyzed by GPA at the
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FIG. 2. (Color) Strain fields of (a) &, (b) &y, and (c) &, around
the stand-off dislocations obtained by GPA. The x and y directions
are chosen to be parallel and normal to the GB, respectively. All
the strain maps are superimposed on the HRTEM image shown in
Fig. 1(c). The strain field of &,, is also measured across the GB
(indicated by a dashed arrow) as a line graph in (c). The GB position
is indicated by a dashed line. The color bar indicates the full strain
range from — 0.4 to 0.6.

subnanometer scale. ¢,, exactly indicates the position of cores
of the stand-off dislocations [Fig. 2(a)]. For positive edge
dislocations, the structure above the slip plane is compressed
owing to the presence of the extra-half plane and that below is
expanded. Figure 2(a) shows that strong tensile strain fields
appear close to the GB and compressive strain fields are
distant from the GB, as indicated by the color bar (—40
to +60%), which indicates an approximate position of the
extra-half plane. In the map of &, in Fig. 2(b) the shear strain
changes the sign from left to right with the core as the center,
which is characteristic of edge-type dislocations. [The GPA
maps shown in Figs. 2(a) and 2(b) were referred to as grain
A. Thus the region above a dashed line indicating the GB
position (grain B) is not relevant, since it has no phase relation
with grain A, showing featureless noise. Opaque rectangles are
thus superimposed on grain B.] Figure 2(c) shows the map of
€,y, which applies to both the grains because the y direction
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is [010] and is common to both grains. Interestingly, strong
tensile strain fields developed in the region of grain B grain
bordering the GB.

Since normal and shear stress components acting on the free
surface of a body are zero, the stress state of a thin film can
approximate to plane stress, which holds for the bicrystalline
TEM specimen in this study. Therefore, 0., = 0,x = 0;, ~ 0,
where the z direction is normal to the specimen surface and
parallel to the [001]4 (or [—101]g) direction [Fig. 1(b)].
The effective misfit-stress component would act along the GB
plane, and under the plane stress state, is approximated to
be parallel to the GB length direction, which is parallel to
the GB plane without any z-direction component, because
there is no stress component parallel to the z direction under
this condition. Therefore, we can simply consider the misfit
along one direction, i.e., the GB length direction. The lattice
planes normal to the x direction have different spacings for
the two grains (d4 for grain A and dp for grain B). The
spacing d, corresponds to interplanar spacing of the (200)
planes of Au (a/2) and dp to the interplanar spacing of the
(101) planes (a/~/2). The periodic spacing D between adjacent
parallel stand-off dislocations in grain A is obtained by
calculating the vernier period of the misfit P in the GB length
direction:

D =Pdg = (P + 1)d,, because dp is larger than d 4.

P is calculated to be 2.451. Thus the spacing between the
stand-off dislocations in grain A is calculated to have a period
of 3.451, which agrees with the observed value of 3.5 [the
mean quantity of the two repeat periods (3,4)] as shown in
Fig. 1(c).

The GPA analyses (Fig. 2) demonstrate the formation of
stand-off dislocations in grain A. The atomic layers in grain
B undergoing strong tensile normal strain in the y direction
[Fig. 2(c)] are attributed to the strong tensile strain near the
core of the stand-off dislocations in the x direction [Fig. 2(a)].
The tensile strain is expected to cause tensile strain to the
coherently strained region in grain B in the y direction by
Poisson’s effect.

The previous studies based on linear elasticity theory>
suggest that any difference in shear modulus between joined
regions would repel misfit dislocations from the interface.
For materials of cubic symmetry, the shear modulus G for
a certain plane and direction is given by a function of elastic

compliances and direction cosines, a; j:15

1/(4G) = (1/4) Saa + [Ss4 — 2(S11 — S12)]

x (ar1az1a2ax + ajaxa3as + a12a:a013023) ,

where the direction cosines g;; relate the arbitrary directions
x/ to the fundamental axes of the material x ;. The fundamental
axes of a cubic material x|, x,, and x3, are three axes of fourfold
symmetry, i.e., [100], [010], and [001]. x| corresponds to
the shear direction [HKL] and x} to the shear plane normal
direction, whereupon we designate the shear modulus as
G(hkl)[HKL]~ For All, S“ = 00310, S12 = —0.0144, and S44 =
0.0294 GPa~!' at 600 °C (the annealing temperature),'®!”
which were used for the calculation of the shear moduli.

To calculate the shear modulus difference in our case, first
of all, relevant shear planes and directions for the two grains
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FIG. 3. (Color) (a) Plots of shear moduli in directions on the
shear planes of grains A and B which are parallel to the inclined GB
plane with an inclination angle of 2.85°. A dashed rectangle (inset)
represents the shear planes parallel to the inclined GB plane. In (b),
shear moduli for grains A and B are plotted in the shear direction on
the shear plane whose normal is rotated by ¢ from the [010]4 p about
the z direction [indicated in Fig. 1(b)].

should be selected. In the present study, the shear plane is
set parallel to the GB plane. Under the plane stress state, the
shear direction is set parallel to the GB length direction, as
for the effective misfit stress. The GB before annealing was
smoothly curved [Fig. 1(a)]. We suggest that the defaceted
morphology before annealing is related to the occurrence of
the stand-off dislocation. As will be shown later, if the GB
is parallel to the (010)4 g, no shear modulus difference is
calculated between the two grains. The inclination from the
(010)4 5 plane produces a shear modulus difference. From
the faceted structure observed after annealing [Fig. 1(b)], the
average inclination angle is measured to be ~2.85° from the
(010)4, g about the z direction, as indicated by the dashed line
shown in Fig. 1(b). For the present, we set both the shear planes
and directions for the two grains parallel to the inclined GB
plane with an inclination of 2.85°.

If the shear moduli are plotted on the shear planes set
parallel to the 2.85°-inclined GB as a function of direction
including the GB length direction, we obtain Fig. 3(a), where
the abscissa refers to the angle between a shear direction
and the z direction. The GB length direction corresponds
to 6 = 90°. For 6 = 90°, the shear modulus for grain A is
calculated to be 33.33 GPa and that for grain B is 33.50 GPa at
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600 °C. Thus grain A is more compliant than grain B under the
plane stress state, misfit dislocations being repelled to grain
A, which is in agreement with the present observation.

Because of the wavy morphology of the GB before
annealing [Fig. 1(a)], actual inclination angles varied from
point to point along the GB. Thus it would become a more
general case if the shear moduli for grains A and B are plotted
on the shear plane whose normal is rotated from the [010]4 p
about the z direction [Figs. 1(b) and 3(b)]. The shear moduli
at the inclination angle ¢ of 2.85° correspond to the modulus
values mentioned above. The plot demonstrates that, once the
GB plane deviates from (010)4_ g, a shear modulus difference
is induced and grain A is more compliant.

If the GB plane is exactly parallel to (010),4 g, correspond-
ing to ¢ = 0° no shear modulus difference is expected,
and thus stand-off dislocations are not likely to occur. It is
therefore deduced that the dislocations formed before the GB
faceting. And even after the GB was faceted with the (010)4 p
terraces, since the dislocations were sessile, they would not be
annihilated.

The thermal strain might influence the GB structure in our
case. The linear thermal expansion coefficients o of Au, Mo
(TEM grid), and Pt (for welding) are 142 x 107%, 5 x
107%, and 9 x 107% K~!, respectively. The thermal strain
(AaAT) upon heating and cooling between the annealing
temperature of 600 °C and room temperature approximates to
an order of 1073, This is negligible, compared with the lattice
misfit strain [2(dg — da)/(dp + da), where ds and dp are
interplanar spacings of the (200) and (101) planes, respectively,
as specified above] of 0.343, leading us to conclude that the
thermal strain is unlikely to affect the GB structure. The
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emission of partial dislocations into grain B [(Fig. 1(b)] is
concluded to be induced by the misfit stress.

Merkle et al.'®! examined atomic structures of a twist
GB with the same misorientation as ours. However, their
observation does not give any indication for misfit localization
and stand-off dislocations at the GB. The GB was just flat,
parallel to the (010) plane, and aperiodic. We attribute the
nonobservation of stand-off dislocations to their thin TEM
specimen thicknesses (5—10 nm;'® 33-50 nm for our case). As
a TEM specimen becomes thinner, the strain energy arising
from the misfit at a GB in the specimen decreases. Below
a critical specimen thickness, where the strain energy is
inadequate to compensate for the dislocation energy, (stand-
off) misfit dislocations are unlikely to form, as suggested by
Refs. 1 and 20.

To conclude, the present investigation indicates that the
presence of misfit stand-off dislocations is not limited to het-
erophase interfaces. Our study demonstrates direct evidence of
stand-off dislocations at a homophase interface (here, a twist
GB in Au). Their formation at the Au GB is attributed to the
difference in shear modulus between two grains bordering the
GB, which is caused by elastic anisotropy in Au. This study
illuminates that the shear modulus difference strongly depends
on GB inclination.
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