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We consider the optimal design of tricrystal specimens for use in experimental studies of
static triple junction properties. Important considerations in this regard are the stability and
reproducibility of the tricrystal structure, and we develop a straightforward criterion for the
selection of particular grain boundary misorientations and interfacial planes that meet
these needs. A small set of particular cases is proposed to provide representative,
reproducible and therefore comparable bases for the experimental study of triple junction
properties. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Triple junctions are the lines at which three interfaces
meet, and while they may be quite generic junctions be-
tween different types of interface, our focus here is upon
the subset of triple junctions that comprise three indi-
vidual grain boundaries. We designate these as “grain
boundary triple junctions” or GBTJs. Grain boundaries,
of course, have been a topic of active research for more
than half-a-century, but their triple junctions have only
recently been investigated in any detail. A summary
of known grain boundary triple junction properties and
behaviors can be found in the papers contained in a spe-
cial issue (number 3/4) of Interface Science, Volume 7
[1].

Although interest in GBTJs is growing rapidly, the
majority of published findings about their properties
is still theoretical or simulational in nature. Relatively
few systematic experimental studies have yet been un-
dertaken, and to the best of our knowledge they are
restricted to studies of mobility effects, in which con-
trolled tricrystals have been used [2]. There has also
been one reported study of diffusion in an uncontrolled
triple junction [3], and some isolated observations of
GBTJ effects such as segregation [4]. The lack of sys-
tematic studies of triple junction properties may be at-
tributed to the complexity of performing experiments
on isolated nano-scale defects, and also to the daunt-
ing prospect of investigating a defect that may have as
many as 23 structural degrees of freedom [5]. The ob-
served variability of GBTJ responses [4] also leads one
to suspect that their properties may strongly dependent
upon the structural degrees of freedom.

One result of the dearth of experimental information
is that there is not yet any resolution to such a basic
question as the sign (let alone the magnitude) of the
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energy associated with a triple junction, which is left
in question by the existing computer simulation studies
that provide conflicting results [6–8].

Our purpose in this paper, is to define a small set of
triple junctions that can be fully characterized using a
wide range of techniques, and used for a wide range
of different studies such that the results are all compa-
rable to each other. This goal sets a number of critical
requirements:

(i) It should be possible for experimental specimens
containing the designed junctions to be created repro-
ducibly, with relative ease;

(ii) The junctions should be stable enough to allow
for a variety of experiments to be undertaken on them;

(iii) The crystallography of the junctions should
make them amenable to study via computer simula-
tion, so that theory and experiment can be compared;
and

(iv) The designs should provide a wide enough range
of parameters to test the effects of varying at least some
of the GBTJ degrees of freedom.

Requirement (i) has previously been met for the
case of research on grain boundaries, by growing long
bicrystal specimens from oriented seeds [9, 10]. These
specimens are then sliced to provide large numbers
of specimens with nominally identical boundary pa-
rameters that have been used to investigate the prop-
erties of the grain boundaries in a variety of system-
atic experiments. A similar approach, using seeded
growth of metallic tricrystals in a vertical Bridg-
man furnace is a viable means of creating a refer-
ence set of experimental triple junctions for systematic
study.
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The satisfaction of requirement (ii) is more compli-
cated, and is the main subject of this paper. The chosen
solution to this problem naturally satisfies requirement
(iii), and requirement (iv) calls for a number of varied
applications of the reasoning set out in the next section.

2. Design considerations for stable GBTJs
2.1. Stability against boundary plane

re-orientation
With the use of Bridgman techniques for tricrystal
growth, we have good control over the orientations of
the three crystals making up the specimen, and also of
the growth direction, which is expected to include the
direction of the junction itself. We can exert a modest
influence over the boundary planes through the design
of the tricrystal mold, but we anticipate that local equi-
librium considerations at the GBTJ will overwhelm any
attempt that we may make to overcome them to enforce
any particular set of grain boundary planes. We must
therefore work toward GBTJ parameters that result in
tricrystals which are intrinsically stable.

The most elementary approximation that can be ap-
plied to this problem is that of isotropic and uni-
form grain boundary energy. Here, the term “isotropic”
means that the boundary energy is invariant with
changes of boundary plane, at fixed misorientation,
and “uniform” means that all grain boundaries have
the same energy irrespective of misorientation. The re-
sult of these two assumptions is the familiar conclusion
that the grain boundaries always meet at the dihedral
angle of 120◦, and we can freely choose grain boundary
planes that meet this requirement.

Herring [11] has given the condition of stability for
three interfaces in the form:

3∑

i=1

(
γi ti + ∂γi

∂ti

)
= 0 (1)

where γ1, γ2 and γ3, are the three surface tensions, ti is
a unit vector in the plane of the i th interface, normal to
the line of intersection and pointing away from the line.
Despite the accumulation of considerable amounts of
grain boundary data, however, we do not have sufficient
information about all of the terms of Equation 1 to pro-
vide solutions for completely stable triple lines, in gen-
eral cases. In order to create stable, artificial tricrystals,
therefore, we resort to a strategy of satisfying Equation
1 by making it as close as possible to zero, term by
term. Thus we require that our triple junctions meet the
following requirements:

3∑

i=1

(γi ti ) ≈ 0 (2)

and
∂γ1

∂t1
≈ ∂γ2

∂t2
≈ ∂γ3

∂t3
≈ 0 (3)

which together satisfy Equation 1. Requirement (2) is
equivalent to the usual isotropic approximation, that is

often expressed as

γ1

sin �1
= γ2

sin �2
= γ3

sin �3
(4)

where the �i are the dihedral angles formed by the grain
boundaries. Sufficient information is available about
the variation of grain boundary energy with the bound-
ary parameters (see e.g. [12]) to use requirement (2),
or Equation 4 to design the appropriate dihedral angles
(and hence boundary planes) for a tricrystal embody-
ing a particular set of misorientations. The variation of
dihedral angle predicted by this expression has been
used to measure the variation of grain boundary energy
with boundary parameters, very successfully [13, 14],
but it is not clear that this is sufficient to predict an
intrinsically stable triple junction.

There is some evidence of a strong preference for
symmetrical tilt grain boundary planes in gold thin
films, where triple junctions are predominantly aligned
parallel to 〈111〉 directions common to all three grains
[15], and this indicates that the isotropic approxima-
tion may not be a sufficient guide in cases of this type.
Since we will describe the design of GBTJs with com-
mon low-index directions parallel to the junction line,
it appears that anisotropy needs to be considered in the
design of the triple junctions. so we also impose require-
ment (3), which is most simply satisfied by ensuring
that the individual grain boundary planes are symmet-
rically disposed with respect to the crystal lattices that
they divide. According to Neumann’s principle [16],
this must define an energy extremum and it is likely to
be a minimum.

A complete analysis of the equilibrium of triple junc-
tions, without the simplifying approximations, can be
achieved using the capillarity-vector approach devel-
oped by Hoffman and Cahn [17, 18]; however, to apply
this method in a design scheme it would be necessary
to have a complete Wulff-plot for every grain boundary
under consideration, and this information is not usu-
ally available. Nevertheless, we can draw some fairly
general guidelines from the analysis. In particular, it is
found that when one or two of the boundaries that com-
prise a GBTJ are trapped in a low-energy orientation,
then the remaining boundary or boundaries can freely
adopt a range of orientations [5]. This corresponds to
a set of cases in which the boundary tensions may be
imbalanced, generating a resultant force on the GB,
that is balanced by the grain boundary torques through
their resistance to the rotation of the trapped boundary
planes.

Our strategy is to find tricrystal geometries by search-
ing for dihedral angles that are determined by symmetry
considerations rather than by energy considerations.
From this set of geometries, we select those tricrystals
for which the interfacial energy produces small resul-
tant forces, as determined by Equation 2, since that will
produce the least likelihood of rotation away from the
symmetric boundary plane. A geometric and energetic
analysis of triple junctions that comprise only symmet-
ric tilt boundary planes has been provided by Singh
and King [19, 20], and in this paper we use a similar
analysis applied to a restricted set of GBTJs.

2796



INTERFACE SCIENCE SECTION

2.2. Stability against grain boundary
dissociation

A significant problem in the creation of GBTJs is that
they can decompose spontaneously by forming a new
grain, which is usually a twin of one of the three grains
that meet at the junction [21–28]. This process is evi-
dently driven by the removal of high-energy interfaces
through the creation of lower-energy ones. It is daunt-
ingly difficult to attempt to consider all of the possible
dissociations that might occur at a selected GBTJ so,
again, we resort to a simplifying assumption. Since dis-
sociation reactions result in the formation of at least one
twin boundary in almost all observed cases, we select
GBTJs that comprise only coincident-site lattice (CSL)
related grain boundaries in which there is no direct path
to the formation of a �3 boundary, via a reaction of the
type

� A ⇒ �B + �3 (5)

where A and B are odd integers. This reaction is al-
lowed, geometrically, if

αA = 3B (6)

where α is also an odd integer whose definition and
meaning have been discussed by Gertsman [29]: its
value is most frequently unity. In order to avoid com-
plications from this type of reaction, we seek wherever
possible to select cases in which the �-values of any
product boundaries are larger than those of the intended
tricrystal design. This design criterion requires us to use
CSL-related grain boundaries with relatively low �-
values, meaning that the boundaries have short-range
periodic structures. This requirement has the specific
benefit of helping to make the structures amenable to
study by computer simulation: it does not necessarily
predict any specific energetic outcome, though we note
that all of the reported experimental observations of
this type of reaction result in the production of bound-
ary segments with lower �-values than those of the
parent segments.

2.3. Selection of a suitable range of GBTJ
parameters

In order to provide a reasonable variety of GBTJ
parameters, without becoming overwhelmed by the
wide range of possibilities, we have narrowed our
consideration to three distinct cases: each of them
is defined by a common low-index direction of all
three grains, lying parallel to the intended GBTJ
line direction. As described below, we have designed
experimental GBTJ specimens with common 〈100〉,
〈110〉 and 〈111〉 directions. At this relatively early
stage of experimental research of GBTJs this nar-
row range of choices is sufficient to provide some
baseline information, although it is not likely to be
readily extendable to more general cases. If the rules
provided here are successful, then our approach can
subsequently be extended to more general cases.

3. GBTJ design specifics
For each triple junction axis, we identify all of the avail-
able CSLs, and triple junctions that can be constructed

from them, typically using �-values up to 99. Each CSL
provides up to two distinct possible symmetric tilt grain
boundary planes, as described below, and these planes
provide sets of possible dihedral angles, which are eval-
uated by determining the resultant force applied to the
GBTJs by the three directed grain boundary tensions.
Those GBTJs whose symmetrical boundary planes pro-
duce the smallest resultant force are selected as the ones
most likely to be stable. In order to simplify this process,
triple junctions that include dihedral angles greater than
180◦ are excluded a priori, since they must produce a
large resultant force. We note that despite this large
force, GBTJs of this type have been observed and ana-
lyzed in detail [30], demonstrating that the torque terms
in Equation 1 may be significant.

We have used grain boundary energies taken from
simulation studies by Wolf, using Lennard-Jones (LJ)
and embedded atom method (EAM) interatomic poten-
tials [31].

3.1. 〈100〉 junctions
Details of all of the GBTJs that were evaluated are
shown in Table I. For each of the CSLs produced by
rotations about 〈100〉 in cubic materials, there are four
specific symmetric tilt grain boundary planes, and these
correspond to the edges and the diagonals of the CSL
unit cell, when viewed in the [100] projection, as shown
in Fig. 1. The boundaries produced by the two CSL
edges are equivalent to each other, and produce physi-
cally identical GBTJs, and the two diagonal boundary
planes produce a similar degeneracy, so we consider
only one of the two cases in each class. It is possi-
ble, however to mix the “edge” and “diagonal” bound-
ary planes from the different CSLs in making up the
triple junction. In each case, for three specific misori-
entations, there are two distinct sets of symmetrical tilt
boundary planes, giving rise to two distinct triple junc-
tions, which have the same (symmetry-determined) di-
hedral angles. The two cases are related by a 45◦ rota-
tion of all three of the boundary planes about the axis
of the GBTJ. Resultant forces for both configurations
are shown in the table.

The resultant forces predicted for the [100] symmet-
rical triple junctions range from 0.058 to 0.139 N/m
based on Wolf’s LJ results, and from 0.022 to 0.158
N/m using the EAM data.

Figure 1 The orientations of symmetric tilt grain boundary planes rel-
ative to the CSL unit cell, for [100] grain boundaries of interest in this
work. Similar styles of broken line indicate boundaries that are symmet-
rically equivalent to each other.
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TABL E I Candidate triple junctions with a common [100] axis. The lowest resultant force values are indicated in bold type, and the junction
selected as the best candidate for further study is indicated by underlined resultant force values. In this case, the LJ and the EAM computations predict
different choices, but the GBTJ chosen on the basis of the EAM calculation is the second-ranked choice for the LJ computation, and this appears,
overall, to be a sound choice

GB 1 GB 2 GB 3 Resultant force on TJ, (N/m)

CSL, θ �5, 36.87◦ �5, 36.87◦ �25, 16.26◦
GB Plane {031} {031} {017}
GB Energy (J/m2) 0.87l j ; 0.84eam 0.87l j ; 0.84eam 0.83l j ; 0.73eam 0.058l j ; 0.022eam

Alternate GB plane {021} {021} {034}
Alt GB Energy (J/m2) 0.92l j ; 0.88eam 0.92l j ; 0.88eam 0.73l j ; 0.63eam 0.090l j ; 0.158eam

Dihedral Angle 116.57◦ 116.57◦ 126.87◦

CSL, θ �5, 36.87◦ �13, 22.62◦ �65a, 30.51◦
GB Plane {013} {015} {0 3 11}
GB Energy (J/m2) 0.87l j ; 0.84eam 0.90l j ; 0.81eam 0.92l j ; 0.86eam 0.090l j ; 0.045eam

Alternate GB plane {021} {032} {047}
Alt GB Energy (J/m2) 0.92l j ; 0.88eam 0.82l j ; 0.72eam 0.90l j ; 0.83eam 0.035l j ; 0.091eam

Dihedral Angle 116.57◦ 123.69◦ 119.74◦

CSL, θ �5, 53.13◦ �13, 22.62◦ �65b, 14.25◦
GB Plane {021} {015} {081}
GB Energy (J/m2) 0.92l j ; 0.88eam 0.90l j ; 0.81eam 0.81l j ; 0.70eam 0.139l j ; 0.058eam

Alternate GB plane {031} {023} {079}
Alt GB Energy (J/m2) 0.87l j ; 0.84eam 0.82l j ; 0.72eam 0.68l j ; 0.59eam 0.096l j ; 0.109eam

Dihedral Angle 108.52◦ 123.96◦ 127.52◦

CSL, θ �25, 16.26◦ �65a, 59.48◦ �65b, 14.25◦
GB Plane {017} {047} {081}
GB Energy (J/m2) 0.83l j ; 0.73eam 0.90l j ; 0.83eam 0.81l j ; 0.70eam 0.085l j ; 0.041eam

Alternate GB plane {034} {0 3 11} {079}
Alt GB Energy (J/m2) 0.73l j ; 0.63eam 0.92l j ; 0.86eam 0.68l j ; 0.59eam 0.061l j ; 0.129eam

Dihedral Angle 122.22◦ 106.47◦ 131.41◦

In this case, the LJ and the EAM computations pre-
dict different choices, but the GBTJ chosen on the basis
of the EAM calculation is the second-ranked choice for
the LJ computation, and this appears, overall, to be a
sound choice. The junction selected as the most suit-
able for experimental study, is indicated by underlining
in the table, and is illustrated in Fig. 2.

3.2. 〈110〉 junctions
Details of all of the GBTJs that were evaluated for the
〈110〉 axis are shown in Table II. For this axis, the CSLs
have orthorhombic unit cells, and there are only two
symmetric tilt boundaries which contain the primary
rotation axis. These correspond to the long and short
edges of the CSL, when viewed in a 〈110〉 projection,
as shown in Fig. 3. The two boundary planes are dis-
tinct symmetrical configurations oriented at 90◦ to each
other. Thus for each GBTJ configuration, comprising
three fixed misorientations, there are two symmetry-
related symmetric tilt configurations, which are related
by a 90◦ rotation of all three boundary planes about the
common rotation axis.

The resultant forces predicted for these symmetrical
triple junctions range from 0.007 to 0.457 N/m based on
Wolf’s LJ results, and from 0.056 to 0.441 N/m using
the EAM data.

The junction selected as the most suitable for exper-
imental study, is indicated by underlining in the table,
and is illustrated in Fig. 4.

Figure 2 Geometrical details for the [100] triple junction selected as the
most likely to be stable.

Figure 3 The orientations of symmetric tilt grain boundary planes rel-
ative to the CSL unit cell, for [110] grain boundaries of interest in this
work.
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TABL E I I Candidate triple junctions with a common [110] axis. The lowest resultant force values are indicated in bold type, and the junction
selected as the best candidate for further study is indicated by underlined resultant force values. In this case the LJ and EAM results suggest the same
triple junction as the most suitable for further study

GB 1 GB 2 GB 3 Resultant force on TJ (N/m)

CSL, θ �9 : 141.06◦ �9 : 141.06◦ �81 : 77.88◦
GB Plane {1 1 4} {1 1 4} {7 7 8}
GB Energy (J/m2) 0.70l j ; 0.56eam 0.70l j ; 0.56eam 0.47l j ; 0.43eam 0.007l j ; 0.056eam

Alternate GB plane {2 2 1} {2 2 1} {4 4 7}
Alt GB Energy (J/m2) 0.75l j ; 0.77eam 0.75l j ; 0.77eam 0.60l j ; 0.59eam 0.100l j ; 0.077eam

Dihederal angle 109.47◦ 109.47◦ 141.06◦

CSL, θ �9 : 141.06◦ �11 : 129.52◦ �99a: 89.42◦
GB Plane {1 1 4} {1 1 3} {5 5 7}
GB Energy (J/m2) 0.70l j ; 0.56eam 0.36l j ; 0.29eam 0.66l j ; 0.54eam 0.383l j ; 0.307eam

Alternate GB plane {2 2 1} {3 3 2} {7 7 10}
Alt GB Energy (J/m2) 0.75l j ; 0.77eam 0.70l j ; 0.65eam 0.66l j ; 0.54eam 0.111l j ; 0.084eam

Dihederal angle 109.47◦ 115.24◦ 135.29◦

CSL, θ �9 : 141.06◦ �11 : 50.48◦ �99b: 168.46◦
GB Plane {1 1 4} {3 3 2} {1 1 14}
GB Energy (J/m2) 0.70l j ; 0.56eam 0.70l j ; 0.65eam 0.59l j ; 0.49eam 0.457l j ; 0.441eam

Alternate GB plane {2 2 1} {1 1 3} {7 7 1}
Alt GB Energy (J/m2) 0.75l j ; 0.77eam 0.36l j ; 0.29eam 0.66l j ; 0.61eam 0.143l j ; 0.191eam

Dihederal angle 109.47◦ 154.76◦ 95.77◦

CSL, θ �9 : 141.06◦ �33a: 58.99◦ �33c: 159.95◦
GB Plane {1 1 4} {5 5 4} {1 1 8}
GB Energy (J/m2) 0.70l j ; 0.56eam 0.51l j ; 0.46eam 0.78l j ; 0.62eam 0.153l j ; 0.159eam

Alternate GB plane {2 2 1} {2 2 5} {4 4 1}
Alt GB Energy (J/m2) 0.75l j ; 0.77eam 0.58l j ; 0.48eam 0.80l j ; 0.75eam 0.248l j ; 0.109eam

Dihederal angle 109.47◦ 150.5◦ 100.03◦

3.3. 〈111〉 junctions
Details of all of the GBTJs that were evaluated for the
〈111〉 axis are shown in Table III. For this axis, the
CSLs have hexagonal unit cells, with 3-fold symmetry,
and there are three symmetric tilt boundaries for each
misorientation about the primary rotation axis. These
boundary planes are either parallel (for � = 3N ) or
perpendicular (for � �= 3N ) to the prism faces of the
CSL unit cells, as shown in Fig. 5, and are structurally
equivalent to each other. For this axis, therefore, there
is only a single symmetric GBTJ configuration for each
set of misorientations.

Other boundary planes are related to symmetric
tilt boundaries, through the addition of a “double-
positioning” inversion, as described by Singh and King
[15]. These boundary planes occur at orientations 30◦
away from the true symmetric boundary orientations,
but still contain the GBTJ axis in their planes. Although
these boundaries have been shown experimentally to
have low energy, they have not been the subject of
any simulation studies of which we are aware, so we
are unable to include them in the present analysis. For
each true symmetric GBTJ structure, there is double-
positioned symmetric GBTJ structure, with identical
dihedral angles, created by rotating all three boundary
planes by 30◦ about the GBTJ line, and there are also
many possible structures that involve mixtures of true-
and double-positioned symmetric tilt grain boundaries,
such as those observed by Singh and King, but these
are not evaluated here.

The resultant forces predicted for the true symmet-
rical triple junctions range from 0.157 to 0.503 N/m

Figure 4 Geometrical details for the [110] triple junction selected as the
most likely to be stable.

based on Wolf’s LJ results, and from 0.113 to 0.451
N/m using the EAM data.

In this case, the LJ and the EAM computations pre-
dict different choices. The two junctions selected as
likely to be stable are shown in boldface in the table,
and illustrated in Figs 6 and 7. The GBTJ selected on
the basis of the LJ calculations (illustrated in Fig. 6) in-
cludes a �3 twin boundary and is likely to be a special
case in some respects.
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TABL E I I I Candidate triple junctions with a common [111] axis. The lowest resultant force values are indicated in bold type, and the junction
selected as the best candidate for further study is indicated by underlined resultant force values. In this case, the LJ and the EAM computations predict
different choices. We make our selection on the basis that the EAM calculation is likely to be more accurate, and also that the chosen junction does
not include a �3 interface, which is likely to exhibit somewhat special behavior

GB 1 GB 2 GB 3 Resultant force on TJ (N/m)

CSL, θ �3, 60.00◦ �7, 32.21◦ �21, 21.79◦
GB Plane {1 1 2} {1 2 3} {1 4 5}
GB Energy (J/m2) 0.60l j ; 0.50eam 0.89l j ; 0.81eam 0.82l j ; 0.72eam 0.214l j ; 0.138eam

Dihederal angle 150.0◦ 79.1◦ 130.9◦

CSL, θ �3, 60.00◦ �7, 32.21◦ �21, 21.79◦
GB Plane {1 1 2} {1 2 3} {1 4 5}
GB Energy (J/m2) 0.60l j ; 0.50eam 0.89l j ; 0.81eam 0.82l j ; 0.72eam 0.157l j ; 0.121eam

Dihederal angle 150◦ 100.9◦ 109.1◦

CSL, θ �3, 60.00◦ �7, 32.21◦ �21, 21.79◦
GB Plane {1 1 2} {1 2 3} {1 4 5}
GB Energy (J/m2) 0.60l j ; 0.50eam 0.89l j ; 0.81eam 0.82l j ; 0.72eam 0.410l j ; 0.376eam

Dihederal angle 150◦ 139.1◦ 70.9◦

CSL, θ �3, 60.00◦ �7, 32.21◦ �21, 21.79◦
GB Plane {1 1 2} {1 2 3} {1 4 5}
GB Energy (J/m2) 0.60l j ; 0.50eam 0.89l j ; 0.81eam 0.82l j ;0.72eam 0.503l j ; 0.400eam

Dihederal angle 150◦ 40.9◦ 169.1◦

CSL, θ �7, 38.21◦ �7, 38.21◦ �49, 43.57◦
GB Plane {1 2 3} {1 2 3} {3 5 8}
GB Energy (J/m2) 0.89l j ; 0.81eam 0.89l j ; 0.81eam 0.90l j ; 0.83eam 0.450l j ; 0.404eam

Dihederal angle 139.1◦ 139.1◦ 81.8◦

CSL, θ �7, 38.21◦ �7, 38.21◦ �49, 43.57◦
GB Plane {1 2 3} {1 2 3} {3 5 8}
GB Energy (J/m2) 0.89l j ; 0.81eam 0.89l j ; 0.81eam 0.90l j ; 0.83eam 0.491l j ; 0.451eam

Dihederal angle 139.1◦ 79.1◦ 141.8◦

CSL, θ �21, 21.79◦ �21, 21.79◦ �49, 43.57◦
GB Plane {1 4 5} {1 4 5} {3 5 8}
GB Energy (J/m2) 0.82l j ; 0.72eam 0.82l j ; 0.72eam 0.90l j ; 0.83eam 0.174l j ; 0.113eam

Dihederal angle 130.9◦ 130.9◦ 98.2◦

CSL, θ �21, 21.79◦ �21, 21.79◦ �49, 43.57◦
GB Plane {1 4 5} {1 4 5} {3 5 8}
GB Energy (J/m2) 0.82l j ; 0.72eam 0.82l j ; 0.72eam 0.90l j ; 0.83eam 0.364l j ; 0.356eam

Dihederal angle 109.1◦ 109.1◦ 141.8◦

Figure 5 The orientations of symmetric tilt grain boundary planes rel-
ative to the CSL unit cell, for [111] grain boundaries of interest in this
work. (a) Shows the case for grain boundaries where � is not a multiple
of 3, and (b) is the case for � = 3N . The figures can be read conversely as
showing the orientations of double-positioned symmetric tilt boundaries
for � = 3N in (a) and � �= 3N in (b).

4. Discussion
The LJ and EAM potentials yield slightly differing re-
sults but do not significantly impact the choice of suit-
able GBTJs for further study. This is because the bal-
ance of grain boundary energies is unaffected if all of
the boundary energies change by the same factor, go-

Figure 6 Geometrical details for a [111] triple junction selected as the
most likely to be stable.

ing from one method to another. The particular use to
which we have put the energies is therefore insensitive
to the absolute energy results, but quite sensitive to the
relative values among the boundaries.
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Figure 7 Geometrical details for an alternate [111] triple junction se-
lected to be likely to be stable, and not incorporate a �3 boundary.

The fact that the simulations were carried out at a
temperature of zero Kelvin is expected to have a sim-
ilarly small impact on the ranking of the GBTJ sta-
bilities: this would only cause a substantial error if
the interfacial entropy displayed large variations from
boundary to boundary, causing significant variations in
the temperature-dependence of the interfacial free en-
ergy. Too little is yet known about interfacial entropy
to assess its impact in the present application.

In general, the 〈100〉 symmetric tilt triple junctions
exhibit small resultant forces relative to those of the
〈110〉 and 〈111〉 cases, although the smallest resultant
force that we have found in this survey is for a 〈110〉
junction. The 〈111〉 junctions generally exhibit large
residual forces, although we note that a strong pref-
erence for symmetric tilt triple junctions was first ob-
served for the case of 〈111〉 junctions, in gold [15].
We are therefore reasonably confident that most of the
junctions that are specified in Tables I–III retain the
possibility of being stable with respect to rotations of
the boundary planes.

Stability against the formation of twins, however, is a
greater problem in the 〈110〉 and 〈111〉 triple junctions.
In many cases, here, at least one of the boundaries is
characterized by a �-value that is an integer multiple
of 3, and therefore twin-forming reactions are geomet-
rically very straightforward. Since the energy of the �3
twin is especially low on the coherent {111} plane, re-
actions that form twins on that plane are of particular
concern to us here, and this is especially a problem in the
case of the 〈110〉 triple junctions, where a low-energy
twin boundary can be formed parallel to the intended
GBTJ line, as illustrated in Fig. 8.

Despite the uncertainties of our results, there is a very
close similarity between the EAM predictions, which
are specific to copper, and the LJ predictions, which
are more generically appropriate to FCC metals. We
therefore believe that the GBTJ designs given here will
be appropriate for other FCC metals. It is not clear
whether the same geometries would be predicted for
any BCC metals.

Figure 8 Possible dissociation of a triple junction to form a twin, with
its boundary lying parallel to the intended junction. The likelihood of
this kind of dissociation is reduced by avoiding boundaries for which
� = 3N .

5. Summary
The triple junctions specified in Tables I–III are suitable
candidates for detailed experimental and simulational
studies, since they are likely to be stable against re-
orientation or dissociation. The junctions that exhibit
the lowest resultant forces will be the most stable.

Other potentially stable triple junctions may be found
for the 〈111〉 axis, incorporating double-positioned
symmetric tilt boundaries, but there is not sufficient
information about the energy of this class of interface
to enable us to incorporate them into the present design
scheme.

A remaining concern, suitable for further experimen-
tal study, is the formation of twins, especially in the case
of the 〈110〉 triple junctions.
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