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A B S T R A C T

Two-dimensional triple line orientation distributions are calculated from three-dimensional experimental data 
for SrTiO3, Ni, MgO, and 8 % Y2O3-stabilized ZrO2. In the three cases where the triple line orientation distri-
bution shows texture, it is consistent with the direction along which the most common grain boundary planes 
intersect, indicating that the triple line orientation distribution is determined by the grain boundary plane dis-
tribution. The majority of grain boundaries connected to two coherent twin boundaries in Ni had the symmetric 
(114) orientation, a boundary thought to have very low mobility. Boundaries with the symmetric (221) orien-
tation, reported to be more mobile, were not detected.

Triple lines are defects in polycrystals that occur at the intersection 
of three grain boundaries, as depicted in Fig. 1. While triple lines 
interact with a range of defects including segregated solute [1–3], grain 
boundary disconnections [4], and can serve as nucleation sites for pre-
cipitates [5] and new grains [6], they remain one of the least studied 
defects in crystals. In particular, with the exception of a few examples 
[7–10], little is known about their crystallographic distributions. This is 
likely because of their complexity. As concluded by Hardy and Field [7,
8], triple lines have 11 macroscopic crystallographic degrees of freedom. 
As a result, characterization of their distribution over all of these pa-
rameters would require amounts of data that appears unobtainable. 
Even when Hardy and Field [8] constrained this problem by assuming 
that one of the three grain boundaries was a twin, there remain six in-
dependent parameters and characterization of the distribution is chal-
lenging. Johnson and Schuh [9] considered only the grain boundary 
misorientations, similarly reducing the problem to six parameters. 
Saylor et al. [10] presented a much less complex two parameter triple 
line distribution. This distribution can be computed from 
three-dimensional orientation data that can now be obtained routinely 
by three-dimensional EBSD [11–13] or X-ray microscopy [14].

This letter has three purposes. The first is to provide a more detailed 
description of this two-parameter triple line orientation distribution 
than provided previously [10]. The second is to calculate and compare 
the distributions of four materials to better understand the origin of 
anisotropic triple junction line orientation distributions. The third pur-
pose is to identify triple junctions in Ni comprised of two coherent twin 

boundaries (60◦/[111]|(111)) to compare the distribution to predictions 
recently made about grain boundary migration via the disconnection 
mechanism [15].

We define the 11 triple line parameters in the following way. The 
first six parameters are two pairs of Euler angle triplets that define the 
misorientations of two of the three grain boundaries (the third misori-
entation is a dependent parameter) [16]. The next two parameters 
describe the unit vector that defines the orientation of the triple line in 
the crystal frame of reference. This line constrains the orientations of the 
three grain boundary planes because their normal vectors must be 
perpendicular to the triple line. Therefore, each of the three normal 
vectors has only one degree of freedom, completing the set of 11 pa-
rameters. To simplify this parameterization, we assume that the triple 
line orientation in the crystal reference frame is the essential defining 
characteristic of the defect. This simplification defines the defect as a 
two-parameter quantity, making its measurement relatively accessible.

Using the two-parameter description proposed above, the orienta-
tion distribution of triple lines in the crystal reference frame, τ(n), is 
calculated in the following way: 

τ(n) = 1
m

∑N

i=1

∑3

j=1

∑P

k=1
Ckgjnʹ

ili 

In this expression, N is the number of observed triple lines, P is the 
number of proper symmetry operators in the crystal’s point group, Ck 
are the proper symmetry operators (3 × 3 matrices), gj is the 3 × 3 
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orientation matrix of the jth crystal, nʹ is a unit vector in the sample 
reference frame in the direction of the triple line, and l = |n|. The 
parameter m is a normalization factor discussed below. The data here 
were all derived from serial sectioning experiments with fixed distances 
between adjacent layers, yielding triple lines between these layers with 
nearly the same lengths. Thus, in the current analysis, the length of each 
line is approximated to be |li| = 1.

In the calculation, we parameterize the triple line orientations by two 
spherical angles (polar, θ, and azimuthal, ϕ) and classify the vectors into 
equal area discrete bins in the domain 0≤cos θ ≤1 and 0≤ ϕ ≤2π, using 
the scheme described in reference [17]. In this letter, the data has been 
discretized into nine bins per π/2. This distribution is normalized by the 
factor m, which is the average length per discrete bin, so that the results 
are in units of multiples of a random distribution (MRD) which in this 
case can be interpreted as relative length. To plot the distribution in the 
fundamental zone of the crystal, we sample the distribution at discrete 
orientations smaller than the bin size. Here we use previously described 
three-dimensional microstructure data for SrTiO3 [18], Ni [12], MgO 
[10], and 8 % Y2O3 stabilized ZrO2 (YSZ) [19]. These data were selected 
because they span four common metal and ceramic crystal structures 

and portions of the data are shown in Fig. 2. Using the same data, we also 
compute the grain boundary plane distribution (GBPD) in the crystal 
reference frame, λ(n), a distribution defined previously [17]. While the 
grain boundary plane orientation distributions were included in the 
earlier reports [10,12,18,19], there is an important difference between 
the earlier distributions and the ones presented here. The previously 
reported distributions were computed from the complete set of grain 
boundary data. The grain boundary plane orientation distributions 
presented here were computed from only the segments of the boundaries 
that are attached to the triple junction. The data [20] and code 
(calc_TL_GBP_dist) [21] used for the calculations are available in pub-
licly accessible repositories.

The computed triple junction line orientation distribution (TJLOD) 
can depend on the amount of data available. The number of triple lines 
in each data set is presented in Table 1. To examine how the distribution 
converges with the quantity of data, the orientation distribution of triple 
lines, τ(n), and grain boundary planes, λ(n), were computed using 
different quantities of data. The computed distributions, illustrated in 
Fig. S1 and Fig. S2, show that the shapes of both distributions are 
approximately constant with 10,000 or more junctions. The extreme 
values of the distributions (see Fig. 2E) also stabilize after 10,000 or 
more junctions.

The triple junction line orientation distributions of SrTiO3, Ni, MgO, 
and YSZ are shown in Fig. 3. Three of the distributions (SrTiO3, Ni, and 
MgO) show texture in the sense that there are preferred line orientation 
directions, [110] for Ni and [100] for SrTiO3 and MgO. The variations in 
the distribution for YSZ are ± 0.02 MRD. Such variations also result 
from computing the distribution from different subsets of the data (see 
Fig. 2E) and are considered insignificant. In other words, YSZ provides 
an example of a material with no texture in the triple line directions.

One hypothesis for the observed triple line distributions is that the 
triple line energy depends on orientation and the triple line arranges 
itself preferentially along the lowest energy directions, creating an 
anisotropic distribution [22]. Simulations have shown that triple 

Fig. 1. The triple line geometry. The triple line direction is defined by the 
intersection of three grain boundaries (GBi) with normal vectors (ni) and 
tangent lines in the plane of intersection (ti). One of the dihedral angles (Ψ1) is 
also illustrated.

Fig. 2. Examples of the three-dimensional microstructure data and convergence of the distribution. The grains in A-D are colored by orientation with reference to 
vertical direction using the inset color key. Portion of the data for (A) SrTiO3,(B) Ni, (C) MgO, and (D) ZrO2. (E) The extreme values of the distributions shown in 
Fig. S1 (τ(n)) and Fig. S2 (λ(n)) computed using different numbers of triple junctions.

Table 1 
Summary of data characteristics.

Material Crystal 
Structure

Number of triple 
junctions

File name in 
archive

Description

SrTiO3 Perovskite 25,673 triples_SrTiO3.txt [18]
Ni FCC 71,013 triples_Ni.txt [12]
MgO Rock Salt 19,094 triples_MgO.txt [10]
8YSZ Fluorite 87,237 triples_ZrO2.txt [19]
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junctions have an excess energy and that it is negative [23,24]. The 
energy is negative because the triple junction has more degrees of 
freedom for energetic relaxation than the grain boundaries it replaces. In 
metals, the triple junction energy is on the order of 1/12th of the energy 
of a dislocation (≈ −10–10 J/m) [24]. The excess energy of the junction 
can be shown formally to affect the equilibrium of the grain boundaries 
at the junction [25], but the magnitude of the energy could render this 

effect negligible. Because nothing is currently known about the anisot-
ropy of the line energy, it is not possible to quantitatively test this hy-
pothesis. From a qualitative viewpoint, we note that for Ni, [110] is the 
closest packed line direction (this is the slip direction), so this is 
certainly a reasonable choice for the lowest energy direction. The [110] 
direction also corresponds to the maximum in the TJLOD, consistent 
with the hypothesis. However, [110] is also the closest packed (and slip) 

Fig. 3. Triple junction line orientation distributions. The triple junction line orientation distributions are plotted in stereographic projection in the crystal reference 
frame for (A) SrTiO3, (B) Ni, (C) MgO, and (D) ZrO2.

Fig. 4. Grain boundary plane orientation distributions. The distributions are plotted in stereographic projection in the crystal reference frame for (A) SrTiO3, (B) Ni, 
(C) MgO, and (D) ZrO2.
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direction in perovskite structured SrTiO3, rock salt structured MgO, and 
fluorite structured YSZ, where is does not correspond to a maximum in 
the TJLOD. Therefore, if one assumes that the low energy triple junction 
direction in a polycrystal is predicted by the closest packed slip direc-
tion, the bulk of the results do not support the hypothesis that the triple 
lines are distributed along low energy directions.

An alternate hypothesis is that the triple line directions are subor-
dinate to the grain boundary plane orientations. For example, in his 
2005 paper, Morawiec [25] concluded that complex interactions be-
tween the junction and connected microstructural elements "… puts 
emphasis on seeing a junction through the prism of attributes of adjacent 
boundaries." It has been found that grain boundary plane orientations do 
reflect the grain boundary energy anisotropy and maxima in the distri-
bution are found at the lowest energy orientations [26]. Because some 
grain boundary plane orientations are preferred, there will also be 
preferred directions. Whenever two of the preferred grain boundary 
plane orientations meet at a junction, the line orientation direction must 
be the line of intersection, which is the direction that is mutually 
perpendicular to the two grain boundary normals. The grain boundary 
plane orientation distributions are shown in Fig. 4. For SrTiO3, the 
preferred grain boundary plane orientation is (100) (see Fig. 4A). The 
intersection of two {100} oriented planes is the [100] direction, which is 
the maximum in the TJLOD (see Fig. 3A). The same is true for MgO. 
Furthermore, note that the maximum at the (100) orientation in the 
GBPD for MgO (see Fig. 4C) is greater than for SrTiO3 (see Fig. 4A) and 

the corresponding maximum on the TJLOD of MgO (see Fig. 3C) is larger 
than for SrTiO3 (see Fig. 3A). If the TJLOD is dictated by the orientation 
of the intersecting planes, then one would expect that more (100) planes 
would increase the number of [100] oriented triple junctions. For the 
case of Ni, the most common plane is (111) (see Fig. 4B) and the line of 
intersection between two {111} planes is the [110] orientation, corre-
sponding the maximum in the TJLOD (see Fig. 3B). Finally, both the 
GBPD and TJLOD of YSZ are isotropic. We note that when the GBPD was 
computed from all of the grain boundary planes for YSZ, there was a 
very weak preference for (100) (1.1 MRD) [19], but this is not apparent 
when the distribution is computed from the boundaries adjacent to triple 
junctions. For all four examples, the TJLOD is consistent with the dis-
tribution that would arise from the intersection of the most common 
planes in the grain boundary plane orientation distribution.

In the remainder of this letter, we isolate and analyze a subset of the 
triple junctions in Ni that have two coherent twin boundaries and 
compare them to recent observations and simulations [15]. Ni contains 
many coherent twin boundaries (60◦/[111]|(111)) meaning that we can 
find triple lines where two of these boundaries intersect. Approximately 
200 of these triple lines were identified and filtered from the total data; 
their distribution is illustrated in Fig. 5A. Note that at this level of dis-
cretization, the maximum relative length is 14 MRD and this occurs 
when all of the observations fall into the same bin. Therefore, these 200 
triple lines are, within experimental resolution, all aligned in the [110] 
direction as dictated by the geometry of the two coherent twin 

Fig. 5. Distribution of the triple junction line orientations, grain boundary plane orientations, and dihedral angles associated with triple junctions that include two 
coherent twin boundaries. (A) Triple line orientations. (B) The orientations of the grain boundaries at these junctions that are not twins. The boundary distribution is 
plotted with arbitrary units (a.u.). (C) Schematic diagram of the most common of these triple junctions defining the dihedral angle. (D) Histogram of dihedral angles. 
The inset shows the dihedral angle distribution plotted on a stereographic projection, illustrating that the lowest dihedral angles are concentrated near the (114)
orientation.
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boundaries.
For triple lines with two 60◦/[111]|(111) twin boundaries, the third 

grain boundary is always 38.9◦/[110] (Σ9) [16]. Furthermore, because 
the triple line is defined to be the intersection of two {111} planes (a 
〈110〉 direction), the only remaining degree of freedom is the rotation of 
the grain boundary plane orientation around the triple line. Therefore, it 
must be a tilt grain boundary (the grain boundary plane normal is 
perpendicular to the misorientation axis). When we plot the relative 
areas of the 38.9◦/[110] boundaries at these junctions (see Fig. 5B), 
there are only boundaries along the zone of tilts with the maximum at 
the orientation of the (114) symmetric tilt grain boundary. This triple 
junction is illustrated schematically in Fig. 5C. There are also three pairs 
of smaller local maxima indicating the presence of a smaller number of 
asymmetric tilt boundaries. The grain boundary planes for these 
boundaries are, from left to right, (112)‖(552), (115)‖(111), and 
(100) ‖ (559). Finally. We note that there is a second possibility for a 
symmetric tilt grain boundary at (221), but there are no boundaries in 
this subset of junctions with that orientation.

The distribution of grain boundary dihedral angles for the 38.9◦/ 
[110] boundaries is plotted in Fig. 5D There are two noteworthy features 
of this distribution. The first is that nearly all of the angles are <120◦

This is because the twin boundaries have the minimum grain boundary 
energy in Ni [12,27] and the dihedral angle must shrink to stabilize the 
third higher energy boundary. The second feature is that the distribution 
is bimodal, with one maximum at about 74◦ and another at about 104◦. 
When we compare this to the distribution of angles with orientation of 
the grain boundary plane (see Fig. 5D) we see that the symmetric (114)
and the asymmetric (100) ‖ (559) have the lowest dihedral angles and 
the other asymmetric tilt boundaries have the larger dihedral angles. 
While this can be qualitatively associated with the relative energies of 
the boundaries through Young’s equation, it should be recognized that 
the coherent twin boundaries are singular. For this reason, the torques 
terms, which are not known quantitatively, might be influential, if not 
dominant, for determining the dihedral angles at these junctions.

These particular triple junctions in Ni are of interest based on a 
recent prediction regarding disconnection theory. Xu et al. [15] 
demonstrated using simulations and experiments on thin films that tri-
ple lines of this type consisting of two coherent twins and a 
38.9◦/[110]|(221) boundary migrate readily and those coupled with a 
38.9◦/[110]|(114) boundary are stagnant. The rational for this involves 
the character of the disconnections needed for the motion of all three 
boundaries. For the mobile junctions, the flux of disconnections to the 
triple line balances and there is no accumulation of residual stress 
associated with migration, while the opposite is true for the static 
junctions. While our data contain many of the junctions predicted to be 
static, we never observe any of the junctions that are predicted to be 
mobile. This could be interpreted as being consistent with the prediction 
if one assumes that the mobile junctions migrate so quickly they anni-
hilate soon after they are formed and that is the reason they are not 
observed. The static ones, on the other hand, have a much longer life-
time and that is why we observe them. However, because the mobile 
junctions are completely absent from the data, one has to be skeptical 
that they were ever present in the microstructure. One can hypothesize 
that if they form, the boundary rotates under the influence of the torque 
forces to the minimum energy position at the (114) orientation (the 
(114) boundary is thought to be about 20 % lower in energy than the 
(221) boundary [27]). Some boundaries might become trapped at the 
local minima associated with the asymmetric tilt boundaries and ac-
count for the observed distribution in Fig. 5B

In summary, an analysis of triple junction line orientation distribu-
tions in four polycrystals shows that anisotropy is sometimes present and 
that this anisotropy is consistent with the hypothesis that the triple 
junction line orientation distribution is determined by the grain 
boundary plane orientation distribution. The most common triple line 

orientation occurs at the intersection of the most common grain 
boundary planes. When the types of grain boundaries in Ni connected to 
two coherent twin boundaries were analyzed, only (114) symmetric tilt 
grain boundaries, predicted to be low mobility, and a smaller number of 
asymmetric tilt grain boundaries where found. Symmetric tilt grain 
boundaries with the (221) orientation, predicted to be highly mobile 
and to have a larger energy, were absent from the data, making it 
impossible to quantify their relative mobility.
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Figures S1 and S2 summarize what happens when the triple junction line and grain boundary 

plane orientation distributions (TJLOD and GBPD) are computed using different numbers of 

triple junctions from the same data set for SrTiO3.  The distributions were computed using the 

first N triple junctions in the data, where N = 500, 1000, 5000, 10000, 20000, and 25673 (the 

complete set).  The shapes of the TJLODs (see Fig. S1) and the GBPDs (see Fig. S2), as well as 

the extreme values of the distributions (see Fig. 2E) and are essentially constant after about 

10000 junctions. 

 

Figure S1.  The triple junction line orientation distribution (𝜏(𝐧)) of SrTiO3 computed using 
different numbers (N) of triple junctions. 



 

 

Figure S2.  The grain boundary plane orientation distribution (𝜆(𝐧)) of SrTiO3 computed using 
different numbers (N) of triple junctions. 
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