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Abstract

This study utilizes high-energy x-ray diffraction microscopy of SrTiOs; to identify
correlations between grain boundary (GB) area changes and the motion direction of neighboring
GBs to investigate interfacial energy minimization mechanisms during grain growth. The local GB
area changes were measured near triple lines (TLs) to isolate the effects of neighboring GBs. These
area changes were then correlated to the migration direction and curvature of the neighboring GBs
present at the TL, providing an alternative metric associated with lateral expansion for describing
GB migration. Additionally, this study extracted GB dihedral angles, which reflect the relative GB
energy, to test whether low energy GBs replace high energy GBs (i.e., GB replacement
mechanism) and, thus, can be used to predict a GB’s migration direction. The majority of GBs did
not exhibit local area changes reflective of the GB replacement mechanism, and the dihedral angles
were not reliable indicators for GB motion. However, the expansion and shrinkage of GBs moving
away from their center of curvature was more often consistent with the grain boundary replacement
mechanism. These results suggest that growth for certain GB configurations is governed by

relative energy differences while others are governed by curvature.



Introduction

The microstructure of a metal oxide affects its mechanical [1] and electrical [2—4]
properties. Hence, efficient microstructural design is essential for tailoring material performance.
However, grain growth is still challenging to control or predict during processing. In the classical
description of grain boundary (GB) migration, GBs move toward their center of curvature, and
their velocity is product of their reduced mobility and curvature [5—8]. However, recent
experimental observations of GB migration using non-destructive 3D high energy x-ray diffraction
microscopy (HEDM) in Ni [9], Fe [10], and SrTiOs [11] polycrystals are not consistent with that
description. Instead, they show (1) individual GB velocity is not linearly correlated with curvature,
and (2) GBs do not always migrate towards their center of curvature. These observations suggest
that the mechanism governing local GB migration is not well understood.

Most polycrystalline materials have anisotropic GB energy, such that neighboring GBs
having competing driving forces to increase or decrease their areas that complicates their motion.
As discussed in the work by Nifio and Johnson [12], interfacial energy minimization during grain
growth can occur by a combination of mechanisms, including:

1) total GB area reduction,

2) low energy GBs replace high energy GBs (GB energy replacement mechanism), and

3) GBs reorientation to a lower energy state.

By comparing simulations of grain growth with isotropic and anisotropic GB energy, Nifio and
Johnson report that area reduction is the dominant energy dissipation mechanism. However,
indirect and direct observations find that, as the total GB area decreases, low energy GBs on
average increase in relative area and high energy GBs decrease in relative area in both experiments

[10,13—16] and simulations with anisotropic GB energy [17-22]. Notably, HEDM observations in



Ni by Xu et al. [13] showed direct illustrations of low energy GBs expanding at the expense of
their higher energy GB neighbors. Due to these observations, Xu et al. [10,13] hypothesized that
the GB replacement mechanism may be responsible for the anti-curvature GB motion observed in
polycrystals. The purpose of this study is to determine if the expansion of relatively low energy
GBs is associated with anti-curvature motion using HEDM measurements of grain growth in
SrTiOs.

To test this idea, this work first explores how the local area changes of a GB at a triple line
(TL) correlates with the motion direction of its direct neighbors. It is expected that the growth of
a grain can be described by the area reduction of the adjacent GBs. Similarly, a GB should expand
in area if it neighbors a shrinking grain. However, since a single GB touches many other grains,
this study isolates the GB area changes around TLs. Then, the local GB area change is correlated
to the dihedral angles at the TL, which provide a relative GB energy measurement, to test whether
low energy GBs expand and high energy GBs shrink.

Only TLs with the topologies shown in Fig. 1 are investigated for simplicity. The convex
and concave topologies introduced in Fig. 1 are classified based on how neighboring GBs in the
TL are curved with respect to a common GB of interest. In the convex topology (represented by
VEX), a GB of interest neighbors two GBs with mean curvatures that are convex with respect to
their shared grain. Conversely, in a concave topology (represented by CAV), a GB of interest is
neighboring two GBs with mean curvatures that are concave with respect to their shared grain. In
both topologies, the GB of interest can be flat or curved in either direction. Additionally, the TLs
are classified by the motion of the GBs neighboring the GB of interest. Those in which the two
neighboring GBs move towards their center of curvature are labeled CC, whereas those in which

the two neighboring GBs move away from their center of curvature (anti-curvature) are labeled



AA. All other topologies or those in which the neighboring boundaries have mixed motion (one
moves towards its center of curvature and the against) are ignored for simplicity.

This analysis will compare the local area changes for the TL migration configurations.
Then, the local GB area changes will be correlated to the initial GB dihedral angles. This analysis
will potentially allow us to gain insights into the free energy minimization occurring during grain

growth when GBs are bounded by GBs migrating towards their center of curvature and anti-
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Figure 1: Schematic representation of the four TL configurations tested. The GB of interest is
indicated with an X. C and A4 represent GBs moving towards or away from their center of
curvature, respectively. The motion direction of these GBs is indicated by the arrows. If X GB
is bounded by a (a, b) convex ‘grain’ (VEX), X is expected to expand and shrink if neighboring
(a) CC and (b) A4 GBs, respectively. Conversely, if X GB is bounded by a (c, d) concave
‘grain’ (CAV), X is expected to shrink and expand if neighboring (c) CC and (d) A4 GBs,

respectively. The GB can be flat or curved in either direction.



Methods
Material Processing and HEDM Data Collection

The detailed processes for the sample preparation, data collection, reconstruction and post-
processing for SrTiO; HEDM data is described in an earlier publication [11]. Here, we will briefly
describe the relevant sample details.

The bulk SrTiO; samples provided by Karlsruhe Institute of Technology were prepared by
a solid-state synthesis route described in Ref [23]. To reach a reasonable grain size for
characterization, the sintered sample was annealed at 1400°C for 10 h under flowing forming gas,
after which the first HEDM map was collected. Then, the same sample was annealed in forming
gas for an additional 70 h at 1400°C before the second HEDM measurement.

The HEDM maps were collected using the 1-ID beamline in the Argonne Photon Source
at Argonne National Laboratory [24]. The diffraction data was reconstructed using the HEXOMAP
software [25], and the reconstructed data was imported into Dream3D (an open-source software)
[26] for subsequent grain segmentation and post-processing steps as discussed below.

Grains were segmented by grouping contiguous voxels with a misorientation threshold of
1°. The voxel dimensions are 2 um X 2 um X 2 um. Grains with fewer than 16 voxels were
removed, and their voxels were distributed to neighboring grains in a dilation process. Similarly,
grain dilation was performed to remove pores (unindexed regions) with fewer than four voxels.

GB velocity, area, curvature, and dihedral angles calculations

To calculate GB velocity, grains were matched between the two measurements and the
HEDM maps were aligned spatially. Grains were matched by finding pairs with similar
misorientation (< 1.5°) and centroid location (< 20pum). The microstructures are aligned by

translating the second map by the average difference in centroid location between the matched



grains. The GB velocity is determined by calculating the net volume of voxels flipped across the
GB divided by the initial GB area.

GB area is determined by summing the area of all the voxel faces present at the GB of
interest or within the volume of interest. GB curvatures and dihedral angles were calculated from
the first collected HEDM map, before the observed growth. GB mean curvature is determined by
calculating the integral mean curvature and dividing by the initial GB area. Instead of smoothing
or meshing the GB, the integral mean curvature (M;) is computed for the voxelated structure, as

described in Ref [27], using the equation below.
i
M = Z (Nouties - Ninnies) (D

where N, 1S the total number of edges formed by convex voxel faces, and N, .5 1S the total
number of edges formed by concave voxel faces at the GB of interest.

To calculate the GB dihedral angle, Matlab’s MTEX package was used to extract the TL
points' coordinates for each layer of the 3D microstructure map and the GB tangent vector near the
TL in each layer. The GB tangent vector was obtained after Laplacian smoothing the
microstructure map of each layer for 25 iterations. The GB normal vector near the TL was obtained
by calculating the cross product of the TL line vector with the GB tangent vector found. Then, the
GB dihedral angles for the specific TL were calculated from the dot product of the GB normal
vectors. The GB dihedral angle reported is the average value of those calculated at each layer
containing the TL.

Calculation for local GB area change

The local GB area change near a TL is calculated by the difference in GB area between the

first and second HEDM maps within a constrained volume that contains the initial and final TL

position (see Fig. 2). Considering both positions in both timesteps, the minimum and maximum x,



v, and z coordinates of the two TL were identified. The bounds of the constrained volumes were

set as the minimum and maximum coordinates, which were first rounded to the nearest integer and

a single voxel was subtracted or added, respectively.
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Figure 2: Schematic of constrained volume containing TL found before (t0, GBs bounded by solid
lines) and after annealing (t1, GBs bounded by dashed lines) that is used for calculating local
area changes. The local area change of GBI (shaded in blue) is determined by the difference
in GB area of the GB1y and GB 1 within the constrained volume. Note that the end points of

the TL are not included in the schematic for simplicity but the entire TL is within the

constrained volume for all calculations.

Classification and TL Selection Criteria

The GB’s direction of motion is classified based on the sign of the GB velocity and the GB
mean curvature product. If a GB moves towards its center of curvature (represented by C), the GB
velocity and GB mean curvature have opposite signs with respect to the same reference grain such
that their product is a negative value. Conversely, if a GB moves away from its center of curvature

(anti-curvature GB motion, represented by A4), the product of its velocity and curvature with respect



to the reference grain is greater than or equal to zero. Note, a product of zero is considered anti-
curvature because it indicates the motion of a flat boundary or a stationary curved boundary.

The GB dihedral angle and local area changes are compared for four different
configurations shown in Fig. 1: GBs bounded by concave GBs that either both moved towards
their center of curvature (CAV-CC) or against their center of curvature (CAV-AA) and GBs
bounded by convex GBs that either moved towards their center of curvature (VEX-CC) or against
their center of curvature (VEX-AA). Table 1 reports the number of GBs used for the GB dihedral
angle and local GB area change distributions for the different configurations tested.

Table 1: The number of GBs used in the dihedral angle and local area change for the four different

configurations in Fig. 1. Note that the GB of interest may be 4 or C and the curvature is not

constrained.
VEX or CAV | CCor AA Number of GBs
VEX CC 935
VEX AA 623
CAV CC 1003
CAV AA 653

Results and Discussion

Figure 3 compares the local GB area changes for the different configurations tested. On
average, when the GBs are bounded by GBs migrating towards their center of curvature (CC, black
curves in Fig. 3), the X GBs with VEX topology increase in area and the X GBs with CAV topology
decrease in area. The GBs bounded by anti-curvature GBs (44, red curves in Fig. 3) show the
opposite trends; on average, the X GBs with VEX topology decrease in area and the X GBs with
CAV topology increase in area. Note that the magnitude of area changes is greater for the X GBs

neighboring CC GBs than those neighboring 44 GBs, irrespective of topology.
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Figure 3: Cumulative distribution of the change in the local GB area for the four TL configurations

introduced in Fig. 1.

Figure 3 shows that, on average, the local area change of a GB is related to the curvature
and direction of motion of the neighboring GBs. For example, a GB is likely to expand if it
neighbors a shrinking convex grain. Alternatively, the GB likely shrinks if its neighbor is a
growing convex grain (anti-curvature motion). (Similar arguments can be made for GBs
neighboring concave grains as shown in Figs. 3.) This relationship holds for 83% of the GBs in
this study, suggesting that the GB’s lateral growth is important for elucidating the migration
behavior. (Note that the GB’s area change is also dependent on the motion of adjacent TLs and its
own migration, which may account for those GBs not conforming to this relationship.) If the GB
replacement mechanism dominates, the inverse relationship would be true; the expansion of a low
energy GB locally would cause the neighboring grain to shrink whether it be convex (following

curvature) or concave (anti-curvature motion).
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To test whether the observed correlation reflects the GB replacement mechanism, the
dihedral angle distributions were used to classify GB energy. The GB dihedral angles are inversely

related to the GB energy based on the Young’s equation [28] below.

Yi _ Y2 _ V3 )

sinf; ~ sinf,  sinf,

Y1, V2, and y53 are the GB energy and 6,, 8,, and 65 are the corresponding GB dihedral angles of
the three GBs meeting at the TL. This equation was derived based on the force equilibrium of the
GBs at the TL and ignores any variation in the GB energy with GB plane orientation. It is important
to note that the dihedral angle is providing the relative GB energy with respect to the neighbors
present at that same TL. The absolute energy or the relative GB energy to the entire GB population
is not known. However, since this study is concerned with the local migration behavior, dihedral
angles are useful to determine whether a GB should want to expand or shrink given their
neighborhood.

The dihedral angle distributions suggest that the relative GB energy and topology are
correlated. Figure 4 and Table 2 compare the dihedral angle cumulative distributions and averages,
respectively, for the different TL configurations. On average, GBs bounded by VEX GBs (solid
lines in Fig. 4) have a lower GB dihedral angle than GBs bounded by CAV GBs (dashed lines in
Fig. 4), irrespective of the different boundary migration conditions. Two sample Kolmogorov —
Smirnov (KS) tests show that these distributions are statistically different (p-value << 0.05) when
GBs have different GB topologies (Table 3). These results support the conclusion that GBs
bounded by VEX GBs, on average, have a higher relative GB energy than their neighbors and GBs
bounded by CAV GBs have lower relative GB than their neighbors.

In contrast to a previous study of grain boundaries in SrTiO3 [29], the sample did not

exhibit a strong anisotropy in the grain boundary plane or energy distributions. This is thought to
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reflect the difference on the partial pressure of oxygen during preparation (air in the previous work
and forming gas here). Nevertheless, the dihedral angle distributions show systematic differences
suggesting that the grain boundary energies cannot be considered isotropic, even if the variations

are smaller than in previously studied materials.
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Figure 4: Cumulative distributions of dihedral angles for the four configurations introduced in Fig.

1. These measurements were collected from the first HEDM map.

Table 2: The mean dihedral angle for GBs bounded by the different configurations.

CAV or VEX CCor AA Mean GB Dihedral Angle
VEX CC 114°
VEX AA 118°
CAV CcC 126°
CAV AA 125°
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Table 3: The p-values calculated from two sample Kolmogorov Smirnov (KS) test comparing all
possible combinations of the four configurations. The p-values less than 0.05, highlighted in

grey, indicate the distributions are statistically different.

GB topology — TL migration configuration pairs for p-value
KS test

VEX-CC VEX-AA 7 X 10*
CAV-CC CAV-AA 0.5413
VEX-CC CAV-CC 4 %1028
VEX-CC CAV-AA 2x10"8
VEX-AA CAV-CC 5x 101
VEX-AA CAV-AA 7x10°

According to the GB replacement mechanism hypothesis, the GBs bounded by CAV GBs
are expected to increase in area because they are in general lower in energy relative to their
neighbors. However, GBs bound by CAV-CC shrink on average. Similarly, the higher energy GBs
(those bounded by VEX GBs) expand in area as their neighboring GBs move towards their center
of curvature. These results indicate that factors other than the relative grain boundary energy,
including geometrical constraints and curvature, influence grain boundary migration. Furthermore,
these cases represent classes of triple lines where the local geometry is more influential than the
relative energy.

In contrast, when bounded by anti-curvature boundaries (44), lower energy GBs are more
likely to expand and high energy GBs are more likely to shrink. This can be seen by the GBs
bounded by CAV, which is associated with lower energy, increasing in area. Similarly, GBs
bounded by VEX GBs, which is the topology associated with higher energy, on average decrease
in local area. Thus, for these classes of TLs, the relative energy is more important than local
geometry in determining grain boundary migration.

This trend for TLs with 44 boundaries is not held when classifying GBs by their dihedral
angles rather than topology; only half of GBs bounded with anti-curvature boundaries with

dihedral angles greater than 120° and those with less than 120° increase and decrease, respectively,

13



in local area. Figure 5 shows that the dihedral angle does not predict the expansion or shrinkage
of a GB irrespective of the motion of its neighbors or topology. The GBs with the configuration
associated with the lowest dihedral angles (VEX-CC, Fig. 4) are more likely to expand rather than
shrink and their neighbors move towards their center of curvature. Therefore, the dihedral angles,
like curvature, cannot be used as an indicator of local GB area change or the motion direction of

neighboring GBs.

600

N

o

o
T

n
o
o

-200

-400

A Local GB Area (umz)
o

-600

-800

40 60 80 100 120 140 160 180
Dihedral angle (°)

Figure 5: The change in local area for each grain boundary plotted with respect to its dihedral

angle.

This study finds that geometry (i.e., curvature) or relative energy governs motion for
different classes of TLs. However, no clear indicator was found to identify which GBs will be
dominated by relative energy instead of geometry. It is expected that GB replacement would
dominate when the absolute difference in energy between neighboring GBs is high. Although
providing energy information, the dihedral angles may not be indicative because they reflect the
energy ratio rather than the absolute energy difference. For a given energy ratio, the absolute
difference in energy can vary significantly depending on the minimum GB energy present. Given

that SrTiO3 is a polycrystalline ceramic primarily composed of general, high-angle GBs, the
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probability of a high energy GB neighboring two low energy GBs is low and, thus, unlikely to be
reflected in the dihedral angle measurement. Therefore, it is possible that anti-curvature motion is
associated with TLs that have the greatest absolute energy difference or the removal of the highest

energy GBs but not discernable from the measurements here.

Conclusions

This work aimed to gain insights into the free energy minimization mechanism when GBs
migrate towards and against their center of curvature in SrTiO; polycrystals as measured with
HEDM. First, the local change in GB area was correlated to the motion direction of its neighboring
GBs, irrespective of their curvature. This method provides an alternative metric to describe GB
migration in terms of lateral motion rather than the typical velocity term associated with GBs
moving perpendicular to their plane. To test whether GB motion direction is also correlated to the
expansion of its low energy GBs neighbors (or the shrinkage of its high energy GBs neighbors),
the local area change was compared to the GB’s dihedral angle, which was used as an indicator of
its relative GB energy. On average, anti-curvature motion is associated with the expansion of lower
energy GBs and the shrinkage of higher energy GBs. However, most GBs investigated in this study
do not show the relationship between the area change and the dihedral angle that is expected if GB
replacement mechanisms were to dominate. Furthermore, individual dihedral angles, like
curvatures, cannot be used as an indicator of local GB migration directions. Because the full GB
energy function is not known, the analysis is limited to only consider relative GB energy between
neighbors and cannot isolate the behavior of truly low or high energy GBs, which may have an

outsized role on the energy dissipation mechanism.
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