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High-energy x-ray diffraction microscopy (HEDM) nondestructively maps microstructures in 3D, allowing for the
same grains and boundaries to be tracked over time during annealing experiments. Here, HEDM was applied to
observe grain growth in strontium titanate. These results are compared to a 3D isotropic grain growth simulation
that starts from the same initial microstructure to identify potentially unknown grain boundary migration

mechanisms. During the simulation, grain growth behaves as expected: the change in grain volume is correlated
with the number of neighbors, and the grain boundary velocity is correlated with its local curvature. Experi-
mentally, however, flat boundaries were found to move faster than curved boundaries, and 37% of all measured
boundaries move in the direction opposite to their curvature. These unexpected observations suggest that, in
materials with anisotropic grain boundary properties, mechanisms other than curvature-driven boundary
migration play a role in the minimization of interfacial energy.

Grain boundary (GB) migration in polycrystals often deviates from
ideal grain growth, leading to poor predictability of the final processed
microstructures. Burke and Turnbull derived that ideal parabolic grain
growth results from GBs moving towards their center of curvature [1]. In
general, deviations from ideal grain growth are often attributed to
porosity [2], secondary phases [3], solute segregation [4], recrystalli-
zation driving forces [5], and/or anisotropic GB energy and mobility [6,
7]. With so many factors influencing GB motion, it remains unclear the
extent to which curvature directly contributes to grain growth in poly-
crystals with anisotropic GB properties. Bi-crystal experiments per-
formed by Shvindlerman and colleagues in aluminum demonstrate that
isolated GBs migrate at a rate proportional to their curvature and that
the rate is dependent on misorientation [8]. However, these bi-crystal
experiments remove any effects of neighboring GBs that may have
competing driving forces for migration.

Recent developments of nondestructive, diffraction-based 3D x-ray
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microscopy (3D-XRM) methods provide an opportunity to directly
investigate the role of curvature on grain growth in anisotropic poly-
crystals. Briefly, this method collects transmission x-ray diffraction
patterns while a sample is rotating to reconstruct the location, size,
orientation, and shape of each grain comprising the microstructure
[9-13]. The non-destructive nature allows tracking of individual GBs
and their neighborhoods at different stages of grain growth to produce a
4D (3D space + time) dataset.

Recent 3D-XRM studies reveal that polycrystalline grain growth can
deviate from proposed theories. Patterson et al. investigated the role of
curvature and number of neighbors on grain growth in Armco iron [14].
They found that, on average, the change in grain volume with time is
proportional to the curvature of the individual grain. However, signifi-
cant variation was observed, suggesting local fluctuations in GB motion.
The local phenomenon was explored by Bhattacharya et al. in
commercially-pure Ni [15]. Surprisingly, they did not observe any clear
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Fig. 1. Grain size distributions for the matched grains in the (A) HEDM scans
and (B) SPPARKS simulations before and after growth.

trend between curvature and velocity for individual GBs. Instead, they
found that the velocity could be correlated to the macroscopic GB
character, independently of curvature, when considering all five degrees
of freedom. It is unclear if this observation is unique to Ni or reflects a
general trend in real polycrystals.

The purpose of this communication is to explore the role of curvature
on GB migration in SrTiOs, a model ceramic that contains no residual
stress or other known driving forces besides interfacial energy, using
high energy x-ray diffraction microscopy (HEDM; a type of 3D-XRM).
The HEDM results are compared to those of a 3D isotropic grain
growth model that starts from the same microstructure as measured
experimentally. The grain volume change as a function of the number of
nearest neighbors and the distance traversed by a GB as a function of its
curvature are evaluated in both datasets.

The bulk SrTiO3 sample was prepared by solid-state synthesis [16].
HEDM scans were collected after heat treating the SrTiO3 monolith in
forming gas at 1400 °C for 10 hr (tp) and then an additional 70 hr (t;).
Samples were embedded in a Sr-rich sacrificial powder (Sr3TizO7) to
reduce the volatilization of SrO from the surface at 1400 °C [17]. The
HEDM measurements were collected at the 1-ID beamline of the
advanced photon source at Argonne National Laboratory [11]. The
sample was mapped with 50 and 52 consecutive layers spaced 2 um
apart, totaling 100 um and 104 pm, for the to and t; scans, respectively.
The HEDM data was reconstructed by converting the diffraction images
to voxelated data using the HEXOMAP package [18]. Data clean-up and
grain segmentation procedures were carried out on the reconstructed
voxelated data using DREAM.3D [19]. Grain registration between scans
was completed by identifying grains with center-of-mass distances less
than 20 ym and misorientations below 1.5°. In this manner, 3196 of the
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Fig. 2. Investigation of von Neumann-Mullins relationship in HEDM and
SPPARKS. (A) Scatter plot of the grains’ normalized integral mean curvatures
according to their number of neighbors at to. The red line indicates the fitted
trend line (R? = 0.78), which crosses the x-axis at 16.8 neighbors. The change in
volume from ty to t; for each grain plotted according to its number of neighbors
observed in the (B) HEDM scans and (C) SPPARKS simulation.

5463 and 3859 grains in the first and second scan, respectively, were
registered. All grains and GBs that touch the sample surface or scan
edges are excluded from this analysis. Additional details of sample
synthesis and HEDM parameters are provided in the supplemental
information.

The observed grain growth behavior was compared to a 3D isotropic
Monte Carlo Potts simulation run via SPPARKS (Stochastic Parallel
Particle Kinetic Simulator) [20], as described in the supplemental
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material. Here, the initial condition for the SPPARKS simulation is the to
HEDM scan. The SPPARKS simulation was performed with a
pseudo-temperature value that has been previously shown to produce
grain size distributions that agree with theoretical predictions [21,22].
The microstructure was evolved from the ty condition until it reached
3570 grains, which is similar to the number of grains indexed in the t;
HEDM scan.

Fig. 1A shows the grain size distribution for the ty and t; HEDM
scans, excluding grains that could not be matched between datasets. The
grain size distribution shows evidence of measurable grain growth. The
mean equivalent spherical grain diameter increases from 21 um to 24 ym
(equivalent to a volume change of nearly 2400 um®) when considering
both matched and unmatched grains but decreases (from 25 ym to 23
um) if calculated with only matched grains. This difference is likely
because the ty unmatched grain population includes many small grains
that shrink to undetectable sizes and, thus, are not matched in the t;
scan. Fig. 1B shows the grain size change observed in the SPPARKS
simulation after growth, showing a similar evolution in grain size (in-
creases from 21 pym to 23 um) as the experimental observations.

First, we investigate the von Neumann [23] and Mullins [24] relation
that predicts that the number of neighbors is correlated with curvature
and, thus, grain growth. In an isotropic 2D system, a six-sided grain will
not grow or shrink because its boundaries are flat to maintain equilib-
rium at the triple junctions and minimize interfacial energy. Grains with
fewer than six sides will have convex boundaries and, thus, shrink, while
grains with more than six sides will grow due to their concave bound-
aries. Although a tetrakaidecahedron (14-sided polygon) is the
space-filling structure that meets the criteria for flat boundaries in 3D,
previous experimental results have found that the curvature is zero for
grains with 16 sides in SrTiO3 [25]. Here, this value was verified by
comparing each grain’s normalized integral mean curvature with its
number of sides, shown in Fig. 2A. Instead of determining the curvature
from a smooth mesh that approximates the measured boundary position,
the integral mean curvature (M;) was determined from the voxels using
the approach proposed by Patterson and colleagues [14,26]. M was
calculated using the equation

Ms = g X (Nmn 7N[n)7 (1)

where Nj, is the number of voxel edges formed by inward-angled
concave voxel faces on the grain or GB of interest and Ny, is the total
number of edges formed by outward-angled convex voxel faces. This
value is normalized by dividing it by the grain’s radius (r).

Fig. 2A shows that Ms/r is correlated with the number of neighbors in
the tp scan. Similar to previous 3D measurements of SrTiO3 [25], the
critical number of neighbors demarking when the curvature is zero is
estimated to be 16.8 using the red fitted line (R? = 0.78) shown in
Fig. 2A. However, Fig. 2B shows that the number of neighbors is not a
good indicator of whether a grain will grow, shrink or maintain constant
volume. Furthermore, no noticeable change in behavior is observed at
~17 neighbors; i.e., grains with as few as 7 neighbors grew and with as
many as 41 neighbors shrank. In contrast, the isotropic simulation
(Fig. 2C) followed the expected trend with greater fidelity. Furthermore,
Fig. 2C shows that the critical number of faces that demarks shrinking
and growing grains is ~17 (grains with as few as 12 neighbors grew and
as many as 26 neighbors shrank), which agrees with the linear fit to the
data of Fig. 2A. This suggests that the GBs in the simulation are generally
moving according to curvature (i.e., the change in grain area is pro-
portional to time), but not those in the experiment.

To test whether the discrepancy between simulation and experiment
is due to local GB motion, a velocity term and GB curvatures were
extracted from the 4D datasets. The GB motion is described by the metric
GB distance traversed, which is defined as the volume traversed by the
boundary during grain growth (dV) divided by the initial GB area (A).
The dV for each individual GB is calculated as the net number of voxels
that flip between neighboring grains, and A was calculated from the area
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Fig. 3. (A) The average and standard deviation (error bars) of the distance
traversed by a GB (dV/A) with respect to the boundary’s mean curvature
calculated from the HEDM scans and SPPARKS simulation. Solid black and blue
lines indicate the fitted trendlines for the HEDM and SPPARKS data, respec-
tively. R? values are provided for the shown trendlines. (B, C) Cumulative
distribution plots of the dV/A data in (A) for GBs within specified ranges of
curvature in the (B) HEDM scans and (C) SPPARKS simulations.

of shared voxel faces between grains at to. In the sign convention used
here, positive dV/A indicates a boundary moving away from its center of
curvature and negative dV/A is a boundary moving towards its center of
curvature. GBs are expected to move towards their center of curvature (i.
e., negative dV/A). The average mean curvature (k) was calculated by
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dividing each GB’s M; by its area. The curvatures were measured from
the initial time step and, thus, identical for the HEDM and SPPARKS
datasets. Only boundaries with greater than 100 voxel faces (400 ym?)
or associated with grains having diameters greater than 10 um were
included in this analysis (3329 GBs).

Fig. 3A shows the average and standard deviation of dV/A for the
same GBs in the HEDM and SPPARKS datasets over specified ranges of k
(bin size of 0.002 pm’l). The variation found in the HEDM data is
significantly greater than the SPPARKS simulation. In the SPPARKS
simulation, the negative linear trend with curvature is statistically
validated (R? = 0.91), indicating that again the GBs move towards their
center of curvature. In contrast, no clear evidence for a linear relation-
ship can be extracted from a fit of dV/A to (R? = 0.12) for the exper-
imental data.

To demonstrate that the HEDM data shows no statistical relationship
between dV/A with «, the distributions shown in Figs. 3B and 3C were
compared with a Kolmogorov-Smirnov goodness-of-fit test. For the
HEDM data, the null hypothesis that the dV/A distributions for each
curvature range were different from one another could not be rejected
(all calculated p-values greater than 0.04), indicating that curvature is
not a good descriptor of a GB’s motion. In contrast, the same hypothesis
was rejected for the dV/A distributions in the isotropic simulation. For
example, for the SPPARKS data, there is a probability of 8 x10~13 that
the distribution of dV/A values observed for GBs with curvatures be-
tween 0.00 and 0.002 ym ™" is from the same distribution as those with
curvatures between 0.028 and 0.030 um~!. Therefore, GBs generally
move according to curvature in the isotropic simulation.

Notably, larger magnitudes of dV/A are observed in the HEDM data
set than in the SPPARKS data, despite the similar number of grains lost
during growth. The average magnitude of dV/A is 1.9 + 1.7 ym and 0.8
+ 0.6 um for GBs in the HEDM and SPPARKS simulation, respectively.
Additionally, there are many observations of unexpected GB motion in
the HEDM data. The average dV/A for flat boundaries (k = 0 pm ™) is
2.3 um, which is greater than calculated for those same flat boundaries
in the SPPARKS simulation (0.7 um) and the curved boundaries. Fig. 4A
shows a GB that is perfectly flat (xk =0 pm’l) that does not move during
the simulation. However, HEDM observations show that Grain i grows at
the expense of Grain h.

Significantly, 37% of the total GBs in the HEDM data are migrating in
the direction opposite of their center of curvature, as seen for the boundaries
with positive dV/A in Fig. 3. Furthermore, 30% of boundaries with k
greater than or equal to 0.02 um ! have positive dV/A. Fig. 4B shows an
example of such anti-curvature motion: Grain j is expected to grow at the
expense of Grain k due to the curvature of the shared GB at ty, but the

fo
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Fig. 4. Grains (A) h and i and (B) j and k before
(to) and after (t;) grain growth as observed by
HEDM and in the SPPARKS simulation. Note
that the microstructure at tq is the same for the
HEDM and SPPARKS simulation and, thus, only
shown once. (B) Example of flat GB (k =
0 um ') that moves significantly in the experi-
ment but is stationary in the simulation. The
black dashed line indicates the GB position at
to. (B) Example of curved GB that moves in the
direction away from its center of curvature in
the experiment but not in the simulation. The
grains from t; HEDM scan are partially trans-
parent to reveal the original position of the
grains (shown as opaque voxels). Arrows indi-
cate the direction of GB movement.

MCS 1- SPPARKS

opposite is observed. In the simulation, the same GB reduces its area by
flattening such that Grain j grows at the expense of Grain k (shown by
the arrows). In the SPPARKS simulation, 22% of all GBs and only 8% of
boundaries with k greater than or equal to 0.02 yum™! exhibit anti-
curvature motion. These observations suggest that curvature alone is
not driving the motion locally and that GBs find other pathways to
minimize energy of the system.

To validate this unexpected behavior, potential errors associated
with the dV/A and curvature measurements were investigated. As dis-
cussed in the supplementary information, error associated with mis-
registering the two volumes in 3D space was minimized such that it has
no significant impact on the measured dV/A values. Imprecise curvature
measurements using Eq. (1) may be responsible for some of the scatter in
Fig. 3. The finding of GBs in the SPPARKS simulation moving against
their curvature (i.e., GBs with positive dV/A), which is unexpected in
simulations using isotropic GB energy, does suggest that Eq. (1) has
some degree of uncertainty. However, the imprecision of the curvature
measurements cannot account for why the migration direction for the
same boundary differs between HEDM and simulation. Of the nonzero
curvature GBs evaluated, again 37% of GBs in the HEDM measurements
move in the opposite direction of the simulation. From these assess-
ments, the unexpected behavior shown in Fig. 3A cannot be an artifact of
the curvature or dV/A calculations.

GB anisotropy may account for the large variation in velocities
observed in the HEDM data. In anisotropic systems, there is no single
velocity function because mobility and energy are unique for different
GB types. Therefore, certain GBs may be more sensitive to curvature
than others in SrTiOs, which is a system with prior evidence of both
anisotropic energy [27] and mobility [28]. The observations here would
suggest that the differences in mobility and energy between individual
GBs may outweigh the curvature component during grain growth in a
3D system similar to the HEDM study of Ni [15]. Further evidence of the
absence of a correlation between curvature and velocity is found in a
grain growth study by Zhang et al. in iron [29]. In that work, reduced
mobilities were computed based on the assumption that velocity was
proportional to curvature and yielded values that were not constant with
time for the same boundary nor with GB crystallography, drawing into
question the assumed proportionality. Further work is necessary to
explore how anti-curvature motion lowers the overall interfacial energy
in an anisotropic GB network.

Here, we have demonstrated that HEDM studies provide critical
observations of grain growth in real polycrystals. In particular, this
HEDM study revealed the following unexpected aspects of grain growth
in SrTiO3:
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1 Neither the number of neighbors nor the local curvature correlates
with experimentally observed grain growth in SrTiOs, as determined
over a narrow range of grain growth.

2 Larger GB velocities are observed in the experimental data than in
the SPPARKS simulation.

3 Experimentally, ~37% of measurable GBs move in the direction
opposite to their center of curvature.

Further investigations exploring the properties of particular GB types
are necessary to understand how the observed migration reduces the
total GB energy. These findings support the need for 4D experimental
grain growth studies to test our assumptions about grain growth.
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