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The orientations, locations, and sizes of approximately 2500 grains in a Ni polycrystal were measured at
six points in time during an interrupted annealing experiment by synchrotron x-ray based, near field
high-energy diffraction microscopy. The volume changes were compared to the geometric characteristics
of the grains in both the original microstructures and microstructures in which adjacent twin related
domains were merged. Neither the size of a grain nor the number of its nearest neighbors correlates
strongly to a grain's volume change over the time scale of this experiment. However, the difference
between the number of neighbors a grain has, F, and the average number of neighbors of the neighboring
grains have, (Fyy), is correlated to the volume change. A grain with more (fewer) neighbors than (Fyy)
usually grows (shrinks). The correlation between the volume change and F - (Fyy) is obvious only if
adjacent twin related domains are merged. The correct sign of the volume change is predicted by F -
(Fyn) about two thirds of the time. The results show that the volume change for a given grain is better
predicted by comparing a grain's characteristics to its neighbor's characteristics than to the character-
istics of the entire ensemble of grains.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

made it possible to make dynamic observations. For example,
Smith [4] examined the growth of cells in a two-dimensional soap
froth formed in a small flat glass cell and remarked upon the pos-
itive correlation between a cell's size and its number of near

1. Introduction

Annealing a polycrystalline material at high temperature leads
to grain growth, during which some grains shrink and are elimi-

nated and the average grain size increases [1—3]. While it may be
argued that changes in the average grain size and grain size dis-
tribution with time are relatively well understood, we know much
less about the behavior of individual grains in this process and what
factors control whether a specific grain shrinks or grows. The
earliest studies that focused on individual grains were quasi two-
dimensional and used soap froths or polycrystalline succinonitrile
as proxies for inorganic microstructures because their transparency

* Corresponding author.

E-mail addresses: aditib@andrew.cmu.edu (A. Bhattacharya), yufengs@andrew.
cmu.edu (Y.-F. Shen), chefferan@rjleegroup.com (C.M. Hefferan), shiu.fai.li@gmail.
com (S.F. Li), lind9@lIInl.gov (J. Lind), suter@andrew.cmu.edu (R.M. Suter), rohrer@
cmu.edu (G.S. Rohrer).

' Current affiliation: RJ Lee Group, 350 Hochberg Rd., Monroeville, PA 15146, USA.
2 Current affiliation: Materials Engineering Division, Lawrence Livermore Na-
tional, Laboratory, 7000 East Ave., Livermore, CA 94551, USA.

https://doi.org/10.1016/j.actamat.2019.01.022

1359-6454/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

neighbors. Palmer et al. [5] verified the Mullins-Von Neumann "N-
6" rule [6] by observing grain growth in succinonitrile. It was
recognized that grain growth occurred to eliminate excess energy
while also balancing topological requirements for space-filling and
local interfacial equilibrium at triple junctions [7,8].

In 1970, Aboav [9] recognized empirically that grains in 2D
sections were arranged such that the number of neighbors of a
grain (F) is related to the average number of neighbors of the
neighboring grains, (Fyy) = 5 + 8/F. This eventually resulted, after
some theoretical advancements, in what is now known as the
Aboav-Weaire (AW) [10,11] law:

(F) = (F 1)+ 12) (1)

where F is the average number of neighbors and w, is second
moment of the distribution of grain nearest neighbors (faces).
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Noting that 3D microstructure studies find a strong positive cor-
relation between F and the grain size [12—15], one can interpret the
AW law as simply saying that large grains (those with many
neighbors) are on average surrounded small grains (those with
fewer neighbors) and vice versa. In the context of grain growth, the
AW law emphasizes that the size and shape of a grain is related to
its neighbors and it has successfully described different kinds of
cellular patterns [11] in steady state and transient structures [16].

The first extensive observations of three-dimensional (3D) grain
growth dynamics were produced by computer simulations, which
assumed isotropic grain boundary properties. 3D grain growth
simulations using the Monte Carlo Potts model [17], boundary
tracking methods [18], the vertex method [18], and the phase field
method [19] make it possible to study isotropic grain boundary
motion in three dimensions. These studies verified the idea that the
distribution of grain sizes normalized by mean grain size was time
invariant during normal grain growth. Those studies that compared
(Fyn) and F for the simulated 3D structures found a functional
relationship consistent with the AW law [17,18].

While computer models have been used to simulate 3D micro-
structural evolution during grain growth, experiments have been
more difficult. Studies of static 3D microstructures that have
measured grain boundary curvature (assumed to be related to grain
boundary velocity) have provided some information on the relation
between topology and grain boundary kinetics [13,20]. For
example, using data from the shapes of 2098 B-Ti grains, the rela-
tion between F and (Fyy) in 3D was consistent with the AW law
[13]. Also, the integral mean curvature of grain faces was linearly
related to F - (Fyy), with zero integral mean curvature corre-
sponding to F - (Fyy) equal to zero, illustrating the importance of
neighboring grains on the curvature of a grain face and whether or
not its motion will increase or decrease the volume of the grain
[13]. Similar findings were reported for an austenitic steel [20].
While the observed correlation between the integral mean curva-
tures and F - (Fyy) is significant, it remains to be seen if actual
volume changes with time are correlated to F - (Fyy); one of the
main goals of this paper is to test this idea.

The recent development of synchrotron x-ray based, near-field
High Energy X-ray diffraction microscopy (nf-HEDM) [21] and
diffraction contrast tomography (DCT) [22] make it possible to
track the evolution of three-dimensional microstructures while
they respond to external stimuli. For example, the response of a
high purity Al polycrystal to annealing was measured by nf-HEDM
[23]. The nondestructive nature of the orientation mapping made
it possible to observe the growth of new grains and verify the
salient features of microstructure recovery and recrystallization.
This same technique was used to observe the effect of the tensile
strain on the microstructural evolution of polycrystalline copper
[24] and the formation of twins in polycrystalline Ni [25] and Zr
[26]. McKenna et al. [27] compared the morphology of grains of -
Ti measured by DCT, before and after annealing, to morphologies
predicted by a phase-field simulation assuming isotropic grain
boundary properties. They reported good agreement between the
simulated and observed microstructures in some regions of the
microstructure. DCT has also been been used to track individual
crystals during grain growth in Fe [28] and measure grain rota-
tions during coarsening in a semi-solid Al-Cu alloy [29]. The most
detailed study of the evolution of grain sizes and shapes is a recent
report by Zhang et al. [30] on grain growth in polycrystalline Fe.
They found that while the MacPherson-Srolovitz theory [31] for
grain growth accounted well for the average geometric charac-
teristics of the microstructure, individual grains often behaved
differently.

The goal of this work was to determine which characteristics of
grains in an initial state best predict the sign of the volume change

after some grain growth has occurred. To do this, an algorithm was
developed to track each grain across all the anneal states. The
volume changes of the grains were compared to factors such as
initial volume, the number of contacting neighbors (F), and the
average number of neighbors of the neighboring grains, <Fyn>. The
results lead to the conclusions that while the size and number of
neighbors are not well correlated to the volume change, the
quantity F - (Fyy) is correlated to the volume change of the grains,
but with two important stipulations. The first is that the correlation
is strongest when adjacent twin related domains were merged and
treated as a single grain [28]. The second is that the volume change
and F - (Fyy) are correlated only on average, while some individual
grains behave differently.

2. Methods

High purity polycrystalline nickel was obtained from Alfa
Aesar in the form of a 1 mm diameter nickel wire. The sample
was annealed sequentially in a reducing atmosphere (97% Na, 3%
H>) at 800 °C, for approximately 30 min, five different times. After
each anneal stage, the sample was cooled to room temperature
and the 3D microstructure was measured (details of the anneals
are listed in Table 1). After each annealing interval, nf-HEDM was
used to create 3D orientation maps of the microstructure utiliz-
ing the 1-ID beam line at Argonne National Laboratory's
Advanced Photon Source. The details of this data collection have
been reported previously [32] and preliminary analyses are
contained in two Ph.D. theses [33,34]. Of importance to the
current work, the volume of materials characterized contained
approximately 2500 grains, the x-y plane was discretized into
600 x 600 voxels with lateral dimensions of 2.3 um, the vertical
separation of the x-y planes is 4 um, and each volume contains at
least 70 x-y planes.

The three-dimensional Ni microstructure was reconstructed
from nf-HEDM data using the IceNine implementation of the for-
ward model method [35]. The result is a file that discretizes the
microstructure into parallel 2D layers made up of equilateral tri-
angles. For each triangle, the spatial coordinates, the Euler angles in
the Bunge convention, and a confidence index, C, reflecting the
reliability of the orientation determination, are specified. An in-
house program was used to convert this information to
2 um x 2 um square pixels in each layer that could be directly read
by DREAM.3D [36].

2.1. 3D reconstruction and grain segmentation

The sequence of steps for creating a 3D grain structure in
DREAM.3D was similar to the default pipelines used to generate 3D
orientation maps from focused ion beam serial sectioning experi-
ments [ 14]. Briefly, the procedure begins by applying a threshold on
C to generate a Boolean mask that distinguishes high and low
confidence voxels. The individual sections are then laterally aligned
by minimizing the layer-to-layer misorientation using only the high
confidence data. The lateral shifts required for alignment ranged

Table 1
Summary of annealing parameters.

Anneal State Duration (min) Temperature (°C)

0 120 750
1 23 800
2 30 800
3 25 800
4 35 800
5 25 800
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from O to a few voxels. After alignment, the microstructure is rep-
resented by three-dimensional voxels with dimensions of
2 um x 2 pmx4 um. So-called clean-up procedures are then used to
assign orientations to low confidence voxels using information
from surrounding high confidence voxels. The data are then
segmented into grains by grouping sets of contiguous voxels with
small relative misorientations. In this procedure, there were two
threshold parameters that influenced the results. One was the
minimum number of voxels that are considered to reliably reflect
the volume of a grain. A test of the sensitivity of the results to this
parameter is summarized in Fig. 1. Based on this, the minimum
accepted grain size was set to be 32 or 27 voxels because this was
the first integer cubed beyond which the average grain size and
number of grains changed only slowly. The second threshold
parameter was the minimum disorientation for segmenting voxels
into grains. This was set at 2° because the typical orientation dif-
ference between the same grain in two successive anneal states
was less than 2°.

After the grain segmentation, each anneal state had approxi-
mately 2500 grains, two-thirds of which are bulk grains and the
others are surface grains (grains that contact the exterior volume of
the sample or the vertical limits of the field of view are referred to
as surface grains, the remainder are referred to as bulk). The
average equivalent spherical grain radius in the first anneal state
(denoted 0) is 19 um. This increased at each anneal state to 23 um in
the final anneal state (denoted 5). There are numerous challenges
in identifying the same grains in successive anneal states. First, the
volume imaged in each anneal is not exactly the same (see Fig. S1).
The intent was to slightly increase the volume measured so as to
minimize the loss of internal grains as growth took place; however
beamtime limitations prevented a uniform increase. Therefore,
there are grains in the field of view after one anneal state that might
not have been in the previous field or the next one. Second, a grain
that is classified as a bulk grain in one state may impinge with a
surface in another state and have a different volume and centroid
location. Third, some grains will shrink and disappear in the course
of the experiment, so it will not be possible to track them
throughout the entire annealing sequence.
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Fig. 1. Changes in the average grain size and number of grains in the reconstruction
depends on the minimum size cut off during grain segmentation. The data are from
anneal state 5 and are characteristic of other anneal states.

2.2. Grain matching algorithm

An algorithm was developed to adapt to these challenges. From
each of the reconstructed microstructures, a list of all grains was
constructed which included the grain's centroid location (co-
ordinates) and the orientation (Euler angles). As a first step, grains
in successive anneal states with similar orientations and locations
were identified and the distribution of their misorientations and
separations were determined (see Fig. 2a and 2b). Note in Fig. 2b
that the distribution of separations reaches maximum at about
20 um. This is assumed to be a rigid translation associated with
aligning the samples after the heat treatment. The three compo-
nents of the translation vector were obtained separately (see
Fig. S2) and this vector was subtracted from the coordinates of the
voxels in the second state to improve the alignment. After this
procedure, the average difference in the locations of the centroids
was nearly zero. Similar rigid translations were applied to all anneal
states.

A Kkernel approach was used to identify the same grain in
sequential anneal states. For each grain in the first anneal state, the
distances to all grains in the next anneal state were calculated. Next,
the disorientation between each grain from the first anneal state
and every grain in the next anneal state whose centroid was less
than five times the grain radius from the centroid of the grain in the
first anneal state was calculated. These values were stored in a
matrix that contained the disorientation and centroid distance of
every grain in first state with respect to a neighborhood kernel of
grains in the second state. To identify the same grain in sequential
anneal states, we assumed that grains with similar locations and
orientations were the same. To perform this match quantitatively,
we defined a confidence index (CI) to measure the likelihood that
two grains match:

CIU = ClAg,-J-+ CzALiJ' (2)

where A4g;; is the disorientation between grains i and j, AL;; is the
distance between the centroids of grains i and j, and C; and C, are
constants to scale the parameters so that disorientation and posi-
tion had similar weights in determining Cl;;. Typical values were
;=02 (°)"'and C,=0.005 um™~ .

A grain in the first anneal state is then matched with the grain in
the second anneal state that has the lowest value of CI. The algo-
rithm was tested by comparing duplicate microstructures and in
these cases, 100% of the grains were matched appropriately. The
algorithm was further tested by using the initial structure as the
starting point for a 3D grain growth simulation. The phase field
simulation was run until the average volume change was 15%; the
matching algorithm found all of the pairs except for the grains that
disappeared. When the algorithm is used on real data, multiple
grains in the first anneal state were occasionally matched to the
same grain in the second anneal state. In these cases, the grain pair
with the lowest CI was selected as the true match and the others
were classified as unmatched. This problem is related to multiple
twinning, which creates grains with the same orientation in close
proximity. Pseudo-code for the matching algorithm is provided in
Fig. S3. A schematic illustration of the process is illustrated in Fig. 3.
For grain 92 in the first state, CI is computed for all grains whose
centroids are separated from grain 92's centroid by less than five
times the radius. Because grain 2743 in the second state had the
lowest (I, it is assumed to be grain 92 in the second state. A visual
comparison of Fig. 3c and 3d confirms that the two grains are the
same.

When matching grains in different anneal states with real data,
it is not possible to match all observed grains. One of the most
significant problems is that the field of view at each time step is not
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Fig. 2. Distributions of (a) misorientations, (b) centroid separations between matched grain pairs. (b) shows that most grains are offset by about 20 pm.
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Fig. 3. Schematic illustration of the grain-tracking algorithm. (a) Grain 92 in the initial
state is considered, all other grains are displayed as semi-transparent. (b) In the next
state, all grains within five grain radii of Grain 92's centroid are considered candidates
and displayed as opaque. (c & d). After computing the CI for all candidate grains, Grain
2743 in the next state has the minimum CI and is matched to Grain 92 in the initial
state. The sample diameter is 1 mm.

exactly the same and if a grain is not included in both 3D images, it
is not possible to match. For example, the image in Fig. 4 shows
anneal state 4, where the unmatched grains are opaque and the
matched grains are transparent. In addition to some small bulk
grains (these are grains that shrank and disappeared), there is a
large aggregate of grains at the lower boundary of the sample that
were not matched because they were outside the field of view of

Fig. 4. The sample after anneal state 4. Grains that matched are displayed semi-
transparent and unmatched grains opaque. The unmatched grains at the bottom did
not overlap with the field of view of the next state and could not be matched. The
sample diameter is 1 mm.

the next set of data. All six fields of view are shown for comparison
in Fig. S1. The next problem is that small grains can disappear (or
shrink to smaller than the segmentation threshold) and cannot be
matched in the next time step. For real data, the matching effi-
ciency (matched grains/total grains) was 88%, which accounted for
an average of 97% of the volume of the microstructure (see Fig. 5).
The matching was implemented both with time (states 0 to 5) and
in reverse time (states 5 to 0) and the results were comparable.

The tracking program was also run with the condition that only
bulk grains were considered. In this case, the average matching
efficiency falls to 81%. The reduced efficiency is because some
grains within the bulk in one state may, in the next state, impinge
on a surface either because they grew and intersected the surface or
because of a change in the field of view.

From the images of the microstructure in Fig. S1, it is obvious the
microstructure is twinned, as expected for Ni. In fact, in the final
anneal state, grain boundaries with the twin misorientation (60°
misorientation about [111]) make up 29% of all grain boundary area.
Because twins have odd shapes [37] and twin boundaries have un-
usually low mobilities [38], it is not clear how they influence the
grain growth process. To minimize the influence of twins, we
transformed the twinned microstructure to a more equiaxed
microstructure by combining into a single grain all grains that share
a grain boundary with the twin misorientation. This was imple-
mented using the "merge twins" filter in DREAM.3D [36,39]. After
merging the twins, there were fewer grains. For example, in the
initial state, 2972 grains were merged to 926 grains. Examples of the
microstructure before and after the twins were merged are illus-
trated in Fig. S4. The grain-matching algorithm had to be modified to
match the twin related domains. Specifically, it was necessary to
preserve the characteristics (orientation and centroid location) of all
the grains merged into a single twin related domain in each state,
and compare these groups to match the merged grains.

3. Results

The initial and final reconstructed volumes are illustrated in
Fig. 6. Note that grain visualizations shown in this paper show the
sets of voxels (as described above) with no smoothing applied. The
results discussed here do not require smoothing. Comparing the
two, the average grain size in the final anneal state is noticeably
larger than in the initial state. Note that there is a difference in the
field of view; a larger volume was mapped in the final anneal state
than in the initial anneal state. While significant changes occurred
during annealing, it is still possible to identify some common grains
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Fig. 6. Visualizations of the microstructures in the (a) initial and (b) final anneal states. The grains are colored by orientation with respect to the cylinder axis, according to the inset
color key. One example of a matching surface grain in the two states is marked with a white "X". Three selected grains in the initial anneal state are illustrated in (c) and the grains
they are matched to in the final anneal state are shown in (d). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

on the periphery of the sample, such as the one marked with a
white X; all six reconstructed volumes are illustrated in Fig. S1. A
comparison of three matched grains in the initial and final anneal
states (Fig. 6¢c and d) shows that they have the same orientation
(color) and similar shapes. The three individual grains that are
illustrated all increased in volume. Two are relatively equiaxed but
the other has a 'U’ shape in the initial state and has a tunnel through
it in the final state. Because of extensive twinning in the micro-
structure, this shape is not unexpected. The grain within the tunnel
is a twin.

To demonstrate the effectiveness of the grain tracking algo-
rithm, many individual grains were visualized in each anneal state.
Fig. 7 illustrates a grain that started small, but grew during
annealing. The growth rate was clearly different during different
annealing periods. For example, it grew dramatically between (b)
and (c). Similarly, Fig. 8 is a visualization of a grain that shrank
during annealing. In the final state (5), the grain could not be
detected, suggesting that it shrank below the 27 voxel threshold
used in the grain segmentation.

1800 grains were identified that matched in all five anneal
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Fig. 7. Visualization of a growing grain in each anneal state. a) 0, b) 1,¢) 2,d) 3,e) 4, f) 5.

Fig. 8. Visualization of a shrinking grain in the first five anneal states. a) 0, b) 1, ¢) 2, d) 3, e) 4.

states. While this is less than the total number of grains, it is limited
by the condition that the grain had to appear in all five anneal
states. Grains that shrank below the minimum detectable grain size
(such as the one illustrated in Fig. 8) are not counted. The greatest
percentage fractional change in grain radius amongst these grains
(between the initial and final anneal states) was 965%. It should be
noted that the surface grains at the top and bottom of the measured
volume do not provide reliable measures of the volume change; a
small change in the field of view can dramatically change the
measured volume of a grain. Concentrating on only those grains
that did not touch the surface of the volume in any state, and that
matched in all states, eliminates this artifact, but creates other ar-
tifacts. For example, this selection criteria is biased against the
largest grains (those that intersect the surface in some state) and
smallest grains (those that disappear during the experiment).
Accepting these limitations, there are 701 bulk grains that appeared
in all anneal states; 330 grains grew while the remainder (371)
shrank. This distribution is shown in Fig. 9 and illustrates that
almost 80% of the grains have small volume changes during the
experiment (less than + 20%).

As expected, the average grain size increases during annealing.
Fig. 10 shows the average grain radius in each anneal state, using
grains selected by various conditions. When all grains in the
reconstructed microstructure are considered, the average spherical
equivalent grain radius increases from 19 pm to 23 pm. The surface
and bulk grains behave the same way, but the surface grains are
larger than average and the bulk grains are smaller than average.
For surface grains that meet the upper and lower boundaries,
where the microstructure is terminated by the limits to the field of
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Fig. 9. Histogram of fractional changes in the grain radii. This is the fractional change

in radius from the initial to final state, for 701 grains present in all six states in the
twinned microstructure that did not contact the surface of the measured volume.
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view, the surface grains are larger on average because the proba-
bility that a grain intersects the surface is proportional to its size.
For the lateral surfaces, there is also a contribution from the ten-
dency of the grain boundaries to intersect the free surface at close
to 90°, which can increase boundary curvature and lead to the
preferential growth of surface grains. We did not attempt to
distinguish between these two phenomena. Those grains that do
not contact the surface and are tracked in each anneal state have a
roughly constant grain size. These are the grains that were not
small enough to shrink and disappear during the experiment nor
were they so large that they impinged with the surface as a result of
growth or a shift in the field of view. The normalized grain size
distributions before and after merging twins are illustrated in
Fig. S5 and the distributions of faces per grain (F) before and after
merging twins are illustrated in Fig. S6. In each case, the distribu-
tions appear self-similar throughout the experiment.

The changes illustrated in Fig. 10 are the sum of contributions
from hundreds of grains. The behaviors of individual grains are not
as regular. To illustrate examples of how individual grains change
size over time, the spherical equivalent grain radii of six grains in
each anneal state are illustrated in Fig. 11. Grain 1 initially increased
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Fig. 11. Grain radii at six anneal states for six representative grains.

in size, and then shrank, from 43 um to 33 um. Grain 2 increases,
decreases, and increases again. Other grains changed continuously,
such as Grain 6, which grew from a radius of 25 um to 38 pm.

The results were compared to the AW law to determine if the
number of neighbors that a grain has is correlated to characteristics
of the neighboring grains. Rearranging Eq. (1), we find a relation
between (Fyy)F as a function of F:

The data in Fig. 12, which includes all grains in the twinned
microstructure, shows good agreement with Eq. (3), where F = 16
and p, =21. The actual values of F and u, measured from the data
are F =12 and u, = 78. While the fit to Eq. (3) is good, the resulting
parameters (F and u,) do not correspond to the observed values.
We do not currently have an explanation for this discrepancy, but it
does bring into question the application of the AW law to three-
dimensional data.

In Hillert's [40] classical mean field theory of grain growth, it is
assumed that there is a critical grain size above which grains (on
average) grow and below which they shrink. However, when the
volume change of a grain is considered as a function of the initial
grain radius, the two quantities do not appear to be strongly
correlated. The data are shown in Fig. 13, where grains were binned
according to their radii and the mean (square) and standard de-
viations (bars) are plotted for each grain size. Volume changes in
the twinned microstructure (Fig. 13a) appear independent of grain
size. In the microstructure with merged twins (Fig. 13b), the three
largest positive volume changes occur for the three largest grain
size categories (approximately twice the mean size), but at smaller
sizes the volume change is independent of size.

Some grain growth theories have suggested that there is a
critical number of neighbors above which grains grow and below
which they shrink [41,42]. In fact, a grain's size and number of
neighbors are strongly correlated such that larger (smaller) grains
typically have more (fewer) neighbors, as shown in Fig. S7. This is a
consequence of the cooperative process of grain growth. In Fig. 14,
the grains were grouped by their number of neighbors and the
mean (squares) and standard deviation (bars) of the volume change
in each category is plotted. For the twinned microstructure
(Fig. 14a), F is a poor predictor of whether a grain will shrink or
grow. For the microstructure after the twins have been merged,
there is some evidence that grains with more sides are more likely
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Fig. 12. The product of the number of near neighbors (F) and the average number of
nearest neighbors of the neighbors (<Fyny>) plotted versus the number of neighbors
(F). The line is a fit to the AW law.
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to grow. Grains with more than 18 sides have positive mean volume
changes, except for four categories among the five with the largest
number of sides.

It has been shown by Von Neumann and Mullins [6,43] that
when local mean curvature drives grain boundary motion, the total
volumetric growth rate (dV/dt) is given by Eq. 4:

av _ ,1/3
o=V Myg (4)
where M is the grain boundary mobility, v is the excess interfacial
energy per unit area, and ¢ is the normalized integral mean cur-
vature of the grain faces. Integrating Eq. 4, we get:

AVW3=§fMygdt (5)

It has been observed experimentally that ¢, the normalized in-
tegral mean curvature, is linearly proportional to F - (Fyy) [13,20].
Using this relation, we approximate Eq. 5 in the following way:

AV2P 2P e [(F~ (Fa)) dt = (F ~ () 4t (6)

where V; and V; are the final and initial volumes, respectively. This
suggests that in a given period of time (A4t), grains that have more

(fewer) faces than the average of their neighbors should grow
(shrink).

The data in Fig. 15 show the relationship between AV2/3 and F —
(Fnn) for all grains (a) and after merging the twins (b). In each plot,
the marker shows the mean value in each class and the bar in-
dicates the standard deviation. Volume changes in the twinned
microstructure (Fig. 14a) appear almost independent of F — (Fyy).
When the twins are merged, the correlation between AV2/3 and F —
(Fnn) is much stronger. In this case, all positive mean values of F —
(Fyy) are associated with positive values of AV2/3. The average
volume changes for grains with negative F — (Fyy) are generally
negative, but not strongly negative. This is likely to be due, in part,
to the fact that when small grains shrink below the detection limit,
they are no longer tracked and these negative volume changes are
not included. While it is possible to include these assumed negative
volume changes, it is difficult to discern if a grain is not tracked
because it actually disappeared or if it is no longer in the field of
view. It should be noted that while the mean values follow the
expected trend, the width of the distribution about the mean is
large. Therefore, a positive or negative value of F — (Fyy) is not an
absolute predictor of the sign of the volume change. However, the
sign of F — (Fyy) predicts the sign of the volume change in 65% of
the grains.
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Note that all grains, including surface grains, were included in
this analysis. This clearly introduces errors, but some of the errors
compensate. For example, a surface grain does not have its full
complement of near neighbors, so F is reduced from the true value.
However, most of the neighboring grains face a similar restriction,
so (Fyn) is similarly reduced. In an ideal situation, these grains
could be excluded or included according to the criterion introduced
by Rowenhorst [13]. Rowenhorst argued that grains whose centers
of mass are less than 2<R> from the boundary of the volume should
be eliminated, where <R> is the mean grain radius. Unfortunately,
when this criterion is applied to our data, there are so few grains
remaining that there is insufficient data for the analysis, especially
for the sample where the twins were merged. If we relax Row-
enhorst's criterion and remove grains whose centers of mass are
less than <R> from the boundary of the volume, more than half of
all grains are removed, but 300 to 400 grains remain in each anneal
state. The correlation between the volume change and F — (Fyy) for
this more selective data is illustrated in Fig. S8. While the result is
certainly noisier than Fig. 15, because there are fewer grains, the
results are consistent with the trends in Fig. 15. In other words, the
comparison of Fig. 15 and Fig. S8 suggests that eliminating grains
near the surface does not change the conclusion that grains with
positive mean values of F — (Fyy) are associated with positive
values of AVZ/3,

4. Discussion

Synchrotron x-ray based, near field High Energy Diffraction
Microscopy (HEDM) makes it possible to measure the shapes and
volumes of grains within a solid at different time intervals during
interrupted annealing. Using these data, it is possible to determine
which grains increased in volume and which grains decreased in
volume and compare the volume changes to the characteristics of
the grains in the initial state. The results do not support the idea
that there is critical size, or a critical number of near neighbors,
above which a grain grows and below which a grain shrinks.
Instead, mean values of the volume change are correlated to F —
(Fnn)- It should be noted that the grain size, R, and its number of
nearest neighbors, F, are strongly correlated with one another (see
Fig. S7). Therefore, it should also be true that volume changes are
correlated to R— (Rny), where (Ryy) is the average radius of the
nearest neighbor grains. The correlation between R — (Ryy) and the
volume change is illustrated in Fig. S9 and, while having more
noise, shows the same trend as Fig. 15. It should also be mentioned

that a recent study of «-Fe also found a correlation between the
volume change and F — (Fyy) [44].

In retrospect, it is naive to think that the size of a grain,
compared the ensemble average grain size, determines whether it
grows or shrinks. A specific grain grows or shrinks by exchanging
mass with its neighbors. During a small increment of time, a spe-
cific grain has no information about ensemble averages and is only
influenced only by its nearest neighbors. So, it is a comparison
between the characteristics (F, R) of the grain of interest with the
characteristics of its immediate neighborhood ((Fyy), (Ryn)) that
determines whether it grows or shrinks. In other words, for a grain
to grow (shrink), it is less important that a grain be larger (smaller)
than the average grain size than it is for a grain to larger (smaller)
than its neighbors.

While the mean values of the volume change are correlated to F —
(Fnn), as illustrated in Fig. 15, there are many exceptions which are
apparent in the distributions about the mean values. On a grain-by-
grain basis, AV and F — (Fyy) have the same sign 65% of the time.
Among the other 35%, some are certainly linked to limitations in the
data. One source of error arises when the volume change is very small.
As illustrated by Fig. 9, most grains have small volume changes and
small differences in the reconstruction may change the sign of the
volume change. Another source of error is that grains that disappear
are not included in the statistics and this artificially reduces the mean
volume change of shrinking grains. The free surfaces of the volume are
also obvious sources of error. When some of the largest outliers in the
distribution were visualized, they were almost always caused by
erroneous volume changes in grains at the upper and lower limits of
the field of view. Errors associated with the free surfaces could be
minimized by having data sets with more grains and we hope this will
be possible in the future. Finally, there are rare events where a grain is
divided in two by another (usually a twin). When divided, the grain
experiences an apparent large negative volume change that is not the
result of the normal grain shrinkage process.

The time interval over which the experiment occurs also plays
an important role in our ability predict whether a grain grows or
shrinks. Consider, for example, the idealized case where an
ensemble of grains continues to grow without stagnation. The
average grain size increases continuously until the end point is
reached when the entire sample is made up of one grain. The so-
called solid state crystal conversion process is a real world
approximation of this ideal situation [45,46]. At any point in time
while the average grain size increases, some fraction of all grains
can be classified as growing. However, before the endpoint is
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reached, all grains other than the one left at the end must even-
tually shrink and disappear. In other words, while all grains can be
classified as shrinking or growing at any instant in time, some
growing grains must become shrinking grains given sufficient time.
In the current experiment, the total volume changes were, on
average, 15% for each anneal state. Changes in the local neighbor-
hood of the grains that influence both F and (Fyy) during the time
intervals used here are one source of uncertainty in the results.
While this uncertainty might be reduced by using smaller time
intervals, uncertainties in the accuracy of the volume measurement
will at some point become influential.

Dake et al. [29] recently reported grain rotation during liquid
phase sintering. While we observed no such systematic rotations, it
must also be mentioned that our method of matching the grains in
different time steps relied on the similarity of the orientations in
the two states. Therefore, rotations of several degrees would have
led to an unmatched grain pair and it would not have been
detected. The fact we are able to match 88% of the grains, and the
unmatched grains are well correlated with the non-overlapping
fields of view and the disappearance of small grains (see Fig. 4),
suggests that any large rotations, if they occur, are rare. Also, the
average disorientation between matched grains in two time steps is
on the order of 0.05° (see Fig. 2). This is a measure of the uncer-
tainty in the orientation measurements, so rotations below this
limit would not be detected in our experiment. In an earlier analysis
of these data, rare changes in nearest neighbor disorientations were
explained by singular events rather than grain rotation [34].

The analysis of a twinned microstructure clearly presents chal-
lenges. When twins are considered as separate grains, the rela-
tionship between AV and F — (Fyy) is not obvious. There are several
reasons that twins can complicate the analysis. Considering the
large fraction of coherent twins, almost every grain will have at
least one twin boundary and these boundaries are likely to be far
less mobile than the other boundaries. While beyond the scope of
the current paper, in the future we will consider the number of
coherent twin boundaries bounding a grain as a parameter to
predict the volume change. Another difficulty is that plate shaped
twins within a grain can have as few as two neighbors; this likely
leads to a negative value of F — (Fyy). However, if the incoherent
segments at the edges of the plate are expanding within the grain,
its volume will increase. As an example, Lin et al. [25] showed,
using a subset of the data considered here, that when twins
nucleate at triple lines to lower the grain boundary energy, they
expand in size, even though they have only three neighbors and a
negative value of F — (Fyyn). Also, because of the very anisotropic
shapes of the twins in 3D, the typical relation between grain size
and number of neighbors is not expected to be as regular. For
example, in Fig. S7, the standard deviation in each grain size class is
much larger in the twinned microstructure compared to the
microstructure without twins.

Finally, we should question whether or not the microstructure is
in a steady state during the experiment. If we base this only on the
distribution of grain sizes for faces, one concludes that they are self-
similar (see Figs. S5 and S6). Furthermore, the distribution of grain
boundary disorientations is also nearly constant. The only
measurable change is an approximately 10% increase in the relative
area of grain boundaries with a 60° disorientation (see Fig. S10).
While this is consistent with the idea that low energy grain
boundaries increase in area with respect to higher energy bound-
aries, they are eventually expected to reach a steady state [47].
Although the increase in the fraction of twins suggests that the
distribution of grain boundaries has not reached a steady state, it
should be noted that these boundaries have no influence on the
microstructure from which twins have been eliminated and this is
the one whose volume changes are best correlated to F — (Fyy).

5. Conclusions

The shapes and sizes of 2500 grains in a Ni polycrystal were
measured at six points in time separated by 30 min anneals at
800 °C. During the experiment, the average grain volume increased
by 77%. For the individual time intervals, neither the grain size nor
the number of neighbors were useful predictors for the sign of a
grain's volume change. However, in microstructures where adja-
cent twin related domains were merged, the difference between
the number of neighbors and the average number of neighbors of
the neighboring grains is correlated to the sign of the volume
change. The correct sign of the volume change is predicted by this
metric 65% of the time. These results show that a grain's local
neighborhood is more important in determining its volume change
than how it compares to the average characteristics of the entire
sample. Volume changes in the twinned microstructures were not
well correlated with any of the metrics and this is most likely a
result of the high concentration of twins (more than 27% of grain
boundary area) and their distinct properties.
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