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A B S T R A C T

Grain boundary (GB) properties in an Al-5 wt % Cu alloy have been extracted from diffraction contrast to
mography images after 10 sequential annealing steps for 15 min at 630◦C. At the annealing temperature, a 
copper-rich liquid was present at the GBs. The growth and shrinkage of the grains are strongly correlated with 
the grain size, and the velocity of individual boundaries is strongly correlated with boundary mean curvature, as 
expected from the classical theory of coarsening. The experimental results compare well to a threshold dynamics 
grain growth simulation of the process assuming uniform grain boundary energies. The correlation of the 
interface velocity and curvature is observed both for the data on average and for certain commonly occurring 
grain boundary disorientations. It is also found that the curvatures and relative areas of GBs depend on the five 
grain boundary parameters, even though the GBs are formed in conditions of low energy anisotropy. The ob
servations are compared to results from grain growth in the solid state, where strong correlations between 
interface velocity and curvature are not observed.

1. Introduction

When polycrystalline microstructures are heated to sufficiently high 
temperatures, the average crystallite size increases. There are two 
limiting conditions for this process. If the material is a single-phase solid, 
the grain size increases through the migration of grain boundaries, and 
we refer to this process as grain growth. On the other hand, if crystals of 
a single phase are separated by an intervening phase (solid or liquid), 
then the increase in crystal size occurs by the diffusion of material from 
one crystal to another through the intervening phase; we refer to this 
process as coarsening. The conventional mean field theories for grain 
growth [1] and coarsening [2–4] are quite similar in the sense of 
assuming that growth rates depend on a crystal’s relative size in com
parison to the mean size. Both theories predict that grains smaller than 
the mean should shrink and disappear with time, while larger grains 
should increase in size. The mechanism is assumed to be the curvature of 
the crystal boundaries– or more typically some inverse measure of the 
crystal size. Smaller crystals have a greater curvature relative to the 

mean and therefore lie at a higher chemical potential, whereas larger 
crystals have a lower chemical potential. The result is that material is 
transferred from the smaller to larger crystals. For the case of grain 
growth, the concept is generalized to the condition that grain boundaries 
migrate towards their centers of curvature at a rate proportional to the 
curvature [5,6].

The recent development of X-ray microscopy [7,8] has made it 
possible to follow the evolution of the shapes and sizes of crystals within 
a polycrystal during annealing, making it feasible to test the accepted 
theories for grain growth and coarsening. The findings for grain growth 
have been surprising. For example, observations indicate that a grain’s 
relative size [9,10] and mean width [11] are poor predictors of whether 
or not the grain will shrink or grow. Several other measurements 
[12–14] and simulations [15–17] indicate that the sign of a grain 
boundary’s curvature is a poor predictor of the direction the grain 
boundary will migrate and that it is not possible to assign consistent 
mobilities to grain boundaries based on their curvature and velocity 
[18]. The findings contradict experimental observations of the 
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migration of isolated boundaries in idealized bicrystals [19] and the 
classical model for grain boundary migration [6]. The analysis of past 
3D coarsening experiments has focused on grain rotation rather than 
growth rates, but these studies have observed increased growth rates for 
larger crystals [20,21].

Grain boundary energy anisotropy has been suggested as one of the 
possible reasons that grain boundary migration in polycrystals is not 
predicted by curvature alone [22]. If this were true, then we can hy
pothesize that in the absence of grain boundary energy anisotropy, 
curvature should predict the direction and velocity of migration. While 
grain boundaries with isotropic energies do not exist (except, perhaps, 
very near the melting point), this condition is approximated by coars
ening processes during which the microstructure evolves in the presence 
of a liquid phase between the grains. Therefore, the only energy 
anisotropy is that of the solid-liquid interface, which is expected to be 
weak compared to the grain boundary energy anisotropy. The presence 
of a liquid phase also guarantees that no grain boundary dislocations or 
disconnections are involved in the migration process, that interface 
migration is not driven by stress, and that there are no triple lines to 
influence interface dynamics.

An ideal material for this experiment is an Al-5 wt % Cu alloy, used in 
previous coarsening experiments [20,21]. When heated to 630◦C, 30 vol 
% of the sample is a Cu-rich liquid and 70 vol % remains solid Al satu
rated with Cu [23] (see Fig. S1). Previous work has shown that the liquid 
wets the grain boundary regions, so at the annealing temperature, the 
sample is made of solid Al grains surrounded by a Cu-rich liquid [20]. 
When the sample is cooled below the solidus at 560◦C, the liquid in the 
intergranular regions solidifies, and grain boundaries re-form between 
grains of the aluminum-rich solid solution phase (details of the micro
structure are described in the supplemental information). Data from this 
material, acquired after ten sequential anneals for 15 min at 630◦C, has 
been made available as the result of previous research [21,24]. In the 
current work, the properties of the grain boundaries are analyzed in the 
solid state at room temperature, recognizing that their changes in po
sition occurred by coarsening rather than grain boundary migration. The 
presence of a liquid phase during annealing also means that there will be 
significant changes in the microstructure during sample solidification. 
Nevertheless, we assume that the volumes of grains after solidification 
are representative of those at high temperature and that the curvatures, 
which depend most on grain size, are also representative.

The purpose of this paper is to compare interface curvatures to 
interface velocities and test the hypothesis that the migration of in
terfaces during coarsening is driven by capillary forces and is therefore 
correlated with the curvature. It is shown that the evolution of the 
microstructure compares well with the classical theory, unlike phe
nomena observed during grain growth in the solid state. Surprisingly, 
the distribution of grain boundary planes that form after solidification is 
similar to that found in Al annealed in the solid state, [25] suggesting 
that the anisotropy of the energy of the grain boundary plane influences 
the grain boundary plane orientation after solidification.

2. Experiments and Simulations

2.1. Materials and measurements

A detailed description of the Al-5 wt % Cu sample preparation and 
data collection methods can be found in the report by Dake et al. [20], 
which focused on analyzing grain rotations during annealing [21]. The 
information needed to understand the present analysis is related in the 
remainder of this paragraph. The sample has the FCC crystal structure 
and a cylindrical shape (1.4 mm in diameter and 6.5 mm in height). 
After an initial 20 min anneal, the microstructure experienced ten 
sequential 15 min heat treatments at 630◦C, each followed by an 
air-quench. At room temperature after each anneal, a high-resolution 
(1.84 μm) absorption contrast tomograph (ACT) image was formed to 
visualize the copper-rich interface, and a three-dimensional orientation 

map was measured using lab-based diffraction contrast tomography 
(DCT).

The measured orientation maps were reconstructed using Grain
Mapper3D [26]. The entire material was reconstructed as 
FCC-structured Al; any phase separation that likely occurred when the 
liquid solidified was not resolved in the DCT images. The microstructure 
was reconstructed on a grid of cube-shaped voxels with dimensions 6 ×
6 × 6 μm3. Grains were segmented using a 1◦ disorientation threshold. 
The data was then further analyzed using the open source software 
Dream.3D [27]. The resulting initial (denoted as t0) and final (denoted 
as t10) reconstructed microstructures have 1934 and 934 grains, 
respectively, and the average grain radius increased from 107 μm to 136 
μm. All grains intersecting the top and bottom of the field of view were 
excluded from the analysis.

2.2. Interface curvature calculation

The original stair-stepped voxelated interfaces after reconstruction 
must be smoothed to obtain reasonable grain boundary property dis
tributions. Two Dream.3D [27] filters, “Quick Surface Mesh” and 
“Laplacian Smoothing,” were applied to the voxelated structure. The 
former filter replaced the stair-stepped interfaces with triangular 
meshes, and the meshes were then further smoothed by the “Laplacian 
Smoothing” filter, using 100 iterations and a weighting factor of 0.025. 
After meshing and smoothing, each grain boundary is described by a set 
of contiguous triangles. The triangles share the same two grain orien
tations on either side, but have distinct normal vectors in the crystal 
frame as well as areas. We can assign other grain boundary properties to 
each triangle. For example, the grain boundary local curvature is 
determined by the Cubic-Order algorithm [28] implemented in 
Dream.3D. As a result, two principal curvatures (κ1, κ2) and related 
principal directions for each meshed triangle were determined, and the 
corresponding mean curvature for that triangular interface was calcu
lated as (κ1+κ2)/2. The individual triangle mean curvatures separating 
two grains can be averaged to determine the mean curvature of the 
entire grain boundary, and all triangles surrounding a single grain can 
be averaged to determine the normalized integral mean curvature of a 
grain. The quantities are calculated using a previously described method 
[29].

As noted in the introduction, the curvatures were measured in the 
room-temperature state, and the grain shapes differ from those at the 
annealing temperature. Based on images of two-phase microstructures, 
[30,31] we expect the grains at high temperature to take on compact 
concave shapes, with their formerly solid outer surfaces now in the 
liquid state, as dictated by the conditions of two-phase equilibrium. The 
main difference is that the liquid phase eliminates triple lines, replacing 
them with smoothly curved surfaces. The individual grain faces are 
assumed to maintain approximately the same dimensions, but be pro
portionally smaller. The curvature of one of the faces will change sign, 
but our grain boundary curvature measurement is unsigned. Therefore, 
while the high-temperature and room-temperature curvatures are not 
identical, we still expect the room-temperature curvature to be strongly 
correlated with the unknown high-temperature curvature.

2.3. Interface relative energy calculation

Grain boundary relative energies can be calculated from the geom
etry of the triple lines [32]. To determine the triple line geometries, the 
initial 3D structure was interpreted as a series of parallel 
two-dimensional orientation maps. Within each layer, the grain 
boundaries were represented as a series of line segments. Triple points 
on each layer were identified as the location where three different grain 
boundary segments meet. The orientations of grains around triple points 
on adjacent layers were compared to identify points belonging to the 
same triple line; the triple lines were then defined by connecting these 
points on adjacent layers. Knowing the in-plane grain boundary 
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segments and the triple lines, the grain boundary normal and area can be 
calculated. To determine the grain boundary energies, it was assumed 
that the junction geometries satisfy the Herring condition, [33] and the 
locally optimal block preconditioned conjugate gradient method 
(LOBPCG) [34] was used to solve the system of equations defined by the 
Herring condition to find the capillarity vectors and minimize the dif
ferences between the boundaries and their neighbors in crystallographic 
space, as previously described in detail [32]. The relative energy of each 
boundary can then be determined by the product of its plane normal and 
the corresponding capillarity vector.

2.4. Interface migration velocity calculation

The first step in determining grain boundary velocity is to track the 
grains from one annealing step to the next, so that we can identify the 
same grain boundary in two annealing states. If two grains in adjacent 
time steps were misoriented by less than 10◦ and their centroids were 
separated by less than 200 μm, they were assumed to be the same grain. 
Using these criteria, on average, 99.88 % of the grains in the latter of two 
time steps could be matched to grains in the previous time step. The 
second step in the analysis procedure is to ensure that the orientation 
maps at each time step are spatially aligned. Following the method 
described previously, [12] we calculated the average disorientation 
between all of the voxels in one map and the map in an adjacent time 
step for relative translations i x→, j y→, k z→, for all combinations of indices 
i, j, and k from -4 to +4, where x→, y→ and z→ have lengths equal to the 
voxel side length. The translation vector with the minimum average 
disorientation was assumed to be the best alignment.

Once the grains were identified and aligned, we employed a method 
described previously [12] to calculate the boundary velocity. Briefly, the 
velocity of the boundary between grains m and n can be determined by 
counting the volume of voxels that changed their grain IDs from m to n 
from one annealing state to the next and dividing by the product of 
annealing time (Δt) and average grain boundary area (Amn). The 
average boundary area was calculated by averaging the measured areas 
of the (same) grain boundary at the two time steps.

2.5. Grain boundary properties distribution analysis

Using the analysis described above, we can specify the disorienta
tion, plane normal direction, area, energy, curvature, and velocity of 
each triangular mesh element or each grain boundary as a whole. 
Therefore, we know the distribution of these properties as a function of 
all five crystallographic grain boundary parameters. To plot grain 
boundary plane distributions at fixed disorientation or in the crystal 
reference frame, we used the method of Glowinski and Morawiec, [35] 
as implemented in 3D_dist_graph [36]. Specific points in each distribu
tion (fixed disorientation and grain boundary plane orientation) were 
sampled from the data using a 5◦ tolerance for disorientation and 7◦

tolerance for the plane normal.

2.6. Grain growth simulation

The threshold dynamics (TD) technique was used to simulate grain 
growth using the observed Al-Cu microstructure as a starting point. This 
method simulates the migration of grain boundaries through mean 
curvature [37,38]. Although the microstructure in the experiment is 
evolving by coarsening, we employ a grain growth model because the 
objective is to compare the experimental outcome to isotropic grain 
growth. Here, we implemented the method as described in detail in a 
previous publication [39] using an available code [40] but also provide 
a brief summary here. In the TD method, each grain has a characteristic 
function with value one within the grain and zero outside the grain. To 
simulate the evolution of the observed microstructure, each grain’s 
characteristic function is convolved with a Gaussian kernel. In this step, 

the kernel is positioned with its maximum at each grid point in the 
simulation and the convolution operator computes the integral of the 
product between the characteristic function and the kernel. When the 
boundaries of the kernel fall completely outside or within a grain, the 
convolution yields the trivial values of zero or one. However, when there 
is some overlap between the non-zero part of the kernel and the non-zero 
part of the characteristic function, the convolution value depends on the 
shape of the grain, which carries information about the curvature. After 
the convolution values have been assigned to each point, a threshold is 
applied so that values greater than 0.5 are assigned to one and less than 
the threshold value are assigned to zero, effectively moving the 
boundaries. Using the same kernel for each boundary is equivalent to the 
assumption that all grain boundaries have the same energy, and using a 
Gaussian kernel is equivalent to assuming the energy is the same in all 
directions.

It was necessary to crop the data in the vertical direction from 1133 
to 226 layers to stay within computational hardware limitations and 
memory requirements. This cropping was guided by the set of alignment 
vectors introduced in Section 2.4, ensuring that the same grain regions 
were consistently selected across all annealing time steps of the exper
imental data.

The initial average grain size was calculated from the grains that did 
not intersect any of the boundaries of the sample volume. The simulation 
was evolved with a time step size of 10-5 (in the TD method, the time step 
is related to the variance of the Gaussian kernel) [39] until the grain size 
in the simulated volume matched as nearly as possible the measured 
average grain size in the Al-Cu sample at the next annealing step. The 
procedures for the analysis of the simulated volume were identical to 
those used for the experiment.

3. Results

A typical cross section of the material is illustrated in Fig. 1. In the 
ACT image (Fig. 1a), the lightest contrast areas correspond to Cu-rich 
regions, the darker gray regions are Al, and the darkest regions are 
voids, presumably formed by drainage of the Cu-rich liquid when molten 
[21]. An inverse pole figure (IPF) map (Fig. 1(b)) derived from the DCT 
data taken at approximately the same position shows the Al orientations 
in a similar area. Even though the ACT image has a higher resolution 
than the IPF map, and the Cu-rich regions were assumed to be identical 
to the Al, the grain shapes in the two images are comparable, as reported 
previously [41].

The initial microstructure contained 1934 grains with an average 
equivalent-sphere radius of 107 μm. As a result of the sequential heat 
treatments, the final microstructure contained 934 grains with an 
average radius of 136 μm. The coarsening of the microstructure was 
reflected by a decrease in the total grain boundary area per volume, as 
illustrated in Fig. 2. Voorhees and co-workers have refined the theory for 
the coarsening of a high-volume fraction of solid with non-spherical 
shapes [2,3,30,42,43]. One feature that emerged from these studies 
was that the inverse of the surface-to-volume ratio increased linearly 
with the cube root of time, [43] which Fig. 2 illustrates is also a char
acteristic of our data. Although the grain boundary area per volume 
changed during the experiment, other normalized quantities, such as the 
grain boundary disorientation distribution, remained essentially con
stant throughout the experiment (see Fig. S2). Therefore, the measure
ments at each time step were combined to evaluate the distributions of 
microstructural metrics.

In coarsening, it is normally assumed that the smallest grains will 
shrink with time and the largest grains will grow. The grain volume 
change data in Fig. 3, which aggregates data from all of the time steps, is 
consistent with this expectation. Grains with radii smaller than 120 μm 
(fewer than 12 neighbors at room temperature) mostly shrink with time, 
and grains with larger sizes and more neighbors mostly grow with time. 
Note that the growth rate crosses zero very near the mean grain size and 
the mean number of neighbors. We note that there is a distribution of 
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observations that are used to determine the mean at each grain size, and 
the standard deviation of this distribution shows that some of the indi
vidual observations have signs that differ from expectation. The 
apparent decrease in shrinkage rate at small grain sizes reflects the fewer 
number of voxels present in these small grains. It is noteworthy that 
when the same statistic was evaluated for solid-state grain growth in Ni 
[9] and Fe, [10] the findings did not show this behavior, even though the 
same analysis methods were used.

Under the assumption that interfaces in the alloy are driven by 
capillary forces, the volumetric grain growth rate (dV/dt) is [44] 

dV
dt

= V
1
3Mγ℘ʹ, (1) 

where V is the initial grain volume, M is the interface mobility, γ is the 
interface energy, and ℘ʹ is the normalized integral mean curvature of the 
grain. If the interface mobility and energy are assumed to be constant, 

then dV/dt should be directly proportional to V
1
3℘ʹ, which is demon

strated in Fig. 4. Eq. 1 predicts the correct growth direction for 76 % of 

the 11720 grains, the mean growth rates vary linearly with V
1
3℘ʹ, and 

the growth rate at V
1
3℘ʹ = 0 is also zero; these observations indicate that 

Eq. 1 provides a reasonable description of the microstructural evolution 
of this alloy. It should be noted that the curvatures are measured from 
the DCT data, so the grain shapes are not identical to the shapes existing 
at elevated temperature when the liquid was present.

Fig. 1. An example of a cross-section of the Al-Cu alloy at t0 measured by (a) ACT and (b) DCT. The black lines in (b) mark the locations of grain boundaries, and the 
white regions are unindexed void space.

Fig. 2. The inverse of the surface-to-volume ratio versus the cube root of time 
for the Al-Cu alloy. The dashed line shows a linear fit.

Fig. 3. Change in the grain volume (V) versus (a) grain size and (b) number of grain neighbors. The circles show the mean volume for each category on the horizontal 
axis and the bars show one standard deviation for the distribution of the data within that category. From left to right, the three dashed lines in (a) mark the initial 
mean size of matched grains, the mean size of all matched grains in the experiment, and the final mean size of matched grains. The dashed line in (b) marks the mean 
number of grain sides.
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The results for the subset of experimental data used for the simula
tion (“cropped” data) and the simulation results are also shown in Fig. 4. 
These data have about 1/6th the number of grains as the complete 
experimental data. These results are similar to the complete experi
mental data in that they approximate a line that passes through the 
origin. For these subsets, the sign of the growth rate is correctly pre
dicted for 78% (cropped) and 87% (simulation) of the grains. The con
sistency of the simulation and the experiment indicates that isotropic 
grain growth and the coarsening of a high-volume fraction solid depend 
on curvature in the same way, even if the atomic scale mechanisms 
differ.

While the volumetric growth rate considers changes that occur to the 
overall grain, we can also measure the velocities of the individual 
boundaries. It should be noted that we again use the boundary shapes 
determined at room temperature, following migration of the interface 
separated by liquid. The correlation between the mean velocity and the 
boundary curvature is presented in Fig. 5(a). Note that the curvatures 
are the mean curvature of the entire grain boundary and that each point 
is the mean of a broad distribution with an average standard deviation of 
7.5 × 10− 8 mm/s. There is a strong correlation between grain boundary 
velocity and curvature for the curvature range from 0 to 3.25 mm− 1 

(containing 94.5 % of 64670 grain boundaries). For curvatures greater 
than this range, the slope of the data changes. It should be noted that 
there are fewer boundaries in this range, so the mean of the velocity 
distribution is likely to have more uncertainty. The results for the subset 
of the data that was simulated are shown in Fig. 5(b) (containing 94.1 % 
of 14054 grain boundaries). Both show a linear relation between ve
locity and curvature, but the velocities of the boundaries in the simu
lation are less than those in the experiment. The mean velocities are 
lower in the simulation because it eliminates more small grains than the 
experiment [39], selectively excluding some fast moving boundaries 
from the distribution.

The grain boundary disorientation distribution with 1∘ resolution of 
the Al-Cu alloy is compared to the random distribution in Fig. 6. The 
results show that the disorientation distribution is nearly random except 
for two features that are observed with population greater than twice the 
random expectation: there are more low-angle grain boundaries 
(LAGBs) than expected and more grain boundaries at 60◦. The high 
population of LAGBs has been observed in other textured materials [45,
46] (the sample has a cube texture with an intensity of approximately 3 
multiples of random distribution (MRD)), and the local maximum at 60◦

probably results from Σ3 (60∘/[111]) grain boundaries that are common 
in FCC structured materials.

The grain boundary area distributions at fixed disorientation showed 
more significant anisotropy than the disorientation distribution alone, 
with some grain boundary planes occurring with populations more than 
20 times the random value. Note that these area distributions reflect the 
state of the solidified microstructure, rather than the microstructure 
during coarsening; we find it surprising that they display anisotropic 
distributions, unlikely to be associated with the more isotropic solid- 
liquid interface energy distribution at the maximum temperature. The 
grain boundary area, curvature, velocity, and energy distributions are 
illustrated in Fig. 7 for the Σ3 grain boundaries (a-d) and LAGBs (e-h), 
two of the most frequently observed boundaries. For the Σ3 grain 
boundaries, the maximum area is located at the twist orientation, and 
the minimum is at the {101} tilt boundaries. For the LAGBs, the opposite 
occurs, with the maximum area found at the position of the {12 11 1} 
symmetric tilt grain boundaries, and the minimum at the position of the 
twist grain boundary. For both grain boundary classes, there is an 
approximate inverse correlation between the relative area and the grain 
boundary relative energy, although the variations in energy are rela
tively small. Finally, the velocities of both GB classes show an approx
imate correlation with the mean grain boundary curvature, as also 
evident in Fig. 5. Note, however, that the mean curvatures in Fig. 7 are 
for individual triangles, while those in Fig. 5 are averaged over entire 
boundaries. When all of the points in Fig. 7(c) are plotted against the 
points in Fig. 7(b), the data fit a line with R2 = 0.94 (see Fig. 8).

As noted previously, the data in Figs. 3 through 8 were consolidated 
from all of the time steps in the experiment. Other than the increase in 
mean grain size and the decrease in mean curvature, the only other 
significant change noted was an increase in the relative areas of coherent 
twin boundaries, which rose from approximately 18 MRD to 32 MRD 
(see Fig. 9). Note that the total number of Σ3 grain boundaries decreased 
from 214 to 81 during annealing. Therefore, the increase in area fraction 
of coherent Σ3 boundaries does not mean that their areas necessarily 
increased, but that they make up a larger fraction of the total boundary 
area. This indicates that Σ3 boundaries are less likely to be eliminated in 
comparison to other boundaries during coarsening.

4. Discussion

The influence of curvature on the growth of crystals in a solid-liquid 
mixture has been established by earlier studies [47]. From this 
perspective, the results reported in Figs. 2 through 5 are consistent with 
expectations. These correlations provide strong evidence that the 
coarsening of the Al grains in this alloy is predicted by curvature. It 
should be emphasized that a distribution of observations contributes to 
each mean value (for example, note the bars in Figures 3 and 4), and 
some of the points do not follow the expected trends. Several factors 
might contribute to this scatter. First, the curvature measured in the 
solid state is only an approximation of the true curvature present in the 
two-phase material at elevated temperature. Second, the curvature 
measurement is based on meshing of the interface, and this is an 
approximation of the true interface. Beyond these experimental limita
tions, there are also local variations in curvature at places where mul
tiple grains approach each other that are not captured by the assignment 
of a single mean curvature to each boundary. Despite these limitations 
associated with the method, the trends illustrated in the mean values are 
consistent with the classical theory of coarsening.

A unique feature of the present work is that we were able to track 
individual interfaces by their crystallographic character. As a result, we 
were able to examine the correlation between curvature and velocity for 
specific types of boundaries. The results in Fig. 8 show that the corre
lation is very strong for the Σ3 boundaries, which are the most 
frequently observed grain boundaries. We note that there is a trend that 
the highest population grain boundaries (lowest energy) have the 

Fig. 4. The correlation between the grain volume rate of change dV /dt and the 

product V
1
3℘ʹ for all experimental data (red circles), cropped experimental data 

(blue squares) and isotropic simulation data (green diamonds). Each marker 
indicates the mean, and the bar represents the width of the distribution (± one 
standard deviation).
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smallest velocities and curvatures, while the grain boundaries with the 
largest velocities and curvatures have smaller relative areas. This sug
gests that boundary kinetics might hamper our ability to observe the 
highest velocity boundaries. A similar trend is observed for the LAGBs 
(Fig. S3a) and the Σ11 boundary (Fig. S3b). The velocities and curva
tures of grain boundary types with relative areas less than 3 MRD do not 
manifest strong correlations, but it is unclear if this is because of an 
insufficient number of observations or because these boundaries are 
fully wet at the annealing temperature and, in that condition, their 
properties no longer depend on the orientation of the grain boundary 
plane. The fact that the scatter in the correlation in Figs. 8 and S3 in
creases for lower-population boundaries suggests that the number of 
observations may play a role.

Another interesting aspect of the findings is the anisotropy of the 
grain boundary plane distribution. For the LAGBs and Σ3 boundary 
distributions shown in Fig. 7, there is relatively strong anisotropy, with 
the preferred planes having areas more than four times greater than the 
non-preferred planes. The Σ11 {1 1 3} boundary, which has a disori
entation of 50.5◦ around [110], (see Figs. S4 (a) and (b)) provides 

another example of a low-energy, high-population grain boundary. 
These distributions are similar to those reported for commercially pure 
Al [25]. Because the grain boundary plane anisotropy is inversely 
correlated with the grain boundary energy anisotropy during grain 
growth, [48] and the observed energy anisotropy is weak (as expected), 
the grain boundary plane distributions ought to exhibit weak anisot
ropy. There are two possible explanations for why this was not the case. 
The first is that the lowest-energy boundaries at the maxima of these 
distributions are not wet by the Cu-rich liquid and, therefore, behave 
more like the grain boundaries in Al that have been characterized in the 
past [25]. Evidence for the anisotropic wetting of grain boundaries in 
Al-Ga alloys is well documented [49,50]. The second is that after so
lidification of the boundary regions, the interfaces can change their 
orientations to maximize the fractional areas that occupy orientations 
with the energy minima. Based on the current data, acquired after the 
solidification and cooling are complete, it is not possible to discriminate 
between these two cases.

It is also noteworthy that the relative area of coherent twin bound
aries increased as annealing proceeded. The same phenomenon has been 
observed in solid-state grain growth [9]. An increase in the relative area 
of low-energy grain boundaries with annealing time has been explained 
by the preferential annihilation of higher-energy (smaller-area) bound
aries during grain growth, a process that leads to a distribution of GB 
energies inversely correlated to area [51]. With a liquid separating the 
two grains, such a mechanism does not seem possible. The increasing 
relative area of the coherent twin boundaries with annealing time in this 
coarsening experiment might instead be the result of their low migration 
velocity.

While this is a study of coarsening, the results inform our interpre
tation of earlier solid state grain growth studies. First, earlier failures to 
detect correlations between curvature and grain volume changes or 
curvature and grain boundary velocity were not the result of limitations 
intrinsic to the methods or analysis [12–14]. The same methods applied 
to this Al-Cu alloy extracted robust correlations. The main difference is 
that, in the earlier studies, the microstructures evolve in the solid state, 
whereas in the present study, most, if not all, of the grain boundaries 
were replaced by solid-liquid interfaces. This suggests that the factors 
that influence grain boundary migration in the solid state differ in a 
significant way from the migration of boundaries during coarsening. 
Considering the difference in the mechanism, this finding might not 
seem surprising; however, the classical theories for both processes [1,4] 
are based on curvature, and they lead to similar predictions for the 
correlation between grain size and grain volume changes. While these 
predictions are consistent with the results of this coarsening experiment, 

Fig. 5. The grain boundary velocity plotted against GB curvature for the microstructures. (a) All experimental data, with a bin width of 0.275 mm− 1 and linear fit R2 

= 0.85; the average standard deviation at each point is 7.5× 10− 8 mm/s. (b) Comparison between the simulated subset of experimental data (red circles) and the 
corresponding simulation result (blue squares). The bin width is 0.275 mm− 1, the linear fit R2 values are 0.81 and 0.96, and the average standard deviations at each 
point are 3.6 × 10− 7 mm/s and 6.3 × 10− 8 mm/s for the experimental subset and the simulation, respectively.

Fig. 6. The disorientation distribution with 1∘ resolution for the Al-Cu alloy, 
with data from all time steps aggregated (red), compared to the random 
disorientation distribution (solid black curve).
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they contradict observations of solid state grain growth.

5. Conclusions

Grain boundary property distributions in an Al-5 wt% Cu alloy have 

been measured after 10 sequential 15 min anneals at 630◦C. The results 
show that, although the microstructure evolved at a temperature at 
which the grain boundaries were replaced by a liquid phase, the 
resulting distribution of grain boundary properties shows clear anisot
ropy. In addition, at the grain level, the grain volume change can be 
correctly predicted by the grain size and the grain integral mean cur
vature, which is consistent with classical coarsening theory. At the level 

Fig. 7. Grain boundary relative area (a, e), curvature (b, f), velocity (c, g), and the relative energy (d, h) distributions plotted on stereographic projections along the 
[001] direction. Panels (a-d) are for boundaries with a 60◦/[111] disorientation. There were 1147 distinct boundaries in this category comprised of 1.6 × 106 

triangles. The orientations marked with a triangle, circles, and diamonds are the (111) twist boundary, {101} tilt boundaries, and {211} symmetric tilt boundaries, 
respectively. Panels (e-h) are for boundaries with a 7.5◦/[111] disorientation. There were 833 distinct boundaries in this category comprised of 1.6 × 106 triangles. 
The orientations marked with a triangle, circles, and diamonds are the (111) twist boundary, {734} tilt boundaries, and {12 11 1} symmetric tilt boundaries, 
respectively.

Fig. 8. The velocity and curvature of the Σ3 grain boundaries for the grain 
boundary plane normal with MRD > 3. A linear fit to the data shows a strong 
correlation. Each data point represents one grain boundary plane’s normal 
orientation and is colored by the corresponding relative area, in MRD.

Fig. 9. The relative area of coherent twin boundaries plotted as a function of 
annealing time.
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of individual boundaries, the interface velocity shows a strong correla
tion with interface curvature, which was also found in isotropic solid- 
state grain growth simulations. The results indicate that, when the 
interface energy anisotropy is minimized and migration occurs by 
diffusion through the liquid, interface migration is correlated to curva
ture, contradicting what is observed during solid-state grain growth, 
where the grain boundary velocity and the curvature are not found to be 
strongly correlated.
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Figure S1. The Al-Cu binary phase diagram. The red solid line represents the temperature of heat 
treatment (630°C), and the red dashed line represents the equilibrium cooling path of the 
experimental sample (Al-5 wt% Cu). 
 

The phase diagram in Fig. S1 can be used to determine the microstructure expected with the 
Al-Cu alloy solidifies from the melting point.  Along the equilibrium cooling path, the 
boundaries that form on solidification are between the Al-rich solid solution phase with 5 wt% 
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Cu.  In other words, they are homophase grain boundaries.  At a lower temperature (≈ 530 °C), 
small amounts of Al2Cu precipitate out.  These precipitates are too small to be detected by DCT.  
If the semi-solid were instead quenched instantaneously from the annealing temperature, the 
equilibrium intergranular liquid would be about 12 wt% Cu.  If this solidified at the eutectic 
temperature, it would yield a mixture of the Al solid solution phase and Al2Cu precipitates with a 
microstructure finer than the DCT resolution.  In reality, the microstructure is somewhere 
between these limits.  What we can surmise is that, regardless of the details, the aluminum solid 
solution will be a continuous phase, and fine-scale Al2Cu will be precipitated in the areas that 
were liquid at the annealing temperature.  The liquid fraction at the process temperature is 
estimated to be 30 % after accounting for the fraction trapped within grains and does not 
influence the interfaces, as in reference [1]. 
 

 
 
Figure S2. The disorientation distribution of a random distribution of grain orientations, and the 
disorientation distributions of the Al-5 wt% Cu sample at times t0 = 0, t5 = 75, and t10 = 150 mins.  
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Figure S3. The velocity and curvature of various types of grain boundary with corresponding 
linear fitting. Each data point represents one grain boundary plane’s normal orientation and is 
colored by the corresponding relative area in units of MRD. (a) 7.5°/[111]  low-angle grain 
boundaries; (b) 50.5°/[110]	Σ11 grain boundaries.  There are 833 observations of 7.5°/[111] 
low-angle grain boundaries and 548 observations of Σ11 grain boundaries. 
 
 

 
 
Figure S4. The grain boundary (a) relative area and (b) relative energy distributions for  
50.5°/[110]	Σ11 grain boundaries. 
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