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Abstract

Laboratory x-ray microtomography is investigated as a method for ob-
taining time-resolved images of microstructural coarsening of the semisolid
state of Al-5wt%Cu samples during Ostwald ripening. Owing to the 3D
imaging capability of tomography, this technique uniquely provides access to
the growth rates of individual particles, thereby allowing not only a statisti-
cal characterization of coarsening—as has long been possible by conventional
metallography—but also enabling quantification of the influence of local envi-
ronment on particle boundary migration. The latter information is crucial to
understanding growth kinetics during Ostwald ripening at high volume frac-
tions of the coarsening phase. Automated image processing and segmentation
routines were developed to close gaps in the network of particle boundaries
and to track individual particles from one annealing step to the next. The
particle tracking success rate places an upper bound of only a few percent
on the likelihood of segmentation errors for any given particle. The accuracy
of particle size trajectories extracted from the time-resolved tomographic re-
constructions is correspondingly high. Statistically averaged coarsening data
and individual particle growth rates are in excellent agreement with the re-
sults of prior experimental studies and with computer simulations of Ostwald
ripening.
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1. Introduction

As the resolution of x-ray tomography has improved from the millimeter to
the submicrometer range, the scope of applications for this nondestructive
3D imaging technique has broadened from its early use in medical diagnos-
tics to increasingly widespread employment as a tool for characterizing the
complex internal microstructures of materials [1, 2]. Tomography is particu-
larly well suited to the study of multiphase materials, as differences in local
x-ray absorption can be exploited to map the spatial extent of individual
phase regions—even when the latter are interconnected in a complex manner
in three dimensions [3, 4]. Previously, such information could be gleaned
only from a destructive technique like serial sectioning [5]; however, with the
advent of high-resolution x-ray tomography, such studies no longer require
cutting open the sample, thereby making it feasible to observe the evolution
of phase boundaries during protracted mechanical and/or thermal processing
[6–10].

This in situ 3D imaging capability makes x-ray microtomography ideally
suited to the investigation of Ostwald ripening, a coarsening phenomenon
first studied more than a century ago [11] and still of technological relevance
today because of its prevalence during the synthesis and processing of modern
multiphase materials [12–15]. In the simplest case of particles of one phase
dispersed in a matrix of a second phase, Ostwald ripening manifests itself
through the growth of larger particles at the expense of smaller ones, leading
to an increase in the mean particle size 〈R〉 as the total number of embedded
particles decreases (Figure 1). The driving force for this process is the excess
energy of interphase boundaries, the overall area of which is reduced when the
volume of the embedded (coarsening) phase is concentrated in fewer particles
of larger size.

The first widely accepted analytic model for Ostwald ripening was pro-
posed in 1961 by Lifshitz, Slyozov [16] and Wagner [17]. The so-called LSW
model makes three primary predictions regarding the asymptotic kinetics of
particle coarsening in a two-phase mixture:

(i) The cubed mean particle radius 〈R〉3 of a given phase grows as a linear
function of time t.
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Figure 1: Schematic illustration of the Ostwald ripening of particles of one phase embedded
in a matrix consisting of a different phase. Larger particles grow at the expense of smaller
particles by atomic diffusion from the latter to the former through the matrix. This leads
to an increase in the mean particle size 〈R〉 with time (t1 < t2 < t3) without changing the
volume fraction VV of the coarsening phase.

(ii) The particle size distribution takes on a time-independent shape when
normalized by the corresponding mean particle radius 〈R〉.

(iii) The quantity R2dR/dt, which is proportional to the instantaneous
growth rate of a particle of size R, depends linearly on R/〈R〉 − 1,
entailing particle shrinkage for R < 〈R〉 and growth when R > 〈R〉.

Strictly speaking, the LSW results were derived in the limit of a vanishing
volume fraction of the coarsening phase (i.e. VV → 0), which is equivalent to
the assumption of no overlap of the concentration depletion zones surround-
ing the shrinking/growing particles [12, 18, 19]. This assumption leads to
discrepancies between theory and experiment at higher, technologically rel-
evant values for VV [20, 21]. Over the past six decades, numerous attempts
have been made to extend the LSW model to higher volume fractions by tak-
ing particle-particle interactions into account, at least in a mean-field sense
[18, 22–26]. For example, Glicksman et al. [24] and Wang et al. [26] devel-
oped a “diffusion screening theory” to describe multiparticle systems in the
range 0 < VV < 0.3, and Marsh and Glicksman [23] established the concept
of a “statistical field cell” that is valid for volume fractions up to 0.6. At still
higher values for VV , however, all current approaches to modeling Ostwald
ripening begin to break down [27].

In order to guide the development of analytic models for Ostwald ripening
in the high-VV regime, it is necessary to measure the effect of particle-particle
interactions on the rate of growth in each particle size class R and to assess
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their dependence on the overall volume fraction VV of the coarsening phase.
Such information can be obtained only from a nondestructive 3D imaging
technique that is able to map out the local environment of each particle
in a real coarsening system and to deliver relevant data for quantifying the
influence of that environment on the particle’s growth kinetics. In this work
we demonstrate that absorption-contrast x-ray microtomography meets both
of these criteria. Moreover, we show that the necessary characterization
capabilities are not exclusive to the specialized instrumentation found at
synchrotron beamlines: the latest generation of laboratory x-ray tomographs
affords sufficient intensity and resolution for performing such studies, as well.

In Section 2, we describe the sample preparation and tomographic char-
acterization protocol that was followed to investigate Ostwald ripening in a
two-phase system with VV = 0.74 during both long-term (LT) and short-term
(ST) annealing series. By tracking individual particles over several annealing
steps, according to the approach presented in Section 3, we extract particle
growth/shrinkage trajectories and compare them to statistical measures for
the evolution of the ensemble of particles, discussing the results in the context
of prior experimental and theoretical studies of Ostwald ripening. Finally,
in Section 4 we assess uncertainties in the microstructural data obtained by
this approach, considering not only experimental factors but also the conse-
quences of segmentation artifacts on the accurate tracking of particles from
one tomographic reconstruction to the next.

2. Material and methods

The aggregate state of the phases in a polycrystalline metal undergoing
Ostwald ripening can be solid-solid [15] or solid-liquid [21]. Solid-liquid sys-
tems offer the advantage of minimizing the interfacial stresses between matrix
and coarsening phases [28], thereby eliminating at least one factor having
the potential to interfere with conventional coarsening kinetics [20]. Fur-
thermore, ripening occurs faster in solid-liquid systems, owing to the higher
rate of atomic diffusion through a liquid than a solid, thereby shortening the
annealing time needed to induce a measurable change in the microstructure.

For these reasons, we chose to study a high-purity Al-5wt%Cu alloy in
the semisolid state at temperatures above the solidus line (∼ 560◦C). Prior
to annealing, the alloy was cold-rolled to a thickness reduction of 50% and
homogenized at 500◦C for 24 hours in air. Samples were then cut by spark
erosion into cylinders 4mm in length and 4mm in diameter. Tomographic
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scans were recorded at a resolution of 2µm (voxel side length) for the LT
series measurements (2.42µm for the ST series) using a cone-beam SkyScan
1172 laboratory microtomograph (Bruker microCT) operated at a source
voltage of 100 kV and a source current of 100µA. During each measurement,
a total of 567 (LT) or 551 (ST) projections was recorded at an exposure time
per projection of 6500ms (LT) or 4100ms (ST). All tomographic reconstruc-
tions were generated using filtered back-projection of the x-ray absorption
images.

The experimental protocol consisted of sequential repetitions of a to-
mography scan performed at room temperature (Figure 2(a)) followed by a
sample annealing treatment carried out in air at 630◦C (Figure 2(b)). To
estimate the time required for specimen heating and cooling, we mounted a
thermocouple (� 0.5mm) in a hole bored into a test sample and placed the
latter in an oven preheated to 630◦C. It took approximately 150 seconds for
the sample center to equilibrate with its surroundings; the semisolid state
was reached after 100 seconds. Following removal from the oven, the sam-
ple cooled down to room temperature within 160 seconds, of which only 10
seconds were needed to exit the semisolid state. At 630◦C, we estimated
the volume fraction of the solid phase to be VV = 0.69 for thermodynamic
equilibrium between the solid and liquid by applying the lever rule to the
phase boundaries indicated in the Al-Cu binary phase diagram [29]. The
liquid (matrix) phase at this temperature has a significantly higher Cu con-
centration than the solid, coarsening phase (11wt% vs. 1.5wt%).

Upon cooling to room temperature, the matrix phase solidifies to a eu-
tectic mixture of the Al(Cu) terminal solid solution and the intermetallic
phase Al2Cu (Figure 2(a)) [30]. Owing to the higher Cu concentration in
regions formerly occupied by the liquid matrix, they absorb x-rays more
strongly than do the coarsening particles, thereby enabling the matrix phase
to be mapped out by absorption-contrast tomography. Unfortunately, the
boundaries of the coarsening particles are not always perfectly revealed by
this procedure: in some cases, the liquid wetting layer is too thin to detect
(Figure 2(a)), or dewetting may have occurred during cooling, in which case
there is a driving force for the liquid phase to retreat into the triple junc-
tions. These phenomena have already been reported in Al-Cu [31] as well
as in other semisolid systems, including Fe-Cu [32] and Al-Sn [33]. In these
cases the imposition of a simple thresholding criterion on the gray scale of
a tomographic reconstruction yields a partially marked network of particle
boundaries. Complete segmentation of the characterized sample volume—i.e.
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Figure 2: Partially marked particle boundaries and microstructural changes during cool-
ing. (a) Scanning electron microscopy image of Al-5wt%Cu at room temperature (RT),
revealing the presence of incompletely marked particle boundaries (arrows) as well as small
spherical inclusions within the particles. The inset shows a magnified view of the Al(Cu)-
Al2Cu eutectic mixture located within the white box. Dark gray regions correspond to
the Al(Cu) phase, and light gray pixels arise from Al2Cu. (b) Schematic illustration of the
semisolid state present at 630◦C; here, the white regions correspond to the liquid phase
surrounding the gray-shaded solid particles.

the quantitative extraction of all particle sizes and shapes—therefore neces-
sitates carrying out additional image processing steps to close any remaining
gaps in the mapping of the liquid phase.

2.1. Image processing and segmentation

Owing to its demonstrated applicability to foam-like network structures
[34], we employed the watershed transformation to segment the tomographic
reconstructions of Al-5wt%Cu. Processing of the latter was carried out us-
ing the Image Processing Toolbox in Matlab, and 3D visualizations were
generated with the imaging software Avizo. In order to prepare reconstruc-
tions for the watershed transformation, we removed noise and improved con-
trast by applying, in sequence, an adaptive Wiener filter, an edge-preserving,
anisotropic diffusion filter2 [35] and a top-hat filter to 2D slices (oriented with
normal vector parallel to the symmetry axis of the sample cylinder); a typical
result of these steps is shown in Figure 3(a). Imposing a threshold, we ob-

2Anisotropic Diffusion using anisodiff2 by Daniel Lopes, Matlab Central File Ex-
change, May 14, 2007.
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Figure 3: The main steps in image processing and segmentation, illustrated for a 2D
section through a 3D tomographic reconstruction of Al-5wt%Cu. (a) Image from the raw
reconstruction, containing noise, precipitates of the matrix phase and partially marked
particle boundaries. (b) Result following application of the watershed transformation,
showing closure of gaps in the matrix-phase network. (c) Fully segmented microstructure,
with individual particles labeled by arbitrarily chosen colors.

tained a binary dataset containing the partially marked network of particle
boundaries.

In order to ensure reliable functioning of the watershed algorithm, it was
necessary to remove spherical precipitates of the matrix phase embedded
within the coarsening particles (Figures 2(a) and 3(a)). Moreover, since no
particle growth or shrinkage ensues upon atomic diffusion across inclusions,
they should be excluded when calculating the volume fractions relevant to
Ostwald ripening. Direct analysis of tomographic reconstructions revealed
that spherical inclusions make up approximately 17% of the matrix phase,
independent of annealing time; the remaining matrix phase must, therefore,
occupy 26% (rather than 31%) of the overall sample volume. Consequently,
we take VV = 0.74 to represent the “effective” volume fraction of the coars-
ening phase during Ostwald ripening.

Processing of 3D datasets was feasible only after downscaling by a factor
of two in each dimension. The final step in preparation for the watershed
transformation was the application of a 3D Euclidean distance transforma-
tion [36], which assigns a number to each voxel that is proportional to the
given voxel’s distance from the matrix phase (i.e. from the network of parti-
cle boundaries). In the two-dimensional case, the result can be interpreted as
a topographic map in which the lowest-number voxels represent the peaks of
hills (the particle boundary network) and the highest-number voxels denote
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the deepest points in valleys (usually located near particle centers). After
smoothing out local minima to avoid oversegmentation, we applied the wa-
tershed transform to the distance transform, thereby closing the voids in the
reconstruction of the matrix phase (Figure 3(b)).

Once the gaps in the particle boundaries had been eliminated, we ad-
justed the volume fraction of the matrix phase to VV = 0.74 by uniformly
widening the boundaries to a value between 12µm and 24µm, depending on
the average particle size. At this point, each remaining (i.e. non-boundary)
voxel belongs unambiguously to exactly one particle in the sample, making
it possible to determine the spatial extent of each particle and to label the
latter with a unique number. Figure 3(c) illustrates the final result for a
single 2D slice passing through a cylindrical sample.

Any particle touching the surface is deleted from the segmentation, as
surface particles lack a full complement of neighboring particles, which is
likely to have an effect on the local kinetics of growth. For each remaining
particle, we calculate its equivalent radius R as the radius of a sphere of
equal volume. If the latter is smaller than Rmin = 15µm, we remove the
corresponding particle from the segmentation, owing to the non-negligible
likelihood that such a small region has arisen from noise in the reconstruction.
(At a voxel side length after downsampling of 4µm for the LT series, our
choice of cutoff value for Rmin corresponds to an equivalent diameter of only
7.5 voxels, compared to a matrix-phase thickness of 3 to 6 voxels.)

2.2. Data collection

Samples were subjected to two distinct annealing protocols in order to
access different regimes of microstructural evolution during Ostwald ripening
(Table 1). A long-term (LT) annealing series was designed to reveal global
parameters, such as the growth exponent and the steady-state shape of the
particle distribution. Six samples were repeatedly characterized tomograph-
ically at annealing times ranging from 1 to 63 h at 630◦C. Short-term (ST)
annealing intervals only 1 h in duration were applied at the same temperature
to three samples in order to extract the growth rates of individual particles
using the particle-tracking algorithm described in the next section. Prior to
the initial tomographic scan, the ST samples were annealed for 3, 7 or 15 h
to establish different starting average particle sizes.
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Table 1: Long-term (LT) and short-term (ST) annealing series for samples of Al-5wt%Cu.
Entries in the table indicate the cumulative time spent by a given sample at 630◦C prior
to tomographic characterization at room temperature.

series name annealing time (hours)
LT1–6 1 3 7 15 31 63
ST1 3 4 5 6 7
ST2 7 8 9 10 11
ST3 15 16 17 18 19

2.3. Sample alignment and particle tracking

An unavoidable consequence of carrying out the annealing treatments in
an external oven rather than inside the microtomograph itself are changes
in sample alignment from measurement to measurement. These changes
manifest themselves in translational and rotational offsets when comparing
reconstructions of the same specimen at two different annealing times (Fig-
ure 4(a))—a situation that exacerbates the difficulty of tracking the evolution
of individual particles during the short-term annealing series. The misalign-
ment between segmentations at times ti−1 and ti of the same ST annealing
sequence was corrected in a stepwise manner, starting with a determination
of the translational offset along the x, y and z directions of the sample cen-
troid. After removal of the centroid offset (Figure 4(b)), the rotational offset
about the z-axis was determined from the location of a prominent surface
notch created during spark erosion. Relative rotations with respect to the x
and y-axes were determined from the offset between sample centroids in 2D
sections passing through the top and bottom layers of each specimen recon-
struction. Following correction for all three sample tilts, superposition of the
ti−1 and ti datasets revealed excellent agreement between the reconstructed
sample surfaces (Figure 4(c)). The associated rotation and tilting of interior
voxels resulted in relative changes of less than 0.05% in the calculated mean
particle radius and below 0.1% in the radii of individual particles.

Once the sample misalignment has been eliminated, we can proceed with
the task of identifying the same particle in reconstructions recorded at differ-
ent annealing times. Since particles progressively disappear during Ostwald
ripening but never nucleate, we know that each particle still present at the
longest annealing time must also be found at all earlier times. Consequently,
we developed a particle-tracking algorithm starting from the final annealing
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Figure 4: Elimination of sample misalignment between times ti−1 and ti during a short-
term annealing series: (a) original tomographic reconstructions; (b) after correction for
translational offsets of the sample centroids; (c) following correction for both translational
and rotational offsets.

step and operating backwards in time. The underlying strategy is to identify
overlaps of particles between times ti and ti−1. For a given target particle
having the size R(ti), we extract its 3D intersection with the segmented mi-
crostructure at time ti−1. Within this region we search for candidate particles
that could be the earlier-time manifestation of the target particle. Candidate
particles are classified according to the relative change in equivalent parti-
cle radius during the one-hour anneal, [R(ti)− R(ti−1)]/R(ti), with changes
greater than 0.1[〈R〉/R(ti)]

2 being rejected as unphysical (where 〈R〉 denotes
the sample-averaged equivalent particle radius at time ti). The normaliza-
tion factor [〈R〉/R(ti)]

2 is introduced to permit larger relative size changes
for smaller particles (as predicted, for instance, by the LSW model). If no
candidate particle fulfills this criterion, or if more than one candidate does
so, then the target particle is classified as untraceable.

3. Ostwald ripening results and discussion

Carrying out the image processing and segmentation steps outlined above,
we were able to map out more than 2000 particles in the interior regions of
each sample in the initial annealing state (1 h at 630◦C). Evolution of the
microstructure was then induced via a series of one-hour anneals (Table 1,
ST series) or progressively longer heating intervals (Table 1, LT series). From
the latter, we investigated the shape of the particle size distribution and the
power-law growth of the average particle size, while the former measurements
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Figure 5: (a) Size distributions of interior particles (sum of samples LT1–6) plotted against
the normalized particle radius R/〈R〉 for each annealing time in the long-term annealing
series of Al-5wt%Cu. The size distribution appears to evolve self-similarly between an-
nealing times of 3 and 31 h. (b) Comparison of Al-5wt%Cu results (average of histograms
from 3 to 31 h) to an experimental study of Ostwald ripening of Sn in Pb (VV = 0.78) [37]
and to a phase-field simulation of isotropic grain growth (VV = 1.0) [38].

offered insight into the growth/shrinkage rates of individual particles.

3.1. Particle size distributions and growth exponent

Figure 5(a) illustrates the evolution of the particle size distribution (PSD)
during the long-term annealing series; each histogram incorporates the par-
ticle sizes measured in all six samples, LT1 through LT6, normalized by the
corresponding average particle radius 〈R〉, which increased monotonically
from an initial value of 115µm to about 240µm at the longest annealing
time of 63 h (Figure 6). The shape of the PSD appears to change somewhat
between the annealing times of 1 h and 3 h; thereafter, the shape remains
roughly constant—perhaps narrowing slightly in width—through 31 h. At
63 h, however, the PSD takes on a noticeably asymmetric shape having a
greater width than at earlier times.

The invariance in distribution shape at intermediate times is consistent
with self-similar evolution of the size distribution, as expected for Ostwald
ripening in the asymptotic limit [12, 39]. The behavior between 1 and 3 h
likely reflects a transient change from the PSD established by sample prepa-
ration to the distribution corresponding to self-similar coarsening. Compu-
tations performed by Chen and Voorhees [40] predict a decrease in duration
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of the transient regime with increasing VV , which could account for the rapid
start of self-similar growth in our samples. The termination of self-similar
evolution between 31 and 63 h likely arises from the fact that the average
particle size begins to approach the smallest characteristic dimension of the
sample itself (the cylinder diameter). As a result, a considerable fraction of
particles touches the sample surface and cannot grow freely. This, in turn, af-
fects the growth of nearby interior particles, tending to slow down the overall
kinetics.

Comparing our data to the prediction of classical LSW theory [16, 17],
which applies in the limit VV → 0, we observe that the PSD in Al-5wt%Cu
manifests a much broader and more symmetric shape (Figure 5(b)), which is
in qualitative agreement with the trend revealed by both experiment [37, 41]
and computer simulation [42, 43] for increasing VV . In fact, the result of a
3D phase-field simulation of grain growth [38]—which could be viewed as the
extreme case of VV = 1—is significantly closer to the measured steady-state
PSD of Al(Cu) particles than is the LSW distribution. Remarkably good
agreement is found between the Al-5wt%Cu results and serial-sectioning
measurements of the particle size distribution following Ostwald ripening of
Sn in Pb at VV = 0.78 [37].

A plot of the cubed mean equivalent particle radius against annealing
time reveals a nearly linear region between 3 h and 31 h (Figure 6), which
is consistent with the above observation of self-similar evolution of the size
distribution throughout this time interval. This linearity corresponds to a
growth exponent of n = 3 in a power law of the form

[〈R〉(t)]n = [〈R〉0]
n + kt, (1)

where 〈R〉0 denotes the average particle radius at time t = 0, and k is a
positive constant. Extraction of a more accurate value for n by fitting Equa-
tion (1) to the data for 〈R〉(t) is hindered by the limited number of particle
size determinations and by their narrow dynamic range. Nevertheless, it
should be noted that n = 3 has been reported to hold for a wide variety
of Ostwald ripening systems independently of VV , based on the findings of
experiment [37, 41], computer simulation [44] as well as analytic modeling
[45, 46].

The data points at 63 h—which lie well below an extrapolation of the
linear fit in Figure 6—reflect the influence of particle sizes approaching the
smallest characteristic sample dimension, as discussed above. The spread in
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Figure 6: Cube of the mean equivalent particle radius in Al-5wt%Cu plotted against
annealing time at 630◦C for the LT annealing series. The solid line represents a least-
squares fit of a linear function to the data points between 3 and 31 h; the dotted line is an
extrapolation of the linear fit to later annealing times.

initial average particle sizes of the LT samples is small (. 2% deviation from
the average over six samples), and in all but one case the spread remains
below ∼ 5% at later annealing times, indicating not only the presence of
statistically similar starting microstructures but also highly reproducibile
coarsening kinetics. The outlier for sample LT3 at 63 h can be attributed to
poor contrast in the tomographic scan, which led to boundary segmentation
errors in parts of the microstructure.

3.2. Particle trajectories and growth rates

In order to track the evolution of individual particles during short-term
(ST) anneals, it was necessary to align the segmented microstructures with
respect to a common coordinate system, following the procedure described in
Section 2.3. In Figure 7 we map out all particles in sample ST1 that could be
tracked over the entire annealing interval between 3 and 7 h; each particle’s
color is indexed to its label, facilitating the identification of the same particle
in each data set. Examples for a growing (red) and a shrinking (green)
particle are highlighted. As a measure for the reliability of the tracking
algorithm, we define the efficiency η(ti) as the ratio of the number of traceable
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500 µm

(a) 3 hours (b) 5 hours (c) 7 hours

Figure 7: Visualization of tracked particles in annealing series ST1 over a four-hour time
interval. The circles enclose a shrinking (green) and a growing (red) particle.

particles between time steps ti and ti−1 to the total number of particles
segmented at time ti. During early stages of microstructural evolution (e.g.
annealing series ST1), particle sizes are small and the corresponding growth
rates are high: under such conditions, our particle tracking routine had a
mean efficiency of approximately 84% (Figure 8). As the average particle
size increased and the overall growth rate slowed, the tracking efficiency rose
to 94% for annealing series ST2 and to 98% for series ST3.

The ability to follow the size evolution of individual particles opens up
new avenues for investigating Ostwald ripening that are well beyond the
scope of conventional techniques. For example, particle size trajectories can
now be plotted for individual particles in a sample, as illustrated in Figure 9.
In contradiction to prediction (iii) of the LSW model (Section 1), some par-
ticles that are larger than the overall mean particle size are found to shrink
over time, and some particles smaller than 〈R〉 grow. Additionally, the fact
that trajectories in some instances were observed to cross implies that a
given particle’s size class cannot be the only factor determining whether the
particle shrinks or grows. Similar observations were reported for computer
simulations of Ostwald ripening at VV = 0.35 [47] and even for experiments
performed at VV = 0.03 [48].

Plotting the quantity R2dR/dt against the normalized particle size il-
lustrates the discrepancy between experiment and theory even more clearly
(Figure 10). In the LSW model, the particle growth rate scales strictly
linearly with R/〈R〉, changing sign when R = 〈R〉. Not only do the mea-
sured particle growth rates take on a wide range of values for particles in
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Figure 8: Efficiency of particle-tracking algorithm with increasing annealing time. The
mean efficiency 〈η〉 is computed by averaging the values obtained over one-hour time
intervals within each short-term (ST) annealing series. The dashed curve is a least-squares
fit of a sigmoid function to the data points.

the same size class, but the cloud of data points manifests an upward curva-
ture rather than the predicted linearity. Both of these experimental findings
are consistent with computer simulation and analytical modeling for VV > 0
[23, 49, 50].

Because tomographic characterization and subsequent segmentation yields
a complete mapping of the sample microstructure over time, it is possible to
mine the data for clues to the underlying causes of phenomena like the scat-
ter in growth rates within a given size class. Consideration of local mass
conservation during the growth and shrinkage of particles suggests that the
determining factor for a change in radius R of a given particle is not its
relationship to the sample-averaged particle size 〈R〉 but rather to the aver-
age size of particles with which the diffusive exchange of atoms is likely to
take place: namely, with particles in the immediate vicinity of the particle
of size R [18, 50]. We denote the mean size of nearest-neighbor particles
as 〈R〉local and use this quantity to color code the data points in Figure 10
according to whether R/〈R〉local is larger or smaller than unity. Inspection of
this figure reveals that a particle usually gives up atoms to its surroundings
if R < 〈R〉local, even when R is simultaneously larger than 〈R〉 (in which case
particle growth would be expected according to LSW). Likewise, R > 〈R〉local
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Figure 9: Particle trajectories illustrating the evolution in equivalent radius R of randomly
chosen particles in Al-5wt%Cu during annealing series ST1. Red curves denote growing
and green curves shrinking particles. For comparison, the sample-averaged mean particle
radius 〈R〉 is plotted at each time step with black triangles.

is usually a telltale indicator for particle growth, even in the rare occasion
that R happens to be smaller than 〈R〉. The non-negligible frequency with
which these “rules” are violated, however, indicates that the R/〈R〉local ratio
cannot account for all of the scatter in Figure 10—apparently, additional
factors must also be considered in order to capture the underlying physics of
coarsening in Al-5wt%Cu at VV = 0.74.

4. Evaluation of experimental procedures and data analysis

We now assess the accuracy of the microstructural information extracted
from tomographic reconstructions of Al-5wt%Cu according to the proce-
dures described in the previous sections. After briefly considering the limi-
tations imposed by the ex situ manner in which the data were collected, we
discuss the origin of segmentation errors and the extent to which they affect
the efficiency of the particle-tracking routine.

4.1. Ex situ data collection

In this study, we performed tomographic characterization ex situ to the
thermal treatment that induced Ostwald ripening. Chief among the many
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practical advantages inherent to this approach is its compatibility with com-
mercial tabletop x-ray tomographs as used in this work, which typically do
not provide sufficient space for an oven capable of heating centimeter-sized
specimens above a few hundred degrees Celsius. Even if an oven could be
inserted into such a tomograph, the tight quarters would make it challeng-
ing to avoid the generation of thermal gradients across the sample. In the
much larger confines of a tube or chamber furnace, however, it is straightfor-
ward to establish a homogeneous temperature profile over the entire sample
volume. The uniformity of the resulting microstructural evolution is further
supported by presence of the high-VV solid phase, which forms a stable skele-
tal structure that effectively suppresses convection and sedimentation effects
[51]. Even after annealing treatments of 63 h duration, there was no evidence
for gravitation-induced inhomogeneities in the sample microstructure.

These advantages of the ex situ approach must be weighed against two
significant drawbacks, both related to the microstructural changes that oc-
cur during the sample quench from the annealing state to room temperature,
Figure 2. As the sample temperature drops, the volume fraction of the liq-
uid phase decreases, which is accommodated at least partially through the
migration of solid particle boundaries into the region occupied by liquid;
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consequently, the solid particles grow slightly in size during the cooling step.
Moreover, once the eutectic temperature is crossed, the remaining liquid crys-
tallizes into two solid phases, only one of which (Al2Cu) provides absorption
contrast for x-ray photons relative to the coarsening phase. If the “layer” of
Al2Cu decorating a particle boundary is thin (say, below the effective voxel
side length of 4µm after downsampling), then there is an increased likelihood
for tomography to fail to detect the boundary. And even if the boundary is
observed, we do not know how much thicker the corresponding liquid layer
actually was during coarsening. The best we can do is to note that the uni-
form boundary widening step carried out in Section 2.1 resulted in a final
boundary thickness of 12µm to 24µm, which corresponds to a maximum
particle radius increase of 6µm to 12µm. Since 〈R〉 in Al-5wt%Cu grows
from 115µm to about 240µm over the course of a long-term anneal, the
cooling-induced change in radius is on the order of only 5% for particles of
average size. The latter value could be reduced significantly by drastically
increasing the cooling rate from 630◦C to room temperature, thereby giving
the solid phase insufficient time to grow into the liquid region [52]. It should
be noted, however, that rapid quenching techniques like immersion in an
oil or water bath typically generate high stresses that must be counteracted
by a protective sample layer; otherwise, significant sample deformation may
ensue.

Finally it should be mentioned that it would have been feasible to inves-
tigate somewhat larger Al-Cu samples than the ones employed in this study.
Frequently, the limiting dimension in x-ray tomography is the sample diame-
ter, as a sample must be thin enough at all projection angles for a sufficiently
high fraction of the incident x-ray intensity to reach the detector. When mea-
sured in a Skyscan 1172 tomograph, the practical maximum sample diameter
for Al-5wt%Cu is on the order of 6mm. Although such specimens would
have contained a significantly greater number of grains than did the samples
investigated in this study, the resulting measurement times would have been
longer, and the increased number of particles would have rendered the tasks
of image segmentation, data analysis and particle tracking correspondingly
more complex.

4.2. Segmentation and particle tracking

The processing and quantitative analysis of a large number of tomo-
graphic reconstructions—as in the present study—is practically feasible only
with the help of an automated segmentation algorithm like the one described
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Figure 11: Schematic representation of segmentation errors and their relevance to particle
tracking from time step ti to time step ti−1. Oversegmentation: particle 2 is incorrectly
represented as particles b and c. Undersegmentation: particles 4 and 5 are incorrectly
represented as single particle e. Traceable particles: in the calculation of the tracking
efficiency η, only particles 1 and 3 will be classified as traceable, since the apparent change
in relative size of particles 2, 4 and 5 exceeds the threshold criterion. In the sketch at time
ti−1, the dashed curves illustrate the corresponding particle boundaries at ti.

in Section 2.1. This raises the issue of validation: How accurate are the parti-
cle boundaries extracted by this approach? A statistical test for validity can
be carried out by comparing our segmentation results to previously reported
data for Ostwald ripening at high volume fractions of the coarsening phase.
As discussed in Section 3.1, both the value for the growth exponent and the
shape of the particle size distribution in Al-5wt%Cu are consistent with lit-
erature data obtained from conventional—usually manual—image processing
and analysis routines.

A more stringent test for segmentation validity arises as a natural byprod-
uct of the particle trajectory determination carried out in Section 3.2. There,
an efficiency parameter η was defined to quantify the fraction of particles that
could be tracked successfully (in reverse) across a one-hour annealing interval.
Not surprisingly, η was found to improve at longer annealing times, where
the average particle size is larger and the average growth rate smaller. (The
smaller the relative change in particle size, the greater is the overlap between
respective particle volumes prior to and following the annealing interval.)
But more enlightening from the standpoint of validation are the instances in
which tracking fails, particularly when the underlying cause for failure can
be traced to a segmentation error.

Indeed, an inspection of data sets at both early and later annealing times
revealed that virtually all ambiguities in particle tracking could be attributed
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to either oversegmentation or undersegmentation errors. Oversegmentation

denotes the incorrect division of the region occupied by a single particle into
two or more subvolumes. This phenomenon is most likely to occur when
the particle in question has an elongated shape (especially if the overall
microstructure is otherwise equiaxed), as the segmentation algorithm may
incorrectly pass a boundary from one side of the particle to the other, thereby
splitting it into two. A schematic illustration of oversegmentation is given in
Figure 11, where the boundary between particles b and c at time step ti−1 is
superfluous; in reality, subvolumes b and c belong to the region occupied by
a single particle (evident as particle 2 at time step ti).

Undersegmentation, on the other hand, occurs when a boundary between
particles is erroneously left out of the segmentation. As a result, two or more
particles are incorrectly subsumed into a single particle. This segmentation
error is particularly prevalent when a small particle is located next to a much
larger particle: if the segmentation algorithm fails to detect the boundary
separating them, then the smaller and larger particles will be joined together,
as illustrated in Figure 11 by particle e.

In most cases, each of these segmentation errors causes a violation of the
traceability criterion imposed during particle tracking (Section 3.2). Thus,
counting the number of untraceable particles during reverse tracking from
ti to ti−1 gives an upper bound on the number of over/undersegmentations
in either time step. Assuming that the segmentation errors are roughly
equally distributed between the two time steps, we can estimate the fraction
of incorrectly segmented grains in any given segmentation to be (1 − η)/2.
According to Figure 8, the latter quantity takes on a value of 0.1 at early
annealing times (series ST1), but it drops rapidly to 3% for series ST2 and
to 1% for series ST3. Since tracking ambiguities can be caused not only by
segmentation errors but also by rapid changes in a particle’s volume (such
as those associated with the accelerated shrinking phase that generally sets
in just prior to particle annihilation), it is plausible that the true probability
for over/undersegmentation could be on the order of only one to two percent
even for the early-time series ST1, as the latter is marked by the fastest rate of
microstructural change. It should be noted that our segmentation error rate
estimation implicitly assumes that over/undersegmentation occurs indepen-
dently from time step to time step. Visual inspection of datasets confirmed
the validity of this assumption, finding that segmentation errors rarely occur
at the same boundary before and after a single annealing step (presumably
because the microstructural changes that occur during one-hour annealing
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intervals are large enough to alter the local conditions that contributed to
over/undersegmentation).

5. Conclusions

In this work, x-ray computed tomography is found to be a powerful tool
for the nondestructive investigation of Ostwald ripening at high volume frac-
tions of the coarsening phase. Long-term annealing sequences yielded global
measures for microstructural evolution, such as the growth exponent and
the particle size distribution, which are in excellent agreement with previous
studies of Ostwald ripening in similar systems. From short-term annealing
series we gained access to local features of microstructural evolution, like the
growth and shrinkage rates of individual particles; such data are completely
inaccessible to conventional metallographic techniques for 3D characteriza-
tion, as the latter destroy the sample. Automated image processing and
segmentation routines were developed to close gaps in the particle boundary
network, to extract particle volumes and to track individual particles from
one time step to the next. Unexpectedly, the particle tracking efficiency—the
likelihood that a particle present at a later time step ti could be identified
successfully in a segmentation of the earlier time step ti−1—provided a quan-
titative means for validating the image processing and segmentation routines,
as erroneous particle boundary placement invariably results in one or more
particle tracking errors.
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