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Report:
The goal of experiment ME-142 was to quantify the intercrystalline grain-size correlations in a real, three-
dimensional polycrystalline material using microtomography. Recent theoretical considerations and the re-
sults of large-scale computer simulations indicate that nearest-neighbor size correlations are an important—
albeit heretofore largely neglected—factor governing the kinetics of the technologically important process of
grain growth in polycrystalline solids. Until now, these correlations could be evaluated only in microstruc-
tures generated by computer simulation. In real materials, the local grain-size correlations cannot be studied
using the standard characterization techniques of optical and scanning electron microscopy, because two-
dimensional slices through a three-dimensional structure lack the necessary local size information. As a
volumetric imaging technique, microtomography potentially offers direct access to the three-dimensional
network of grain boundaries in a polycrystalline sample. A map of this network would reveal the size of
each grain and the contact areas between neighboring grains, thereby providing the information needed to
calculate the desired correlation function.

In order to image grain boundaries by microtomography, it would suffice to mark them with atoms that absorb
x-ray radiation much more strongly than the atoms in the neighboring grains. The classic example for such a
system is aluminum alloyed with a small amount of tin. Aluminum and Sn are immiscible in the solid state,
and Sn is known to segregate to the grain boundaries of Al upon solidification of a melt containing the two
elements. Since Sn has a much higher x-ray attenuation coefficient than Al, it should be possible to measure
the spatial distribution of Sn in such a sample using absorption-contrast microtomography.

Ingots of Al-Sn with 1, 2 and 3 at.% Sn were prepared by annealing pieces of pure Al and Sn un-
der vacuum at 750◦C in an alumina crucible and then allowing the melt to cool slowly (over ∼ 2 h)
to room temperature. Pieces cut from the ingots were then remelted and cooled at a much faster rate
(less than 1 min) in order to suppress grain growth. Scanning-electron-microscopy images of slices
through the ingots revealed that the Sn atoms segregated completely to the boundaries of the Al grains,
regardless of the cooling rate. The average grain size of the “slow-cool” specimens was about 150
µm, whereas that of the “fast-cool” samples was ∼ 50 µm. Furthermore, the grain size was found to
be uniform throughout the entire volume of each ingot, and the size was independent of the overall
Sn concentration. In preparation for the tomographic measurements, samples of approximate dimension
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0.5 × 0.5 × 5 mm3 were cut from the ingots with a wire saw and glued to the ends of stainless steel posts (1
mm in diameter), which were then inserted into wax-filled goniometer sleeves.

Microtomographic measurements were carried out at beamline ID22 at energies between 15 and 25 keV with
a combination of scintillator, magnification and rebin parameters chosen to yield an effective detector pixel
dimension of 1.4 µm and a field of view exceeding 1.4 mm. Typically, 625 projections were recorded with
exposure times between 3 and 10 sec, and then the sample was shifted along its long axis by 1 mm and the
process was repeated up to four times. In this manner, we hoped to be able to reconstruct contiguous volumes
much larger than that obtained from a single tomographic measurement.

Figure 1 illustrates the tomographic reconstruction of a section of a “slow-cool” sample of Al98Sn2. The
threshold was set to reveal the spatial distribution of Sn segregated to the grain boundaries and triple junctions
(intersections of three grain boundaries). Although the individual Al grains are clearly evident as regions
devoid of absorption contrast, the coverage of grain boundaries by Sn atoms is rather nonuniform. The presence
of gaps in the boundaries greatly complicates the determination of grain sizes and shapes in such images
using an automated image-analysis routine. The tomographic reconstructions of the “fast-cool” specimens are
qualitatively similar to those of the “slow-cool” samples.

In order to determine the intercrystalline grain-size correlation function from a tomographic reconstruction
like that of Fig. 1, it is necessary to map each voxel to a unique grain. Therefore, we developed an automated
two-step image-analysis algorithm for performing the voxel mapping. The first step consists of a grain search
performed by measuring the radial distance r from the center of a tin-free region to the nearest Sn voxels in all
directions (with each direction specified by the spherical coordinates θ and φ). The resulting surface r(θ, φ)

is smoothed using bilinear interpolation to remove discontinuities arising from holes in Sn coverage, yielding
an approximate surface for each grain. The process is then repeated iteratively until the entire reconstruction
volume has been searched. This is followed by the second step of the algorithm: optimization of the grain-
boundary network subject to the constraint of zero boundary mobility at the location of Sn voxels. Using
a modified phase-field algorithm for simulating grain growth, we allow the grains found in the first step to
“grow” against each other until their common boundaries take on equilibrium positions, thus establishing—in
an unbiased manner—the locations of boundaries unmarked by Sn. The end result is a continuous network of
grain boundaries separating distinct grains (Fig. 2), from which the grain volumes and contact areas can be
calculated directly. Details of this image-analysis method may be found in Ref. [1].

[1] C. E. Krill III, K. Döbrich, D. Michels, A. Michels, C. Rau, T. Weitkamp, A. Snigirev and R. Birringer, in Develop-
ments in X-Ray Tomography III, Proc. SPIE Vol. 4503, ed. U. Bonse (SPIE Press, Bellingham, WA, 2001).
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FIG. 1: Tomographic reconstruction of the Sn dis-
tribution in “slow-cool” Al98Sn2. The holes in cov-
erage evident in some grain boundaries arise from
regions of low Sn segregation.
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FIG. 2: Grain map corresponding to Fig. 1, obtained
from an automated grain-search routine followed by
boundary optimization by means of a phase-field
grain-growth algorithm.
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