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Motivation and goals

The grain-size distributions measured in well-annealed single-phase polycrystalline bulk samples are almost
always lognormal in shape, provided that the material in question manifests so-called “normal” grain growth.
This is quite puzzling to materials scientists, because neither the standard theory for grain growth nor the latest
large-scale computer simulations of this process predict a distribution shape anywhere close to the one observed
in experiment! One factor that may contribute to this discrepancy is the highly correlated nature of grain-size
changes: grain growth occurs solely by the exchange of atoms across boundaries shared by adjacent grains.
Hence, when a particular grain grows, at least one of its neighbors must shrink, and vice versa. But current
models for grain growth make a naive mean-field assumption regarding the probability p(R|R’) that a grain
of size R’ is bordered by a grain of size R. A more sophisticated non-mean-field model proposed by Wu [1]
correctly incorporates this probability into the calculation of the shape of the size distribution induced by grain
growth. The goal of experiment ME-1011 was to determine whether p(R|R’) is responsible for the lognormality
of grain-growth-induced size distributions observed in real polycrystalline specimens.

Using 3DXRD microscopy, we planned to characterize a sample volume containing on the order of ~ 2000 con-
tiguous grains, from which the corresponding grain sizes and contact areas could be determined, thus delivering
the microstructural information needed to perform the first detailed measurement of p(R|R’) in a single-phase
sample manifesting a lognormal grain-size distribution. By inserting p(R|R’) into Wu’s grain-growth model
and comparing the predicted size distribution to that actually measured by 3DXRD microscopy, we can de-
termine the extent to which nearest-neighbor size correlations hold the key to understanding the origin of the
lognormal size distributions universally associated with normal grain growth.

Experiment

A single-phase polycrystalline specimen with a lognormal grain-size distribution was prepared by careful ther-
mal processing of recrystallized Al-1 wt.% Mg according to the procedure developed by Probst [2]. Following
a 75-minute anneal at 350°C, the plate-shaped sample manifested equiaxed grains with an average diameter
(D) =~ 125 um, as revealed by conventional metallographic analysis of polished and etched sections. A cylin-
drical specimen with a diameter of 1.4 mm and length of 2 mm was obtained from the plate by spark erosion
cutting and attached to a Cu post for mounting in the 3DXRD microscopy stage installed at beamline ID11.

The specimen was irradiated with a 53.7923 keV x-ray beam of width 700 um and height ~2 um. Scanning
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was performed in “layer-by-layer” mode in two stripes (needed to cover the entire 1.4 um width of the cylinder)
with a step size of 5 um along the cylinder axis z. Within each slice, diffraction patterns were recorded in 0.75 s
exposures on the old high-resolution detector at projection angles ranging over [—15°, 15°] and [75°, 105°] in
o with a step size of 0.6° and a single detector distance. Every 50 um in z, a “tracking layer” was recorded
by repeating the same procedure for two additional detector distances. Total measurement time for each 50 um
z-interval was 4 h 23 min; the experiment covered an overall z-range of 850 um.

Reconstruction methodology

The approach taken to reconstructing the sample microstructure from 3DXRD diffraction data is hierarchical:

1. The multi-grain indexing program GRAINDEX [3] is used to identify the number and orientations of the grains
present in the irradiated layer. For each grain a list of associated diffraction spots is tabulated.

2. Based on the distributions of intensity in the diffraction spots, the shape of each grain is reconstructed independently
using the program 2D-ART [4].

3. The individual grain maps are patched together to create a global grain map—a step that is subject to errors resulting
from uncertainty in determining the center-of-mass positions of the grains [5]. The latter gives rise to ambiguities
at the grain boundaries, where some pixels may be associated with two or more grains and others with none at all.

4. A restoration algorithm is employed to resolve these ambiguities and recover high-accuracy grain maps [5]. This is
a stochastic procedure operating only on the areas of ambiguity, applied simultaneously to all grains. Optionally, the
procedure incorporates tools from the novel mathematical discipline of discrete tomography, which enables known
geometric constraints of the grain ensemble to be enforced, such as the existence of exclusively smooth boundaries
or the space-filling nature and simple connectivity of grain shapes [5, 6].

5. Three-dimensional grain maps are constructed by stacking the 2-D layer maps, associating regions of nearly iden-
tical orientation into 3-D grain volumes.

Recent simulations demonstrate that this procedure can reduce the fraction of erroneously assigned pixels to
0.1%, which is clearly sufficient for the present study [6]. At the same time, the simulations revealed that
reconstructions carried out without the restoration step were a factor of 10 to 50 worse.

Results

To date, steps 1 and 2 have been performed successfully, as illustrated in Figs. 1(a,b). The idea of adding the
restoration step to the chain of analysis had not been conceived at the time of the experiment; however, testing
clearly indicated that step 4 would increase the accuracy of the grain map substantially. Therefore, we decided
to postpone completion of the data analysis until the stochastic approach was fully verified by simulations and
a dedicated program suitably tested. These milestones have just been met [6], and a preliminary mapping was
carried out on a 2-D section of Al-1 wt.% Mg (Fig. 1(c)). Note that the anisotropic grain shapes and mapping
fluctuations evident in Fig. 1(c) are both artefacts of the limited @ range of projections incorporated into the
reconstruction. These errors should be absent from reconstructions performed on the full set of @ projections.
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Fig. 1: (a),(b) Maps of individual grains in Al-1 wt.% Mg. (c) Preliminary mapping of 2-D tracking layer; anisotropy of
grains and misassigned pixels are artefacts of the limited w range (30°) incorportated into this reconstruction (see text).
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