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Abstract

High-energy X-ray diffraction microscopy is a non-destructive materials characterization technique that is capable of tracking the evo-
lution of three-dimensional microstructures as they respond to external stimuli. We present measurements of the annealing response of
high-purity aluminum using the near-field variant of this technique. The data are analyzed with the forward modeling method which
produces orientation maps that exhibit complex intragranular structures. Analysis and verification of results use both reconstructed sam-
ple space maps and detector space intensity patterns. Sensitivity to the ordering of the microstructure through both recovery and recrys-
tallization is demonstrated. Sharpening of diffraction peaks and a corresponding reduction in intragranular orientation variations signal
recovery processes. The emergence of a new bulk grain (recrystallization) is observed in a disordered region of the microstructure; the
new grain has an orientation with no obvious relation to those of grains surrounding the disordered region.
© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The annealing response of deformed microstructures can
be separated into three classes of process, namely recovery,
recrystallization and grain growth [1]. Distinct in their spe-
cific mechanisms and final state characteristics, all three
stages use thermal energy to evolve a polycrystal through a
sequence of increasingly ordered states. The available energy
allows local changes in dislocation density during recovery,
the nucleation of new grains in recrystallization, and the
motion of grain boundaries to reduce total interfacial area
during grain growth or coarsening. In practice, all three
responses can be present concurrently. Study of these stages
of annealing is a mature field and has been exhaustively
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analyzed from both theoretical and experimental perspec-
tives. Nevertheless, the ability to directly observe these
responses within bulk material has not been possible due
to the limitations of available instrumentation. Now, with
the advent of non-destructive synchrotron-based micro-
structure characterization techniques, observations of inter-
nal polycrystal responses to external stimuli are possible [2-9].

While all three classes of annealing response have been
studied with synchrotron X-ray techniques, we focus here
on recovery and recrystallization. Existing observations
[10-16] clearly establish the importance of detailed, non-
destructive probes. These studies, however, are limited to
the tracking of small numbers of Bragg peaks or lack infor-
mation regarding the microstructural neighborhood of the
monitored grains. We present a three-state, in situ annealing
experiment using a polycrystalline wire of high-purity
(99.999%) aluminum. The measurement, conducted at the
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Advanced Photon Source (APS) beamline 1-1D, uses near-
field high-energy X-ray diffraction microscopy (nf-HEDM)
[2-4] to map crystallographic orientations over a volume of
material containing thousands of distinguishable orienta-
tions. Through subtle, low-temperature annealing, we
observe recovery as ordering within existing domains of sim-
ilar orientation (“grains”) and recrystallization as the emer-
gence of new measurable orientations from regions of
relatively high disorder.

nf-HEDM [2-4] is used to generate 2-D maps of crystal-
lographic orientations with ~5 um spatial and 0.1° orienta-
tion resolution. The maps can be extended to three
dimensions by measuring consecutive cross-sections in a
process analogous to 3-D electron backscatter diffraction
microscopy (EBSD) surface measurements [17]. Unlike 3-
D EBSD, nf-HEDM is non-destructive and therefore allows
for the repeated measurement of the same volume of micro-
structure as it evolves when subjected to external stimuli.
The measurement is based on high-resolution imaging of
Bragg scattering from individual crystals in a monochro-
matic, rotating sample scheme. Images are collected in
transmission as the sample is rotated about the normal to
a line-focused high-energy beam. The rotation is parameter-
ized as w and images are integrated over an interval éw. The
near-field distinction refers to the distance between sample
and X-ray detector where the diameter of the specimen is
of the same order of magnitude as the sample-to-detector
distance. At this length scale, the position of diffraction
peaks on the detector is determined by the combination of
diffracted beam propagation direction and the position of
origin in the sample.

The conversion of thousands of detector images to real
space maps of the crystallographic orientation field is
accomplished using the forward modeling method [3,18—
20]. This method uses a computer simulation to optimize
the agreement between experimental data and simulated
scattering from crystallographic orientations assigned to
a finely gridded tessellation of the sample space. This dis-
cretization of sample space, on a length scale much smaller
than the grain size, leads to measurement sensitivity to
intragranular orientation variations. Specifically, the for-
ward modeling reconstruction connects each sample space
volume element (reconstruction mesh element or voxel)
with many Bragg reflections in the 4-D detector space,
parameterized by pixel addresses on the detector images,
J, k, the rotation axis-to-detector distance, L, and the rota-
tion interval position, w. In the present work, the sample,
with its complex intragranular orientation fields, generates
detector images of diffracted beams that are similarly com-
plex and difficult to interpret on a one-by-one basis. We
illustrate the efficacy of correlating sample space and detec-
tor space representations.

2. Experimental procedure

The aluminum specimen was a cylindrical wire mea-
suring 1 mm in diameter and 30 mm in length. Since

the wire was formed by drawing, the microstructure
had appreciable defect content. In situ annealing was
accomplished using a fabricated boron nitride (BN)
receptacle, with a 10 mm length of the sample embedded.
The BN was resistively heated. The measured volume of
microstructure was in air, approximately 19 mm from the
BN, and therefore subject to a thermal gradient, though
the sampled region was small enough to be approxi-
mated by a uniform temperature. The initial state was
measured as received, with no thermal treatment. The
two annealing treatments achieved temperatures of ~50
and ~70 °C, respectively, after 10 °C incremental steps
over ~2.25h. These temperatures are approximate since
calibration of temperature at the measurement position
was performed after the measurement. The HEDM data
collection consisted of the measurement of 11 2-D cross-
sections with 20 um spacings along the wire axis. Consis-
tent mapping of the same 11 layers was achieved by
monitoring the intersection of the line-focused X-ray
beam with the sample tip, using a diode detector situated
~2 m downstream of the sample. The sample returned to
within a few microns of its initial position after both
anneals, permitting repeatable measurement of the same
volume of microstructure. In-plane alignment of data sets
by a few microns optimized overlap of the different
states.

Diffraction data were collected at an operating energy of
50.1 keV. The line-focused beam is <6 um high and
1.3 mm wide, and therefore an entire cross-section of the
cylindrical sample is illuminated. Diffraction spots are
imaged at three rotation axis-to-detector distances of
L =15.1,7.1and 9.1 mm. The detector system was comprised
of a lens-coupled CCD camera with a 4.2 mm square field of
view of a thin Ce-doped surface scintillation layer on a YAG
single crystal. The effective pixel size is 4.11 um. At each L
distance, a series of 100 diffraction images were collected as
the sample rotated over dw = 1° intervals. These images
are split between two contiguous 50° regions, with the cen-
ters offset by 90°. This set of intervals permits sufficient sam-
pling of spot geometries for spatial reconstruction and spot
locations for orientation determination. Good signal-to-
noise was observed for scattering up to the {440} family of
Bragg peaks.

The reconstruction of the nf-HEDM diffraction data is
accomplished with the forward modeling method, which
assigns an orientation field to each X-ray-defined sample
layer. The forward modeling software [3,18-20] tessellates
the sample space with a grid of equilateral triangles. Simu-
lated scattering from each voxel is compared to observed
scattering as orientation space is searched. Thus, each
voxel is optimized against the complete data set. Broad
coverage of w leads to isotropic orientation and spatial res-
olution as well as signal averaging of noisy and weak scat-
tering. Over the measured range of , arbitrary
orientations generate =35 distinct Bragg peaks and the
optimization in each voxel is based on comparison with
the complete set.
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3. Results

Reconstructions of a single microstructure layer (the
center layer of the measured volume) in each of the three
anneal states are shown in Fig. 1. The reconstructions use
a uniform grid of 5.1 pm-sided equilateral triangles with
each triangle assigned an orientation independently of its
neighbors. This mesh size has been selected to approximate
the size of detector pixels, which limits the spatial resolu-
tion of the measurement. Moderate- to high-angle grain
boundaries are visible as boundaries between regions of
visibly distinct color. Such boundaries with misorientation
angle, 0, > 2°, are decorated by the black lines in the fig-
ure. Since these lines are determined locally (from near-
est-neighbor voxel misorientations), the fact that narrow
and continuous lines enclose uniformly colored regions
indicates that the noise level or uncertainty in determining
the boundary locations is at or below the grid resolution of
the reconstruction. Since most uniformly colored regions
contain no black lines, very few internal nearest-neighbor
voxels are determined to have orientations that differ by
as much as 2°. Note, however, that regions that appear
to be uniform in color are not necessarily uniform in orien-
tation since the color scale is too coarse to visualize small
variations.

Also shown in Fig. 1 are maps of the confidence metric,
C. Confidence is defined for each voxel as the fraction of
simulated Bragg peaks generated by the optimized orienta-
tion that overlap observed diffraction at more than one
detector distance, L [3]. Only voxels with C > 0.25 are

500pm

considered to have converged to a (reasonably) reliable ori-
entation and are included in Fig. 1.

Examination of Fig. la—c demonstrates that most
boundaries with 0, > 2° exhibit little motion during
annealing and that the measurement (both sample align-
ment and reconstruction) is reproducible to the resolution
of the grid. Careful examination does reveal some subtle
boundary motions and the emergence of a few new orien-
tations. We conclude that only minimal grain growth or
coarsening occurs during this measurement. On the other
hand, Fig. 1d-f exhibits increasing average values of C with
numerous regions of low confidence disappearing in the
final state. The low C regions are predominantly along
grain boundaries and in the vicinity of triple lines. Many
of the regions extend to neighboring layers and the same
ordering trends are visible in all measured layers. Regions
with low C appear to be regions of high disorder in which
the orientation within our reconstruction voxel length scale
varies appreciably, yielding broad and weak scattering. The
reconstruction algorithm tends to extend the domain of
nearby orientations but with significantly reduced overlap
between simulated and experimental peaks. As annealing
proceeds, these regions become more ordered, the scatter-
ing becomes stronger, and better orientation information
is obtained. Below, we discuss details of the orientation
and confidence maps in order to extract information about
recovery and recrystallization processes that underlie the
observed evolution. We compare simulated scattering
directly to measured signals in order to corroborate subtle
features and trends.

1.00

0.50

Fig. 1. Maps of the center layer of the measured volume. (a—c) Show orientation maps in the initial, ~50 °C and ~70 °C anneal states, respectively. Each
mesh triangle, or voxel, is colored by mapping orientation components (Rodrigues vector representation) to the red—green—blue (RGB) color space. Black
lines are drawn between adjacent triangles that have misorientations >2°. (d—f) Show maps of the confidence metric, C, corresponding to the orientation
maps in (a)-(c) with the same black lines included. The confidence maps are plotted on the same color scale. C =1 (red) means that ~35 simulated Bragg
peaks overlap observed scattering. The arrow in (c) indicates the nucleated grain discussed in Section 3.2.
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--0.1

Fig. 2. Kernel-averaged misorientation (KA M) maps of the same three layers of microstructure shown in Fig. 1. The gray scale saturates at KAM = 0.1
(white) and KAM = 0.5 (black) degrees. All three maps use the same gray scale.

3.1. Recovery

The recovery process is characterized by changes in dis-
location density and distributions that result in the reduc-
tion of local orientation variations. Crystal orientation
variations correspond to a distribution in the directions
of local reciprocal lattice vectors, and therefore recovery
is observable as a sharpening of intensity distributions.
Similar orientation distributions are conventionally mea-
sured in rocking curve measurements in single crystals
[21]; in effect, we measure such curves for many crystals
using many Bragg peaks for each. In our spatially resolved
measurements, as grains move towards more uniform ori-
entations, diffraction peaks appear at shorter w intervals,
have reduced arc lengths on a given detector image, and
have more uniform intensity across peak profiles. By using
forward modeling’s voxel-by-voxel (rather than grain-by-
grain) reconstruction, we are able to follow this evolution.
Again, this capability relies heavily on the inclusion of
many diffraction spots over a wide range of w and the
resultant high spatial and orientational resolution.

Fig. 2 shows a measure of local orientation variation,
the kernel-averaged misorientation or KAM [22]. Here,
KAM is calculated as the average misorientation between
a voxel and its nearest neighbors. Since the in-plane map
spatial resolution (5.1 um) is finer than the layer-to-layer
spacing (20 um), only in-plane contributions are included.
In the figures, points with KAM > 2° are suppressed and
shown as the grain boundary lines in red.' Note the highly
expanded gray scale in Fig. 2. All voxels with sub-orienta-
tion resolution values (KAM < 0.1°) are shown as white,
while 0.5° < KAM <2° are black. This scale allows one
to pick out regions of relatively high disorder (clusters of
dark points) as well as seeing light regions with little
short-range disorder. Generally, KAM plots do not neces-
sarily show low gradients in orientation ( <0.1° over 5 pm).
In all three sample states, one can pick out noisy regions as
well as ordered 1-D structures that correspond to low-angle
boundaries. Some of these boundaries have ends that are
disconnected from other boundary lines, implying a
smooth orientation gradient around the end point. Many

! For interpretation of color in Figs. 2-4, 6, the reader is referred to the
web version of this article.

of these features can be correlated across the three anneal
states of the sample, thus reinforcing the reliability of the
reconstructions. One also sees regions in which ordered
structure grows rather dramatically. The near-surface
region appears to be particularly active in this behavior,
indicating the limitations of recovery studies using sur-
face-based techniques.

While the KA M maps in different anneal states are qual-
itatively similar, there is an overall lightening of the images
as annealing progresses, implying decreased average KAM
within the sample. This is illustrated in Fig. 3 as histograms
obtained from the entire set of 11 measured layers in each
state. The population in the sub-resolution (<0.1°) bin
grows significantly, while large KAM values decrease in
population. This growth of orientational order at short
length scales is consistent with expected recovery behavior
as noted above.

To more directly tie the K4 M trends to the experimental
signals, we accumulate statistics on peaks widths in the w
direction (“rocking curves”). To accomplish this we use
the scattering generated by the optimized orientation field
to identify Bragg peak locations and intensity patterns cor-
responding to real-space regions defined by the >2° bound-
aries shown in Figs. 1 and 2. Defining these regions to be
“grains,” we count the number of measured w intervals
(each 1° wide) in which each peak occurs in the experimental
images (not in the simulation). The 96 grain cross-sections
that maintain roughly constant shapes throughout anneal-
ing are chosen and 3022 distinct Bragg peaks are studied.
The cross-sections are from three distinct layers separated
by 100 um. The average widths are 3.6, 3.4, 3.1 degrees in
the three states. Fig. 4 shows the peak width evolution as
seen in histograms of changes in widths between anneal
states. The higher population of negative values indicates
a statistical sharpening of the scattering. The actual values
of the average widths reflect orientation variations but are
increased by the inefficiency of the w rotation in moving reci-
procal lattice vectors that are close to that axis through the
Bragg condition (as reflected in the Lorentz factor [2]).

3.2. Recrystallization

While recovery is a process defined by subtle, continu-
ous changes, recrystallization is a dramatic (critical)
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Fig. 3. KAM histograms for the three anneal states. Horizontal bin widths
are 0.1°. Points are average values of histograms computed for each of the
11 layers and error bars are corresponding standard deviations.
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Fig. 4. Histogram of changes in peak widths in experimental detector
space as a function of anneal. Each pair of bars refers to changes in the
integer numbers of  intervals in which above background intensity is
observed.

microstructural event characterized by the emergence of a
new grain or orientation. New grains are detectable by
the appearance of new sets of crystallographically consis-
tent Bragg peaks in the 4-D detector space. The size of this
space, coupled with its complex population of polycrystal-
line diffraction peaks, makes identification of new crystals
challenging. Using a voxel-based reconstruction, small fea-
tures can be identified. Post-reconstruction, identification
of new grains can be automatically accomplished with
point-by-point comparisons of the microstructure in multi-
ple sample states, assuming only subtle motions of grain
boundaries. As above, examining scattering that is consis-
tent with the new orientation and its location can link the
new grain to its source signal (experimental diffraction) in
order to validate its presence and to verify its absence in
earlier sample states.

The probed sample volume had a significant number of
nucleation events at the surface (see Fig. la—c). However,
we limit detailed discussion to a single internal grain which
is fully contained in our measured volume. The grain is
indicated by the arrow in Fig. 1c. Fig. 5 shows the nucle-
ation site in each of the three anneal states. The event
occurs in the middle layer of the measured volume. The
new orientation is seen in two neighboring layers in the first
anneal state, and extends into three adjacent layers
(£20 pm displaced) in the final state. Note that the grain
emerges from a region with low C in the initial state
(Fig. 5d), implying that it nucleated in a highly defected
region. In fact, even in the final state, essentially the entire
grain occupies this initially defective region. Growth is
almost entirely within the deformed region rather than into
the neighboring, pre-existing grains. While the new grain
grows, the surrounding ones become more ordered as indi-
cated by the more uniformly red C map. Fig. 5g-1 shows
that the new grain grows with only small internal KAM.
Evidently, the new grain replaces high-energy—density, dis-
ordered material with a low stored energy, ordered crystal
structure.

The images of three example peaks shown in Fig. 6 illus-
trate the evidence for the new grain in the first and final
anneal states. The peaks are well defined in w space, cover-
ing only a single (or, in rare cases, a pair of adjacent)
0w = 1° bins. The simulated scattering generated by the
voxel-by-voxel optimized orientation is outlined over the
experimental intensities. These @ intervals are 3 of 31
where simulated scattering is generated. Of these, 28 are
found to overlap experimental scattering, which leads to
C =0.9. The initial state is not shown since there is no dis-
cernible intensity in the corresponding images. In the two
adjacent layers in the final state, weak intensity is observed
at each of these locations and is overlapped by simulated
scattering. With only three measured cross-sections of this
grain, due to the 20 um layer spacings, a meaningful 3-D
grain shape cannot be generated.

We see no clear origin for the orientation of the new
grain; this somewhat surprising result [23] is consistent with
earlier work by Larsen et al. [15]. No special orientation
relations are discernible between the nucleated grain and
its neighborhood. Table 1 lists the misorientations in
axis-angle form relative to the crystal axes of the new grain.
The first six entries are indicated in Fig. 5, while grain 7 is
detected in one of the adjacent layers. Grains 1-6 are sep-
arated by more than 3° from the nearest coincidence site
lattice (CSL) relation; this statement includes CSL num-
bers as high as 73. Grain 7 has rotation angle close to
the £23 CSL but the axis is far from the appropriate
(311) direction. Further, we measure no diffraction signals
in the initial state at the detector locations struck by the
new grain in later states (such as those shown in Fig. 6).
Manual examination of raw detector images, without any
background treatment, fails to locate intensity peaks at
these and other relevant detector positions. Thus, the disor-
dered region where the grain nucleates does not possess
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Fig. 5. Maps illustrating the nucleation of a new grain during annealing. Columns from left to right show initial, first and final anneal states. (a—c) Show
orientations as in Fig. 1 along with outlines of the new grain as observed in the second and final states. (d—f) Show maps of C in the same region. (g-i)
Show KAM values. Misorientations between the nucleated grain and its neighbors are discussed in Section 3.2.

sufficient orientation content at the nucleated grain’s value
to generate observable experimental signal.

4. Discussion

Simultaneous recovery and recrystallization phenomena
are observed in situ in low-temperature (<100 ° C) annealing
of a high-purity aluminum wire using nf-HEDM. Recovery
is evidenced by a statistical sharpening of diffraction peak
rocking curves that is reflected in subtle reductions of orien-
tation gradients in real space reconstructions of the orienta-
tion field. With orientation resolution of ~ 0.1°, subtle
changes are observed. Recrystallization is observed by the
emergence of new orientations in regions of prior disorder
(both in the bulk of the sample and at numerous surface-
connected regions). A spatial resolution of several microns
allows the analysis of nucleating regions prior to the event
in order to search for mechanisms associated with the emer-
gence of specific orientations. Spatial resolution also bounds
the average motion of grain boundaries, which in the current
work is comparable to the spatial resolution of ~5 pm.

The ability to observe subtle intragranular orientation
structure, such as in Fig. 2, originates from the measure-
ment of many Bragg peaks from arbitrary orientations.

An orientation places these peaks in specific @ bins (and,
therefore, specific detector images) where the Bragg condi-
tion is satisfied. This occurs when the w rotation orients the
reciprocal lattice vector, G, such that k;- G = —0.5G2,
where k; is the incident X-ray wavevector which is fixed
in the laboratory coordinate system, as is the rotation axis.
The reciprocal lattice vectors rotate with the sample. Bin-
ning ~30 distinct peaks strongly constrains the orientation.
If the lattice within a nominal grain rotates by even a frac-
tion of the integration interval, dw = 1°, it is likely that
some subset of the scattering will be shifted to different w
intervals. In contrast to simply shifting intensity distribu-
tions within the nominal grain’s projected images, this
shifting to distinct images is easily followed by the voxel-
based reconstruction code.

A caveat to literal interpretation of images such as in
Fig. 2 is that structure exists on length scales much smaller
than the resolution of 5 um in this work. The orientations
deduced from the present diffraction data are, presumably,
averages of orientations within the sample space voxels.
When sub-resolution orientation variations become too
broad, the scattering from a voxel becomes both broad
and weak. Lattice rotations about different axes generate
anisotropic peak broadening that results in some peaks
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Fig. 6. Bragg scattering generated by the recrystallized grain of Fig. 5.
Rows show three distinct peaks using identically sized detector regions,
while columns correspond to different anneal states. All images use the
same intensity gray scale. Raw experimental data have been filtered and
background subtracted. The red outlines define the regions covered by
simulated scattering from the reconstructed grain.

Table 1
Misorientation relations of grains in the neighborhood of the nucleated
grain. See the text for definitions of grain identifier numbers.

Number Angle (°) Axis

1 14.4 —0.559 —0.822 0.108
2 12.3 —0.585 0.054 —0.809
3 34.3 —0.263 —0.057 —0.963
4 36.7 —0.239 0.068 0.969
5 339 —0.554 0.293 0.779
6 24.9 0.012 0.160 0.987
7 40.9 —0.093 0.235 —0.968

falling below the detection limit. In the present data, the
confidence measure is seen to drop to low values in partic-
ular sample regions. High KAM and low C can qualita-
tively indicate “disordered” regions, as we have described
here. Similarly, calculations of dislocation content (not per-
formed here) will need to be taken as lower bounds, since
the orientation field has been smoothed over the resolution
length scale. Future data sets with spatial resolution of the
order of at least some cell structures will make such calcu-
lations relevant to placing bounds on actual dislocation
content and evolution.

With regard to recrystallization, the degree to which
general conclusions can be drawn from a single event is cer-
tainly limited. Nevertheless, we note the counterintuitive
nature of the appearance of new orientations in recrystalli-
zation [23]. As discussed above, no evidence for scattering

from the orientation of the new internal grain (and from its
location) could be identified in the initial state data even
when the raw diffraction images were examined. This
observation is consistent with a single nucleating grain
observed by Larsen et al. [15]. That grain, in a copper sam-
ple, is located near a triple junction and has an orientation
with no simple relation to the three adjacent grains. Our
observation, made possible through more detailed spatial
resolution, is that the new grain presented here grows out
of a highly disordered region which is surrounded by seven
distinct grains. This location possibly avoids the highly
unfavorable nucleation threshold for a random orientation
in contact with surrounding crystals [23]. Our measurement
cannot, of course, say anything about the prior existence of
a subcell of appropriate orientation and of a size below our
detection threshold. The low C region is likely to contain a
high concentration of small-scale features; future higher-
resolution measurements may be able to address such
structures. At the annealing temperatures used here, high-
angle (>2°) boundaries between existing grains elsewhere
in the microstructure move very little; therefore, it is not
surprising that the nucleated grain does not grow discern-
ibly into existing well-ordered grains. Additional event sta-
tistics are clearly needed.

5. Conclusion

An application of forward modeling analysis to
nf-HEDM has been presented, demonstrating its ability to
characterize subgrain evolution in the annealing of defected
polycrystals. Through the combined analysis of recon-
structed orientation maps in sample space and diffraction
peak characterization in detector space, we are able to
identify and validate salient features associated with both
microstructure recovery and recrystallization. Intragranular
orientation variations that reflect geometrically necessary
dislocation structures are observed to evolve toward more
uniform orientations both below and above the 5 um spatial
resolution limit of this measurement. The growth of new,
well-ordered grains from disordered regions of the sample
is observed both in bulk and at the sample surface. All obser-
vations are based on 3-D structures deduced from extensive
data sets that include many Bragg peaks from each sample
region and crystallographic orientation. The non-destruc-
tive nature of the measurement allows for the possibility of
looking at regions in which critical events or slowly evolving
structural changes occur in sample treatment states prior to
the events. This retrospective ability eliminates the “lost evi-
dence problem” associated with critical events, such as nucle-
ation [24]. The examination of specific microstructural
regions of interest as seen in the reconstructions is comple-
mented by examination of detector regions that are high-
lighted by the reconstruction software.

The measurements reported here were carried out in
2007. Since that time, many improvements in beamline
hardware at the APS have been implemented. Data collec-
tion has been accelerated to the point where typical volu-
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metric data sets of 100 layer measurements are collected in
less than 24 h (actual speed depends on signal strength
inherent to sample material and its condition). The stan-
dard detector system now has 1.5 um resolution instead
of the 5 um pixels and resulting grid resolution used here.
With the development of continuous scanning, integration
intervals 0w <1° can be collected without prohibitively
increasing data collection time. On the reconstruction side,
development is underway to implement explicit matching
of simulated intensity distributions to those observed
experimentally. Extension of the current work, as well as
studies of microstructure evolution due to other driving
forces, are in progress.

Note added in proof

On further investigation, we have detected, in the initial,
unannealed state, a very weak diffraction signal associated
with the orientation and location of the emerging grain of
Fig. 5; the signal exists only in a single layer which is adja-
cent to that shown. With improved signal extraction from
the raw images of diffraction peaks and with refined recon-
struction parameters, our search algorithm converges to
this orientation in a set of disconnected but vicinal voxels
located within the low confidence region. The diffraction
and reconstruction are consistent with a barely resolved,
not yet fully ordered domain within the highly deformed
region. Details will be elaborated in the PhD Thesis by
C. M. Hefferan, Physics Dept., Carnegic Mellon
University.
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