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Ultra-low-angle boundary networks within recrystallizing grains
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Wepresent direct evidence of a network ofwell-defined ultra-low-angle boundaries in bulk recrystallizing grains
of 99.5% pure aluminium (AA1050) by means of a new, three-dimensional X-ray mapping technique; dark-field
X-raymicroscopy. These boundaries separate lattice orientation differences on the order of 0.05° and thus subdi-
vide the recrystallizing grain into 2–7 μmwide domains. During further annealing the orientation differences de-
crease and the overall structure become more uniform while the network remains. It is observed that the
morphology of the grain boundaries surrounding the recrystallizing grains relate to the intragranular network
and effects hereof on the boundary migration is discussed.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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During the recrystallization of plastically deformed metals, new
grains form and grow into the surrounding deformed material [1].
New results have shown that each grain exhibits its own growth kinet-
ics [2–4], the grain boundaries may form local protrusions and
retrusions [5–7], and often migrate in a stop-go manner [8,9].

To advance the understanding of these phenomena, it is crucial to in-
vestigate the grain boundary migration in 3D and relate this to the
neighboring deformation microstructure. Therefore, a non-destructive
technique is required, which allows for fast in-situ measurements
with a spatial resolution sufficient to map the finer details of the grain
boundary as well as the deformation microstructure, i.e. a submicron
spatial resolution. Dark field X-raymicroscopy (DFXRM), a newly devel-
oped synchrotron technique inspired by electron microscopy, fulfills
these requirements [10].

In addition to a good spatial resolution, DFXRM also has angular res-
olution in the order ofmillidegrees. In the presentworkwe investigated
a partly recrystallized aluminium sample and the measurements re-
vealed that the recrystallizing grains are subdivided by an intragranular
network of well-defined ultra-low angle boundaries. Whereas it is well
known that the recrystallizing grains are not completely defect free and
may possess an internal mosaic spread [11–13], it is a new observation
that well-defined networks are present inside the recrystallizing grains.

The aim of the present paper is thus to characterize these
intragranular boundaries, to quantify their evolution during subsequent

annealing, and to discuss their possible effects on the migration of the
boundaries surrounding the recrystallizing grain.

Aluminium AA1050 was cold-rolled to a 50% reduction in thickness
and heat-treated for 50min at 325 °C, resulting in an approximately 50%
recrystallized microstructure. Using electrical discharge machining, a
1 mm long rod of cross-sectional area of 300 × 300 μm2 was cut with
its long axis parallel to the sample rolling direction (RD).

DFXRMwas conducted at ID06 at ESRF at an X-ray energy of 15 keV,
using the experimental geometry shown in Fig. 1. The sample was
mounted such that the scattering vector, G, was nearly parallel to RD.
Experiments focused on the (200)-Bragg diffraction peak, i.e. grains
that are likely to belong to the cube texture component.

3D maps of lattice orientations were measured by acquiring several
adjacent 2Dmaps separated by 0.3 μm in the vertical direction. For each
2D layer, raw images were collected for a series of tilts in two perpen-
dicular directions, α and β, where α is a small rotation of the sample
axis (RD) parallel to θ, and β is a small rotation of the sample axis out
of the scattering plane (see Fig. 1). Suchmeasurements reveal small an-
gular deviations of the scattering vector G from the (100) directionwith
high angular resolution. The experimental configuration yielded spatial
voxel dimensions of 0.2 × 0.3 × 0.4 μm3 (horizontal × vertical × depth),
while the angular resolutionwas 0.016°, 0.11° and 0.046° inα, β and 2θ,
respectively. For a detailed description of the instrument and data anal-
ysis procedures see [10].

Two embedded recrystallizing grains were studied, referred to as
grain A and grain B. Their cross-sectional dimensions were ~15 × 20
μm2 and 25 × 50 μm2, respectively. Grain Awas used for high resolution
mapping at room temperature (25 °C). Seven equidistant layers
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covering a total of 2.1 μm in height were mappedwith a range of 0.2° in
both tilt directions. The total duration of the data acquisition was
200 min. Grain B served to probe the dynamics and was mapped four
times without removing the sample during annealing. Using a heated
gas blower the sample was first exposed to 325 ± 5 °C for 15 min,
and then twice more for 10 min each time. To save time cooling and
reheating the sample, mapping was performed at 275 ± 5 °C, i.e. a sig-
nificantly lower temperature at which the structure is expected to be
stable within the duration of themapping. Even if some recovery occurs
during themapping at this lower temperature, it is not critical for the in-
terpretation of the results, as we in this investigation only focus on the
stability or evolution of the intragranular boundaries. 3Dmaps were ac-
quired before the first annealing period and again after each of the sub-
sequent annealing periods at an orientation range of 0.2° and 0.3° in α
and β, respectively, and comprised 21, 31, 21, and 26 layers for each
3D map, equivalent to slices of height 6–9 μm in total. The acquisition
time for each 3D map was 200–240 min.

Each rawDFXRM image corresponds to a specific combination of the
(α, β) tilt angles and gives a 2D map of the spatial distribution of that

particular lattice orientation. We discretize the sample into voxels and
for each voxel a local orientation distribution in (α, β), which may be
thought of as a small section of a (200) pole figure, can be extracted
from its corresponding X-ray intensities in the tilt series. Here “orienta-
tion” thus refers to the orientation of the (200) lattice plane normal. The
corresponding in-plane lattice orientation could be determined by addi-
tional mapping of a second, non-collinear reflection. This, however, was
not done in the present experiment. To highlight structural features,
maps of the local lattice orientation, orientation difference, and local ori-
entation spread (Fig. 2) are generated from these distributions. The ob-
served features are consistent throughout the mapped layers.

The dominant local lattice orientation of each voxel is obtained from
determining the position of the maximum intensity in that voxel by a
Gaussian fit to the orientation distribution in (α, β). Orientation maps
(similar to EBSD orientation maps) are created by representing the
fitted lattice orientation by color, see the top row of Fig. 2. The observed
maps reveal mosaicity with distinct, μm-sized domains of similar orien-
tation, and thus the presence of a well-defined substructure inside the
recrystallizing grain.

Fig. 1. Sketch of the DFXRM experimental setup defining the angle of diffraction 2θ, the direction of the scattering vectorG, and the two tilt anglesα and β. The X-ray beam is shaped into a
narrow beam (0.4 μm×0.2mm) by a condenser to illuminate a single layer of the sample. AnX-ray objective serves tomagnify the diffracted signal and to select a narrow angular region-
of-interest.

Fig. 2.Maps of intragranular structure of seven layerswithin the embedded grain A. Lattice orientation (top row), orientation difference (middle row), and orientation spread in number of
orientation voxels (bottom row) through consecutive layers each separated by 300 nm along the vertical direction. The different features are trackable through the layers, although an
alignment issue caused a slight shift of the grain outline from layer to layer.
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