Multiscale 3D characterization with
dark-field x-ray microscopy

Hugh Simons, Anders Clemen Jakobsen, Sonja Rosenlund Ahl,
Carsten Detlefs, and Henning Friis Poulsen

Dark-field x-ray microscopy is a new way to three-dimensionally map lattice strain and
orientation in crystalline matter. It is analogous to dark-field electron microscopy in that an
objective lens magnifies diffracting features of the sample; however, the use of high-energy
synchrotron x-rays means that these features can be large, deeply embedded, and fully
mapped in seconds to minutes. Simple reconfiguration of the x-ray objective lens allows
intuitive zooming between different scales down to a spatial and angular resolution of 100 nm
and 0.001°, respectively. Three applications of the technique are presented—mapping the
evolution of subgrains during the processing of plastically deformed aluminum, mapping
domains and strain fields in ferroelectric crystals, and the three-dimensional mapping of
strain fields around individual dislocations. This ability to directly characterize complex,
multiscale phenomena in situ is a key step toward formulating and validating multiscale
models that account for the entire heterogeneity of materials.

Introduction

Most materials and minerals are composed of hierarchi-
cal crystalline structures and substructures, such as grains,
domains, and atomic-scale defect networks. A critical and
persistent issue across materials and geological sciences is
to understand and model the interplay of physical phenom-
ena and structural dynamics at and between these different
length scales. With this capability, the final macroscopic
properties of a material can then be predicted from the ini-
tial microstructure and processing conditions, and materials
can be designed and optimized using computer simulations
rather than experimental trial and error. To guide such efforts,
it is vital to develop experimental techniques that can rap-
idly swap between different length scales and make in situ,
three-dimensional (3D) movies of the local changes to the
crystalline lattice—structure, strain, and orientation.

The need to probe the local crystallography favors the use
of diffraction-based approaches, yet existing 3D techniques
have shortcomings with respect to multiscale characteriza-
tion. Electron-based methods provide high spatial resolu-
tion, but are inherently destructive, as they are either limited
to thin foils'? or involve serial sectioning.’* Scanning>'® and
coherent'!? x-ray methods are rapidly progressing toward

20-nm resolution, but are limited to small sampling volumes.
Furthermore, all methods face the challenge that the illumi-
nated part of a bulk sample may comprise millions or even
billions of structural elements whose diffracted signals over-
lap, preventing data analysis and interpretation.

Here, we describe dark-field x-ray microscopy, a new
full-field imaging technique for nondestructively mapping
structure, orientation, and strain of deeply embedded crys-
talline elements (e.g., within millimeter-sized samples) in 3D.
By placing an x-ray objective lens in the diffracted beam,
users can intuitively zoom between different length scales
by changing the objective focal length, overcoming the spa-
tial bandwidth limitations of other techniques. The objective
also filters stray diffraction signals, suppressing unwanted
overlap and isolating the individual structural element of
interest.

This technique is readily combined with coarse-scale
3D grain-mapping techniques, such as 3D x-ray diffraction
(3DXRD)"*1¢ and diffraction contrast tomography (DCT),'”-!®
as well as classical tomography. This combination enables
the user to rapidly progress from fast overviews of an entire
specimen to detailed studies of local phenomena in a single
experimental setting.
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We demonstrate the applicability of the technique to three
problems of interest in materials science—the processing of
plastically deformed metals, the distribution of strain and ori-
entation gradients in ferroelectrics, and the 3D morphology of
dislocations.

Description of dark-field x-ray microscopy

The geometry and operational principle of dark-field x-ray
microscopy (Figure 1) are conceptually similar to that of
dark-field transmission electron microscopy (TEM). The dif-
fracted beam passes through an x-ray objective lens, creat-
ing a magnified image of a specific region of interest with
contrast from local variations in lattice symmetry, orientation,
and strain. The sample-to-detector distance is typically 2—6 m,
enabling magnification ratios of up to 50 while still main-
taining sufficient space around the sample for in situ appa-
ratus. Like the electron microscope, the x-ray microscope
can be operated in a variety of modes. Maps of axial strain
can be obtained by scanning the objective and detector through
the scattering angle 20, while the local misorientation can be
similarly mapped by scanning the sample through two orthog-
onal tilt directions (a, B).

Three-dimensional measurements of axial strain and
orientation can be obtained in two ways: First, by using a
one-dimensionally focusing condenser to create a narrow
line beam' that illuminates a “slice” of the material (typi-
cally 200 pm x 200 pm x 200 nm), which is then imaged at
an oblique angle. A 3D volume is then obtained layer wise
by translating the sample through the planar beam in small
increments. A second, faster method involves illuminating
the entire grain and recording projections from different
viewing angles while rotating the sample around the scat-
tering vector, Q.?° Three-dimensional reconstruction can
then be accomplished using adapted tomo-

orientation of the region of interest. Such information is
readily obtained from fast prescanning techniques, such as
3DXRD or DCT.

The studies described herein were performed ad hoc
at beamline ID06 at the European Synchrotron Radiation
Source (Grenoble, France), operating in the x-ray energy
range of 15-30 keV. The current spatial resolution is ~100 nm,
while the mapping of strain can, in favorable cases, be per-
formed with a resolution of 107°. A dedicated x-ray micro-
scope incorporating the dark-field modality is anticipated
to be commissioned at this beamline in 2016 with a target
resolution of 50 nm.

Detector

Figure 1. Principle of dark-field x-ray microscopy.
Monochromatic x-rays illuminate a crystalline element of
interest, and the diffracted radiation is imaged by means of
an x-ray objective and a 2D detector. The magnification is
approximately given by the ratio g'/p’. Scanning the sample tilt
(o, B) and 26 angles facilitates mapping of orientation and strain,
respectively, while different projection angles can be obtained
by rotating the sample around its scattering vector, Q.2

graphic algorithms.

A defining feature of the dark-field x-ray
microscope is the x-ray objective. Like a vis-
ible light microscope, the x-ray objective can
be reconfigured to adjust the magnification
and numerical aperture, and hence the spatial
resolution according to specific experimen-
tal requirements. Compound refractive x-ray
lenses are typically used,”’ however, such
optics are chromatic and have a significantly
smaller numerical aperture than their visible
light counterparts. The implications of this
are threefold. First, the angular resolution
is on the order of 0.001° to 0.03°, and thus,
superior to those of electron microscopes.
Second, the objective filters out diffraction
signals from other unwanted regions of the
sample, potentially allowing the study of a
specific element out of 10'° or more within the
illuminated volume. Third, the narrow angular
acceptance necessitates prior knowledge of

Diffraction contrast
tomography

Dark-field x-ray microscopy

Figure 2. Multiscale mapping of 10% tensile deformed 1050 (99.5% pure) aluminum.
(a) Part of a map of all grains in the specimen. (b) Zooming in on one grain and mapping
the intrinsic variation in orientation. A vertical section through the grain is shown.

(c) Additional zoom and mapping of selected individual subgrains in 3D. The spatial
resolution from left to right is 3.5 ym, 1.5 pm, and 300 nm, and the angular resolution
is 0.5°, 0.15°, and 0.03°, respectively. The colors symbolize orientations.?
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Processing of plastically deformed metals

During plastic deformation, dislocations proliferate and
self-organize to create hierarchical structures comprising
grains, cell blocks, and individual subgrains surrounded by dis-
location walls. At present, bottom-up modeling approaches
are not capable of creating the complex structures observed
using TEM. Furthermore, as heterogeneous events such as
the nucleation of new grains or cracks tend to govern the
structural evolution, state-of-the art models, at best, system-
atize generic features of the static structure. Hence funda-
mental questions remain regarding both the deformation
process itself, and the nucleation and growth processes during
subsequent annealing.

Figure 2 demonstrates how DCT and dark-field x-ray
microscopy can be combined into a unique tool for 3D
mapping structures at various length scales in deformed
metals. For this study?? of a needle-shaped Al sample with

Strain and domain mapping in ferroelectrics
A defining feature of ferroelectric materials is the presence
of domains—regions of parallel spontaneous polarization
that self-organize across several length scales to minimize the
global free energy.” Under external fields, these domains can
nucleate, grow, shrink, and annihilate through the collective
motion of domain walls, facilitating a diverse range of appli-
cations, including memory, microelectromechanical systems,
and ultrasound technology. Despite the crystallographic
twinning relationship between neighboring domains, fer-
roelectrics tend to be distorted in the local vicinity of the
domain wall, giving rise to complex local phenomena, such
as conductivity?® and polarization rotation.?’
Understanding the relationship between domain topology,
orientation, and stress around domain walls would there-
fore be a significant advance. Yet, the topologies and dynamics
of ferroelectric domains are extremely complex—3D and

dimensions of 0.3 mm x 0.6 mm X 8 mm, an
x-ray energy of 17 keV was used with image

exposure times on the order of one second.
Dark-field x-ray microscopy has the potential
to directly visualize the formation and disso-
lution of subgrains, and their interactions with
one another and their parent grains.

The high-angular resolution of dark-
field x-ray microscopy also provides a way
to detect fine-scale structures, such as lines
of dislocations with low densities. As an
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of a recrystallized Al grain with an angu-
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Figure 3. Structure of one layer of a recrystallized grain within a ~500-pm-sized 1050

lar difference across the observed internal
boundaries of the order of 0.05°, correspond-
ing to dislocations separated by more than
0.46 um.” The intrusions in the external grain
boundary seem to be related to the internal
boundaries. Furthermore, unlike conventional

(99.5% pure) aluminum sample. The distribution of angular spread of the (200) reflection is
recorded for each voxel in terms of sample tilt (o, B) (as per Figure 1). (a) Map of the most
intense angular setting for each voxel, (b) corresponding map of local misorientations,
and (c) map of the full width at half maximum (FWHM) of the mosaic distribution for
each voxel.?®

techniques such as electron backscatter dif- 100~

fraction, dark-field x-ray microscopy pro- ool 100°C
vides a measure of the angular distribution w0 ---14020
associated with each voxel in the sample i ;?E"E
(Figure 3c¢). This is seen as a potential vehicle 70 e

for improved estimations of local disloca-
tion densities.

Relatively fast measurements of the dynam-
ics can be conducted by assessing the col-
lective statistics from individual subgrains,
such as volume, average orientation, or av-
erage strain. During nucleation and growth
processes, the evolution of such parameters
can be monitored within hundreds or thousands ]
of elements. As an example, Figure 4 shows
the subgrain size distribution in an Al sam-
ple after deformation at room temperature.*
As anticipated, the distribution shifts toward
larger and fewer grains upon heating.

Number of Grains

Figure 4. Histograms of subgrain size (defined as the equivalent spherical radius, R.,)
as a function of a linear increase in temperature during recovery of 1050 (99.5% pure)
aluminum. The distribution is prone to experimental error below a radius of 1 ym.?
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multiscale—and highly sensitive to internal and external
3.47 TR s o T boundary conditions. With dark-field x-ray microscopy, we

= . _ Wy gt can directly map the local variations in strain and orientation
that occur at domain walls and other critical interfaces. In this
example study,”® the domain topology and strain distribution
were mapped within an isolated region of an orthorhombic
KNDbO, ferroelectric crystal. The microscope imaged the 220
family of reflections at an x-ray energy of 17 keV to give a
spatial resolution of 95 nm x 250 nm x 250 nm.

Figure 5 shows a coarse, nonspatially resolved over-
view of the orientation and strain distributions within the
grain obtained by recording the far-field diffraction intensity
distribution of the 220 family of reflections (i.e., without
the objective in place).” The two intense peaks correspond

qanP. e Fle TR T to two domain variants dominating the sampling volume,

-0.02 —0.01 0 0.01 0.02 however, it is their local structure and the intensity between

Q ( A—‘t) them that is of interest. The peaks are not ideally Gaussian

b as expected, rather they are elongated and asymmetric with

Figure 5. Reciprocal space map around the 220 reflection of “wings” of intensity between them. These features are
a KNbO;, ferroelectric crystal obtained as a rapid prescanning deviations from the presumed orthorhombic crystal sym-

technique. The peaks correspond to the lattice spacing and t £ KNbO d st Iv indicate th £
orientation of domain variants. Q, and Q, are the reciprocal space me ry ° At an ) strongly H_l .1ca c e. presel:lce 0

directions corresponding to o and p. The contours correspond strain and orientation inhomogeneities associated with the

to a normalized log axis, where red is the highest intensity value.?® domain topology.

The topological origin of this intensity distri-
bution can be directly imaged using dark-field
x-ray microscopy, as shown in Figure 6. Both
the orientation and strain maps show a topology
consistent with contemporary microscopy tech-
niques, containing stripe-shaped domains sepa-

o

b rated by non-180° ferroelastic domain walls. In
§' particular, the strain map indicates clearly that
@ strain gradients are a pervasive and significant
£ feature in ferroelectric crystals. Zooming in both
~05 spatial and angular domains indicates that sig-

nificant strain and lattice orientation gradients
extend up to 2 um into the material.

Wl These results have significant and far-reaching
implications for ferroelectric and other ferroic
materials, such as shape memory and superelas-
tic alloys. The cumulative effects of strain and
orientation gradients at domain walls imply that
the local polarization at such boundaries must
be significantly augmented by both direct lattice
rotation and flexoelectric effects.”? These obser-
vations constitute a significant step forward in
the direct characterization of complex multiscale
phenomena in these materials, and are directly
comparable to similar multiscale models from,
for example, phase-field techniques.*

ulens soe

-5

Figure 6. False-color maps of (a) orientation and (b) strain in the KNbO, crystal. Zoomed
in images of the (c) orientation and (d) strain from the centers of the maps show local . . .
gradients around stripe-like domains. The orientation and strain maps correspond to Mappmg dislocations

the same region of the sample and are shown at the same scale. The local orientation Visualizing the 3D dislocation structure within

in terms of sample tilt (o, ) (@s per Figure 1) in (a) and (c) corresponds to the keys in the sinele crystals. erains. or domains is essen-
bottom left corner of the images. The local lattice strain in (b) and (d) corresponds to the . & Y » 8 7 . L.
tial to understand micromechanics and is vital

key on the right side of the images.?®
for controlling the performance, for example,
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Figure 7. False-color image of three dislocations within a
diamond crystal. Two images are superposed, the red and blue
ones representing an offset in the axial strain of +3 x 10~ and
-3 x 107, respectively. The sample was fully illuminated and, as
such, the image is a projection.®

of photovoltaics and microelectronics. Traditionally, TEM
is used to visualize the dislocation structure due to the high-
contrast and high-resolution images obtained from the tech-
nique, even in 3D.*" However, the small samples are subject
to spurious boundary conditions from the surfaces. X-ray
topography, on the other hand, can visualize hundreds of
dislocations in centimeter-sized single crystals and can be
generalized to 3D reconstructions.*> However, the spatial
resolution of the “direct beam” approach used is inherently
limited to approximately 10 um,* putting a severe upper
limit on the detectible dislocation densities for which it is
applicable.

The dark-field microscope provides an image of the
regions in the sample that are both within the direct-space
field of view and give rise to diffraction in the range of angles
accepted by the objective. The angular resolution is sufficiently
good in that the microscope can be set to focus on parts of the
tails of the scattering, thus excluding the response from the
main peak. The “weak beam” scattering defined in this way
will be approximately kinematical in nature. Furthermore, by
acquiring images as a function of distance to the main peak in
reciprocal space, one can map strain components in 3D. This
is illustrated in Figure 7 for the case of a diamond crystal.**
As expected, upon crossing a dislocation line, the strain is
inverted, as seen by the change from red to blue color in
Figure 7. The sharpness of the dislocation topology in the
high-strain regions near the core implies that the detectable
dislocation density is dictated by the spatial resolution of the
microscope. These results point to a route for experimentally
addressing dislocation dynamics.
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We emphasize that only three of the nine components of
the displacement gradient tensor can be measured from the
type of mapping previously described, as we only probe one
diffraction vector, Q. To map all components, it is required to
repeat the data acquisition for at least two additional reflections.
(Likewise, to map full orientations and not just pole figures,
two reflections are required.) To facilitate this, the microscope
at the ID06 beamline can operate with the objective and far-
field detector both in the horizontal and vertical planes.

Outlook

Dark-field x-ray microscopy is a promising technique for
comprehensive multiscale studies of self-organization, domain
evolution, transport, and the role of defects within crys-
talline materials. In addition, we can highlight two further
potential applications:

* In operando studies of devices—Spatially localized phenom-
ena govern the performance and lifetime of many devices
or components. Dark-field x-ray microscopy would enable
one to directly record movies of the structural changes taking
place at embedded interfaces in, for example, electrochemi-
cal cells or microelectromechanical devices.

* Nucleation—Nucleation processes (e.g., phases, grains, and
domains) determine transformation rates, yet mechanisms
are often not known, and quantitative data for simulation
models is sparse. With this technique, we can map suffi-
ciently large specimens to identify such events, and zoom
in on individual nuclei to retrieve crucial local parameters,
such as wetting angles and orientation relationships.

Like electron microscopes, this approach can easily incorpo-
rate additional modalities, such as bright-field microscopy,*
high-resolution x-ray microscopy,®® and small-angle x-ray
scattering microscopy,’’ as well as the use of coherent x-ray
nanobeams for ultimate resolutions.*

With continual improvements in hard x-ray optics, such
as multilayer Laue lenses, improved spatial resolution is also
expected in the coming years.*! While temporal resolution
(and thus the suitability for in situ measurements of struc-
tural dynamics) is presently limited by the photon flux of the
X-ray source, upcoming “ultimate storage rings”** in fourth-
generation synchrotrons promise to improve this by several
orders of magnitude.
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