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Abstract

The availability of intense, focused synchrotron X-ray microbeams has enabled new techniques for materials investigations with sub-micron
spatial resolution. The scanning microbeam setup we have developed at the XOR-UNI beamline at the Advanced Photon Source (APS) is versatile
in that it provides 1D, 2D or 3D scans (including depth resolution), and can alternate between polychromatic- and monochromatic-beam modes.
Focusing in both modes uses elliptical Kirkpatrick–Baez (K–B) reflecting mirrors. Beam diameters of ~500 nm FWHM are now routine, and
90 nm focus has been demonstrated. In white-beam mode, a CCD detector records a complete Laue diffraction pattern, which is analyzed with an
automated indexing program. These X-ray diffraction patterns provide real-space maps of the local lattice structure, crystal orientation, grain
morphology, and strain tensor.

Spatially-resolved X-ray microdiffraction studies are now providing previously unavailable measurements of local microstructures. These
measurements, in turn, yield new insights in several classic fields of materials science. This paper will illustrate the application of polychromatic
scanning X-ray microscopy with examples from 1D, 2D and 3D materials systems. In 1D systems, we have mapped the structure and orientation
of an individual ZnO nanorod along with the associated Ge catalyst particle used to control the nanocrystal growth. In 2D systems, X-ray
microdiffraction studies have revealed the mechanisms for local crystallographic tilting in epitaxial oxide films grown on textured Ni substrates for
superconducting applications. In 3D systems, X-ray microscopy investigations have included in-situ studies of microstructural evolution during
thermal grain growth in polycrystalline aluminum. In general, these spatially-resolved measurements provide important new insights and are
valuable as input for theoretical and computer modeling studies of a wide range of material processes.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Material properties are often controlled by interactions
between heterogeneities, i.e. between regions containing
different local microstructures. For example, understanding
how the size, shape and orientation of interacting polycrystal-
line grains affects properties such as strength is central to
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thermomechanical processing in metallurgy. Although X-ray
diffraction has long been an important structural characteriza-
tion tool, most X-ray measurements either employ large beams
that average over many polycrystal grains or are obtained from
single-crystal samples. Unlike electron-probe studies, spatially-
resolved X-ray diffraction studies of individual grains or
domains have generally been rare. The advent of high-
brightness, third generation synchrotron sources and improve-
ments in X-ray focusing optics are changing this situation. The
ongoing development of X-ray imaging and spatially-resolved
probes has included progressively smaller beam sizes and
increasingly sophisticated techniques for making use of the
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unique properties of synchrotron sources. The various techni-
ques for focusing X-rays to produce small beams include
Fresnel zone plates, tapered capillaries, Kirkpatrick–Baez
(K–B) mirrors and compound refractive lenses [1,2]. Using
the advances in X-ray optics, a range of complementary three-
dimensional (3D) X-ray microscopy techniques are being
developed, including approaches based on either monochro-
matic or polychromatic beams, coherent or incoherent radiation,
and full-field or scanning imaging [2–7]. In this paper, we first
describe the 3D scanning X-ray microscopy technique we have
developed and then illustrate the application of polychromatic
X-ray microscopy with examples from 1D, 2D and 3D material
systems.

At the XOR-UNI beamline 34ID at the Advanced Photon
Source (APS), we have developed a scanning, polychromatic
(white) microdiffraction facility with 3D submicron spatial
resolution. As shown schematically in Fig. 1, the X-ray source
is broad-spectrum synchrotron radiation from an APS undu-
lator. A double-crystal monochromator mounted on a transla-
tion stage can be moved out of or into the beam in order to select
either polychromatic mode or monochromatic operation. A
crossed pair of high-precision, elliptically-figured K–B mirrors
then focus the beam non-dispersively onto the sample. The
typical beam diameter during routine operation is ~0.5 μm
FWHM. The energy spectrum covers the range from ~8–
22 keV due to absorption at low energy and the mirror
reflectivity at high energy. A CCD area detector measures the
diffracted X-ray beams which have energies that satisfy Bragg's
Law. In white beam mode, the Laue diffraction pattern typically
contains a large number of peaks, with ~10–20 reflections for a
single crystallite with a small unit cell and more peaks for larger
unit cells. Automatic analysis software locates peaks, indexes
the pattern, and calculates the local crystallographic orientation
and deviatoric strain tensor information (relative lattice
parameters) [6]. If an absolute measurement of the lattice
parameters (dilatational strain) is desired, the monochromator is
inserted and scanned through the peak energy. For thin samples
such as nanostructures or films, the incident X-ray beam yields
Fig. 1. Schematic drawing of the polychromatic 3D X-ray microscope at the APS be
size by a crossed pair of K–B mirrors. Diffracted beams are measured using a CCD
mode) or removed (polychromatic mode).
a single-crystal Laue pattern as long as the grain size is larger
than the beam diameter. In this case, a white beam measurement
at each location provides the local lattice structure, orientation
and strain. Sample translations are then used to generate 2D
orientation and strain maps. X-ray microdiffraction orientation
maps are conceptually very similar to the orientation maps
produced by electron backscatter diffraction (EBSD) techniques
[8–10]. Generally, X-ray microdiffraction yields measurements
with greater angular resolution (~0.01°) and strain resolution
(Δd/d~10−4). X-ray beams also penetrate deeper into bulk
samples than electrons, and scattering arising from different
depths must be considered.

As the X-ray microbeam penetrates a bulk, polycrystalline
sample, scattering can originate from many crystal grains with
different orientations. The white beam pattern will consist of the
superposition of many different Laue patterns. Even if an image
with superimposed patterns can be indexed, the position of
different grains is not known. To address this uncertainty, a
differential-aperture X-ray microscopy (DAXM) technique has
been developed with submicron spatial resolution along the
direction of the incident beam [6,11]. As shown in Fig. 1, a
series of Laue images are measured as a Pt wire is translated in
small steps close to the sample surface. The wire acts as a knife-
edge profiler, and difference between successive images enables
a unique reconstruction of the Laue diffraction patterns for each
submicron volume element (voxel) along the incident beam
path. This approach yields full point-to-point structural
information for every voxel, and the cost is the time required
to scan the Pt wire across the surface (typically ~300 images).
The reconstructed Laue patterns for each voxel are then
analyzed as for the 2D situation to generate orientation and
strain maps for 3D volumes inside polycrystalline materials.
The 3D X-ray microscopy approach is general; the full
diffraction pattern for each voxel is uniquely determined for
any material that scatters X-rays. In the following sections, we
illustrate how X-ray microdiffraction can be used to obtain
unique structural information and new insight for different
classes of materials: 1D, 2D and 3D systems.
amline 34ID. Polychromatic undulator radiation is focused to a submicron beam
area detector. A double-crystal monochromator can be inserted (monochromatic



Fig. 2. (a) Optical image of Ge-catalyzed ZnO nanorod mounted on a TEM grid.
The long (N50 μm) ZnO rod is capped by a ~spherical Ge particle. (b) X-ray
microfluorescence area map used to locate the same Ge catalyst particle shown
in panel a. Pixel size is 1 μm. The ZnO rod does not appear since it does not
incorporate Ge during growth.
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2. 1D: individual nanostructures

Recent advances in X-ray focusing provide new opportu-
nities for nanoscience research. The ability to focus intense
X-ray beams to increasingly smaller sizes means that X-ray
scattering measurements can now be obtained from individual
nanostructures. Spatially-resolved results provide more detailed
information than measurements from an ensemble of many
nanostructures for several reasons. For example, it is now
possible to map anisotropic strain or microstructural changes
such as domain boundaries along the length of a single
nanowire. In addition, size-dependent properties are of great
interest, and focused beams enable studies of a range of
nanostructures with different dimensions from a single sample
that contains a dispersion of sizes.

Several research groups have recognized the benefits of
characterizing small, localized areas of nanostructures, and
synchrotron beamline facilities are being developed worldwide
to enable nanoscience investigations. Xiao et al. [12] describe
nanodiffraction instrumentation developed on beamline 21D at
the APS. This facility uses a hard X-ray Fresnel zone plate with a
focal length of ~10 cm to focus a monochromatic beam to a
diameter of less than 200 nm FWHM. The setup also includes a
six-circle, high-precision sample diffractometer and custom-
made sample holder. They demonstrated the nanodiffraction
capabilities in experiments using scattering from individual
triclinic tin oxide (Sn2O3) nanobelts with cross-section down to
24 nm×10 nm. Working at HASYLAB and ESRF, Jarre et al.
[13] describe the design, fabrication and characterization of
X-ray waveguides for use as ultra-narrow X-ray slits. By
combining waveguides with K–B prefocusing mirrors, they
report X-ray beams with cross-section as small as 25 nm
FWHM. It should be noted that individual objects can be probed
using X-ray beams larger than the nanostructure size as long as
sufficient scattered intensity and separation between objects are
achieved. Using beam sizes in the range ~1–6 μm at the ESRF,
studies have been carried out on rolled-up single crystal GaAs/
InAs nanotubes [14] and on single-walled carbon nanotubes
[15]. At a high-energy ESRF three-dimensional X-ray diffraction
(3DXRD) beamline (ID11), diffraction peaks from individual
grains as small as 70 nm can be measured [4]. Most focused
X-ray facilities utilize monochromatic X-ray beams, and include
both nanodiffraction and nanofluorescence mapping capabilities.

At the APS sector 34, we have initiated nanoscience
experiments to characterize the local lattice structure from
spatially-resolved regions of individual 1D structures. In our
initial experiments, we have used hexagonal ZnO and cubic tin-
doped indium oxide (ITO) materials fabricated in various
nanoshapes: rods, belts, combs and tapered styluses. As
described in the Introduction, our X-ray microscopy beamline
allows the user to select either a polychromatic or a
monochromatic beam. Unlike monochromatic facilities,
white-beam diffraction yields a full Laue pattern for all sample
orientations, and hence eliminates the need for a sample rotation
stage and angular scans. Although the beam diameter is
typically ~500 nm during routine operation, beams as small
as 90 nm have been demonstrated on this beamline [16].
ZnO and tin-doped indium oxide (ITO) nanostructures have
generated tremendous research interest due to their unique
optical, electrical, mechanical and chemical properties [17,18].
Applications such as optoelectronic devices or ultra-sensitive
sensors will require an understanding of how the device
morphology, lattice structure and doping levels control these
properties. Here, we demonstrate how X-ray microfluorescence
and nanodiffraction can be used to study the growth of
individual ZnO nanorods. ZnO is a direct, wide-bandgap
material and is also piezoelectric. It can be synthesized in a wide
variety of morphologies, and is a leading candidate material for
many nanodevice applications including surface acoustic wave
and UV lasing devices [18,19].

The ZnO nanorods were synthesized by Ge-catalyzed crystal
growth as described by Pan [20]. Spherical Ge catalyst
nanoparticles serve to nucleate and direct the ZnO nanorod
growth process. Since oxide nanowires are commonly grown
using metal catalysts (e.g. Au, Fe), very few studies of growth
mechanisms or interfacial reactions associated with semicon-
ductor catalyst particles such as Ge have been carried out. The
diameters of the Ge spheres were usually in the range 1–4 μm
while the ZnO rod diameter was generally less than a micron.
Fig. 2a shows an optical image of a Ge-catalyzed ZnO nanorod
mounted on a TEM grid. Two other smaller rods are in this
general area, but are out of focus. The catalyst particle in Fig. 2a
was first located with the X-ray microbeam by mapping the
intensity of the Ge–K fluorescence as the sample is translated
over a 2D area in 1 μm steps. A monochromatic beam just
above the K-edge (11.1 keV) was used for this scan to reduce
background scattering. The resulting map is shown in Fig. 2b.
No evidence for Ge content was seen in the ZnO rod.

Once the spherical Ge particle was located using fluores-
cence, Laue diffraction patterns from the associated ZnO rod
were obtained using a polychromatic microbeam and the CCD
area detector. A typical pattern is shown in Fig. 3a. Indexation
of the diffraction peaks revealed that the ZnO rod has a
hexagonal Wurtzite structure with the [0001] direction along the
growth axis. Laue patterns were then collected while the sample
was translated in a two-dimensional scan covering a
20 μm×10 μm area with a step size of 0.5 μm. Diffraction



Fig. 4. Spatially-resolved orientation map where the colored pixels indicate
nonzero ZnO diffracted intensity is observed (i.e. incident microbeam hits a
nanorod). Three single-crystal ZnO nanorods are observed. Color indicates the
direction of the ZnO[0001] axis as a function of position using the color legend
on the right and the pole figure data from Fig. 3b. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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images collected from the Ge catalyst particle showed many
superimposed Laue patterns and strong fluorescence back-
ground, while images collected from the ZnO rods showed a
single-crystal Wurtzite pattern. The microdiffraction informa-
tion from the 2D area scan can be displayed in several forms.
Fig. 3b shows the ZnO lattice orientations as standard
hexagonal c-axis and a-axis pole figure representations. For
each spatial position in the area scan, a red marker is added to
the stereographic projections to indicate the direction of normal
to the ZnO(0001) and the ZnO{1000} planes respectively. The
center of each projection corresponds to the surface normal of
the sample TEM grid. These pole figures show three distinct
crystal orientations, but do not provide any spatial information.

The spatial location of the different lattice orientations is
shown in a ZnO(0001) orientation map in Fig. 4. This map is
generated by assigning a color to each pixel in the area scan
based on the direction of the ZnO c-axis at that location. The
color legend is shown on the right (note: 2D orientation maps
are commonly used to display electron back-scatter diffraction
(EBSD) results and the same concept is used here). The
directions and the shapes of three ZnO nanorods are clearly
seen. Each rod is a hexagonal single crystal with some small
curvature presumably associated with a gradual bending of the
rod. The c-axis is aligned with the rod length in each case. The
larger rod labeled ZnO-1 is growing out from the Ge particle.
The Ge diffraction images showed the superposition of several
different orientations at every position, indicating that the
catalyst particle is a fine-grain polycrystal. The Laue patterns
Fig. 3. (a) Typical Laue diffraction pattern from an individual hexagonal ZnO
nanorod. (b) Hexagonal c-axis and a-axis pole figures generated by scanning in
the area of a few ZnO nanorods.
obtained from the region near the Ge–ZnO interface showed no
signs of any particular orientation relationship between the ZnO
rod and the Ge particle. Thus, the ZnO rod does not grow
epitaxially. Instead, our observations are consistent with the
suggestion by Pan [20] that the rods grow by the vapor–liquid–
solid (VLS) crystal growth mechanism. Based on the fact that
the Ge–Zn phase diagram exhibits a eutectic reaction at 394 °C
and 94 atom% Zn, it is believed that the Ge particles are in the
liquid state at growth temperatures (500–600 °C). Our
observations are consistent with this description.

We have measured X-ray microfluorescence and microdif-
fraction from ZnO and ITO nanostructures in several other
geometries, including nanowires mounted across electrical
contacts, tapered styluses, and cross-section slices extracted
by focused ion-beam (FIB) milling. The ability of X-ray
microdiffraction to quantitatively characterize microstructures
with high angular and strain resolution will likely provide
valuable information to complement more qualitative, higher
spatial resolution results from other techniques. For example,
although not demonstrated here, X-ray microdiffraction yields
the local strain tensor with resolution Δd/d~10−4. We plan to
use this capability to measure the doping- and size-dependent
mechanical response of individual piezoelectric nanowires as a
function of applied voltage. Clearly, as beam sizes decrease and
facilities are further developed, X-ray nanodiffraction will
enable many new opportunities for fundamental nanoscience
research.

3. 2D: deposited films

Conventional X-ray diffraction measurements with ~mm-
size beams have played an important role in advancing our
fundamental understanding of thin film growth for many
decades. The ability to measure microstructural aspects such as
epitaxial film/substrate relationships, residual thermal stresses
and thickness control has made X-ray diffraction (XRD) a
traditional tool for characterizing thin film and layered systems.
Synchrotron microbeams now enable a more complete
structural description of thin film systems. Film inhomogene-
ities often play an important role in determining the physical
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properties and microdiffraction can now provide a spatially-
resolved description of the local variations in orientation and
strain. In many applications ranging from corrosion-resistant
coatings to magnetic recording media, grain size and texturing
in films can strongly affect performance.

Synchrotron-based microdiffraction has recently provided
many new results in a range of thin film studies. For example,
deposited layers in electronic devices are often patterned to
produce localized features. The dimensions and strain within
such features are critical to device operation. Cai et al. [21] used
X-ray microdiffraction to map the spatial variation of the lattice
strain and multilayer thicknesses in InGaAsP optoelectronic
devices produced by a selective area growth technique. Do et al.
[22] developed a method to image the polarization domains in
epitaxial ferroelectric PZT films and used this approach to
investigate how polarization fatigue depends on the applied
switching conditions. A large number of research groups have
investigated plastic deformation, void formation, and strain
enhancement associated with electromigration in metal inter-
connects [23–28]. In these studies, quantitative in-situ studies
of the microstructural evolution were enabled by the penetration
of hard X-rays through the oxide passivation layer. Other
microbeam studies of electronic thin film systems have used
X-ray penetration to study the epitaxial relationships between
films and the underlying substrates. Several researchers have
mapped the crystallographic tilts and strain variations across the
wing regions in epitaxial GaN films grown by lateral over-
growth methods [29–31]. Here, we will describe how X-ray
microdiffraction studies of epitaxial oxide films deposited on
roll-textured metal foils help guide the development of high-Tc
superconducting wires with enhanced current-carrying capabil-
ities [32].

Following the discovery of high-Tc oxide superconductors
over twenty years ago, considerable research worldwide has
been directed towards achieving long-length, high critical-
current (Jc) wires. Since early work revealed that high-angle
boundaries in materials such as YBaCuO suppress Jc by orders
of magnitude, techniques for fabricating highly-aligned coated
conductors have been developed [33]. One such technique is
now referred to as Rolling-Assisted Biaxially-Textured Sub-
strates (RABiTS) [34,35]. In this approach, oxide buffer layers
(e.g. CeO2 and YSZ) and then superconducting films are
deposited epitaxially on recrystallization-textured metal (e.g.
Ni) tapes. The oxide layers are crystallographically aligned by
epitaxy on the textured substrate and the critical current density
depends strongly on the degree of alignment [33,35,36].
However, conventional X-ray rocking curves (see Fig. 2 of
Ref. [35]) have shown that the different layers in these
composite materials exhibit different degrees of mosaic spread.
Moreover, the degree of alignment depends on growth
conditions. We have employed X-ray microdiffraction in
order to better understand the detailed mechanisms controlling
epitaxial growth and orientation control in oxide films on
textured Ni substrates [32]. Because the X-ray beam simulta-
neously probes both the film layers and the substrate and
possesses high angular resolution, it is an ideal tool for mapping
local epitaxial relationships on a grain-by-grain basis.
The samples were 0.5 μm thick CeO2 oxide films grown by
pulsed laser ablation (PLD) on highly-textured 50 μm thick Ni
substrates at temperatures in the range 450–785°C. Grain sizes
in the metal foil were typically ~50 μm laterally. Using a
polychromatic microbeam, Laue diffraction at each position
showed an intense Ni pattern and a separate, weaker CeO2

pattern. Since both structures are cubic, the fact that the patterns
were not superimposed reveals that the film is not exactly
aligned with the substrate. Instead, systematic crystallographic
tilts between the film and substrate are present.

Fig. 5 shows typical out-of-plane and in-plane orientation
maps for the Ni substrate and the CeO2 film. The pole figure on
the left beneath each orientation map shows the standard full
stereographic representation with 90° between the center of the
plot (out-of-plane direction) and the large circle (in-plane
directions). The strong [001b100N Ni cube texture and a 45° in-
plane plane rotation of the film are evident. The pole figure on
the right beneath each map shows an enlargement (labeled
‘zoom’) of the angular region within the red circles, now
spanning only 5.3° between the center and the circle edge. The
color for each pixel in the orientation maps is determined by
superimposing the zoomed pole figures onto the red–green–
blue hexagonal color legends. The substrate and film grain
morphologies and colors appear very similar in the maps due to
the approximate epitaxial relation. However, quantitative
analysis of the orientation data shown in figures such as these
reveals two important features. First, each Ni grain is essentially
a single-crystal with very small angular mosaic spread. In
contrast, there is much greater subgrain angular variation for the
CeO2 film (i.e. ‘fuzzy’ spots in zoomed pole figure). This local
epitaxial disorder is likely due to multiple nucleation sites
within each Ni grain and may provide beneficial superconductor
flux pinning sites. Second, the position of the CeO2 out-of-plane
(001) pole for any particular grain is tilted slightly closer to the
surface normal than the pole for the underlying Ni grain. This
crystallographic tilting results in a sharper out-of-plane texture
for the film than for the substrate. A quantitative analysis of the
lattice tilts revealed a linear relation between the tilt of the
heteroepitaxial layer and the local miscut angle of a particular
substrate grain. These results are in qualitative agreement with a
geometrical model for epitaxial growth proposed by Nagai [37].
This atomistic model assumes that heteroepitaxial films are
epitaxially strained to match the substrate lattice at surface
ledges, but relax to their unstrained value as growth proceeds
across the ledge [32].

X-ray microdiffraction has been used to investigate other
oxide layers for superconducting applications. Recent micro-
diffraction work by Specht et al. [38] has extended the studies of
the YBaCuO layer in RABiTS samples. Using a novel analysis
algorithm based on a Hough transform, they investigated
orientation variations in YBaCuO films and correlated the
results with the size and tilt of the Ni grains. In general, the
microdiffraction experiments demonstrate how spatially-
resolved results provide new insight into growth mechanisms
and suggest techniques for controlling film textures through the
selection of heteroepitaxial systems with particular lattice
mismatch. For superconducting applications, the sharper film



Fig. 5. Top figures show orientation maps of Ni substrate and CeO2 film with out-of-plane Ni(001) and CeO2(001) maps on the left and in-plane Ni(100) and CeO2

(110) maps on the right. Bottom figures show corresponding pole figures as both full 90° stereographic projection and as a zoomed projection with 5.3° angular range.
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texture leads to larger percolative regions with boundaries b~5°
and thus enhanced critical current densities [32]. The tilt
mechanisms described here should be relevant to many other
heteroepitaxial material systems such as thermal barriers, solar
cells or corrosion-resistant coatings.

4. 3D: structure and evolution of polycrystals

X-ray penetration into most materials is deep when
compared with electron probes. As described in the Introduc-
tion, the ability to spatially reconstruct depth-resolved X-ray
scattering has enabled recent progress in the development of 3D
X-ray microscopy techniques [3–6,11,39]. This ability to non-
destructively map the 3D structure and evolution inside
polycrystalline materials with high-resolution was not pre-
viously possible. Electron microscopes that combine focused
ion-beam milling and electron backscatter diffraction (EBSD)
scanning are now highly-automated and can provide high-
resolution 3D structural maps [8–10]. However, the sample is
destroyed during serial sectioning, precluding studies of
structural evolution. In contrast, neutron beams penetrate large
distances in most materials, but the relatively large source size
(i.e. low brilliance) prohibits focusing with both high intensity
and small beam size. Thus, X-ray microscopy will play a
particularly important role in high-resolution studies of dynamic
processes in 3D materials.

3D X-ray microdiffraction has already enabled new scientific
results involving several classic fields of materials processing.
For example, understanding the fundamental processes con-
trolling elastic and plastic strains generated by deformation
represents a long-standing challenge in materials science. It is
known that deformation in ductile metals often results in
~micron-size dislocation cell structures in which regions of
relatively perfect material are separated by dislocation-rich
walls [40]. However, the dislocation interactions responsible for
cell formation are not understood. Levine et al. [41] have used
scanning monochromatic 3D X-ray microdiffraction [42] to
measure the internal elastic strains in individual dislocation cells
in deformed copper. Their results were consistent with a
“composite model” of deformation based on interactions
between elastically-hard cell walls and softer cell interiors
[40]. They succeeded in identifying the predicted internal back-
stresses within individual cells due to the original compressive
or tensile deformation. Jakobsen et al. [43] have studied the
dislocation self-organization processes in deformed metals
using monochromatic, high-energy X-ray microdiffraction.
They identify diffraction spots arising from different subgrains
within an individual grain separated by regions of larger
dislocation density and interpret their results in terms of the
composite model. Further, they observe unexpected intermittent
dynamics during deformation in which more perfect regions
appear and disappear while surrounded in a sea of dislocations.
In other studies of deformation in metals, Yang et al. [44] have
examined the microstructure under microindents in single-
crystal Cu. Measurements of local lattice rotations were used to
generate spatially-resolved 3D maps of the geometrically-
necessary dislocation (GND) densities. Again, dislocation
patterning and cell wall structures were experimentally
observed. These high-resolution, quantitative 3D results for a
well-defined deformation geometry will provide the experi-
mental input needed for testing predictions of computer
simulations of crystal plasticity. Clearly, the recent studies of
3D deformation microstructures are already providing valuable
new insight into the complex materials processes associated
with dislocation patterning.

A second major field where 3D microscopy is now poised to
address long-standing material questions involves studies of
grain nucleation and growth during recrystallization and
thermal annealing. Using the 3D X-ray diffraction (3DXRD)
microscope at the ESRF, Schmidt et al. [45,46] tracked the size
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and shape of a single grain during recrystallization of deformed
Al. They find that, rather than a steady increase in grain size and
shape, grain growth proceeds in abrupt movements of different
boundary segments. They believe that irregular movements are
due to inhomogeneities such as variations in dislocation density
or different misorientation angles for Al boundaries. In a
materials system of large practical importance, Offerman et al.
[47,48] have used the 3DXRD microscope to study the kinetics
of the austenite to ferrite phase transformation in carbon steel.
By observing individual grains, they gained new insights into
the nucleation and growth of the ferrite grains. For example,
they concluded that the activation energy for ferrite nucleation
is ~100 times smaller than the value expected from thermo-
dynamic models. Detailed experimental measurements such as
these are important for providing guidance in the development
of more accurate models of nucleation and grain growth.

At the APS, we have used in-situ polychromatic 3D
microdiffraction to investigate 3D grain growth in polycrystal-
line Al [49]. Since controlling grain sizes and texture is an
important goal of thermal processing, grain growth in bulk
materials has been studied extensively for well over a century.
Now, X-ray microscopy allows us to non-destructively image
the evolution of individual grains and grain boundaries in the
interior of polycrystals. As shown schematically in Fig. 6a, the
X-ray microbeam was scanned near the edge of a sample of hot-
rolled (200°C) 1xxx series aluminum (~1% Fe,Si) obtained
from Alcoa. The DAXM (Pt wire) technique was used to map
the orientation of each 1 μm3 voxel in a particular
10 μm×10 μm×~100 μm volume. The diffraction peaks in
the reconstructed patterns were sharp, indicting significant
recrystallization during hot-rolling (200 °C). As shown in
Fig. 6b where different colors represent different grains, the
typical grain size was initially of order ~5–10 μm. The sample
was then annealed, cooled to room temperature and the
microstructure for the same volume was remeasured. Measure-
ments after annealing steps at successively higher temperatures
(350°, 355°, 360°, and 365 °C) resulted in 3D orientation maps
corresponding to ‘snapshots’ of the evolution of the grains
inside the sample during thermal annealing. Fig. 6(c–f) shows
the evolution of the microstructure within a single 2D slice as
the grains grow larger with increasing temperature. Software
Fig. 6. (a) Schematic of 3D microscopy of polycrystal Al. (b) Initial 3D orientation im
Colors indicate different grains. (c–f) Microstructure in a 2D slice after annealing a
interpretation of the references to colour in this figure legend, the reader is referred
has been developed to analyze grain boundary misorientations
and boundary planes, identify boundary types such as twins or
coincidence orientations, and generate Rodrigues space repre-
sentations. It is important to note that, since point-to-point data
with high angular resolution is obtained, we are also able to map
local imperfections such as the GND density. The energy
associated with such intragranular defects can represent an
important driving force for boundary migration and must be
considered in theoretical models. Experimentally, we observe
both high-angle and low-angle boundary migration. These
measurements demonstrate that previously unavailable, non-
destructive, high-resolution 3D grain growth measurements can
now be obtained. This type of data represents the input needed
for quantitatively testing the validity of theories and computer
models of 3D grain growth in polycrystal materials, and these
tests are currently in progress.

5. Conclusions and future directions

Advances in high-brightness synchrotron sources and
precision X-ray optics have enabled rapid progress in the
development of spatially-resolved X-ray microscopy techni-
ques. Here, we have described the scanning, polychromatic
(white) microdiffraction facility developed at the XOR-UNI
beamline 34ID at the APS. This beamline uses Kirkpatrick–
Baez (K–B) mirrors to focus undulator radiation to a typical
beam diameter of ~0.5 μm, and can be operated in polychro-
matic (white) or monochromatic modes. In polychromatic
mode, Laue diffraction images are analyzed to obtain the local
crystal symmetry, lattice orientation, and the strain tensor. The
fact that white Laue diffraction does not require sample rotations
in order to excite Bragg peaks is a significant advantage
whenever the sample crystal structure or orientation is not
known. Once a Laue pattern is indexed, monochromatic mode
provides absolute values for the local lattice parameters.
Submicron spatial resolution is obtained in all 3 dimensions.
The beam diameter determines the resolution laterally, while a
differential-aperture X-ray microscopy (DAXM) technique has
been developed to achieve submicron spatial-resolution along
the direction of the beam path. It is important to note that the
spatial resolution represents a point-to-point measurement from
age of hot-rolled (200 °C) Al after a low temperature anneal of 250 °C for 1 h.
t successively higher temperatures (350 °C, 355 °C, 360 °C) for 1 h each. (For
to the web version of this article.)
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each voxel, not simply the ability to measure scattering from a
single small crystallite or nanostructure. Thus, intragranular as
well as intergranular microstructural measurements are possible.
The angular resolution for measurements of Bragg diffraction
peaks is ~0.01° and the strain resolution is Δd/d~10−4.

X-ray microscopy can be used to obtain unique, quantitative
structural information and new insight for a wide variety of
materials. In this paper, examples illustrating the usefulness of
spatially-resolved X-ray diffraction were drawn from the
general classes of 1D, 2D and 3D material systems. The ability
to study individual 1D nanostructures is a direct result of
improved focusing of intense X-ray beams into small diameters.
We have measured X-ray microfluorescence and microdiffrac-
tion orientation maps from individual hexagonal ZnO nanorods
and the associated polycrystalline Ge catalyst particles. The
observations were consistent with a vapor–liquid–solid (VLS)
crystal growth mechanism for this system. For 2D systems such
as deposited films or multilayer materials, X-ray microdiffrac-
tion enables the simultaneous measurements from both the
substrate and the film layers. We illustrated the benefits of this
capability in a study of epitaxial oxide films grown on highly-
textured Ni substrates for superconducting applications. This
study revealed systematic crystallographic tilts of the oxide film
away from the exact epitaxial orientation, leading to a better
understanding of how to control texture in epitaxial films. For
1D and 2D systems, electron probes can often provide
complementary detailed structural measurements. However,
this is not true for 3D material systems, and it is likely that
spatially-resolved 3D X-ray microscopy will provide the most
unique opportunities for new material investigations. Investiga-
tions have been initiated to quantitatively study the self-
organized dislocation cell structures that result from plastic
deformation. Here, we illustrated 3D X-ray microscopy with
orientation maps showing snapshots of the evolution of the 3D
grain morphology in polycrystalline aluminum during thermal
annealing. Time-resolved 3D characterizations are sometimes
referred to as 4D X-ray microscopy to highlight the ability to
carry out dynamic studies [4].

As progress in X-ray sources, X-ray optics, area detectors
and analysis software continues, the field of X-ray microscopy
will continue to grow. Clearly, beam sizes for both monochro-
matic and polychromatic beams will continue to shrink. We
have demonstrated polychromatic focusing to ~90 nm using
K–B mirrors on the XOR-UNI beamline APS [16]. Using a
1 km long beamline at SPring-8 and precision K–B mirrors,
Mimura et al. report focusing to a beam size of 25 nm at 15 keV
[50]. Nanoprobe beamlines now under development at the APS
and ESRF include focusing to ~30 nm [4,51,52]. Advances will
continue for years to come; future radiation sources, such as
those based on energy recovery linacs (ERL) [53], will provide
smaller inherent source sizes and hence enable more X-rays to
be focused into even smaller beams.

Smaller, brighter beams will, in turn, enable more detailed
investigations of new material systems of interest for both
fundamental and technological considerations. In principle,
spatially-resolved X-ray diffraction patterns can be obtained
from any material that scatters X-rays, including distorted
single-crystals, films, multi-phase composites, biological mate-
rials, minerals, elastically and plastically deformed materials,
nanostructures, and even amorphous materials. In addition,
although not discussed here, other X-ray tools can be
incorporated with microdiffraction into the same beamline
facility. By combining spatially-resolved X-ray diffraction,
fluorescence, spectroscopy (EXAFS, XANES), and tomogra-
phy, more complete material descriptions will be possible.
Finally, we note that many of the concepts discussed here for
X-rays, including focusing with K–B mirrors, are applicable to
neutrons [54]. More intense, penetrating neutron beams are now
available at the Spallation Neutron Source (SNS). The
development of a 3D neutron microscopy facility would allow
scattering probes using electrons, X-rays and neutrons to cover
the complete range from nanometer to centimeter length scales
with overlapping spatial resolution.
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