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ABSTRACT: Third generation synchrotron X-rays provide an unprecedented opportu-
nity for microstructural characterization of many engineering materials as well as natural
materials. This article demonstrates the usage of three techniques for the study of
structural materials: differential-aperture X-ray microscopy (DAXM), three-dimensional X-
ray diffraction (3DXRD), and simultaneous wide angle/small angle X-ray scattering
(WAXS/SAXS). DAXM is able to measure the 3D grain structure in polycrystalline
materials with high spatial and angular resolution. In a deformed material, streaked
diffraction peaks can be used to analyze local dislocation content in individual grains.
Compared to DAXM, 3DXRD is able to map grains in bulk materials more quickly at the
expense of spatial resolution. It is very useful for studying evolving microstructures when
the materials are under deformation. WAXS/SAXS is suitable for studying materials with
inhomogeneous structure, such as precipitate strengthened alloys. Structural informa-
tion revealed by WAXS and SAXS can be combined for a deeper insight into material
behavior. Future development and applications of these three techniques will also be
discussed.
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kd "2, where oy is a friction stress, k is a material constant,
and d is the average grain diameter [1]. The Hall-Petch
relationship is often interpreted using the dislocation
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theory: with a smaller grain size, the mean glide distance
and pile-up length for dislocations in a single grain
generally decreases, which requires a higher external stress
for them to transmit through the grain boundary and
eventually cause macroscopic yielding of the material [2—
3]. In addition to the grain size, the distribution of grain
orientations (i.e. texture) also affects the plasticity of a
polycrystalline material, as the activation of slip or
twinning systems in a grain usually follows the Schmid
law [4].

Today, the dominant set of tools for characterizing
microstructure in polycrystalline materials is electron
microscopy (EM). Owing to its high spatial resolution
(< I nm), transmission electron microscopy (TEM) con-
tinues to be an indispensable tool for studies of disloca-
tions, interfaces, and precipitates in metallic materials [5].
However, the investigation area by TEM is sometimes too
small to ensure that the observed effects are representative
of the whole material. Scanning electron microscopy
(SEM), on the other hand, offers a larger investigation
area than TEM, but its spatial resolution is usually lower
than TEM [6]. In the last two decades, SEM imaging in
combination with automated electron backscattering dif-
fraction (EBSD) has been effectively used to characterize
grain structure and micro-plasticity effects in polycrystal-
line metals [7-10]. Prior to deformation, grain geometry
and grain orientation from a large surface area of the
material can be quickly measured and presented in a
statistical way (e.g. grain size distribution, pole figure,
etc.). After deformation, slip bands and deformation twins
observed in individual grains can be quantitatively
analyzed for a physics-based understanding of plasticity
and material failure mechanisms [11-13].

Despite the versatility of EM, it has a universal and
critical limitation: the low penetration depth of electrons
(< 0.1 um for most metals), which means only the surface
region can be probed. However, the most important
microstructural features (e.g. grain boundaries, dislocation
substructure, twins, cracks, etc.), are often three-dimen-
sional (3D) in nature. By only observing a two-dimensional

Table 1 List of worldwide third-generation synchrotron light sources
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(2D) section of the material, the opportunity to fully
understand many processes such as twin nucleation from a
grain boundary or crack initiation from a subsurface
inclusion cannot be observed or analyzed. Furthermore,
grains on the surface are essentially in a different
environment from the majority of the grains in the bulk
material because the free surface imposes less constraint on
the surface grains. This implies that findings made from
surface observation may not be applicable to the material in
the interior. While 3D morphology, crystallography and
chemistry maps can be achieved by performing serial
sectioning [14—16], the sample is totally destroyed after the
characterization so that further investigation becomes
impossible. In addition, sectioning may introduce strain
relaxation and/or microstructural changes at the newly-
created surfaces making true ‘bulk’ characterization
impossible.

Hard X-rays generated from synchrotron radiation is an
ideal way to non-destructively characterize the 3D
microstructure of a bulk material. High speed electrons
produced by particle accelerators (~99.999% of the speed
of light) are further accelerated by a booster synchrotron to
~99.999999% of the speed of light before being forced to
travel in a closed circle (often called “storage ring”) by
strong magnetic fields. At particular exit locations from the
ring, specialized insertion devices (undulators and wig-
glers) allow constructive interaction between the magnetic
fields and the high speed electrons to generate synchrotron
X-rays with high flux, high brilliance (i.e. small source
size), and a tunable energy range up to 300keV [17].
Today, there are a growing number of sites where high
quality synchrotron X-rays are generated at third-genera-
tion synchrotron light sources [18], such as those in
Table 1. Because of their high penetration ability, third-
generation synchrotron X-rays are an ideal probe for the
study of bulk material microstructures.

In the last two decades, various techniques have been
developed using synchrotron X-rays to characterize
materials, including scattering, tomography, imaging,
fluorescence and absorption spectroscopy. In this article,

Facility name Location Ring energy /GeV Perimeter /m Year commissioned
ESRF France 6 844 1992
APS USA 7 1060 1995
SPring-8 Japan 8 1436 1997
SLS Switzerland 2.4 240 2001
SSRF China 35 396 2007
PETRA-III Germany 6 2304 2009
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three scattering-related techniques very useful for metal-
lurgy research are considered: differential-aperture X-ray
microscopy (DAXM), three-dimensional X-ray diffraction
(3DXRD), and wide angle/small angle X-ray scattering
(WAXS/SAXS). DAXM and 3DXRD are two non-
destructive techniques that allow individual grains in
bulk polycrystalline materials to be studied. On the other
hand, WAXS/SAXS is powerful for characterizing materi-
als with a heterogeneous microstructure (e.g. second-phase
precipitates, voids, etc.). For each technique, the working
principles will be briefly summarized and their use will be
demonstrated with a few application examples either from
the literature or from the authors’ work. The outlook of
future research will also be discussed.

2 Differential-aperture X-ray microscopy

Differential-aperture X-ray microscopy (DAXM) is a
technique developed by Oak Ridge National Laboratory
and first installed at beamline 34-ID at Advanced Photon
Source (APS) in USA [19]. A polychromatic X-ray
microbeam with an energy range of 825 keV was obtained
by focusing the X-rays using a pair of Kirkpatrick-Baez
(KB) mirrors. The dimension of this microbeam is about
0.5um x 0.5 um at beamline 34-ID. It can penetrate the
specimen (usually mounted at a 45° angle from the beam
direction) on the order of 100 micrometers, depending on
the electron density of the material. Laue diffraction peaks
from all volumes along the beam path are generated and
recorded on a CCD camera detector above the specimen. A
moving Pt wire (diameter =50 pm) serves as the “differ-
ential aperture” to partially block diffracted X-rays, which
enables Laue patterns from individual volume elements
(voxels) to be reconstructed [20—22]. A schematic illustra-
tion of the DAXM method is shown in Fig. 1.

For an undeformed material, the reconstructed Laue
patterns are usually characterized by sharp diffraction
spots. These Laue patterns can be automatically indexed to
determine the crystallographic orientation of its corre-
sponding voxel. By moving the specimen along a line, or
an array of lines, a 2D or 3D subsurface grain map can be
obtained. Figure 2 shows an example where a 2D
subsurface grain map in a commercial purity Ti specimen
was measured by DAXM [23].

In a deformed sample, the presence of dislocations leads
to both lattice curvature and lattice stretch. Therefore, in
reciprocal space, diffraction can happen along directions
that are near, but do not strictly satisfy the Bragg condition.

Fig. 1 A schematic illustration of the DAXM method. The X-
ray microbeam is focused by a pair of KB mirrors and directed to
the specimen. Laue diffraction patterns from individual voxels
along the beam path can be extracted by using a differential
aperture. (Reproduced with permission from Ref. [21], Copyright
2004 Springer)

As a result, Laue patterns often display broadened peaks.
The shape of broadened peaks depends on the local
dislocation content. Larson et al. [24] demonstrated that the
absolute dislocation density tensor can be directly
calculated by measuring individual components of the
lattice curvature tensor and the strain tensor using DAXM.
Barabash and Ice et al. took a different approach [20,25—
26]. They noticed that in most cases, peak broadening is
asymmetrical: the peak has an elongated direction & and a
narrow direction v . £and v are perpendicular to each other,
and both of them are perpendicular to the reciprocal vector
gofthe diffraction plane. They found that the peak width in
the narrow direction depends on the total dislocation
density, while the peak width in the elongated direction
only depends on the unpaired dislocations (geometrically
necessary dislocations, GNDs). From the detailed analysis
of inverse scattering problem, they proposed that a set of
edge GNDs having Burgers vector b, slip plane normal n,
and line direction 7 = bxmn, will cause reflection (hkl) to
T X ikl

T % gl
peak streak direction, the slip system of the GNDs can be

inferred. This method has been successfully used to
identify GNDs in different materials [23,25-30].

After plastic deformation, polycrystalline metals often
show slip traces on the surface. It is important to

elongate in the direction & = From the observed

distinguish GNDs from dislocation activity characterized
by surface slip traces [11,31-33]. These slip traces
represent the intersection line between the active slip
plane in the grain and the specimen surface. If the
crystallographic orientation of the grain is known from
diffraction information, then the orientation of all possible
slip planes in this grain and the direction of the resultant
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Fig. 2 Result from a DAXM line scan near the triple junction of three surface grains in a commercial purity Ti specimen. (a) A subsurface
grain map was obtained by indexing Laue patterns for each voxel. (b) An exemplary Laue pattern from the white box next to the 3—5 grain
boundary in (a). Peaks from both grains are indexed with indices from Grain 5 appearing in black text and indices from Grain 3 as white text in
black boxes. (Reproduced with permission from Ref. [23], Copyright 2010 The Minerals, Metals & Materials Society and ASM International)

slip trace can be calculated. By comparing them with actual
slip traces, one can identify the activated slip system(s).
While this type of slip trace analysis is convenient for
analyzing dislocation activity in a large number of grains, it
is limited by the fact that slip traces only represent near-
surface dislocation activity. Dislocations from deeper
regions cannot be detected by this method. Furthermore,
slip trace analysis may not be possible if the specimen
shows little or no slip traces at all.

Figure 3 shows an example from a recent study of Ti—
S5SAI-2.5Sn (wt.%) alloy deformed in a creep test. After
about 13% engineering strain, most of the grains on the
surface did not display slip traces, as shown in the SEM
micrograph in Fig. 3. The lack of a slip trace, however,
does not mean the absence of dislocation activity within the
grain. A DAXM line scan across Grain C3 showed an
apparent peak streak, which indicated an abundance of
GNDs underneath the surface. Depending on the location,
the peak streak direction was different in Grain C3. At the
bottom of Fig. 3, Laue patterns from locations a, b, and ¢
represent the streaked peaks in the orange, gold, and red
regions of the map. By performing the peak streak analysis
described above, the most likely type of GNDs was
inferred for each region. In patterns a and b, the streak
directions correspond to edge dislocations on one of the
highly stressed (¢ + a) slip systems. The streak directions

in pattern ¢ are close to those expected from a highly
stressed prismatic slip system. It should be mentioned that
this analysis, like most examples in the literature, attributes
the observed peak streak (i.e. lattice rotation) to edge type
GNDs. Even though GNDs identified by peak streak
analysis were found to be consistent with nearby surface
slip traces in several cases [23,28-30], one cannot rule out
the possible existence of screw GNDs. To date, there is not
an established prediction of peak streak and shape resulting
from screw type GNDs [34-35].

Perhaps the best way to characterize the full dislocation
structure in a grain is to combine DAXM and TEM. The
general distribution of GNDs is first characterized by
DAXM. Then, TEM specimens from selected regions can
be made by focused ion beam (FIB) techniques [36] for
analyzing localized dislocations. This way, GNDs identi-
fied by peak streak analysis can also be verified. However,
such experiments may have difficulties from expected FIB-
induced damage [37], or dislocation rearrangement due to
the free surface that could alter the dislocation content in
the specimen.

As a concluding remark, DAXM is able to map 3D grain
structure in a polycrystal with high spatial and angular
resolution. If analyzed properly, such 3D grain maps can be
directly compared with crystal plasticity finite element
modeling (CPFEM) [38—41]. Computational results from
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Fig. 3 A DAXM line scan was performed on a Ti-5SA1-2.5Sn specimen after creep deformation to an engineering strain of ~13% at 728
K. The peak streak directions found inside Grain C3, which did not display surface slip traces, are illustrated in diffraction patterns. The
subsurface map of Grain C3 is partitioned by color according the appearance of Laue patterns: the orange, gold, red, and pink regions
show peak streak in different directions. The dark grey region shows broadened peaks with complex shapes, while the light grey region
shows sharp diffraction spots. Laue patterns from three voxels labeled a—c are shown. Peak streak analysis was performed to identify the
GNDs in the orange, gold and red regions by a method described in Ref. [23].

CPFEM using true 3D grain structure (e.g. stress—strain
curve, slip/twinning activity, lattice rotation, etc.) can be
directly compared with experimental measurements to
assess the quality of constitutive models. DAXM is also
useful for probing GNDs underneath the surface, over
grain-scale volumes which are important for understanding
micro-plasticity but difficult to fully characterize by SEM
or TEM.

Like all other techniques, DAXM has its limitation.
First, the data acquisition speed is slow due to the
differential aperture setup. Second, the penetration depth
usually does not exceed 200 um due to the X-ray energy
that is typically used (8-25keV). (Unfortunately, X-rays
with higher energy is not suitable for DAXM because the
differential aperture then needs to be much bigger in order
to provide sufficient absorption, but this would deteriorate
the spatial resolution.) Given that, DAXM is more useful
for materials with a small grain size if one wants to obtain a
3D grain map in a reasonable amount of time to include

enough grains that can be considered as “grains in the
bulk”. This limitation of DAXM can be overcome using
3DXRD, which will be discussed next.

3 Three-dimensional X-ray diffraction

Three-dimensional X-ray diffraction (3DXRD) was first
developed at Risg National Laboratory in Denmark with a
dedicated beamline ID11 at European Synchrotron Radia-
tion Facility (ESRF) [42—46]. A similar beamline (1-ID)
was built at APS later under an alternative name of high
energy diffraction microscopy (HEDM) [47]. In this
technique, a monochromatic X-ray beam with energy
between 50-100keV is used. The beam dimension is
defined by a slit, which is usually narrow in the vertical
direction (1-300 pm) and wide in the transverse direction
(~1 mm). Unlike DAXM that adopts a “scanning”
approach, 3DXRD uses a “tomographic” strategy. As
shown in Fig. 4, the specimen is mounted on a w rotation
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stage. Illuminated by the incoming X-ray, any part of the
specimen that satisfies the Bragg condition will generate a
diffraction peak. Diffracted X-rays are recorded by one or
more 2D detectors behind the specimen. To generate more
diffraction events, the specimen is rotated around the z
direction (i.e. vertical direction) with a step size of Aw
(typically Aw = 1°). At each step, an exposure is made and
a corresponding diffraction pattern is recorded on the 2D
detectors. When the specimen finishes its rotation, all the
diffraction patterns that were taken at different w angles are
combined to solve for the microstructure in the layer that
was illuminated by the beam. Dedicated codes for peak
searching and grain indexing are used. This scheme is
similar to traditional tomography mapping.

Two types of detectors are typically used for different
purposes. Near-field detectors with pixel size of 1-5 um are
usually placed close to the specimen (detector distance L =
2-20 mm); far-field detectors with pixel size of 50-200 um
are usually placed further from the specimen (L = 100—
1000 mm) [48]. On the near-field detector, diffraction spots
are distributed almost randomly. Because the detector
distance is comparable to the specimen dimension, the
position of a diffraction spot depends not only on the
crystallographic orientation of the associated grain, but also
on the spatial location of that grain. Solving the patterns

161

from the near-field detector allows the 3D grain structure to
be reconstructed with a spatial resolution of ~2 pm, and
crystallographic orientation resolution of ~0.1° [49-51].
This technique is very useful for studying grain substruc-
ture evolution while the material is under heat treatment or
deformation. In one study, Schmidt et al. [SO] demonstrated
3D grain growth in an Al-0.1%Mn material under
annealing, as shown in Fig. 5. In another study, Li et al.
[51] showed the development of an intragranular orienta-
tion gradient induced by plastic deformation in a Cu wire.

On the far-field detector, diffraction spots form typical
Debye—Scherrer rings. In this case, less spatial information
can be extracted from the diffraction patterns (only the
grain center position can be estimated), but the high
angular resolution allows accurate stress characterization in
individual grains. The algorithm is summarized as follows
[52-56]: for a single grain, lattice strain along different
HKL planes (e4;) are measured by comparing their d-
spacing with theoretical values. On the other hand, ex%; is
linearly dependent on the local elastic strain tensor &;.
Thus, the six unknown components of &; can be
determined by performing least square fitting if more
than six HKL planes are used. The stress tensor can be
further deduced from the elastic strain tensor by applying a
general Hooke’s law [57]. More recently, Oddershede et al.
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Fig. 4 3DXRD experimental setup. The incoming X-ray beam penetrates the specimen and generates diffraction patterns that are
recorded by one or more 2D detectors. Diffraction spots on the near-field detector (closest to the specimen) are almost randomly
distributed, while diffraction spots on the far-field detector form typical Debye—Scherrer rings. To obtain the complete microstructure, the
specimen is rotated and an X-ray exposure is made for each rotation step. By taking all the recorded diffraction patterns together, the 3D
grain structure and stress distribution in the illuminated material layer can be extracted. (Reproduced with permission from Ref. [48],
http://dx.doi.org/10.1107/S0021889812039143, Copyright 2012 International Union of Crystallography)
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880

Fig. 5 Grain growth in Al-0.1%Mn revealed by 3DXRD using a near-field detector. Top row: grain maps of four layers in the material
before annealing. Bottom row: corresponding grain maps of the same layers after annealing. The pixel size in the maps is 5 um x 5 pm.
(Reproduced with permission from Ref. [50], Copyright 2008 Acta Materialia Inc.)

[58-60] refine the fitting program to allow grain center
position, grain orientation, and local elastic strain/stress
tensor to be fitted altogether. Figure 6 shows the lattice
rotation and stress distribution in a region that contains
hundreds of grains in a deformed Mg alloy specimen [60].

Although 3DXRD is relatively new as a characterization
tool and many technical details are still under development,
it has already been used to investigate some fundamental
problems in materials science. One example is the under-
standing of deformation twinning in hexagonal metals (e.g.
Mg, Ti, Zr, etc.). For hexagonal metals, twinning is as
important as dislocation slip for the material plasticity [61].
However, a convincing constitutive model that can
accurately account for twin nucleation and subsequent
growth is still under development [62—64]. (In contrast,
dislocation slip can be well described by phenomenologi-
cal or dislocation density based models [39,41,65].)
Statistical analysis from EBSD characterization indicated
that twin nucleation does not strictly follow the Schmid
law, but depends on other factors such as parent grain size,
grain boundary length, slip in the parent grain, and slip
transfer from neighboring grains [66—69]. Unlike these ex
situ surface observations, 3DXRD allows in situ observa-
tion of the formation of twins in the bulk material. Study of
the strain/stress state in the parent grains can shed further
light on the twin nucleation mechanism. Recently an in situ
tensile test of a Ti polycrystalline specimen (cross section =
I mm X 1 mm) at APS beamline 1-ID was performed to
study twin nucleation behavior. The specimen was

incrementally deformed while being illuminated by a 70
keV beam (size= 700 um x 250 um). To include more
grains, five consecutive layers of material along the gauge
length were scanned by the beam for each load step.
Diffraction patterns were processed by FABLE software
package (http://sourceforge.net/appps/trac/fable) for peak
searching, transformation, and grain identification. Grains
were tracked based on their orientation and center position.
After 1% strain, a few new grains were identified as twins
along with their corresponding parent grains. Figure 7
shows one {10172} <T011) twin in the central layer as a
new spot in the {0001} pole figure after 1.5% strain. A
parent grain that had the theoretical misorientation
relationship with the twin was found in its vicinity. Using
the method described in Ref. [52], the elastic strain tensor
in the parent grain and the twin can be determined. Figure 7
shows the evolution of the normal component (eZZ), the
transverse component (eYY), and the associated shear
component (eYZ) of the elastic strain tensor in both the
parent grain and the twin. In general, eZZ increased with
global loading (along Z direction); eYY decreased at a
smaller slope; eYZ was close to zero. Using the elastic
strain tensor of the parent grain, the stress tensor and the
resolved shear stress for the twinning system was
calculated in order to evaluate the general Schmid law.
Detailed results will be reported in a later paper.

To summarize, 3DXRD and DAXM are two comple-
mentary methods for probing microstructure in a bulk
material. DAXM is best for probing near-surface fine
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column: distribution of the axial stress component in the same region. (Reproduced with permission from Ref. [60], Copyright 2012 Acta

Materialia Inc.)

structure, with the advantage of a higher spatial resolution.
3DXRD is optimized for in situ bulk studies, with the
advantage that a much larger volume can be assessed with
higher energy X-rays.

4 Wide angle/small angle X-ray scattering

Grain-averaged X-ray diffraction (i.e. wide angle X-ray
scattering, WAXS) is a widely used technique for phase
identification and measuring texture, lattice parameter, and
micro-strain. With the high penetration ability of synchro-
tron X-rays, in situ observation of microstructure evolution
in bulk materials becomes possible. By conducting in situ
tensile test using WAXS, Young et al. [70] studied the
strengthening effect of Fe;C precipitates in an ultrahigh-
carbon steel (UHCS). In the elastic regime of this study, the
Fe matrix and the Fe;C precipitates developed the same
amount of lattice strains. In the plastic regime, load transfer
took place from the ductile a-Fe to the elastic Fe;C, leading

to strain anisotropy in both phases. Similar results were
reported by other authors for different alloys [71-73].

On the other hand, small angle X-ray scattering (SAXS)
is often used for characterizing the average heterogeneous
dispersion structure (e.g. precipitates/voids in metallic
alloys, macromolecules in bio-systems, particles in gels,
etc.) over the size range of ~ 1-1000 nm. By fitting one-
dimensional (1D) or 2D SAXS intensities versus d-spacing
(or g-value), parameters such as size, shape, and distribu-
tion of the dispersed features/phases may be inferred [74].

Although WAXS and SAXS are historically performed
individually using different detectors, simultaneous WAXS
and SAXS can now be achieved by specialized detector
configurations. Figure 8 demonstrates the scheme of
simultaneous WAXS/SAXS at 1-ID beamline at APS.
Four panels of WAXS 2D detectors are used, leaving an
open space near the direct beam for a higher-resolution
SAXS detector further downstream. Using simultaneous
WAXS/SAXS, Pan et al. [75] correlated void formation
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Fig. 7 In situ characterization of a twin and its parent grain in a Ti tensile specimen. (a) {0001} pole figures at three different global
strains. The normal direction is along the specimen loading direction Z. The twin spot appeared after 1.5% strain. Its parent grain was
found based on misorientation and proximity to the twin in (b), where the positions of all grains in a cross-section layer are plotted. The
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Fig. 8 Scheme for simultaneous WAXS/SAXS at 1-ID beamline at APS.

with matrix/precipitate lattice strain mismatch in order to steels while under thermo-mechanical loading. Figure 9
elucidate the failure mechanism in precipitate-strengthened shows a recent result for in situ tensile tests of Grade 92
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Fig. 9 In situ tensile tests of Grade 92 ferritic/martensitic steel at 20°C and 650°C by simultaneous WAXS/SAXS. Top row: macroscopic
stress—strain curves showed a significant strength reduction from 20°C to 650°C. Second row: evolution of von Mises stress in Fe (black),
M,;Cs (red) and Nb(C,N) (blue) with strain. Third row: evolution of diffraction peak broadening in Fe (black), M»3Cg (red) and Nb(C,N)
(blue) with strain. Bottom row: volume fraction of voids as a function of strain was estimated from SAXS profiles. A strong correlation
between void and necking (high X-ray transmission) was observed. The increase of void volume with strain at the necking center can be

simulated by a mathematical model [76].
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ferritic/martensitic steel (Fe—9Cr—1.8W—-0.5Mo—-0.2V—
0.08Nb, wt.%). Specimens were deformed at a near
constant strain rate of 1.3x10* s7', while a 70 keV X-ray
beam impinged on the specimens to generate WAXS and
SAXS signals under different strains. In the uniform
deformation stage (i.e. before necking), WAXS and SAXS
patterns were continuously collected from the specimen’s
gauge center. After necking, the specimen was vertically
scanned in the X-ray beam around the necking center
(identified by the highest X-ray transmission point on the
specimen) in order to evaluate non-uniform deformation.
At 20°C, the material shows high yield strength. Evolution
of the von Mises stress (deduced from lattice strain)
indicates apparent load transfer from the Fe matrix to the
M,3C¢ and Nb(C,N) precipitates after the onset of plastic
deformation. Diffraction peak broadening increases with
strain, which correlates to increased plastic deformation.
According to SAXS intensity variations, voids started to
form after necking and mostly concentrated at the necking
center. At 650°C, the yield strength became much lower.
Load transfer from matrix to precipitates as well as strain-
induced peak broadening almost disappeared. The volume
fraction of voids was lower than at 20°C at a similar extent
of necking. The difference between 20°C and 650°C in
terms of the stress—strain curve, load transfer, peak
broadening, and void formation can be attributed to the
different dislocation-precipitate interaction mechanisms at
these two temperatures [76].

5 Summary and outlook

As a fundamental goal of materials science, microstructural
characterization has been brought to a new level by the
application of synchrotron X-rays. Three techniques,
DAXM, 3DXRD, and WAXS/SAXS are described in this
paper along with a few application examples.

Future development for DAXM will primarily focus on
(1) making the beam size even smaller and (ii) making use
of other signals from X-ray/material interaction. Over the
last decade, it has been possible to reduce the beam size
from 0.5um to 7nm by improving X-ray optics [77].
Because almost all engineering materials are structurally
inhomogeneous on multiple length scales, a smaller beam
implies that finer structures in the material can now be
characterized using X-ray diffraction (XRD). In addition to
diffraction, X-rays generate other signals when interacting
with the material, such as fluorescence and absorption
spectroscopy. By installing proper detectors around the
specimen, chemical composition, oxidation state, and local

coordination in the specimen can be extracted. There is
potential for the current DAXM instrument to develop into
a true nanoprobe for the study of materials with very fine
structure.

With 3DXRD, improving the spatial resolution for 3D
mapping is also vital. The primary strategy is to enhance
resolution of the near-field detectors [48]. The codes for
peak searching and grain indexing are being refined for
application on multiphase materials. Also, combining
3DXRD with classical absorption or phase contrast
tomography is being developed so that materials with
complex structure can be better characterized.

WAXS/SAXS is ideal for characterizing heterogeneous
structure in materials. This technique is particularly
suitable for characterizing nuclear materials and fuels.
Exposed to irradiation, a large population of defects such as
voids, bubbles, dislocation loops are produced along with
phase changes that can degrade the material performance
[78]. High-energy X-rays offer an opportunity for in situ
characterization of irradiated microstructure under thermal
and mechanical loading, allowing direct correlation
between microstructure and mechanical properties. Efforts
are underway at the Argonne National Laboratory to
develop such capability. Such efforts, if successful, will
have a tremendous impact on the design and evaluation of
new materials for future nuclear energy systems.

Abbreviations

1D one-dimensional

2D two-dimensional

3D three-dimensional

3DXRD three-dimensional X-ray diffraction

CPFEM crystal plasticity finite element modeling
DAXM differential-aperture X-ray microscopy
EBSD electron backscattering diffraction

EM electron microscopy

FIB focused ion beam

GND geometrically necessary dislocation
HEDM high energy diffraction microscopy

KB Kirkpatrick-Baez

SAXS small angle X-ray scattering
SEM scanning electron microscopy
TEM transmission electron microscopy
UHCS ultrahigh-carbon steel

WAXS wide angle X-ray scattering
XRD X-ray diffraction
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