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Non-destructive, three-dimensional (3D) characterization of the grain structure in mono-phase poly-
crystalline materials is an open challenge in material science. Recent advances in synchrotron based
X-ray imaging and diffraction techniques offer interesting possibilities for mapping 3D grain shapes and
crystallographic orientations for certain categories of polycrystalline materials. Direct visualisation of the
three-dimensional grain boundary network or of two-phase (duplex) grain structures by means of absorp-
tion and/or phase contrast techniques may be possible, but is restricted to specific material systems. A
recent extension of this methodology, termed X-ray diffraction contrast tomography (DCT), combines
the principles of X-ray diffraction imaging, three-dimensional X-ray diffraction microscopy (3DXRD) and
image reconstruction from projections. DCT provides simultaneous access to 3D grain shape, crystallo-
graphic orientation and local attenuation coefficient distribution. The technique applies to the larger range
of plastically undeformed, polycrystalline mono-phase materials, provided some conditions on grain
size and texture are fulfilled. The straightforward combination with high-resolution microtomography
opens interesting new possibilities for the observation of microstructure related damage and deformation
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mechanisms in these materials.
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1. Introduction

Over the past decade significant progress in three-dimensional,
hard X-ray imaging has been achieved by applying the principles
of computerized tomography to projection images formed by con-
trast mechanisms that have become available with the advent of
3rd generation synchrotron sources [1-3]. The aim of this paper
is to illustrate some of the possibilities these new imaging tech-
niques provide for the investigation of polycrystalline materials.
The examples presented share a common experimental setup for
synchrotron radiation X-ray microtomography (SR.CT) and exploit
three different types of contrast: (i) absorption contrast, (ii) phase
contrast arising from propagation and interference phenomena
under coherent illumination (Fresnel diffraction) and (iii) image
contrast arising from Bragg diffraction. In all cases the sample is
illuminated by an extended (2D), parallel beam of monochromatic
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X-rays and a series of projection images is recorded on a high-
resolution 2D detector system while the sample is rotated around
a fixed axis.

Among these different contrast mechanisms, X-ray attenuation
(typically dominated by X-ray photo absorption) is the simplest
to exploit. The intensity distribution measured in the transmit-
ted beam can, in most cases (neglecting redistribution due to
scattering), be directly interpreted in terms of mathematical projec-
tions of the attenuation coefficient distribution inside the sample.
Acquisition of a large number of projections and the use of well
established arithmetic reconstruction algorithms gives access to
the three-dimensional distribution of the X-ray attenuation coef-
ficient [4]. Quantitative, three-dimensional absorption imaging
employing monochromatic radiation is performed at various syn-
chrotron installations worldwide and requires only the selection of
an appropriate X-ray energy for the sample dimensions and com-
position, and a detector system of suitable size and resolution.

The observation of propagation based phase contrast (Fres-
nel diffraction, inline holography) [5,6] requires in addition to
monochromaticity, some degree of spatial coherence of the X-ray
beam. Third generation synchrotron sources perfectly meet these
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requirements and extensive use of this additional contrast mecha-
nism has allowed some of the restrictions commonly encountered
in conventional absorption imaging to be overcome (i.e. poor con-
trast for low Z materials and between materials of similar X-ray
attenuation coefficient). For instance, phase contrast can reveal
interphase boundaries and small defects (cracks, porosities, inclu-
sions) undetectable in absorption contrast [7]. Some variants of
quantitative phase contrast imaging (Bonse Hart interferometry 8],
grating interferometry [9], diffraction enhanced imaging [10], holo-
tomography [11]) require the sample to fulfill conditions in terms
of absorption, total phase shift or maximum phase gradients.

In general, neither absorption nor phase contrast can reveal
the three-dimensional grain structure in polycrystalline materials.
There are, however, a few exceptions to this rule. Specific process-
ing routes in certain material systems can lead to the formation
of layer like precipitation of a second phase located at the grain
boundaries of the matrix material, in which case absorption and/or
phase contrast tomography may reveal the three-dimensional
shape information (see Section 2). However, no information about
the crystallographic grain orientation can be obtained from these
images.

The two-dimensional distribution of fine grained crystalline
phases can be revealed by means of X-ray diffraction tomography
[12,13]. This variant of monochromatic beam X-ray micro-
diffraction can be readily combined with fluorescence detection
and provides insight into the spatial arrangement of crystalline
phases and trace elements in heterogeneous multiphase materi-
als. Efforts are underway to extend this kind of scanning approaches
and to resolve shape and orientation of individual crystallites in fine
grained mono-phase materials. The extension to three-dimensions
is done by stacking of slices. However, as for any point scanning
approach, time restrictions apply for the characterization of three-
dimensional sample volumes.

Three-dimensional mapping of large grained polycrystalline
materials in terms of orientation and 3D grain shapes can be
achieved by combining the principles of X-ray diffraction imag-
ing (topography) [14] and image reconstruction from projections
(computerized tomography). The X-ray diffraction contrast tomog-
raphy (DCT) [15,16,17] technique presented later in this paper may
be regarded as a variant of the previously introduced 3D XRD
methodology (see Ref. [18] for a review) and applies to the case of
plastically undeformed materials, exhibiting limited values of mis-
orientation spread inside individual grains. This condition ensures
that diffraction spots can be treated as parallel projections of the
grains. Note that three-dimensional characterization of deformed
microstructures is possible, but requires slower and more elab-
orate data acquisition and analysis procedures, employing above
mentioned scanning microbeam diffraction approaches.

A variety of acquisition and reconstruction strategies for
analysing image contrast related to Bragg diffraction have been
explored so far [21-26]. The focus in this paper will be on two
variants, closest to conventional X-ray tomography: X-ray diffrac-
tion contrast tomography [15-17] (Section 3) and topotomography
[27,28], a variant of the technique that allows imaging of one indi-
vidual bulk grain with improved spatial and/or temporal resolution
(Section 4). An example illustrating the combined use of X-ray
diffraction contrast tomography and microtomography is presented
in Section 5.

2. 3D imaging of grain structures by X-ray absorption and
phase contrast

Due to their sub-nanometre width, the local difference in X-ray
attenuation or electron density variation at grain boundaries cannot
directly be imaged by parallel beam X-ray absorption and/or phase

contrast imaging techniques. However, for some specific material
systems it is possible to reveal the grain structure by decorating the
grain boundary network with a thin film of a second phase having
different X-ray attenuation and/or electron density.

Afirst possibility to achieve grain boundary decoration is by pen-
etration and wetting of the grain boundary network by a liquid
phase, as observed during the processes of liquid metal embrit-
tlement and grain boundary wetting [29]. One prominent material
system, ideally suited for direct inspection by X-ray absorption con-
trast microtomography is the embrittlement of Aluminium and
its alloys by liquid Gallium. The embrittlement process leads to
the formation of liquid Ga wetting layers up to several hundred
nanometres thick [30,31], visible as bright, highly absorbing lines
in the 2D tomographic slice displayed in Fig. 1a. It has to be empha-
sised that the Ga infiltration technique modifies the mechanical
properties of the material and has to be considered as a destructive
characterization technique. Nevertheless this imaging modality can
be used for post-mortem analysis of crack propagation and crack-
grain interactions in Aluminium alloys [32-36].

Another possible mechanism for the decoration of grain bound-
aries is the preferential precipitation and segregation of alloying
elements at grain boundaries that act as nucleation sites for phase
transformations in two-phase metallic alloys. The differences in
density and composition between phases of different crystal struc-
ture may be too weak to be detected in absorption contrast. In
these cases different variants of coherent X-ray imaging techniques,
providing up to two orders of magnitude gain in sensitivity, may
still reveal the presence of sub-micrometre second phase layers
delineating the position of grain boundaries. In its simplest vari-
ant, propagation based, differential phase contrast imaging can be
performed in the so-called edge detection regime, by adjusting the
sample to detector distance D to values comparable to D=1/2 Af2,
where A is the X-ray wavelength and f the spatial frequency of the
objects to be detected with optimum contrast [6]. Fig. 2b shows
a reconstructed cross section of a metastable beta (bcc) Titanium
alloy (TIMET 321S) which can be heat treated in such way that layer
like precipitation of alpha (hcp) phase occurs at the grain bound-
aries between beta grains [37]. The different crystal structure and
the partitioning of alloying elements between these two phases
during annealing creates an electron density difference that can be
easily detected at a propagation distance of 150 mm (see Fig. 2b).

The gain in sensitivity provided by use of phase contrast can
be assessed from comparison with Fig. 2a showing the same cross
section in conventional absorption contrast (D=7 mm).

As a final example we mention the possibility to reveal the
spatial distribution of phases in two-phase microstructures as
encountered for instance in some duplex stainless steel or tita-
nium alloys. Although phase contrast tomography based on a
single distance can reveal the position of the interphase bound-
aries, the segmentation of the two-phase structure by conventional
thresholding or region growing algorithms may fail if there is insuf-
ficient difference in grayvalues (attenuation coefficient) between
the phases. The acquisition of several tomographic scans at dif-
ferent propagation distances allows one performing a two step
reconstruction process yielding a quantitative reconstruction of
the refractive index decrement § (n=1 - § +i8), proportional to the
electron density in the material. In this procedure, termed holoto-
mography [11] one first calculates a projection of the phase shift
(based on projection images at different distances) and, in a sec-
ond step, the three-dimensional distribution of the refractive index
decrement. Fig. 3 shows a comparison of the different contrast
mechanisms (absorption, phase sensitive tomography, holotomog-
raphy) applied to a two-phase (austenitic, ferritic), stainless steel
microstructure in the as cast condition.

Apart the specificity (the above mentioned examples have to
be considered as exceptions—for most engineering alloys the grain
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Fig. 1. (a) absorption contrast microtomography of hot extruded sample made from Aluminum alloy AA5083, infiltrated by liquid Gallium. (b) Result of (3D) segmentation

procedure based on mathematical morphology. (¢) 3D rendition of grain structure.

structure cannot be revealed by either of these variants), the exam-
ples shown so far have another common shortcoming: none of
them gives access to crystallographic information (orientation,
lattice parameters) required for a full description of the grain
microstructure. As demonstrated in the next section, these limita-
tions can be overcome for a certain class of materials by combining
the principles of X-ray diffraction imaging (topography) [14] and
image reconstruction from projections (computerized tomogra-
phy).

3. 3D mapping of grain structures by X-ray diffraction
contrast tomography

X-ray diffraction contrast tomography [15-17] is a variant of
the previously introduced 3DXRD technique [18] enabling simul-
taneous reconstruction of the 3D grain shapes and orientations in

suitable polycrystalline materials. The technique shares a common
experimental setup with the conventional SRWCT introduced in sec-
tion one. In both cases, the sample is placed on a rotation stage
and irradiated by an extended, parallel and monochromatic syn-
chrotron X-ray beam. For the case of polycrystalline materials, each
of the grains will pass through Bragg diffraction alignments multi-
ple times during the sample rotation, producing diffracted beams
(reflections). Beams diffracted at small angles will be captured on
the detector system that covers an area substantially bigger than the
sample (Fig. 4). In the absence of orientation and strain gradients
inside the grains, the diffracted beams form two-dimensional spots
that can be treated as parallel projections of the diffracting grain.
The analysis of Friedel pairs of these diffraction spots allows one
to determine the crystallographic orientation and 3D shape of the
grains in the sample [17]. The processing route can be summarised
as follows:

Fig. 2. (a) Tomographic reconstruction of heat treated Ti alloy sample at a propagation distance of D=7 mm (absorption tomography). (b) Identical slice for a scan acquired
at a propagation distance of D =150 mm (phase sensitive tomography). (c) 3D rendition of grain cluster as obtained from morphological image segmentation.

Fig. 3. Comparison of (a) absorption contrast, (b) phase sensitive and (c) holotomographic reconstruction of the two-phase microstructure in an austenitic/ferritic duplex

steel. Black dots correspond to porosities in the as cast microstructure.
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Fig. 4. (a) Experimental setup for DCT, allowing for simultaneous acquisition of absorption and diffraction information by proximity of sample and detector. (b) Example of
preprocessed image—remaining contrasts are due to Bragg diffraction of individual grains.

Step 1: The diffraction spots are segmented using thresholding
techniques and information about the spots is stored in a database
(position, intensity, area, etc.).

Step 2: From axial symmetry consideration a grain which diffracts
for an angular position w diffracts at w+180°. These pairs of
diffraction spots are detected automatically using a combination
of spatial and crystallographic criteria. Once a pair of spots is
detected, the diffraction angles describing the geometry of the
diffraction event (plane normal, scatting vector) can be calculated.
Step 3: The next step consists in sorting diffraction spots into
sets belonging to the same grain (“indexing”). This is done by
checking both spatial and crystallographic consistency criteria. The
diffracted beams arising from a grain have to intersect at the grain
position, and the angle between scattering vectors has to reflect the
crystal symmetry. The set of scattering vectors is used to compute
the crystallographic orientation of the grain. For this calculation
the Rodrigues space representation of orientation space is used.
The resultant Rodrigues vector represents the rotation required to
bring the crystal axes into coincidence with the global reference
frame.

Step 4: In the absence of strong orientation and strain gradi-
ents within a grain, the diffraction spots can be considered as
projections of the grain from which they arise. They are used
to reconstruct the three-dimensional grain shape using algebraic
reconstruction techniques (ART) [38]. This algorithm allows the
reconstruction of 3D structure from a limited number of projec-
tions. Each grain is reconstructed individually. The assembly of all
the reconstructed grains produces the 3D grain microstructure of
the sample (Fig. 5).

Step 5: The direct beam images recorded during the scan are used
to reconstruct the absorption contrast tomogram of the sample
by conventional filtered backprojection reconstruction [4]. The 3D
tomogram obtained is superimposed on the 3D grain map deter-
mined by DCT.

4. In situ observation of recrystallization process in Al by
topotomography

Dynamic studies related to recrystallization and grain coarsen-
ing processes in the bulk of monophase materials require good
temporal and spatial resolution in order to capture details of the
3D shape evolution within reasonable experiment time.

One possible way of improving the spatial and temporal reso-
lution of diffraction contrast tomography consists in switching to
a modified acquisition geometry, termed topotomography [27,28].
This variant of 3D diffraction imaging enables fast (minutes com-
pared to hours for DCT) imaging of one individual grain with a
detector resolution that can be tailored to the dimensions of the
grain rather than to a multiple of the sample dimensions. From
an instrumental point of view topotomography requires additional
degrees of freedom, since one of the lattice plane normals of the
grain has to be aligned parallel to the tomographic rotation axis.
Compared to conventional tomographic alignment, the rotation
axis is inclined by the Bragg angle 6pag; With respect to the incom-
ing beam and a small rocking movement A@ is performed at each
rotation position in order to fully illuminate the diffracting grain.
Since this alignment offers the possibility to acquire a large num-
ber of equally spaced projections it can be used in combination

Fig. 5. (a) Overlay of grain reconstruction in Ti alloy (TIMET 321S) produced by DCT (coloured outlines) with the real microstructure as determined from phase contrast
tomography (black lines) (b) 3D rendition of a small grain cluster (DCT data). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)
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Fig. 6. Snapshots of a growing grain, imaged by topotomography. The growth into the deformed microstructure of the matrix material shows some pronounced, finger-like

protrusions.

with well established arithmetic reconstruction algorithms (fil-
tered backprojection).

Whereas previous studies aimed at optimum spatial resolution
in order to resolve structures inside the grain [28], we present
here an example optimized for time resolution. In cases where
the principal goal is to obtain information about the 3D grain out-
line, one may reduce the number of projections and use algebraic
reconstruction algorithms [38] capable of producing good shape
reconstruction with a limited number of projections. The described
fast acquisition procedure was used for studying the dynamics of
the recrystallization process in Al alloy 1050. Some preliminary
results are illustrated in Fig. 6 showing four out of a series of 40
time steps acquired during the evolution of an initially small grain,
growing into the deformed (non-recrystallized) microstructure of
the base material. Each time step consisted in the acquisition, at
room temperature, of a tomographic scan comprising 45 projection
over 360°, followed by a 20 s annealing cycle. At the spatial resolu-
tion employed in this study (2.8 wm pixel size), the total acquisition
time for one scan was 10 min. The annealing was performed on the
tomographic setup by translating the sample in and out of a stream
of hot air, produced by a furnace that was set to a temperature of
160°C.

5. Combined use of DCT and .CT applied to the study of
brittle fracture

One of the particular strength of DCT is its compatibility with
state of the art synchrotron radiation microtomography acquisition
procedures. For instance, given a beam offering sufficient degree
of spatial coherence, DCT and phase contrast tomography can be
performed on the same instrument—with no or minor changes to
the experiment conditions (for optimum spatial and temporal res-
olution in phase contrast imaging switching to a large bandwidth
multilayer monochromator and adjustment of the detector resolu-
tion to the sample dimensions may be required).

An example illustrating the potential of such combined diffrac-
tion experiments is shown in Fig. 7. In this case the failure of a
polycrystalline alumina material by intergranular brittle fracture
was studied. To minimise disturbances to the sample and possible
misalignments between acquisitions, the same sample environ-
ment and detector optics were used for both DCT and SR.CT. The
only changes in configuration were in the sample-detector dis-
tance, which was increased for tomography to provide some phase
contrast edge enhancement, and the position of the rotation axis,
which was shifted away from the centre of the synchrotron beam
to increase the region imaged (half acquisition concept, see for
example [39]). The grain structure of the material was first imaged
using DCT as described in section three. The sample was then
loaded in compression in situ, and a series of tomograms recorded
with increasing load until failure occurred. The absorption contrast

tomograms show the intergranular pores (Fig. 7a) that are present
in the as-received material (mainly located at grain boundaries
and boundary triple junctions) and the intergranular cracking that
developed during the final loading increment (Fig. 7b). The overlay
of the absorption image after cracking with the DCT grain mabp,
shown in Fig. 7c, reveals the intergranular character of the damage
which developed from the combined action of compression and
residual strains arising from anisotropy of the thermal expansion
and elastic coefficients. The information from the DCT map will
allow grain boundaries characteristics to be analysed, for example
by comparison with predicted intergranular thermal strains to
elucidate the relative importance of grain orientations and grain
boundary structures.

6. Discussion
6.1. Spatial resolution and applicability of different approaches

Among the techniques presented in this paper, the microtomo-
graphic imaging methods described in Section 2 offer the highest
spatial resolution and accuracy. The ultimate resolution in par-
allel beam X-ray imaging is determined by the X-ray to visible
light conversion process in the luminescent screen and the mod-
ulation transfer function of the light optical system coupling the
screen to the charge coupled device camera. Values down to about
0.5 wm FWHM have been measured for the point spread function
of state of the art high-resolution X-ray imaging detectors [40].
However, a problem frequently encountered in grain boundary dec-
oration techniques is the dependency of the wetting/precipitation
behaviour on the grain boundary energy. Low energy boundary
configurations may result in incomplete decoration of the bound-
ary network, leading to problems in automated grain segmentation
procedures. On the other hand, selective wetting behaviour opens
interesting possibilities for combined microtomography and DCT
characterization in these material systems, since the local wet-
ting/precipitation behaviour can be correlated with a 5-parameter
description of the grain boundary character (misorientation and
crystallographic habit plane) on a statistically relevant number of
grain boundaries [41].

In DCT only a fraction of the detector dimensions are used for
acquisition of the absorption information. Therefore the spatial res-
olutions of both the grain map and the simultaneously obtained
absorption contrast tomogram are about 3-4 times worse com-
pared to the ultimate spatial resolution achievable in (parallel
beam) absorption and/or phase contrast microtomography. The
oblique incidence of diffracted beams on the detector and the dis-
tortion of the diffraction spots arising from local variations of the
scattering vector are additional factors affecting the ultimate spatial
resolution and accuracy achievable with the current DCT analysis
procedure. The algebraic reconstruction process is based on the
assumption that individual diffraction spots can be treated as par-
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Fig. 7. (a) 3D rendition of a subvolume before cracking, (b) identical subvolume at higher applied load, showing the presence of intergranular cracks (reduced quality due to
damage development during scan acquisition) (c) superimposition of DCT grain map with the absorption volume acquired in the cracked state (b), revealing the intergranular

character of the cracks.

allel projections of the diffracting grain volume. This assumption
is violated when significant elastic strain and/or orientation gradi-
ents build up inside a grain. For this reason, the technique can in its
present state not compete with established electron microscopy
(EBSD) or polychromatic X-ray scanning microprobe techniques
[19,20], neither in terms of spatial resolution nor in terms of appli-
cability to deformed microstructures. Although moderate strains
and orientation gradients (up to ~1° per grain) do not prevent the
production of a DCT grain map, they do affect its ultimate accuracy.

On the other hand, none of the above mentioned raster scanning
techniques provide simultaneous, non-destructive 3D characteriza-
tion of bulk polycrystalline samples (up to several mm in size
for large grained, low Z materials [42]), containing more than
one thousand grains in terms of local attenuation, grain shape
and crystallographic orientation. This unique combination provides
new insight into microstructure sensitive damage and deformation
mechanisms like stress corrosion cracking [43] and short fatigue
crack propagation (work in progress), to mention only two of
them.

(a)
{c)

One experimental challenge encountered for time-lapse obser-
vations of grain deformation and coarsening processes, requiring
successive DCT characterization is the accommodation of sample
environment (furnace, mechanical test rigs, etc.). This problem is
alleviated by the fact that some applications require only knowl-
edge of the initial microstructure and the subsequent observation
of the dynamic process (crack propagation, corrosion) can be per-
formed by SRWCT at larger propagation distances allowing the
accommodation of sample environment [43]. For the case of multi-
crystalline samples (few tens of grains) earlier variants of DCT [15]
exploiting the extinction contrast in the direct beam can be consid-
ered as an alternative solution.

6.2. Perspectives

Efforts are under way to estimate the average elastic strain state
for each individual grain from accurate measurement of a set of
diffraction vectors—either directly from the near field DCT data [44]
or, alternatively, from data acquired on a low resolution 2D diffrac-

Je+02 3.5e+02 3.9e+02 4.4e402 4.8e+02 53e+02 5.7e+02 6.2e+02 6.6e+02 7.1€402 7.5e+02 8e+02

Fig. 8. (a) Finite element mesh representation of grain microstructure in a large grained beta Titanium alloy sample, as determined by DCT. (b) Predicted distribution of von
Mises stress when loading the sample to 500 MPa. (c) Colour code of FEM simulation (b); units: MPa. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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tion detector positioned at intermediate distances [45]. Access to
such data would give a first possibility for direct comparison of in
situ deformation experiments with crystal plasticity finite element
simulations (CPFEM).

As illustrated by the elastic FEM simulation based on a real grain
microstructure obtained by DCT (Fig. 8a), the elastic anisotropy of
grains leads to spatially varying distribution of strain and stress
inside the grains, with local concentration at the grain boundaries
(Fig. 8b). Such local stress concentrations play an important role
in damage initiation and improved characterization capabilities for
local stress and strain fields inside the bulk of materials would allow
us to improve our understanding of material failure mechanisms
and provide guidance for the design of materials offering increased
damage resistance.

This motivates the development of improved data acquisition
and analysis procedures capable of mapping local elastic strain and
sub-grain misorientation distributions during the onset of plastic
deformation.

For investigation of the deformation behaviour at strain values
beyond the current applicability range of DCT one may consider
the mapping of an undeformed microstructure containing a fine
dispersion of internal markers (such as porosities, precipitates or
inclusions) by means of DCT and subsequent characterization of
the deformation gradient tensor field at larger strains by means
of 3D digital image correlation on 3D volumes obtained by SRL.CT
[46,47].

7. Conclusions

Different possibilities for non-destructive characterization of
3D grain microstructures in polycrystalline materials using syn-
chrotron radiation X-ray imaging and diffraction techniques have
been presented. Methods based on absorption and/or phase con-
trast imaging are limited to a few specific material systems where
a second phase at the grain boundary can be detected via differ-
ences in attenuation and/or electron density. A less material specific
and more complete description of the microstructure in terms of
crystallographic orientation and 3D grain shape can be obtained
by X-ray diffraction contrast tomography, combining the princi-
ples of three-dimensional X-ray diffraction microscopy (3DXRD),
X-ray diffraction imaging (topography) and image reconstruction
from projections (computed tomography). DCT applies to large
grained mono (or dual-) phase materials displaying limited levels
of plastic deformation and/or orientation gradients within individ-
ual grains. Sharing a common experimental setup, DCT is easily
combined with state of the art 3D synchrotron imaging techniques
(e.g. holotomography) and thereby offers quantitative, comprehen-
sive description of the material’s microstructure at the micrometre
lengthscale, in terms of 3D grain shape, orientation, local atten-
uation and/or electron density distribution. The 3D grain maps
produced can be used as input for simulation techniques taking the
local anisotropic behaviour of the material explicitly into account.
The non-destructive character and possible combination with in
situ tomographic observations enables quantitative comparison
of model predictions with the experimentally observed material
behaviour.
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