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Preface

Particularly in the aerospace and automotive industries, the need for weight-
optimized structures is growing to ensure low-consumption operations. Simultane-
ously, the load-bearing capacity and safety requirements must be guaranteed. This
requires new materials and innovative structures. The vision in engineering is a
purely virtual development of new materials, components and assemblies on the
computer. Compared to an experimentally based development, simulation driven
engineering enables an acceleration of the development process while reducing
costs. Different scenarios can be checked using virtual computer simulations until
the optimal material or structure is found. Changes on the micro- or nanoscale
enable the virtual creation of new materials. The behavior of these materials can be
tested directly on the computer under real conditions. Simulations can also be used
to predict changes in the materials over a longer period of time. For the structural
change towards a purely digital development process in industry, mathematical
models are needed, which describe the behavior of materials and structures under
loading realistically, as well as suitable algorithms and solution methods, which
solve these equations accurately and efficiently.

This book contains 17 articles that have emerged from selected works of the
International Research Group IRTG 1627. A special focus of the German–French
cooperation is the experimental characterization of materials and their numerical
modeling, as well as the development of new computational methods for a virtual
design.

The selected contributions are assigned to four thematic areas: Experiments and
virtual design, composites, fracture and fatigue and uncertainty quantification.

The first area relates to new experimental methods that can be used to charac-
terize material behavior more accurately. Furthermore, a combined experimental
and numerical approach is presented to optimize the properties of a structure.
Besides the modeling of MEMS, new developments in the field of computational
methods for virtual design are presented.

The second topic is dedicated to experimental and numerical investigations of
composites. A special focus is on the modeling of failure modes and the opti-
mization of these materials.
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New numerical schemes in the field of crack modeling and fatigue prediction are
discussed in the third area. Fatigue also includes wear due to frictional contact and
ageing of elastomers.

The input parameters of a numerical simulation classically represent mean values
of real observations. However, more or less strong deviations occur. To illustrate
the uncertainties of parameters in calculations, new and efficient approaches are
presented in the last section.

All contributions provide a good overview of the state-of-the-art approaches and
future developments in the field of virtual design.

Hannover, Germany Peter Wriggers
Cachan, France Olivier Allix
Hannover, Germany Christian Weißenfels
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Digital Volume Correlation
of Laminographic and Tomographic
Images: Results and Challenges

Amine Bouterf, Ante Buljac, François Hild, Clément Jailin, Jan Neggers
and Stéphane Roux

Abstract Althoughdigital volume correlation (DVC) seems to be a simple extension
of digital image correlation to 3D situations, newchallenges arise. Thefirst problem is
that the actual microstructure of the material can hardly be varied overall to improve
the contrast. The applicability of the technique may therefore seem limited to a
restricted class of materials. Artifacts during image acquisition and/or reconstruction
potentially have a more dramatic effect than noise on the calculated displacement
field. Because the acquisition time is generally long, the time sampling is very low
compared to the spatial sampling. Moreover, experiments have to be interrupted
during acquisition to “freeze” out motions, thereby making time-dependent behavior
out of reach. Handling large amounts of data is another challenge. To cope with
these complications, specific developments must be designed, the most important of
which are mechanics-based regularizations that constrain the desired field of motion
to compensate for the adverse effects of noise, artifacts and/or poor texture. With
such strategies, DVC offers an unprecedented wealth of information to analyze the
mechanical behavior of a large class of materials.

1 Introduction

Digital volume correlation (DVC) allows for the measurement of displacement fields
from 3D images acquired for example with X-ray tomography (X-CT) systems [1].
Similarly, imaging thin plates (as opposed to stick-like samples in tomography) is
possible via synchrotron laminography [2]. DVC is a direct extension of digital
image correlation (DIC), and therefore different strategies developed in 2D were
generalized to 3D with similar weaknesses or advantages [3, 4].
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In the same way that DIC is gradually being routinely used in solid mechanics,
it is likely that DVC will experience a similar development over the next decade, as
tomographs will become more and more common instruments [1, 5]. The invalu-
able information provided by tomography in the field of materials science has been
mainly focused on 3D imaging of various microstructures. Using 3D image analysis
techniques, the access to constitutive phases of a material, their morphology, the
statistical characterization of the number, size and shape of inclusions, pores, grains
has been the subject of much attention, and this effort has been very rewarding [6–8].
A second very attractive potential of computed tomography in the industrial context
is the shape metrology [9]. This application pushed tomography to become even
more quantitative than what was asked in simple imaging. This being also achieved
for laboratory tomographs, it is now very tempting to follow the deformation of a
specimen duringmechanical loading, so that in situmechanical tests constitute an ex-
panding field of investigation [10]. In all these areas, DVC is the preferred technique
for measuring three-dimensional displacement fields and coupling experiments with
modeling [11–13].

This chapter highlights the new challenges specifically related to DVC and the
recently implemented developments to address these demands.

2 Challenges

2.1 Material Microstructure

The first generic difficulty is that the actual microstructure of the material can hardly
be modified in bulk in order to improve its X-ray absorption contrast. Some at-
tempts have been made (e.g., adding particles [14] or revealing the boundaries of
grains [15]), but at the risk that the material has a different behavior than with no
contrast enhancement. This is a major difference from 2D-DIC, in which a homo-
geneous or transparent material can always be painted with a speckle pattern, where
the experimenter can adjust the homogeneity, correlation length of the pattern and
contrast more or less at will [3]. In synchrotron facilities, the use of phase contrast
can reinforce the differences between the material phases and make them visible on
radiographs [16–18].

Such severe conditions push DVC to deal with microstructures that can be very
faint, with very few contrasting phases, possibly with a low contrast compared to
reconstruction artifacts (Fig. 1c). Robustnesswhen confronted to such sparse contrast
is a major challenge that limits a priori the use of DVC to specific microstructures
(e.g., biological tissues [19], foams [20] and cellular materials (Fig. 1a), or materials
with a large proportion of inclusions [11, 21, 22], see Fig. 1b).
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Fig. 1 3D rendering of three different textures. a Plaster with a volume fraction of void of 56%
(1 voxel↔ 48 µm). b Spheroidal graphite cast iron with a 13% volume fraction of graphite nodules
(1 voxel ↔ 5.1 µm). c Aluminum alloy with 0.3–0.4% of secondary particles (1 voxel ↔ 0.7 µm)

2.2 CT Imaging and Artifacts

Tomographic imaging itself poses new challenges, namely that artifacts when ac-
quiring or reconstructing images can affect the calculated displacement field. For
example, in a laboratory tomographic scanner, a minute shift of the source may
cause a change in magnification of the image, and therefore a uniform apparent ex-
pansion not to be confused with mechanical strains [23]. For this reason, many recent
laboratory systems have thermal regulation that limits this bias. Yet, an experiment
lasting several days remains quite difficult.

Further, a defective pixel on the detector, a bad “flat field” normalization or more
generally any deviation from the general assumptions (such as the displacement
occurring during the scan) usually induces “ring artifacts” [24]. The presence of
reconstruction artifacts (such as rings) becomes very detrimental when the contrast
due to the natural microstructure of the material is low. It is therefore very important
to treat these cases in order to make DVC useful for a wider class of materials. In
addition to the progress of the reconstruction technique itself, one solution to the
problem is to digitally filter the images before DVC analyses are run (e.g., ring ar-
tifacts can be significantly reduced [25]). This filtering can however also affect the
true microstructure. Another challenge lies in the fact that the actual (reliable) mi-
crostructure after filtering may consist of a very faint texture (i.e., low gradients of
gray level or very dilute support, see Fig. 1c). To solve this problem while preserv-
ing an acceptable spatial resolution, appropriate regularization strategies are needed
(Sects. 3.3 and 3.4).

2.3 Volume of Data/Duration of Acquisition

Another limitation comes from the huge amount of information contained in 3D im-
ages. This challenge is first met at the acquisition stage, where a complete analysis
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may take up to an hour or more in some cases, of such a duration that creepmay be re-
sponsible for a significant motion between the first and the last radiographs. This bias
makes it difficult (if not impossible) for proper standard reconstructions [26]. This
limitation can be partly overcome in third generation synchrotron facilities since very
energetic beams allow for very short acquisition times (e.g., 45 s [27] and 4 s [28]
in the case of thermomechanical tests). When high-speed cameras were utilized,
full scans could be performed at 20Hz frequency. When standard reconstruction
algorithms are used, the quality of the reconstructed volumes degrades in compar-
ison to slower acquisitions since they do not account for minute motions induced
by the vibrations of the rotation stage [29]. These observations call for combining
reconstruction procedures accounting for motions during acquisitions [26].

Second, at the reconstruction stage, the cost of data processing favors fast tech-
niques (such as the well-known Filtered Back-Projection algorithm [30]) rather than
algebraic variants, which are more reliable [31], but more demanding in terms of
reconstruction. DVC itself also involves a large amount of data and efficient data
processing becomes essential. When regularized or integrated strategies are consid-
ered (see below), this demand becomes even more severe. Effective GPU implemen-
tations can be a solution [32]. However, other strategies may be envisaged, which
will require a very significant reduction in the number of radiographs [33]. This last
option is extremely appealing because it allows for much faster data acquisitions
without having to spin the sample too fast. However, this approach complements
missing projection data with a priori information, and its compatibility with DVC
registration, where subvoxel resolution is aimed for, remains to be validated.

2.4 Detecting Features Invisible to the Eye

Another difficulty is that some interesting features of the mechanical analysis may
not be visible because of insufficient spatial resolution or because some parts of the
texture (e.g., particles useful for DVC) exhibit the same gray levels as the desired
feature Fig. 1b). An example of this category is the crack opening that cannot be
detected when its level is not comparable to the size of the voxel (Fig. 2b). The
ability of DVC to detect motions much smaller than the size of the voxel (i.e., of the
order of 10−1 voxel) is an advantage that was used to evaluate stress intensity factors
(see Sect. 3.2). In addition, new techniques were specifically designed for analyzing
crack openings and for locating the position of the crack front in 3D long before it
could be seen on a single image [11].



Digital Volume Correlation of Laminographic and Tomographic Images 7

Fig. 2 a 3D rendering of correlation residuals clearly locating the crack surface. b Thresholded
gray levels in the vicinity of the crack surface. It is impossible to locate the crack surface because
the nodules and the crack have similar gray levels (Fig. 1b)

3 Recent Solutions

3.1 Filtering 3D Images

The 3D images are reconstructed from radiographs acquired according to different
orientations of the sample with respect to the beam so that artifacts may arise. This is
especially true when the reconstruction method is known to be approximate [e.g., far
from the median plane with fan-beam or cone-beam tomography or in laminography
(Fig. 3)]. Moreover, phase contrast between the particles and the matrix leads to a
spurious “aura” around each particle that fades away with distance. This pattern is
fake, but it moves together with the particle (yet it does not rotate with it). Hence it
helps DVC but can only be trusted if local rotations are not sought.

Filtering of reconstructed images to erase the ring artifacts while preserving the
microstructure can be performed as illustrated in Fig. 3b. As a result, it is found that
the gray level histogram, which was already rather poor for DVC purposes, becomes
even narrower (Fig. 4). Assuming that this thinning of the histogram is mainly due
to the correction of artifacts, it shows that the recourse to the texture of the direct
reconstructions may lead to false evaluations of the displacements, because the rings
do not necessarily follow the kinematics of the material. For this particular case, the
initial amount of inclusions in the material was estimated to be about 0.3–0.4 vol%.
It should be noted that a direct attempt to use DVC on filtered images does not lead
to convergence. Such a poor microstructural texture makes the ill-posed nature of
DVCmore difficult. In a forthcoming section, it will be shown that DVC can be used
on unfiltered images, because in this particular case, the artifacts come from phase
contrast, and are therefore advected with the inclusions. Note, however, that the rings
do not rotate with the microstructure of the material and are therefore fragile markers
for DVC purposes.
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Fig. 3 3D rendering of an aluminum alloy with 0.3–0.4 vol% of secondary particles
(1 voxel ↔ 0.7 µm). a Raw reconstructed volume, and b filtered reconstruction

Fig. 4 Gray level histograms of aluminum alloy laminographies (Fig. 3). a Raw reconstructed
volume, and b filtered reconstruction

3.2 Global DVC

Parallel to the distinction between local and global DIC strategies [34, 35], the
two propositions can simply be extended to DVC. In fact, from a theoretical point
of view, spatial dimensionality does not play a key role in image registration. Local
DVCconsists in analyzing sub-volumes and determining their average displacements
from the recording of a deformed sub-volume corrected with the corresponding
reference [19, 36]. These corrections may involve a linear displacement gradient,
although only the average displacement is retained.

Global DVC consists in seeking the “best” displacement field in a specified kine-
matic vector space defined over thewhole region of interest. A common choice of this
space is given by the shape functions of finite elements [20], thus providing a natural
interface to numerical simulations [11], and where mature meshing techniques allow
for an arbitrarily fine fit to the sample boundaries (and potentially microstructure if
wanted [12, 13]). The “best” displacement field is the argument that minimizes a
functional qualifying image registration. The price to be paid for this formulation
is that unknowns (i.e., nodal displacements) are coupled, unlike the local approach
where each sub-volume is treated independently. Thus, parallel processing is simple
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for the local approach, but requires skills used in the field of computational mechan-
ics for global DVC [32]. Among the different variants, a very generic one is based
on finite element decompositions for the displacement field, with an image-driven
mesh with C8 elements (8-node cubes with trilinear displacement shape functions).
However, unstructured meshes based on the imaged microstructure were also imple-
mented in such global framework (e.g., 4-noded tetrahedra with linear displacement
interpolations [12]).

The material studied below is light gypsum. Cylinders (17 mm in diameter) were
extracted from industrial plasterboard plates. In situ experiments with a spherical
indenter (6 mm in diameter) were performed. The specimen was imaged during un-
loading, and loaded at nine different levels [37]. After each step, the crosshead was
held still to allow relaxation to take place for a 20-min dwell duration before acquir-
ing a new scan. Figure5 shows the reconstructed volumes of the sample observed
by CT for the reference configuration (Fig. 5a) and the eighth load level (Fig. 5b).
The compacted area is clearly visible in the upper part of the 3D rendering. It was
hidden in the following DVC analyses because the gray level conservation was not
satisfied. First, a C8-DVC analysis was performed for an area close to the compacted
region. The corresponding longitudinal displacement field is shown in Fig. 7a for
a discretization with 6-voxel long elements. Displacement fluctuations are clearly
visible because the dynamic range is very small (i.e., less than 2 voxels) due to the
fact that apart from the compacted volume, the plaster remained essentially elastic.
Many of these fluctuations were due to measurement uncertainties associated with
very small element sizes. This first analysis shows that even with very small element
sizes, global DVC provided a good first estimate of the displacement field. However,
it was corrupted by measurement uncertainties and the evaluation of strains cannot
be carried out faithfully on such a small scale. In the next section, an alternative route
will be followed.

Fig. 5 3D renderings of the observed volume of interest. aReference configuration, and b deformed
configuration
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Fig. 6 a Profiles of KI , KI I and KI I I stress intensity factors determined experimentally by post-
processingX-DVC results, and numerically via X-FEManalyses. b 3D rendering of the longitudinal
displacement field calculated by X-FEM in the cracked nodular graphite cast iron (Fig. 1b). The
scale bar is expressed in micrometers. The boundary conditions used for the calculation correspond
to the experimental displacements obtained by X-DVC (after [38])

The following analysis now focuses on nodular graphite cast iron (Fig. 1b). A
larger sample was first pre-cracked in fatigue. A smaller sample was cut and then
tested in situ for different propagation stages [38]. After 45 kcycles, a scan was
acquired at maximum and minimum load. The displacement field was first mea-
sured via C8-DVC. Using the correlation residuals (as shown in Fig. 2a), an enriched
kinematics was sought using the same kinematic assumptions as in eXtended Finite
Element Methods (X-FEM) [39, 40], which is called eXtended Digital Volume Cor-
relation (or X-DVC [11, 38, 41]). The crack front was determined by projecting the
displacement field measured on the Williams’ series, in particular by canceling out
the amplitude associated with the first supersingular field.

Another result of this procedure was the stress intensity profiles (Fig. 6a). The
latter was compared with the predicted profiles having the same cracked surface, the
same front and themeasured boundary conditions applied to the upper and lower faces
of the considered volume (Fig. 6b). A very good agreement was observed between
the experimentally determined and numerically predicted stress intensity profiles.
Such a result shows the interest of combining advanced experimental and numerical
tools to analyze 3D cracks.

3.3 Reduced Bases and Integrated DVC

The analysis of displacements both for local and global DVC typically results from
a compromise between spatial resolution and displacement uncertainty [32, 42].
To enhance the spatial resolution, smaller sub-volumes (local DVC) or elements
(global DVC) are to be used to allow for local adjustments. However, this leads to an
increase in the number of unknowns, and hence less available information for each
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Fig. 7 3D rendering of the longitudinal displacement field measured during an indentation test
on plasterboard (Fig. 1a). The zone where the material was compacted was removed. a Stan-
dard DVC approach. b DVC approach with reduced basis. The scale bar is expressed in voxels
(1 voxel ↔ 48 µm)

one. Consequently, the measurement uncertainty increases, so does the sensitivity
to noise. This may be tolerable for displacement measurements, but soon becomes
harmful to the determination of strain fields.

One possibility to circumvent this problem is to design a reduced basis, i.e.,
selecting much less numerous degrees of freedom, yet being faithful to the actual
displacement within the specimen. The advantage of this approach is that one may
easily benefit from prior knowledge on the expected displacement field. However,
this knowledge cannot be expressed as analytical solutions since they are very scarce
in 3D situations. Conversely, a specific basis can be built numerically as soon as the
“true” unknowns of the problem are parameterized using any finite-element code [12,
43, 44].

To exemplify this concept, let us revert to the example of plasterboard indentation
of the previous section. The specimen was expected to behave elastically away from
the indentation. The “true” unknowns describe the loading along the boundary of
the elastic domain. When a spherical harmonics decomposition of the unknown
displacement on the surface of the crushed region was performed, a truncation to
low order terms constituted a suited reduced basis with less than 10 degrees of
freedom [43]. This displacement basis was obtained from a finite element simulation
of thewhole sample assumed to behave elastically. TheDVC resultswith this reduced
kinematic basis are shown in Fig. 7b. Many of the fluctuations were filtered out when
compared to a standard C8-DVC result (Fig. 7a), yet the long wave features were still
captured. Because the correlation residuals in both analyses were virtually identical,
the DVC results with a reduced basis were deemed trustworthy.

The previous analyses can be extended to cases in which the parameters of consti-
tutive models become the unknowns to the registration problem (as were boundary
conditions in the above example). Consequently, the sought displacement fields are
parameterized by these unknowns (and no longer by the nodal displacements) and can
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Fig. 8 Schematic representation of procedures that can be used for validation and identification
purposes of numerical simulations at the microscopic scale using 3D images (adapted from [44])

be computed via finite element analyses. Suchfields then satisfy equilibrium, compat-
ibility and the selected constitutive equation. Such approaches that use mechanically
admissible solutions are referred to as integrated-DVC [12]. Reduced bases are then
constructed from the sensitivity fields, namely spatiotemporal displacement field
derivatives with respect to the sought material parameters. Non-intrusive procedures
were devised in which the 4D sensitivity fields are obtained with existing (com-
mercial or academic) finite element codes, thereby allowing for a large versatility
in meshing and incorporation of complex constitutive laws. Further, Model Order
Reduction techniques like the Proper Orthogonal Decomposition [45] can be applied
to these sensitivity fields [46]. Proper Generalized Decompositions (PGD [47–51])
are an alternative route that is worth investigating.

Given the fact that microtomography and laminography enable for micrometer
resolutions, frameworks combining in-situ experiments and numerical simulations
(Fig. 8) can be devised to validate calculations at the microscopic scale [13]. In
such analyses, the region of interest in the reconstructed volume was analyzed by
DVC to measure displacement fields. Finite element calculations, which took into
account the details of the microstructure of cast iron (µFE [52]), were carried out
using boundary conditions extracted from DVC calculations, which was a primary
quantity to validate such simulations [53]. The correlation residuals of DVC and
coupled DVC-µFE were then used for validating the measurements and numerical
simulations. These independent results could then compared to assess the predictive
capacity of the selected models [13, 53].
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An identification procedure can be devised by extending the previous framework
to determine (microscopic) constitutive parameters for the analysis, say, of ductile
damage. It consists in the full integration of sensor (e.g., load cell) and imaging data
into numerical procedures for the purpose of reducing the gray level residuals and
gap between measured and computed load (Fig. 8). Such integrated approaches were
performed at meso- and micro-scales [5, 12, 44]. For instance, the three mechanisms
of ductile damage (i.e., nucleation, growth and coalescence) were analyzed using
numerical simulations at the microscopic scale [44].

3.4 Regularized DVC

The previous strategy calls for a rather strong prior knowledge (i.e., an elastic behav-
ior was assumed over most of the domain of the indentation test). It is also possible to
introduce such information in a tunable manner allowing for a more flexible tool [32,
54, 55]. The spirit of mechanical regularization consists in adding to the traditional
DVC objective functional, which is based on the quadratic difference between the
deformed image corrected by a displacement field and the reference image, a second
functional based on the “equilibrium gap” that penalizes deviations of the displace-
ment field from being the solution to a homogeneous elastic problem with known
(or null) body forces [56]. The latter functional is the quadratic norm of a linear
second-order differential operator acting on the displacement field, and hence the
relative weights given to both functionals introduce a length scale �reg . Below �reg ,
the regularization functional dominates, whereas at large length scales (i.e., above
�reg), the DVC functional is the largest. This combination acts as a low-pass filter
for DVC, where the high frequency component is brought by elasticity. In some
sense, the previous (i.e., integrated) approach corresponds to the limit of a very large
weight being given to the regularization as the library of proposed displacement
fields obeys exactly elasticity over the entire domain. When a smaller value of the
cut-off wavelength is used, the effect of regularization can be compared to that of a
coarse mesh of size �reg , with however much better smoothness properties. The same
method can be extended to more complex mechanical behavior than linear elasticity
or heterogeneous elastic properties if desired. However, even if homogeneous linear
elasticity is used, the latter can simply be considered as a smoothening operator to
make the problem well-posed rather than an accurate description of the mechanical
behavior of the studied specimen.

The following analysis deals with an in situ tearing test on an aluminum alloy
sheet observed via synchrotron laminography. Experimental conditions for a simi-
lar material are found in Refs. [57, 58]. The present case was deemed difficult, if
not impossible, since the volume fraction of secondary particles was of the order of
0.3–0.4% (Figs. 3a and 4a). Although this condition may seem impossible for DVC,
the mean distance between inclusions was of the order of 7 voxels. It became even
more difficult after filtering (Figs. 3b and 4b). In the unfiltered case, standard global
C8-DVC (with 16-voxel elements) was performed on a zone far from the notchwhere
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Fig. 9 3D rendering of von Mises’ equivalent strain measured during an opening test of a notched
aluminum alloy sample (Fig. 1c). a Standard DVC, and b regularized DVC

the crack initiated and subsequently propagated. The crack had not yet propagated
even though localized bands were observed (Fig. 9a). In Fig. 9b, a regularized corre-
lation approach (with �reg = 50 voxels) is used with the same mesh as previously.
However, the considered displacements were filtered. Without the present regular-
ization, the registrations was not possible. Although the texture was extremely poor,
very consistent results were observed between the equivalent strainmaps obtained by
both approaches (Fig. 9). The filtering of the strain field is clearly apparent, thereby
illustrating its denoising effect for DVC. The question of the possible detrimental
effect of this “filter” had to be evaluated on the quality of the registration, namely
on the correlation residual or the difference between the reference and deformed
image after correction by the measured displacement field. In that case, the quality
of registration was excellent so that the filtering was not considered as detrimental
to the measured displacement field.

The regularization strategy allows the DVC problem to be made well-posed even
when discretized onto a very fine mesh. It was shown that the ultimate limit of a
regular cubic mesh with elements reduced to a single voxel could be handled with
such a strategy [54]. However, in that case, the number of unknowns becomes very
large, the regularization kernel involves a more complex problem to solve, and hence
regularized DVC becomes much more demanding in terms of computation time and
memory management. To overcome this difficulty, a dedicated GPU implementa-
tion was set up, which could handle several million degrees of freedom within an
acceptable time (i.e., less than 10 min [32]).
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Fig. 10 Crack opening in the sample shown in the center can be obtained froman initial tomography,
two projections in the deformed state and an appropriate model schematized by the finite element
mesh onto which the vertical component of the displacement field is rendered and color-coded

3.5 Projection-Based DVC

When considering the temporal changes of a specimen, its microstructure usually
does not change much in time but for its deformation. Hence, after a first reconstruc-
tion has been performed, the only remaining unknowns are the sample kinematics.
The latter generally requires much less data than the number of voxels [59], and
even more so if a mechanical model is involved [60, 61]. Performing successive
reconstructions is both costly and unnecessary. It is therefore natural to try to read
the kinematics directly in the radiographs, and to reduce their number (or rather in-
crease the time resolution). This procedure, which is referred to as Projection-based
DVC [59, 62], was shown to be effective with several orders of magnitude gain in
needed number of projections.

Figure10 shows the displacement field of a cracked nodular graphite cast iron
sample by considering two radiographs of the deformed state. In this particular case,
the unknowns were the 2 × 6 degrees of freedom used as boundary conditions to
an elastic model in which the crack was explicitly accounted for. Further, when
the reference scan is performed when the sample is unloaded (or very modestly
preloaded), then the number of radiographs needed for tracking the 3D space plus
time changes of the test can be reduced from 500 to 1000 down to a single one
per time step [63, 64]. With this procedure, the sample was continuously loaded,
continuously rotated and regularly imaged via 2D X-ray projections. Consequently,
the lower spatial sampling of projection-based DVC (i.e., down to one radiograph
per load level) was compensated by increasing the temporal sampling and leading
to 4D analyses for which PGD turned out to be a very powerful tool to perform the
projection-based registration solely over the relevant modes.



16 A. Bouterf et al.

4 Conclusion

The emergence and development of full-field measurements in the bulk of imaged
materials has transformed experimental solid mechanics, where huge and ever in-
creasing amounts of data are routinely collected during tests [46]. Processing this
experimental information has led to specific and elaborate numerical developments
integrating measurements and simulations into unique frameworks. Integrated DVC
as described herein, namely merging DVC and numerical tools traditionally used in
computational mechanics (e.g., Finite Element Methods) constitutes an emblematic
example. Efficient numerical GPU implementation of the resulting algorithms is also
a route that can be followed.

It is expected that much more could be performed regarding time and memory
savings while keeping all the relevant information (including uncertainties). Some
possibly more efficient reduction techniques are related to the use of, for instance,
modified POD with the metric associated with the covariance matrix for the mode
selection or PGD [46]. The latter in particular will be the subject of future work as
a very promising and efficient solution generator at measurement and identification
stages.

In spite of the challenges listed herein, DVC was made operational and reliable
for a wider class of materials than usually considered. As demonstrated herein, those
extensions require a critical consideration of the reconstructed images and possibly
filtering to (at least partially) erase imaging artifacts, regularization strategies to allow
for noise reduction on strain evaluation and to compensate for poor microstructural
contrast. Such developments are essential for fully benefiting from lab scale tomo-
graph equipment and analyze in-situ mechanical testing to get more qualitative and
quantitative insight into the mechanical behavior of materials.
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Abstract Application of products with properties locally adapted for specific loads
and requirements has become widespread in recent decades. In the present study, an
innovative approach to manufacture tubes with tailored properties in the longitudi-
nal direction from a boron-alloyed steel 22MnB5 was developed. Due to advanced
heating and cooling strategies, a wide spectrum of possible steel phase compositions
can be obtained in tubes manufactured in a conventional tube forming line. A heat-
treatment station placed after the forming line is composed of an inductive heating
and an adapted water-air cooling spray system. These short-action processes allow
fast austenitizing and subsequent austenite decomposition within several seconds. To
describe the effect of high inductive heating rates on austenite formation, dilatomet-
ric investigations were performed in a heating rate range from 500 to 2500 K s−1. A
completed austenitizing was observed for the whole range of the investigated heating
rates. The austenitizing was described using Johnson-Mehl-Avrami model. Further-
more, series of experiments on heating and cooling with different cooling rates in the
developed technology line was carried out. Complex microstructures were obtained
for the cooling in still as well as with compressed air, while the water-air cooling
at different pressures resulted in quenched martensitic microstructures. Nondestruc-
tive testing of the mechanical properties and the phase composition was realized
by means of magnetization measurements. Logarithmic models to predict the phase
composition and hardness values from the magnetic properties were obtained. Sub-
sequently, a simulation model allowing virtual design of tubes in the FE-software
ANSYS was developed on basis of experimental data. The model is suited to predict
microstructural and mechanical properties under consideration of the actual process
parameters.
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1 Introduction

In the pursuit of economic and ecologic manufacturing processes, different prod-
ucts that can be adapted to local loadings and stresses have been developed. From
this point of view, tailored components are attractive due to the possibility of their
local adjustment to application purposes. Different technological strategies can be
employed in order to tailor the mechanical properties of products [1], which can be
divided into two main groups: in the first one, tailoring is achieved by combining
materials with different properties. In this case, dissimilar materials are combined
through the creation of metallurgical, form- or force-closed joints depending on their
unique characteristics [2, 3]. The second group assembles methods of tailoring prop-
erties within the same material through the adaptation of geometry dimensions (e.g.
rolling with alternating roll diameters) and/or microstructures (e.g. selective heat-
treatment) [4]. A break-through in the industry of, above all, automotive steels that
came with introduction of complex microstructures (dual-, complex-phase, TRIP-,
TWIP-steels) attracted strong attention to advanced heat-treatments and the possi-
bility of steel tailoring through miscellaneous time-temperature courses [5, 6]. In
this respect, boron and manganese alloyed steels are characterized by their enhanced
hardenability and awide spectrumof possible phase compositions achievable byheat-
treatments. In addition, they exhibit a high level of mechanical and wear properties
in service [7].

The present investigation aims to develop and implement a technology line, which
allows themanufacturing of tailored tubes based on locally adaptedmechanical prop-
erties in the longitudinal direction bymeans of an advanced heat-treatment integrated
in the production line. Being a continuous process, tube forming is advantageous for
integration of a local heat-treatment station to manufacture hollow profiles with a
constant cross-section over the length.When using boron-alloyed steels, a significant
delay of ferrite-perlite formation during the cooling due to the boron addition tech-
nologically simplifies an achievement of different steel phases. Depending on the
cooling rate, diffusive (ferrite-perlite, bainite) as well as diffusionless (martensite)
transformations can take place [8]. This implies that by a selective heat-treatment
and adapted heating/cooling strategies, different combinations of phase composi-
tions can be obtained, such as relatively ductile ferrite-perlitic or bainitic and hard
martensitic sections. Such tailored tubes can:

• Be post processed as semi-finished products: for the manufacturing of, e.g. T-
shape tubes by means of hydroforming, certain sections to be processed can be
held purposely ductile, while not affected sections will gain the final properties
during the integrated heat-treatment.

• Find a direct application: for instance, ductile sections of frame rails in the auto-
motive body can absorb the kinetic energy during a crash accident and hence,
ensure a controlled deformation through a predictable folding, whereas hard sec-
tions remain responsible for the crash resistance. In addition, a damping effect of
ductile sections can enhance vibration resistance of these products.


