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Abstract

This papers presents recent progress with materials investigations via in situ
mechanical testing at the synchrotron, so called 4D experiments. More auto-
mated and more integrated stress rigs now allow to produce new kind of data
sets to study deformation and fracture of structural materials. Two recent
examples are presented, one with a polymer material and another one with a
polycrystalline metallic alloy. Challenges with data organisation and storage
and automatic analysis are discussed in the view of the upgrade of the main
synchrotron sources which will greatly increase the number and size of the
future data sets.

Keywords: X-ray tomography, X-ray diffraction, 4D experiments,
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1. Introduction

The mechanical properties of structural materials are intimately linked to
their internal microstructure and from that perspective determining microstructure-
property relationships is directly linked to our ability to observe both the
microstructure and the deformation/failure mechanisms concurrently. With
the advent of 3rd generation synchrotrons, X-ray computed tomography (CT)
has become routine to study many kind of materials at the micron scale. The
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non-destructive nature of this type of observation, except for biological ma-
terial that are very sensitive to radiation, allows material inspection directly
under mechanical testing. In situ 3D imaging has been used in many cases to
improve our understanding of damage and failure mechanisms in many kinds
of structural materials [1–6]. With synchrotron tomography techniques ma-
turing, measurements that previously required tens of minutes are now rou-
tinely performed in tens of seconds, and in many cases, in much less than 1 s
[7].

Although CT imaging relies on absorption and phase contrasts and re-
mains blind to crystal orientation, accessing crystallographic information in
the bulk of polycrystalline specimens was subsequently achieved by using the
high penetration power of hard X-rays and leveraging diffraction contrast.
After pioneering work by Poulsen [8] with 3DXRD, variants of the technique
emerge with the particular cases of Near Field High Energy Diffraction Mi-
croscopy (NF-HEDM) [9, 10] and Diffraction Contrast Tomography (DCT)
which resolve the grain shapes by near-field imaging [11, 12]. The concept
has also been extended to polychromatic beam and is therefore available with
laboratory setups [13, 14].

With digital representation of the microstructure (phases, grains or par-
ticles for instances) in 3D, another key challenge is to link 3D microstructure
characterisation tools with computational models in order to predict engi-
neering properties such as strength, fatigue resistance or fracture toughness
[15]. This is a vivid field of research where both synthetically generated
[16, 17] and experimental 3D images may be used [18, 19]. One advantage
of the latter route is to directly compare experiment and mechanical simula-
tion at the scale of the microstructure. Regarding computational methods,
two main approaches exist to solve the mechanical equilibrium. The spectral
method [20] uses FFT and works directly on the 3D image and is particularly
suited to predict homogenized properties of materials. The second route uses
finite elements which, not being restricted to uniform grids, is much more
tunable regarding the geometrical features to be modeled.

With experimentally driven simulation of the material response, a new
approach where experimental data can be supplemented by simulated data
arise [21]. This may be used to identify or validate material models against
the experimental observation of deformation and failure [22]. The large in-
crease of the generated data sets pushes to change the data analysis strategy.
While done mostly manually on selected examples in the past, it has to be
more and more automatic and statistically representative in the future. A
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better data organisation should allow to use the rising machine learning tools
that are now widely available to mine the data sets for correlations with the
microstructure. Recent examples show that this type of analysis is indeed
relevant [23].

The progress in 3D material science does not reduce to microstructure
characterization. If lattice strains have long been measured (and still are) in
whole grain families using X-ray diffraction [24], the pursuit of local strains
have seen a number of recent developments. The first level of refinement
comes from 3DXRD or far-field HEDM that allow to retrieve the average
elastic strain tensor of each grain during 4D experiments [25, 26]. The sec-
ond level is to reach truly intragranular strain. This is particularly crucial
regarding the understanding of local deformation and fracture mechanisms
as mean values may not the right variables to look at. Point scanning tech-
niques using a focused X-ray beam such as DAXM [27] have been the most
capable technique to perform elastic strains mapping [28] but remain limited
to small volume close to the specimen surface. More recently, the scanning
3DXRD modality, first introduced by Hayashi [29], allowed to characterize
local strains at sub-micrometre length scales [30, 31]. The method was fur-
ther refined by Hektor et al. [32] using forward simulation to improve its
sensitivity. By using rapid lateral translations and vertical rotation of the
specimen, this method can achieve greater volumes than DAXM with spatial
resolution down to 200 nm in a few hours, a time that could be dramatically
reduced in the near future with 4th generation synchrotron sources.

In this paper, recent development regarding in situ 4D mechanical testing
at the synchrotron are reviewed and a new data organisation strategy is
proposed. Two examples are further discussed to show the potential of more
automated and integrated 4D material testing.

2. In situ 4D mechanical testing at the synchrotron

2.1. Presentation of two different stress rigs

Over the last few years, several mechanical loading stages have been de-
veloped at Mines ParisTech, as in other institutes investing efforts in 4D
investigations [10, 33–35]. The last decade has also seen a larger availability
of stress rigs at the beamline [36]. This usually comes with a better integra-
tion of the machine at the beamline but not having it tailored to a particular
material or loading case. So at present it is not clear which route is the
best, and the answer certainly depends on the beamline. The two stress rigs,
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1 cm

(a) Nanox

5 cm

(b) Bulky

Figure 1: Examples of mechanical stress rigs to carry out 4D experiments [37, 38].

Nanox and Bulky, used in the examples presented hereafter (see sections
3 and 4) are briefly shown here, more details can been found in dedicated
papers [37, 38].

While Nanox is a specialized rig dedicated to near-field X-ray diffraction
imaging experiments like X-ray diffraction contrast tomography (DCT) and
Topotomography [39] (see section 4 for more details on this technique), Bulky
is a rather versatile rig more suited to regular X-ray tomography and which
can accommodate many sample geometries and different load frames (tension,
compression, low cycle fatigue). For their main use (ID11 for Nanox and
Psiché for Bulky), all wire connections go through slip rings to prevent any
motion artifacts during the rotation. Both stress rigs are currently being
upgraded for high temperature testing.

Weighting only 400 grams and with a working distance of 60 mm from its
base, Nanox fits within the high resolution 4 circle gonionmeter of ID11 at
ESRF. This allows to carry out a DCT characterization followed by topoto-
mography observations of selected grains of interest. This is now done with-
out any manual intervention and rather automatically using a set of matlab
scripts generating the required commands to align the different grains and
load the specimen up to 600 N by the piezoelectric actuator (see section 4
for an example).

On the other hand Bulky is a 5 kN rig primarily used for X-ray tomog-
raphy under continuous loading. The high torque stepper motor moves a
crosshead with an adjustable speed ranging from 50 nm/s to 0.5 mm/s. The
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load frame part is removable which allows to change load configuration within
minutes.

2.2. Data management

After reviewing various options to handle 4D data sets, a consensus has
emerged with the following aspects:

• A single file per sample;

• the file should be self descriptive using metadata;

• the file may contain several imaging modalities, possibly at different
resolutions;

• a chunk data layout using block compression should be used to maxi-
mize access time to any portion of the 4D data set;

• lossy compression may be used but with a controlled error to carry out
data reduction [40].

HDF5 format [41] has been chosen, as it allows all these aspects, it is very
well supported by several programming languages and is also used by related
attempts such as the DREAM3D file format [42] and the Nexus format [43].
Originally developed by the National Center for Supercomputing Applica-
tions in the US, HDF5 is an open format supported by the HDF Group, a
non profit organization dedicated to maintain this specification.

Noting that different types of data analysis do not require the same spatial
resolution nor data precision, it is also useful and not very expensive to
store lower resolution versions of the data in the same fashion than image
thumbnails to be displayed rapidly.

To further reduce the disk space footprint, unnecessary data (for instance
voxels outside the specimens) are filled with a constant value (eg 0) which is
efficiently reduced by the compression algorithms. A mask of the sample is
stored as well.

The structure adopted follows this global vision. As an example we
present here how this works on a complete in situ tension test (see section 3
for analysis of the results). The raw data set is comprised by 44 volumes of
size 2048x2048x1024 encoded in 32 bits float numbers; this corresponds to
16 Gb per volume and more than 700 Gb for this single test.

The data set is then reworked by applying a series of operations:
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• registration on the reference state, crop to remove air regions outside
the sample;

• application of a mask to remove voxels outside the sample (gain in
compressed file size)

• truncation of the floating representation to 2−4 which produced a mean
error of 2−6=0.015 which is much smaller than the noise level;

• data storage using chunks and global compression (Zstandard level 1
[44], with bit shuffling which increase performances with binary floating-
point representation);

• reduced volumes using (binning, dynamic) = (2x2, 4 bits) and (4x4, 8
bits) denoted as level 1 and 2 respectively.

This complete data [45] set has a disk footprint of only 47 Gb and has
been made available on Zenodo [46]. The gain is 93% with an apparent
compression ratio of 15 to 1. All the data is stored into a single HDF5 file
with the following structure:

> root node

> |---> tomography data group

> |

> | |---> reconstruction metadata table

> | |---> load increment group

> | | |---> increment 1

> | | | |---> reference volume

> | | | |---> mask

> | | | |---> reduce volume level 1

> | | | |---> reduce volume level 2

> | | |

> | | [43 other load increment groups]

> |

> | |---> initial static tomography

> | | [same hierarchy as for a load increment]

> |

> | |---> final static tomography (2 fracture surfaces)

> | | [same hierarchy as for a load increment]

> |

6



> |---> time signals group

> | |---> meta data table

> | |---> time signals (time, load, displacement)

> |

> |---> other data modalities groups

Using this approach, the data analysis becomes much more computation-
ally efficient, and sometimes just doable. It is demonstrated in section 3
with particle tracking in each tomographic volume made possible by using
the reduced volume to locate the particles and then loading them at full
resolution advantageously thanks to the chunk representation of the data.
The compression also greatly lowers the size of the data to be read from
the disk which also improves the performance. A balance has to be found
here as decompression of the data has a cost but appeared in our tests with
Zstandard to perform approximately at the same throughput as the reading
speed which is the best compromise. A Dell T7910 workstation with a dual
Intel Xeon E5-2640 CPU and 64 Gb RAM was used.

Note that for this approach to develop its full potential, it is necessary
to carry out this containerisation/reduction as early as possible in the data
processing workflow. Many beamlines are currently working on the imple-
mentation of this type of strategy in order to integrate this kind of approaches
as early as possible in the data acquisition process [47, 48].

A side effect of packaging the data into a single self-descripting file is
that it is much easier to share on the emerging scientific data platforms like
Zenodo [49] following the OpenAire European initiative. This is probably
one of the most important aspect our community should now work on, as
these data are very expensive, complicated to obtained and should be shared
as widely as possible.

3. Mechanical behaviour of a polymer material studied by 4D in
situ testing

3.1. In situ tensile test

The sample used in this experiment is from a series machined in a 2-mm-
thick injected-molded plate of polymer material. A flat specimen geometry
with pin mounting and a notch radius of 1 mm in the middle of the gauge
length has been used (see top of Fig. 2 for a schematics).
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The measurements were made on the PSICHE beamline of the SOLEIL
synchrotron using a pink beam with its maximum of intensity at 25 keV.
A classical setup comprising a scintillator coupled to a x5 eye piece and a
CMOS Hamamatsu camera, gave us an effective pixel size of 1.3 µm for a
field of view 2.6 mm wide by 1.3 mm in height [50]. In-line phase contrast
and Paganin filtering of the radiographs [51] were used to enhance image
contrast by placing the camera 65 mm downstream from the sample.

A continuous tensile test was carried out using a displacement speed of
0.4 µm/s and online height correction to keep the notched region within the
field of view. For tomography acquisitions, the machine was set to rotate
continuously while tomography data sets were acquired in 6 seconds. Each
tomogram is composed by a thousand radiographs equally distributed over
a half turn (only half of the detector height was used to speed up the data
collection).

A Python script, running in a beamline control terminal, automatically
executes the progress of a mechanical test, coordinating all motor movements,
acquiring the relevant signals, managing the tomography acquisitions and
stopping when the sample breaks. The data acquisition strategy can be
different depending on the application: equispaced tomograms in time or
load levels, or user controlled as here. This allows direct control of the
tomography frequency (up to 1 every 6 seconds) and in our case to record
more data sets close the nucleation and growth of voids in the specimen
(after the maximum load has been reached). Just like the test presented
here, mechanical tensile tests typically lasted 20 minutes with 50 tomograms
recorded during the course of the test. Tomographic reconstruction was
carried out using the PyHST software [52] and further processed to create
the data structure presented earlier (see section 2.2).

The 3D analysis of the reconstructed volumes makes it possible to visual-
ize and quantify the damage mechanisms: nucleation, growth and coalescence
of voids for this notch radius of 1 mm (see Fig. 2). The location of the nu-
cleation of the first cavities can readily be detected (it occurs at a certain
distance from the notch root and is therefore not available from surface ob-
servation) and the data can be further processed by computing local void
volume fraction. This can be used for direct comparison with Finite Element
simulations of the material response as done previously on different materials
[53].
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Figure 2: Projections through registered volume showing the nucleation ond growth of
damage during the tensile test (refer to Fig. 3a for loading curve).
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3.2. Particle tracking

First results of the in situ tensile test showed that the main degradation
mechanism is due to void growth and coalescence from initial defects and in
particular rigid particles embedded within the matrix. With this geometry
and detector size, the limit of the notch is not visible in the reconstructed
data, but small particles embedded in the matrix can be used as virtual
extensometers [54–56].

Using the digital representation presented earlier (see section 2.2), all the
data is accessible through compressed chunks with an appreciable efficiency.
Hence, a simple particle tracking algorithm can be written:

• By thresholding the first reconstructed volume, the initial position of
the particles are determined;

• For each particle and for each deformed volume, the updated position
is estimated using an approximation of the local deformation;

• The particle in the vicinity of this position in the deformed volume
is read at full resolution from the corresponding volume (a very fast
operation thanks to the chunk layout of the data);

• A series of sanity checks are carried out to filter out wrongly detected
particles.

Once a particle is found, its precise position is determined by a weighted
average of the intensities. Here it is important to have kept a large dynamical
range with a controlled error in contrast to the usual truncation and rescaling
of the entire histogram onto integer values. Thanks to the data structure,
this method only needs about a hundred Mb of RAM compared to the total
700 Gb of data manipulated. About 200 particles could be followed during
the entire tensile test and the evolution of their position is used as virtual
extensometer as plotted in Fig. 3.

In general, these results demonstrate the importance of this technique to
asses the deformation mechanisms of structural materials. The first conclu-
sion is that cavities start from the small embedded particles in the matrix
which is a well known fact available from fracture surfaces. Here, the precise
particles that led to cavities growth and coalescence are known (and can be
also related to fracture surface observations after the test). It appears that
the proximity of 3 particles almost aligned in a plane in the critical zone
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Figure 3: Fully automated in situ tensile test with Bulky (a) loading curve recorded during
the test (b) particle tracking to serve as a virtual extensometer.

where damage develops, triggered coalescence and failure. In this case this
superseded the particle size parameter usually invoked and highlights the
importance of the spatial distribution of such particles, as in another test
(not reported here), no such alignment was observed and the largest particle
led to cavity growth and failure.

4. Incipient plasticity studied by X-ray DCT and Topotomography

4.1. Combined DCT and Topotomograph in situ experiment

Today, the adoption of new alloys in the industry is still limited by our
ability to model their microstructure-properties relationships. A critical
question is the collective process behind crystal plasticity (the same holds
true for twinning or phase transformation induced plasticity) which, if it
is rather well understood theoretically, the detail of the onset of plasticity,
the location of plastic localization and the transmission from one grain to
the next are far from being completely understood. The few grain to grain
comparisons show that models fail to predict local behaviour precisely [57].
This mechanical response of polycrystalline materials is controlled by their
three-dimensional grain microstructure. Elastic anisotropy and crystal plas-
ticity of the individual grains in metallic alloys lead to very heterogeneous
distributions of strains and stresses which directly control their deformation
and fracture behaviour.

To study the local mechanical behaviour both from a collective point of
view and at the grain level in the bulk of the material, experiments combining
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Diffraction Contrast Tomography (DCT) [11, 58] and Topo-tomography [39]
have been performed [59]. Miniature tensile samples for the Nanox tensile rig
have been prepared from a plate of recrystallized AlLi 2.5 wt% alloy with a
grain size of approximately 100 µm. A sample, virgin from any deformation,
was mounted into Nanox and a DCT scan (3600 images with 0.1 degree
integration) with a detector pixel size of 1.4 µm was acquired. The DCT
indexing output was then used to perform a series of topotomography scans
on a cluster of 3 neighboring grains embedded in the bulk.

A second detector system with an effective pixel size of 0.7 µm was used
for topotomographic scan acquisition. The angular range of the rocking curve
scans was automatically adjusted after each load increment in order to cover
the entire width of the crystal reflection curve for any ω rotation position of
the sample. For each value of ω, a continuous motion acquisition procedure
with a fixed integration range of 0.1◦ and 0.5 s exposure time per image was
used. This procedure was repeated every 4◦ and a complete topotomographic
acquisition comprising 90 such rocking scans per grain typically lasted from
10 minutes up to an hour as the Θ integration range increased during loading.
From the beginning to the end of the experiment, the integration range has
been multiplied by a factor of 10 (from 0.05◦ to 0.5◦). Incremental loading
was applied after each series of TT scans to reach 0.34% total strain in 23
steps and covering the elastoplastic transition.

The complete experimental procedure is summarized in Fig. 4 and fully
automated from the DCT output information by a set of Matlab scripts
generating the different alignment commands (see [59] for more details). It
is important to note that automation is key for such an experiment to be
successful. The experimental DCT data is available online [60].

4.2. Results

Visual inspection of integrated topographs show the appearance of thin
bands as deformation proceeds (see Fig. 5a). These sets of bands have all
been correlated to active slip planes in each grain (using the crystal orienta-
tion and tilt geometry for each grain). They are parallel, most of the time
they extend through the whole grain and their number increases as the de-
formation increases. Going through the whole projection set for each grain
shows that 2 sets of bands are visible at different ω values. These bands
appear well separated (∼ 10 µm) in the topographs which is wider than in
typical TEM observations. It is possible that several bands (not resolved at
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Figure 4: Summary of the in-situ topotomography experiment: the initial microstructure
is characterized by DCT and analyzed to monitor the topotomography experiments on
three grain cluster embedded in the bulk.

this resolution) contribute to the diffraction signal to form the band contrast
observed on the detector.

Further analysis of the active slip systems was carried out both using
Schmid factor and a full field Finite Element simulation on the digital clone
of the specimen (see [59] for more details). For grain 4 and 18, the two
observed slip planes correspond to the two highest Schmid factors whereas
for grain 10, they correspond to the first and third highest Schmid factors.
The slip system corresponding to the second highest Schmid is not observed
to be active in this grain. The reason for this discrepancy could be attributed
to neighboring effects. Indeed the activation of the third highest Schmid
factor slip system could be due to favorable slip transmission from the grain
neighbor.

Unfortunately, after putting together all the detected slip localization
events (see Fig. 5b), no evidence can be found regarding the slip transmis-
sion through the two grain boundaries that are available from the topo-
tomography scans. As each bulk grain has on average 12 neighbors, no strong
conclusion can be further drawn apart that larger connected grain clusters
should be measured in the future. Note that by processing further the initial
DCT output, a smart selection of grains can be imagined based on the two
highest Schmid factors slip systems.

In addition to the qualitative analysis of slip localization, it was shown re-
cently that complete orientation field reconstructions are possible (see Fig. 5c
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Figure 5: Summary of the typical results of a combined DCT+TT 4D experiment. (a)
Integrated topograph showing the appearance of bands of contrast correlated to active slip
planes. (b) Slip transmission can be studied by putting all the observation together in the
reference state. (c) Band contrast can also be reconstructed quantitatively using the 6D
reconstruction framework (relative misorientation shown here in degrees).

for an example using DCT data [61]) using the 6D reconstruction framework
[62]. The orientation map shows band-like structures that are aligned with
the active slip plane, with typical misorientation around 0.5◦ (this particular
reconstruction is from a different data set). It is also possible to combine at
the same time DCT and several TT reflections (after a careful alignment of
the data sets) to push the spatial and angular resolution of the reconstruction
(see dedicated paper by Vigano et al. in this issue of the journal). Further
work and cross validation with other methods are needed to confirm these
promising results.

Finally, the post-processing of the CPFEM results showed that the exper-
imental 3D rocking curves can be very accurately simulated using the elastic
tensor (bearing both the rotation and the distortion of the crystal lattice) in
each element. This is true provided the right combination of slip system can
be predicted (i.e. in 2 of the 3 studied grains).

The experimental setup described in this section enables bulk observa-
tions of the formation of individual slip bands in a complete polycrystalline
microstructure. However to move forward, the mapping of larger grain neigh-
borhoods will be required. With the increase in X-ray flux due to the EBS
upgrade of the ESRF, it can be anticipated that much more complete 4D
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time-lapse studies will soon become possible and will enable to study bulk
deformation mechanisms under various external loading. Again this will re-
sult in really massive data sets (think of hundreds of grains scanned many
times during loading) which cannot been analyzed manually, as it is the case
today. In this regard, the new data management strategy presented earlier
(see section 2.2) is needed to move beyond the state of the art.

Another promising route lies in the one to one comparison with crystal
plasticity simulations of the material response. Though classical continuum
finite element models fail to predict detailed localization events, this can
be achieved by recent advances in CP-FFT [63] or using coupled Discrete-
Continuum approaches [64].

5. Outlook

More and more automated and integrated 4D mechanical testing at the
synchrotron is about to produce unmatched quantity of important data sets
to study deformation, damage and fracture of structural materials. With
the increased brilliance of diffraction limited storage rings that are being
powered up, a new data paradigm needs to be adopted. The convergence of
experimental and simulated data through the digital twin approach has also
a great potential [21] as missing data can be filled in using state of the art
modelling tools. These data sets are to be shared, and for this our community
need to agree on an open standard. At the very least, a self-descriptive
hierarchical structure should be used, but this would considerable undermine
the usefulness of the data itself. Sharing our data would not only promote
open science (today without access to the data, it is almost impossible to
reproduce scientific results in a paper), it would also recognize the value in
the data itself as these data sets are very often, expensive and difficult to
obtain. In the near future, rising machine learning tools can be used to
automate data reduction and analysis to correlation of material degradation
with microstructural features.
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