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Tomography for studying strain, deformation 
and damage in materials science 

MECASENS 2015 tutorial 

Andrew King 

What is tomography? 

•  3D imaging with neutrons or x-rays 
•  Equivalent to medical CAT scan 
•  Many materials applications… 

Zr hydrides (Daymond) 

Ni superalloy fatigue (Messe)  

Pyrolysed wood  
(Proudhon) 

Cu sintering  
(Schmiederer)  



10/11/2015&

2&

Outline of this talk 

•  Introduction 
–  SOLEIL / PSICHE / Me 

•  Imaging and tomography 
–  How the experiment works 

•  Analysis of 3D image data 
–  Extract quantitative results 

•  Strain and deformation measurement 
–  Digital image and volume correlation 

•  Other ideas and possibilities 
–  Combining tomography and diffraction 
–  Big data 

•  Conclusions 

SOLEIL 

•  French national synchrotron source 
–  25 km outside Paris 
–  Operational since ~2007 
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PSICHE 

Optics 
hutch: 
White beam 
(25->80 keV) 

Experimental hutch: 
Monochromatic beam (17-52 keV) 

Tomography setup 
can be installed in 
either hutch 

ADD from 
diamond 
anvil cells 

EDD/ADD (Caesar) 
from large volume 
cells 

Bendable mirror 
Monochromator 

KB system 
(~10µm  

point focus) 

Wiggler 
source 

More info in conference talk 
To note is that we do almost 
everything that MECASENS 
is about: Diffraction, imaging, 
strain, stress… 

Pressure, Structure, Imaging by 
Contrast at High Energy 

Myself 

•  Diffraction for strain, stress and damage 
characterisation  
–  Manchester 2001-2005 

•  Tomography for 3D morphology of porous 
and granular materials 
–  INSA de Lyon 2006 

•  Diffraction Contrast Tomography for 
mapping polycrystals and materials 
applications. 
–  Manchester/ESRF/HZG 2009-2013 

•  At SOLEIL since 2013… 
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Outline 

•  Introduction 
–  SOLEIL / PSICHE / Me 

•  Imaging and tomography 
–  How the experiment works 

•  Analysis of 3D image data 
–  Extract quantitative results 

•  Strain and deformation measurement 
–  Digital image and volume correlation 

•  Other ideas and possibilities 
–  Combining tomography and diffraction 
–  Big data 

•  Conclusions 

Tomography: Experimental setup 

•  Very simple! 
•  Almost same for lab or synchrotron X-rays or neutrons 
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Psiché tomograph 

•  High-precision 
rotation stage 

•  Translations to align 
sample and 
instrument 

•  2D imaging detector 

~ 20 cm 

Radiography: Principle – measure attenuation 

•  Still pretty simple! 
•  Still almost same for lab or synchrotron X-rays or 

neutrons 
•  Measure intensity at each detector pixel 

I0 

I0 

I/I0 ~ 1 

I/I0 < 1 

I 

I 
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Radiography: Physical quantity 

•  Projection image of the sample 
•  Beer-Lambert law relates measured intensity to the 

integral of attenuation along the beam path: 

I = I0 exp µρ dx∫( )
µρ dx∫ = − log( I

I0
)

I0 

I 

Tomography: Projections 

•  Sample visible, but lots of defects 
–  windows, beam optics, scintillator defects, camera 

defects… 

SiC/SiC composite, Y. Chen  / L. Gelebart CEA 
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Tomography: Correction of images 

•  Standard flat field correction  
flat = (image - dark) / (reference – dark) 

•  This gives I/I0, and removes most artefacts 
•  Beer-Lambert law: projected attenuation = -log(I/I0) 

 

SiC/SiC composite, Y. Chen  / L. Gelebart CEA 

Tomography: Experiment (phantom) 

•  Forward projection •  Back projection 
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Tomography: Reconstruction (phantom) 

•  Forward projection •  Back projection 

A filter in Fourier 
space removes the 

low frequency 
“glow” artefact 

More sophisticated 
reconstruction 
techniques are 

available – better 
reconstruction from 
fewer projections 

Tomography: Reconstruction (example 1) 

•  Filtered back projection 
–  most standard, basic reconstruction technique 

•  1 / 2 / 4 / 8 / … / 1024 / 1800 projections 

SiC/SiC composite, Y. Chen  / L. Gelebart CEA 
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Tomography: Reconstruction (example 2) 

•  Filtered back projection 
–  most standard, basic reconstruction technique 

•  1 / 2 / 4 / 8 / … / 1024 / 1800 projections 

Aluminium alloy for DVC.  M. Fregonese, MATEIS, INSA de Lyon 

Tomography: Volume data 

•  Reconstruct a slice for every row of pixels 
–  3D voxelated data 
–  Can slice in any section 

SiC/SiC composite, Y. Chen  / L. Gelebart CEA 
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Tomography: Time series 

•  Non-destructive: 3D to 4D 

 
•  Observe dynamic processes in-situ 
•  Fast tomography can be <<1 second per volume 
•  Fundamental to measurement of deformation by DVC 

SiC/SiC composite, Y. Chen  / L. Gelebart CEA 

Outline 

•  Introduction 
–  SOLEIL / PSICHE / Me 

•  Imaging and tomography 
–  How the experiment works 

•  Analysis of 3D image data 
–  Extract quantitative results 

•  Strain and deformation measurement 
–  Digital image and volume correlation 

•  Other ideas and possibilities 
–  Combining tomography and diffraction 
–  Big data 

•  Conclusions 
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Analysis: What to do with these data? 

•  How do we use images? 
–  Morphological analysis – shapes or structures 
–  Are we looking for a particular feature? 
–  Do we need a statistical description of a 

microstructure? 
–  Can we automate the process? 

Analysis: Pretreatment 

•  Filtering – e.g. median for noise reduction 

•  Corrections –  
e.g. ring correction 
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Analysis: Simple quantitative analysis 

•  Example: porosity development during plasticity 
–  Segmentation -> fraction of porosity 
–  Labeling -> volume, shape, position of each pore, 

percolation 
–  Time series -> evolution of parameters 
–  Statistical description or individual behavior 

rtrue ¼
F
S

ð2Þ

F being the measured force during the tensile test.
The curvature radius Rnotch and the radius of the mini-

mal section a were measured in order to determine the
average stress triaxiality T in the center of the minimum
cross-section, using the Bridgman formula [44] as reas-
sessed by Wierzbicki and Bao [45].

T ¼ 1

3
þ

ffiffiffi
2
p

ln 1þ a
2RNotch

" #
ð3Þ

The relevance of these calculated values of eloc and T
was evaluated using finite elements (FE) simulations. The
results of the simulations, detailed in Appendix A, show
good agreement with the local strain calculated from Eq.
(1) and with the stress triaxiality calculated from Eq. (3).

2.4. Microscopic measurements

In a second processing step the central area of the tensile
specimen was selected for damage quantification. This sub-
region was chosen to be a cubic volume of 300 lm3, as indi-
cated in Fig. 2a, which shows a transparent view of the
external shape of the sample as well as the location of the
cavities. It can be assumed that this central sub-region

undergoes the highest stress triaxiality state and the highest
strain during the tensile test. The size was chosen to be suf-
ficiently large for the elementary volume to be representa-
tive but also sufficiently small for the strain and
triaxiality to be spatially constant inside this sub-volume.
The external shape of three different cavities located inside
the sub-region are plotted as a function of deformation in
Fig. 2b, showing that in the first steps of deformation cav-
ities remain roughly spherical and only become ellipsoidal
later, during the tensile test.

3. Results

3.1. Macroscopic measurements

The force–displacement curves acquired during the
in situ tensile test performed on the smooth specimen of
each steels are given in Fig. 3a. The slight force relaxation
visible on these curves is due to the step-by-step procedure
(the displacement was maintained constant and then the
force relaxed during the tomographic scan). Fig. 3b shows
the tensile true stress of the steels studied as a function of
the local tensile true strain. These curves are in agreement
with expectations for these materials in terms of strength
and ductility. The very high strength and strain shown in

Fig. 2. 3-D views of volumes obtained by tomography: (a) whole sample, with the outer surface shown in light gray and the outer surface of the cavities in
dark gray; (b) three chosen cavities selected in the center of the sub-region where the morphology of the cavities was quantified (in the cube shown in (a)) at
the center of a DP steel sample at various steps of deformation.

Fig. 3. Mechanical behavior of the three steels in tension: (a) force–displacement; (b) true stress–local true strain.

7566 C. Landron et al. / Acta Materialia 59 (2011) 7564–7573

C. Landron et al, Acta Mat. 
59 (2011) 7564-7573 

Analysis: Other information 

•  Crack propagation 
•  Tortuosity of a connected network 
•  Identifying individual cells in a connected network 

serted into alumina tubes and fixed with ceramic glue. In
order to localize the deformation of the specimen in the
region of interest where X-ray images are recorded, the
cross-section of the specimen was locally reduced to
about 1.5 mm in diameter (i.e. a notched zone). The
specimen was heated by an induction coil and the tem-
perature was controlled and monitored by using a ther-
mocouple 0.5 mm in diameter inserted into the lower
alumina tube and in close contact with the specimen.
The specimen was heated at 0.5 !C s!1 up to 555 !C,
i.e. above the eutectic temperature (548 !C), and then
held isothermally for 3 min at this temperature to reach
thermal homogenization. The tensile test was then per-
formed at a displacement speed of 0.1 lm s!1 which
leads to an average strain rate equal to 2 " 10!4 s!1,
assuming that the gauge length of the specimen is equal
to 0.5 mm.

During the tensile test, the tensile rig and the speci-
men were allowed to rotate through 180! in 16 s, while
the heating coil itself was fixed. During this rotation,
400 transmission images of the zone of interest of the
specimen were recorded. The pixel size was set to
2.8 lm. Such scans of the specimen were recorded every
27 s using the latest version of the Camera FReLoN
F2kHD-Atmel with a fast readout of the CCD camera
set at 20 Mpixels s!1 [15]. After data acquisition,
three-dimensional (3-D) images of the specimen were
reconstructed using standard reconstruction tools. In
addition to direct post-processing of these images to
quantify the evolution of the microstructure, specific
volumetric digital image correlation (V-DIC) has been
applied to measure 3-D displacement fields in the bulk
of the specimen, from which local strain heterogeneities
have been derived. A specific procedure has been devel-
oped to compute local strains from sparsely distributed
displacement measurement points located at solid–liquid
interfaces [16,17].

Figure 1 shows a sequence of four 3-D images of the
notched area taken at various times during deformation.

The liquid regions have been outlined in blue. At the on-
set of deformation, time t0, the liquid of near-eutectic
composition is fairly homogeneously distributed within
the whole specimen. The measured volume fraction of
liquid, typically 7–8%, can be compared to the theoreti-
cal value predicted by two microsegregation models. At
the temperature of 555 !C, the liquid fraction is equal to
9% under equilibrium conditions, whereas the Scheil–
Gulliver model gives 17%. The measured value is closer
to the equilibrium value, which seems to indicate that
the heating plus holding times were sufficient to homog-
enize the initial copper concentration profiles of the
solidified specimen. However, perfect homogenization
should not be achieved if one calculates the correspond-
ing Fourier number Fo (Fo < 0.1). Furthermore, the
measured liquid fraction is even lower than the equilib-
rium value. This can be explained by the fact that some
of the liquid remains in the form of intergranular films
which are too thin to be detected by X-ray tomography.

The next three images of Figure 1 show the same
notched region at various times (or levels) of deforma-
tion. As deformation proceeds, the fraction of liquid
in the deformed zone increases. In other words, since
the solid skeleton experiences plastic deformation with
$#vs > 0, liquid flows into the notched region (i.e.
$#v‘ < 0) in order to ensure global mass conservation.
At the longest time (i.e. about 900 s or 18% average
deformation of the specimen) a few pores or cracks have
already appeared in the notched area. This is shown in
more detail in Figure 2, where a sequence of 2-D images
has been extracted from the 3-D reconstructed views of

Figure 1. Sequence of 3-D images of the notched zone of the specimen
after various deformation times. The figure shows the variation of the
liquid volume fraction in this zone (blue regions). (For interpretation
of colour mentioned in this figure, the reader is referred to the web
version of this article.)

Figure 2. Sequence of 2-D images obtained from the 3-D recon-
structed views of the notched area of the specimen. The tensile axis is
vertical and the time after deformation is applied at time t0 is indicated
in each figure. In order to evaluate local strains at various positions
along the sample, six horizontal slices (average vertical height of about
125 lm) have been defined and are indicated in (d).
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serted into alumina tubes and fixed with ceramic glue. In
order to localize the deformation of the specimen in the
region of interest where X-ray images are recorded, the
cross-section of the specimen was locally reduced to
about 1.5 mm in diameter (i.e. a notched zone). The
specimen was heated by an induction coil and the tem-
perature was controlled and monitored by using a ther-
mocouple 0.5 mm in diameter inserted into the lower
alumina tube and in close contact with the specimen.
The specimen was heated at 0.5 !C s!1 up to 555 !C,
i.e. above the eutectic temperature (548 !C), and then
held isothermally for 3 min at this temperature to reach
thermal homogenization. The tensile test was then per-
formed at a displacement speed of 0.1 lm s!1 which
leads to an average strain rate equal to 2 " 10!4 s!1,
assuming that the gauge length of the specimen is equal
to 0.5 mm.

During the tensile test, the tensile rig and the speci-
men were allowed to rotate through 180! in 16 s, while
the heating coil itself was fixed. During this rotation,
400 transmission images of the zone of interest of the
specimen were recorded. The pixel size was set to
2.8 lm. Such scans of the specimen were recorded every
27 s using the latest version of the Camera FReLoN
F2kHD-Atmel with a fast readout of the CCD camera
set at 20 Mpixels s!1 [15]. After data acquisition,
three-dimensional (3-D) images of the specimen were
reconstructed using standard reconstruction tools. In
addition to direct post-processing of these images to
quantify the evolution of the microstructure, specific
volumetric digital image correlation (V-DIC) has been
applied to measure 3-D displacement fields in the bulk
of the specimen, from which local strain heterogeneities
have been derived. A specific procedure has been devel-
oped to compute local strains from sparsely distributed
displacement measurement points located at solid–liquid
interfaces [16,17].

Figure 1 shows a sequence of four 3-D images of the
notched area taken at various times during deformation.

The liquid regions have been outlined in blue. At the on-
set of deformation, time t0, the liquid of near-eutectic
composition is fairly homogeneously distributed within
the whole specimen. The measured volume fraction of
liquid, typically 7–8%, can be compared to the theoreti-
cal value predicted by two microsegregation models. At
the temperature of 555 !C, the liquid fraction is equal to
9% under equilibrium conditions, whereas the Scheil–
Gulliver model gives 17%. The measured value is closer
to the equilibrium value, which seems to indicate that
the heating plus holding times were sufficient to homog-
enize the initial copper concentration profiles of the
solidified specimen. However, perfect homogenization
should not be achieved if one calculates the correspond-
ing Fourier number Fo (Fo < 0.1). Furthermore, the
measured liquid fraction is even lower than the equilib-
rium value. This can be explained by the fact that some
of the liquid remains in the form of intergranular films
which are too thin to be detected by X-ray tomography.

The next three images of Figure 1 show the same
notched region at various times (or levels) of deforma-
tion. As deformation proceeds, the fraction of liquid
in the deformed zone increases. In other words, since
the solid skeleton experiences plastic deformation with
$#vs > 0, liquid flows into the notched region (i.e.
$#v‘ < 0) in order to ensure global mass conservation.
At the longest time (i.e. about 900 s or 18% average
deformation of the specimen) a few pores or cracks have
already appeared in the notched area. This is shown in
more detail in Figure 2, where a sequence of 2-D images
has been extracted from the 3-D reconstructed views of

Figure 1. Sequence of 3-D images of the notched zone of the specimen
after various deformation times. The figure shows the variation of the
liquid volume fraction in this zone (blue regions). (For interpretation
of colour mentioned in this figure, the reader is referred to the web
version of this article.)

Figure 2. Sequence of 2-D images obtained from the 3-D recon-
structed views of the notched area of the specimen. The tensile axis is
vertical and the time after deformation is applied at time t0 is indicated
in each figure. In order to evaluate local strains at various positions
along the sample, six horizontal slices (average vertical height of about
125 lm) have been defined and are indicated in (d).

450 S. Terzi et al. / Scripta Materialia 61 (2009) 449–452

S. Terzi et al, Scripta Mat. 
61 (2009) 449-452 
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Outline 

•  Introduction 
–  SOLEIL / PSICHE / Me 

•  Imaging and tomography 
–  How the experiment works 

•  Analysis of 3D image data 
–  Extract quantitative results 

•  Strain and deformation measurement 
–  Digital image and volume correlation 

•  Other ideas and possibilities 
–  Combining tomography and diffraction 
–  Big data 

•  Conclusions 

DIC/DVC: What is it? 

•  Digital Image Correlation / Digital Volume Correlation 
•  Measure deformation or movement of a sample 
•  Use all the information in a sequence of images 

!

Wood in compression, M. Bonnet, ENPC 
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DIC/DVC 

•  Drawn from Michel Bornert’s lecture 
–  Mistakes and misunderstandings added by me 

•  What is involved, and how does it work? 
–  simple example 

•  What does this mean? 
–  characteristics of the measurement 
–  advantages 
–  requirements / limitations 

•  Some more details on the method 
•  Examples are mostly 2D (or 1D) but everything is 

applicable to 3D tomography data 

DIC/DVC: Simple example 

•  Wood: Important engineering material 
–  cellular microstructure, deformed in compression 

Wood in compression, M. Bonnet, ENPC 
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•  Measure local displacements with respect to a reference 

state 
–  Simple example - 2D displacement (x,z) 
–  In 3D (x,y,z) 
–  Can also search for more deformation components 

Identify the same regions in each step 

Extract deformation 

•  Remove rigid body motion (displacement and rotation) 

u 
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Strain is gradient of deformation 

•  Look at the vertical component 
•  Strain is  

h 

delta uz 

h 

delta uz 

Fzz (z)−1= limh→0
uz (z+ h)−uz (z)

h

!

M. Bonnet 

DIC/DVC: Characteristics 

•  Work from a series of images 
–  Measure changes 
–  No absolute measurement 

•  Measure a displacement field across the image 
–  Full field technique 

•  Determine strain (solids) or flow (fluids)  
•    

•  Strain from gradient of displacement versus change in 
lattice plane spacing 

εTotal = εElastic +εPlastic

DIC/DVC 
Diffraction 
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DIC/DVC: Advantages 

•  Measure the whole of the deformation field 
–  measure total deformation (not just elastic strain) 
–  faster than point by point methods 
–  see both global behaviour and inhomogeneities 
–  determine representative volumes 
–  data for models 
–  non-destructive by nature 

•  Don’t need a microstructure that diffracts well 
–  any grain size, texture, non-crystalline, liquids… 

•  Measure total strain, not just elastic 
–  crack detection 

Bornert (lecture course) 

DIC/DVC: Requirements 

•  Contrast (on surface or in bulk) 
–  Some structure that allows us to recognise points in 

the sample 
–  Contrast at the right scale 

•  Natural contrast 
–  Scratches, precipitates, grain boundaries 

•  Artificial contrast 
–  Paint or etch surface 
–  2nd phase in microstructure  

in volume 
•  Good signal to noise and  

minimal distortion in images 

NaCl + Cu particles (Bornert) 
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Outline 

•  Introduction 
–  SOLEIL / PSICHE / Me 

•  Imaging and tomography 
–  How the experiment works 

•  Analysis of 3D image data 
–  Extract quantitative results 

•  Strain and deformation measurement 
–  Digital image and volume correlation – Some details 

•  Other ideas and possibilities 
–  Combining tomography and diffraction 
–  Big data 

•  Conclusions 

DIC/DVC: Details 

•  What do we try to measure? 
–  just translations? (3) 
–  translations plus rotations? (6) 
– … plus homogenous transform? (12) 
– … plus 2nd order transform? (39) 

•  More parameters 
–  potentially better fit, more information 
–  more calculation, need a bigger window 

translation  
only 

translation  
and strain 
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DIC/DVC: Length scale 

•  Measure strain associated with a characteristic length 
–  window size (h) 

 
 

•  Spatial resolution of strains is limited to the window size 
–  Somewhat like the gauge volume in diffraction 
–  Strain gradients smaller than the window/gauge are 

not resolved directly 
–  Weaker correlation ~ analogous to diffraction 

(microstrains increase peak width) 

Fzz
h (z)−1= uz (z+ h / 2)−uz (z − h / 2)

h
Fzz (z)−1= limh→0

uz (z+ h)−uz (z)
h

DIC/DVC: Length scale 

•  Choice of window size.  
•  Smaller window: 

–  better spatial resolution 
–  more influence of noise 
–  might not have enough structure 

•  Bigger window 
–  more sensitivity 
–  large distortions have more  

effect on correlation 
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DIC/DVC: Correlation 

•  Example: 1D, translation only, no noise, perfect signal 
–  the maximum gives us the shift 

DIC/DVC: Discrete data 

•  Pixelated (voxelated) data 
–  small (sub-pixel) shift 

changes gray levels 

0.3 pixel shift 
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DIC/DVC: Correlation with pixels 

•  Some information/resolution is lost 

DIC/DVC: Sub-pixel resolution 

•  Essential for good strain resolution 
•  Use interpolation of the gray levels in the image data 

–  try to recover the lost information 
•  Can introduce systematic errors  



10/11/2015&

22&

true shift 
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•  Characteristic “S-shaped” curve 
•  Produces artificial bands or fringes 

true shift 
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true shift 
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ro

r 

Lenoir et al, Strain 2007 Dautriat et al., 2010 

DIC/DVC: Systematic error from interpolation 

Outline 

•  Introduction 
–  SOLEIL / PSICHE / Me 

•  Imaging and tomography 
–  How the experiment works 

•  Analysis of 3D image data 
–  Extract quantitative results 

•  Strain and deformation measurement 
–  Digital image and volume correlation 

•  Other ideas and possibilities 
–  Combining tomography and diffraction 
–  Big data 

•  Conclusions 
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DVC + diffraction? 

•  Plan to develop this 
–  complementary information 
–  global deformation + elastic strain or phase transitions 

Diffraction contrast tomography (3DXRD) 

•  Use the diffraction signal from grains in a polycrystal to 
build a grain map 

•  Each grain reconstructed tomographically 
•  Available at ID11, near future at Psiché. 
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Big data and correlative tomography 

•  Tomography is big data 
–  2k3, 32bit = 32GB x n time steps 

•  “Big data” is an approach to working with such large 
datasets 
–  Automation is essential 
–  Choose tools or packages that allow automation of 

your analysis 
–  Efficient optimisation of parameters 

•  Correlative tomography 
–  combine multiple datasets for more information 
–  timesteps, tomo+diffraction, tomo

+fluorescence,multiple energies,tomo+SEM…  

Outline 

•  Introduction 
–  SOLEIL / PSICHE / Me 

•  Imaging and tomography 
–  How the experiment works 

•  Analysis of 3D image data 
–  Extract quantitative results 

•  Strain and deformation measurement 
–  Digital image and volume correlation 

•  Other ideas and possibilities 
–  Combining tomography and diffraction 
–  Big data 

•  Conclusions 
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Conclusions 

•  Image based deformation measurement 
–  strain, plasticity, flow… 
–  full field results 

•  Applicable to all imaging techniques 
–  tomography (lab / synchrotron X-rays, neutrons), 

radiography, optical microscopy, electron 
microscopy… 

•  Highly complementary to diffraction 
–  Total strain rather than elastic strain 
–  Should combine techniques 


