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ultra-fast micro radiology 
	  

parPcle	  speed:	  435	  m/s	  

Balz,	  Mokso	  et	  al.,	  Exp.	  Fluids,	  2013	  

100	  000	  fps	   1	  μs	  and	  5	  μs	  
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Alu. melting temperature conditions 

10.000 fps - total observation time ~ 20 s 

correlation with gas pressure 
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Abstract: The use of X-ray radioscopy for in-situ studies of metal foam formation and 
evolution is reviewed. Selected results demonstrate the power of X-ray radioscopy as 
diagnostic tool for metal foaming. Qualitative analyses of foam nucleation and evolution, 
drainage development, issues of thermal contact, mold filling, cell wall rupture and more 
are given. Additionally, quantitative analyses based on series of images of foam expansion 
yielding coalescence rates, density distributions, etc., are performed by dedicated software. 
These techniques help us to understand the foaming behavior of metals and to improve 
both foaming methods and foam quality. 
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1. Introduction 

Solid metallic foams are promising materials for a variety of applications [1]. Since their structure is 
as complex as that of all foams, their study is challenging [2]. To understand metal foam formation, 
evolution and stabilization we need to study them in-situ in the liquid state before and during 
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Fast Synchrotron X-ray Radioscopy 

The stabilization of metal films—or cell walls—in liquid foams is a key issue in metal foam science 
but still not fully understood. More stable films imply less coalescence and therefore smaller bubbles 
with a more uniform size distribution, which is highly desirable. To investigate the nature of rupture, 
experiments have been performed in which there was a simultaneous demand for both high spatial and 
high time resolution. It was possible to observe the coalescence of two adjacent bubbles with 40,000 fps 
and an exposition time of 25 μs for each frame [15]. Recent experiments were conducted at a recording 
speed of 105,000 fps with a frame interval of 9.5 μs and effective pixel size of 20 μm. Although the 
contrast of such images is low due to the short exposure time and consequent limited dynamics of the 
images, it is clearly visible in Figure 2 that the coalescence of two bubbles is completed in ~475 μs and 
that the rupture of a film lasts for ~380 μs, if we consider the end of the rupture as the point, where the 
contour of the new bubble becomes straight before it ends as convex. 

Figure 2. Series of radiographs of an AlSi10 + 0.5 wt.% TiH2 foam at 640 °C extracted 
from an in-situ fast synchrotron X-ray radioscopic analysis (data acquired at beamline ID19 
of the European Synchrotron Radiation Facility (ESRF)). The coalescence of two bubbles 
measured with 9.5 μs frame interval (105 kfps) can be observed. Dashed lines indicate the 
contours of the bubbles and arrows indicate the corresponding ruptured cell wall. 

  

  

  

t = 0 µs 

t = 475 μs t = 238 μs 

t = 95 μs t = 143 μs 

t = 48 µs 

1 mm 

Frame rate: 105 kHz 
Pixel size: 20 µm 

Ruptured	  cell	  walls	  



Al	  foam	  nuclea4on	  

Rajmund.Mokso@psi.ch	  9	  	  

Liquid Aluminum, nanoparticle 
stabilisation  

projections of tomographic acquisitions 
scan time = 100 ms, pix. size = 3 µm 

Acquisition time= 10 s 

DOI: 10.1002/adem.201600550

Fast Synchrotron X-Ray Tomography of Dynamic
Processes in Liquid Aluminium Alloy Foam**
By Paul Hans Kamm, Francisco Garcı́a-Moreno,* Tillmann Robert Neu, Korbinian Heim,
Rajmund Mokso and John Banhart

Series of fast synchrotron X-ray tomographies are taken continuously at a rate of up to 5Hz, while
aluminium alloy precursors are foamed in an X-ray transparent setup for several minutes using infra-
red (IR) lasers for heating. The entire foaming process from the solid precursor to the expanded liquid
foam is captured. The analysis of the sequence of tomographies is done with an emphasis on nucleation
and bubble growth. In early stages of foaming, bubble and crack formation and evolution are observed.
We analyze the nucleation stage and obtain quantitative results for the number of nucleation centers
and their distribution and derive the nucleation rate as a function of time.

1. Introduction

Solid aluminium foams are good candidates for a wide
range of engineering applications, owing to their low specific
mass in conjunction with favourable mechanical and physical
properties.[1] They have become an attractive research field
both from the scientific viewpoint and the prospect of
industrial applications. For further improvement of produc-
tionmethods, an improved understanding of the fundamental
mechanisms of foaming is crucial. However, the study
of liquid metal foams is challenging due to the complex
structure of foams in general and the conditions involved.[2]

Especially, gas nucleation, drainage, film stability, and bubble
coarsening govern the evolution of foam structure, but
these are still not fully understood.[3] Cellular structures are
usually investigated by imaging techniques such as light
microscopy, SEM or X-ray tomography, although the infor-
mation obtained is related to the solidified foam.[4–7] Liquid
metal foams, in contrast, have been characterized in-situ by

2D X-ray radioscopic analysis to study different dynamic
processes.[8–10] Radioscopy, however, is more suitable for
capturing the structure of foams in later stages of evolution,
while the nucleation stage is hardly accessible and has,
therefore, been mostly studied by ex-situ metallography or
tomography.[11–15]

In this work, we report the use of fast X-ray 3D
tomography, also known as 4D tomography, recently
available at the instrument “Tomcat” of the Swiss Light
Source.[16–18] With its help, we study fundamental questions
of metal foam evolution in real time and in 3D for the first
time. Via 4D tomography, we gain insights into the dynamics
of the whole metal foaming process. We detect, separate
and track all bubbles and other features in an emerging metal
foam especially in the nucleation and early bubble expansion
stage.

2. Experimental Section

An AlMg17.5 (in wt%) alloy is chosen for the experiment.
Pure Al and AlMg50 (in wt%) powders are mixed and hot-
pressed uni-axially at 400 !C and 300MPa for 15min to
achieve a dense and gas-tight precursor. The AlMg50 acts
as an intrinsic blowing agent in this alloy, as a high volume
of gas is adsorbed in the powder.[19] The precursors of
(4" 4" 2)mm3 size are foamed at #650 !C inside a boron
nitride (BN) crucible with an inner diameter of 8mm. Heating
is done by an efficient contactless infra-red (IR) laser heating
system, see Figure 1. The crucible containing the sample rests
on an Al2O3 tube that is connected to the rotation stage
and protects the stage from the evolving heat. The sample
temperature is recorded and controlled via a contactless
pyrometer and calibrated by reference experiments, in

[*] Dr. F. García-Moreno, P. H. Kamm, T. R. Neu
Institute of Applied Materials, Helmholtz-Zentrum Berlin für
Materialien und Energie, Hahn-Meitner-Platz 1, 14109 Berlin,
Germany
E-mail: garcia-moreno@helmholtz-berlin.de
Dr. K. Heim, Prof. J. Banhart
Institute of Materials Science and Technology, Technische
Universität Berlin, Hardenbergstr. 36, 10623 Berlin, Germany
Dr. R. Mokso
Swiss Light Source, Paul Scherrer Institute, 5232 Villigen PSI,
Switzerland

[**] Funding by the European Space Agency, MAPAO-99-075, is
gratefully acknowledged.

DOI: 10.1002/adem.201600550 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1
ADVANCED ENGINEERING MATERIALS 2016,

F
U
LL

P
A
P
E
R

presented in Figure 4. Here, we observe that the number of
bubbles increases over the first 10 s and the nucleation rate has
a maximum of 9.5 104 cm!3 s!1 after t¼ 7.6 s.

Figure 5 shows themean equivalent bubble diameter !D and
its standard deviation as a function of time and in the inset its
corresponding distributions during the nucleation stage. A
clear shift of the bubble size from 20 to 75mm, during the first
10 s of foaming in conjunction with a wider size distribution is
visible.

The anisotropy of the bubbles, described by 1 minus, the
ratio of the smallest to the largest extension of the bubble is
evaluated by the MATLAB functions cov and eig and denotes
the deviation from a spherical shape (where a value of 0 points
at a more spherical object and a value close to 1 either at
elongated or flat objects). It is given in Figure 6 for almost the
entire foaming period of 100 s. After a strong increase in
anisotropy during the first 15 s the graph splits into bubbles,
whose shape is changing back toward spherical until t# 60 s
and remain spherical until the end of the process and a

fraction of deformed bubbles, whose aniso-
tropic shape persists till the end.

4. Discussion

4D tomography is demonstrated to be a
very powerful characterization method, pro-
viding a range of options to analyze dynamic
processes such as foaming. These analyses
are only possible at a highly brilliant X-ray
source such as the third-generation SLS. A
scintillator with a high light efficiency and a
short latency time combined with a state-of-
the-art high-speed camera are requested to
capture so many radiographs in a short time.
Finally, a lot of effort has to be put into data
handling and processing. Considering that

each tomography involves >1 GB of data and one hundred of
tomographies are taken per each sample, the development of
automatic reconstruction and evaluation algorithms for
quantitative analyses is mandatory.

In selecting the best imaging conditions, a good compro-
mise between spatial and time resolution has to be sought:
image acquisition has to be quick enough to follow the
evolution of the foam, but slow enough to limit the amount of
data that has to fit into the camera memory and that increases
quadratically with increasing spatial resolution. A given
spatial and temporal resolution, then, defines the period of
tomographic imaging. This is the reason for the selected time
resolution of 1Hz for the imaging of the whole foaming stage
(100 s) and 5Hz for the nucleation stage (10 s), where most
changes occur and on which interest is focused in this study.
Wewere able to address all these optimization issues and gain
new insights into liquid metal foam evolution. Both experi-
ments are in very good agreement over the period they
overlap as seen in Figure 3 for the evolution of porosity.

Fig. 2. Tomographic reconstructions (subset of entire volume) of the bubble structure of AlMg17.5 alloy foamed
at 650 $C. Specific times are selected, namely t¼ 2, 20, 40, 60, 80, and 100 s after the onset of foaming. Bubble
evolution is clearly observable.

Fig. 3. Temperature and porosity evolution during foaming. t¼ 0 s refers to the onset of
foam expansion and earliest recording. Main graph: porosity data obtained by 1Hz
acquisition rate. The inset shows the first 10 s of nucleation also for the higher temporal
resolution (dots). The plot for the 1Hz experiment (squares) is shifted by 2.2 s to
compensate for slight offsets between the two experiments and to match the porosity
evolution.

Fig. 4. Temporal evolution of the number of bubbles n and the corresponding nucleation
rate _n in the first 10 s of foaming derived from a 5Hz tomography experiment. Data
corresponds to the inset in Figure 3.

P. H. Kamm et al./Fast Synchrotron X-Ray Tomography of Dynamic Processes. . .
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Radiographic	  projecPons	  

Tomographic	  slices	  
sample	  rotaPon	  over	  180	  deg	  

Pixel	  size: 	  	  	  	  	  11	  -‐>	  0.3	  µm 	  	  
FOV:	  	  	  	  22	  x	  22	  -‐>	  1	  x	  1	  mm2	  

	  	  
Projec4ons:	  300–2000	  
Exposure	  4mes:	  0.1–300	  ms	  

Total	  scan	  4me:	  0.05	  to	  500	  s	  
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What	  is	  the	  rate	  of	  acquisiPon	  speed	  increase	  of	  synchrotron	  microtomography?	  

(a) 1	  order	  of	  magnitude	  every	  3	  years	  
(b) Two	  fold	  every	  year	  
(c)  Five	  fold	  every	  year	  
(d) exponenPal	  
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Single-pulse enhanced coherent 
diffraction imaging of bacteria with 
an X-ray free-electron laser
Jiadong Fan1, Zhibin Sun1, Yaling Wang2, Jaehyun Park3, Sunam Kim3, Marcus Gallagher-
Jones4, Yoonhee Kim5, Changyong Song6, Shengkun Yao1, Jian Zhang1, Jianhua Zhang1, 
Xiulan Duan1, Kensuke Tono7, Makina Yabashi3, Tetsuya Ishikawa3, Chunhai Fan8, 
Yuliang Zhao2, Zhifang Chai2, Xueyun Gao2, Thomas Earnest8,9 & Huaidong Jiang1,10

High-resolution imaging offers one of the most promising approaches for exploring and understanding 
the structure and function of biomaterials and biological systems. X-ray free-electron lasers (XFELs) 
combined with coherent diffraction imaging can theoretically provide high-resolution spatial 
information regarding biological materials using a single XFEL pulse. Currently, the application of this 
method suffers from the low scattering cross-section of biomaterials and X-ray damage to the sample. 
However, XFELs can provide pulses of such short duration that the data can be collected using the 
“diffract and destroy” approach before the effects of radiation damage on the data become significant. 
These experiments combine the use of enhanced coherent diffraction imaging with single-shot XFEL 
radiation to investigate the cellular architecture of Staphylococcus aureus with and without labeling by 
gold (Au) nanoclusters. The resolution of the images reconstructed from these diffraction patterns were 
twice as high or more for gold-labeled samples, demonstrating that this enhancement method provides 
a promising approach for the high-resolution imaging of biomaterials and biological systems.

Understanding the spatial and temporal regulation of biological assemblies within the cell remains a fundamental 
challenge of modern biology. Whole-cell, high-resolution imaging is one of the primary goals of microscopy. 
The diffraction limits of visible light1 sets the resolution of conventional optical microscopy to approximately 
200 nm, although super-resolution optical approaches enable the capture of images at higher resolution than 
the wavelength of visible light in certain cases2. However, obtaining this higher resolution requires the use of 
fluorescent labels; therefore, only the positions of the labels are localized, not the full cell contents. Transmission 
electron microscopy can also achieve high-resolution images3,4 but is limited by sample thickness to less than that 
of most cells5, unless sectioning approaches are used. X-rays are an ideal source for the high-resolution imaging 
of thick specimens because of their short wavelength and deep penetration6. Unfortunately, the spatial resolution 
of conventional X-ray microscopy is limited by X-ray focusing devices6, such as zone plates. Coherent X-ray dif-
fraction imaging (CDI) enables the high-resolution imaging of thick samples. This technique is based on the prin-
ciple that the oversampled coherent diffraction patterns obtained from samples are recorded and then directly 
computationally phased to obtain a reconstructed real-space image using iterative algorithms7. Since the first 
demonstration by Miao et al.8, CDI has been applied to imaging a wide range of 2D and 3D materials at nanoscale 
resolution9–16. Due to the low scattering power of biological samples and the problems associated with radiation 
damage, resolution of only a few tens of nanometers has been achieved for biomaterials17. Numerical simulations 
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indicate that X-ray free-electron lasers (XFELs) can overcome the problems associated with radiation damage; 
theoretically, atomic resolution is achievable using ultra-bright and ultra-fast single pulses18–20. Thus, a combi-
nation of this methodology with XFELs might provide a way to study complex biological systems in structural 
biology21. Recently, these techniques have been applied to noncrystalline biomaterials, such as a mimivirus22, an 
RNAi microsponge23 and live cells24, using the “diffraction before destruction” method25.

Due to the low scattering ability of biomaterials, the achievable resolution is less than that required to study 
cells and their internal architecture at the nanometer scale even using an ultra-bright XFEL light source. Several 
simulation results based on adding heavy-atom templates as reference objects have shown that the resolution can 
be increased by combining this technique with the coherent diffraction imaging method. In this study, we demon-
strated a method that can enhance resolution by labeling cells with heavy atoms. A comparison of the results from 
reconstructions of labeled and unlabeled (control) cells shows that the achievable resolution is increased by a 
factor of up to 2.6. We further analyzed the power spectrum density (PSD) curves of diffraction patterns obtained 
from labeled and control cells. The slope changes of the PSD curves indicate the noise level and information on 
labeling and diameter of the Au nanoclusters.

We chose the bacterium Staphylococcus aureus (S. aureus) as a model system to demonstrate the resolu-
tion enhancement. S. aureus occurs in grape-like clusters because the daughter cells do not fully separate and 
remain attached to one another during binary fission26. S. aureus can cause a wide range of illnesses, from 
minor skin infections to life-threatening diseases and is therefore important in clinical medicine worldwide27,28. 
A high-resolution structural understanding of these cells and of the relationship between the daughter cells is 
important to understand the pathogenicity of S. aureus. Control and gold-labeled S. aureus were imaged sep-
arately using the XFEL-CDI method shown in Fig. 1. This enhanced CDI method provides a feasible path for 
improving the resolution of biomaterial imaging and can reveal dynamic processes at high resolution.

Results
Labeling S. aureus with Au nanoclusters. Some nanoclusters that are considered biocompatible29 
have various applications in biology due to their special physical, chemical and optical properties30–33, these 
applications include fluorescent labeling, drug delivery, heating, sensing and imaging. Acute gold (Au) nano-
cluster cytotoxicity has not been observed29. In our experiments, S. aureus were grown in Luria-Bertani broth 
at 37 °C. Control and labeled S. aureus were freshly prepared (Methods), and ultrathin sections of control and 
labeled S. aureus were then studied by cryogenic transmission electron microscopy (cryo-TEM) separately 
(Methods). Figure 2 shows the labeling of S. aureus using Au nanoclusters. In comparison to control S. aureus, 
some high-density black dots (indicated by red arrows) with a mean diameter of ~9.2 nm are found in the test 
sample (Fig. 2c). These black dots, which were confirmed to be Au nanoclusters using energy-dispersive spec-
troscopy (EDS), were found uniformly and randomly not only on the surface but also inside S. aureus. Each  
S. aureus–labeled cell contained ~5000 Au nanoclusters based on a mass spectrometric analysis, corresponding to 
approximately 10–20% mass fraction. Based on a cryo-TEM analysis, there were no obvious structural differences 
between the control and labeled S. aureus (such as cell wall or plasma membrane changes).

Single-shot enhanced CDI experiment. Enhanced CDI experiments on S. aureus were conducted using the 
SPring-8 Angstrom Compact Free-electron Laser (SACLA)34 and a multiple-application X-ray imaging chamber35  
(Fig. 1). The XFEL pulses were focused to a spot size of ~2.0 µ m ×  2.0 µ m. A photon energy of 5.5 keV, a pulse 
duration of ~10 fs, and a repetition rate of 10 Hz were used, and the typical pulse energy was ~100 µ J at the sam-
ple spot. Control and Au nanocluster-labeled S. aureus were deposited onto 50-nm-thick Si3N4 membranes for 
data collection (Supplementary Fig. 1). Diffraction patterns were recorded using a multi-port, charge-coupled 

Figure 1. Schematic layout of the enhanced single-pulse coherent diffraction imaging experiment. In front 
of the sample chamber, a pair of Kirkpatrick-Baez mirrors was used to focus the X-ray pulse to ~2 ×  2 µ m2.  
Two sets of slits with beveled edges were positioned in front of the sample to remove the stray scattering. 
Two Si3N4 membranes in which control and gold-labeled S. aureus were deposited were mounted on a multi-
sample holder. While scanning the membranes relative to the focused XFEL pulses, the control and enhanced 
diffraction patterns were recorded using an MPCCD downstream of the sample stage. All devices were under a 
vacuum of 10−4 Pa.

Staphylococus	  aureus	  
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Resolution of the reconstructed images. To quantitatively analyze the resolution of the reconstructed 
images, we first calculated the power spectral density (PSD) curves of the control and Au-nanocluster-labeled dif-
fraction patterns separately, as shown in Fig. 4a. The blue curve corresponds to the labeled pattern, and the black 
curve corresponds to the control pattern. The PSD curves reflect the achievable spatial frequency of the diffraction 
signals. The PSD curve (Fig. 4a, blue line) indicates that the diffraction signal of the labeled diffraction pattern 
extends to a spatial frequency of 81 µ m−1. Compared with the PSD curve obtained from the diffraction pattern 
of the labeled samples, the control pattern signals achieve a spatial frequency of approximately only 45 µ m−1.  
The PSD curves in Fig. 5e also show the similar results. Based on the PSD curves, the noise level of the diffrac-
tion pattern was estimated at approximately 0.1 photons per pixel. Because the signals extend to 81 µ m−1 for 

Figure 3. Reconstructions of S. aureus strains. (a) A representative diffraction pattern of control S. aureus.  
(b) A reconstructed image of an S. aureus cell from the diffraction pattern (a) shows two tightly connected 
daughter cells. (c) A representative diffraction pattern of labeled S. aureus cells, in which the diffracted signals 
extend to the edge of the MPCCD. (d) Four tightly connected daughter cells; a reconstruction result from (c) 
showing the diffraction pattern. (e) SEM image of another labeled S. aureus strain on the same membrane. (f) 
Scanning transmission X-ray microscopy image showing the morphology and density contrast of the labeled S. 
aureus cells. Scale bars, 300 nm.

Figure 4. Reconstruction resolution and analysis. (a) Power spectral density (PSD) curves of the diffraction 
patterns shown in Fig. 3a,c. The black curve represents the control pattern, extending to a spatial frequency of 
45 µ m−1. The blue curve represents the labeled pattern and extends to the CCD edge. (b) Phase retrieval transfer 
function (PRTF) curves calculated from the reconstruction results. The black curve represents the control 
sample, and the blue curve represents the labeled sample. According to the criterion of PRTF =  1/e, the PRTF 
curves indicate a reconstruction resolution of 143.5 nm for the control reconstruction result and one of 54 nm 
for the labeled reconstruction result. The resolution was increased by at least a factor of 2.

ResoluPon	  60-‐150	  nm	  
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VerPcal	  tomographic	  slice,	  Pme	  
separaPon	  ~	  50	  ms,	  voxel	  =	  3μm	  

Al	  –	  Alumina	  (Eric	  Maire,	  INSA	  Lyon)	  

100	  μm	  

Experimental	  setup	  @	  TOMCAT,	  Swiss	  Light	  Source	  
	  

8 Eric Maire et al.

Fig. 4 Reconstructed slice extracted from the same region in the middle of the sample at different instants
during the fracture experiment. The tensile axis is vertical in the figure. The crack can be clearly seen: it
nucleates at the notch and then propagates from left to right. The white arrows at t=9 sec indicate a change
in propagation plane.
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Fig. 5 3D view of the shape of the crack at different instants during the fracture experiment. The crack can
be clearly seen: it nucleates at the notch and then propagates from left to right. The white dots still present
in the crack at late stages of the propagation are made of aluminium matrix that is still bridging the crack.
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Fig. 7 Time required for the crack to reach a given position as seen from the top of the sample along
the tensile axis. The gray-level scale bar is expressed in seconds. The profile given in inset is a linear
extraction along the path 1. The profile forms steps of increasing length, showing that the crack propagates
very quickly in single particles and then later in clusters of many particles. The crack stops for a while,
being blunted by the aluminum, between each of these propagation events. The inset shows a linear profile
of time along the line drawn in the figure.

given in the inset. The time is also stepped; this clearly indicates sudden propagation
of the crack interrupted by some stops where the crack is blunted by the aluminium
matrix. It seems that the duration of these steps, indicating sudden fracture of a region
of the sample, is larger than the dimensions of a single particle, as if the propagation
was caused by fracture of a cluster (or a multi-plet) of particles all at the same time.
White spots are also present in the graph, indicating again the presence of aluminium
bridges. As mentioned above, artifacts at the periphery of the sample should also be
disregarded here. It also seems that the size of the clusters breaking at once becomes
larger when the crack is longer.

In order to reduce the scatter in this type of profile, we have produced a second
graph along Path 2 drawn in figure 7, but we have averaged the values along this path
over 30 paths running parallel to the drawn line. This averaged profile is given in
figure 8. It is indeed much less noisy than the previous profile drawn using a single
path and shows again the stepwise nature of crack propagation in the composite, each
step being larger than the preceding one. In order to obtain the global monotonous
trend of the evolution of this time, we have finally smooth-fitted the profile using an
empirical analytical evolution of the time as a function of the distance. This empirical
smooth fit is also shown in figure 8. On the left of these profiles, the time required to
reach a given distance becomes shorter and shorter, so that the profiles saturate. This

20 Hz X-ray tomography during an in situ tensile test 11
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Fig. 8 Profile of the time plotted in Figure 7, along Path 2, averaged over 30 straight parallel paths. The
profile can also be smooth fitted with an empirical expression.

clearly indicates that the crack is accelerating. The two paths (1 and 2) were selected

at random, roughly perpendicular to the propagating front.

This can be shown quantitatively by calculating the velocity da/dt of the crack
from the spatial profile of time as a function of distance given in the preceding figure.
The result of such a calculation of the crack velocity is presented in figure 9. The
speed calculated using the experimental averaged profile is very scaterred. It even
contains negative values. This should be considered with care and is mostly an artifact
due to our measurement method, based on images. The regions where the speed is
negative are linked to the presence of aluminium bridges, because they virtually have
a very high grey level value in terms of time, as they never break within the captured
images. This artefact is smoothed partially by the averaging over parallel paths but
it still remains in the final result. Despite this scatter, it can be clearly seen that the
speed increases overall as the crack advances. This tendancy is also more clearly
visible when deriving the speed from the smooth plot of the preceding figure. The
accelaration is tremendous at the end of the fracture process: the crack speed raises
from 50 µm/sec when it nucleates, up to 5000 µm/sec at maximum speed.

4 Discussion

4.1 Fracture process

Our results clarify by direct 3D imaging the fracture process anticipated from post
mortem fractography for these materials in some previous studies. We clearly high-

Maire	  et	  al.	  IJF	  2016	  
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liquid foam, 20 Hz tomography	  
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•  Refractive index n 

δ >> β
n = 1 - δ + i 
β
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Registration Based SIRT: A reconstruction algorithm for 4D CT 
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Abstract 
The goal of 4D computed tomography (4D CT) is to study the temporal deformation of a 3D sample with a sufficiently high 
temporal and spatial resolution. Conventionally, the sample is sequentially scanned, resulting in datasets of successive time 
frames. Each of these datasets is then independently reconstructed. This framework results in a trade-off between the temporal 
resolution and the signal-to-noise ratio (SNR) of the reconstructed images. The proposed registration based simultaneous 
iterative reconstruction technique (RBSIRT) allows shortening the acquisition time per time frame, leading to improved 
temporal resolution at comparable SNR. To this end, the algorithm estimates the deformation field between different time 
frames, which allows incorporating projections of other time frames into the reconstruction of a particular time frame. The 
technique was validated on numeric simulations and on a real dynamic experiment of a polyurethane foam sample. The 
reconstructions obtained with RBSIRT have a significantly higher SNR compared to the SNR of conventional 4D 
reconstructions. 

Keywords: 4D CT, dynamic, reconstruction algorithm, computed tomography, image registration 

1 Introduction 
4D (3 spatial dimensions + time) computed tomography (CT) has the ability to image dynamic processes in a non-destructive 
manner. This technique has great potential for validating models of dynamic processes, e.g. the compression of polyurethane 
(PU) foam [1].  
In dynamic CT, conventionally, several CT datasets (time frames) are acquired sequentially. Each time frame typically consists 
of a set of projections acquired over an angular range of 180 or 360 degrees. Afterwards, these time frames are independently 
reconstructed [2]. However, due to the long acquisition time of conventional micro-CT, two problems arise if a fast dynamic 
process is imaged. Firstly, the long acquisition time of a single time frame strongly limits the temporal resolution. Secondly, 
due the object deformation during the acquisition of a single time frame, the reconstructed images are blurry due to 
deformation artefacts. A straight forward method to avoid both problems is shortening the acquisition time of a single time 
frame. This can be achieved by shortening the integration time of a single projection or lowering the number of projections per 
time frame. A shorter integration time reduces the signal-to-noise ratio (SNR) of the projection data which in turn leads to a 
lower SNR in the reconstructed images. Lowering the number of projections, on the other hand, results in streaks in the 
reconstructed images, often referred to as sub-sampling artefacts. As a result the conventional workflow leads to a trade-off 
between the temporal resolution/deformation artefacts and low SNR/sub-sampling artefacts in the reconstructed images. 
However, this trade-off can be improved by exploiting data redundancy present in 4D CT datasets. Since in every time frame 
the same, though slightly changed, object is scanned, it is beneficial to include information about other time frames into the 
reconstruction process [3]. In this work, the object’s dynamics is modeled through a deformation vector field (DVF). This 
vector field describes the displacement of every voxel between two time frames. The proposed registration based simultaneous 
reconstruction technique (RBSIRT) incorporates these deformation fields into the reconstruction process, as such enabling the 
incorporation of the projections of other time frames into the reconstruction. Unfortunately, the DVF’s are unknown and need 
to be estimated. In order to estimate these, volume registrations are performed on conventionally reconstructed volumes of the 
different time frames.  
In section 2 the proposed reconstruction algorithm and deformation estimation strategy will be explained. Our method will be 
compared with other reconstruction algorithms in a numerical way as well as on an experimental dataset as explained in 
section 3. The results of these experiments are then discussed in section 4. 

2 Methods 
The proposed RBSIRT workflow consists of two main parts. The first part estimates the deformation between the different 
time frames. The RBSIRT reconstruction algorithm then exploits these deformation estimations to calculate a high SNR 
reconstruction. In subsection 2.1, an overview of the conventional Simultaneous Iterative Reconstruction Technique (SIRT) 
algorithm will be given. The SIRT algorithm is a well-known algebraic reconstruction algorithm for conventional (stationary) 
CT. Next, in subsection 2.2, the RBSIRT reconstruction algorithm, which is based on the SIRT algorithm, will be introduced. 
Lastly, in subsection 2.3, an estimation method for the deformation vector fields is introduced. 
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