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Abstract 
Several important technological and economic trends are shaping the research on non-destructive 
testing techniques.  They include increasing computerisation and automation, fusion of different NDT 
methods, new market expansions, use of the techniques as a process control tool, and a proliferation of 
merges, consolidations and joint ventures. Other important factors such as the development of new 
materials, the safety requirements in the civilian aerospace and the automotive sector, and awareness of 
plant maintenance have strongly increased the purchases of NDT equipment and services.  Advanced 
computer technology is also enabling end users to quantitatively size flaws to better estimate the 
danger posed by such flaws.  Rather than waiting to be forced to adopt non-destructive inspection 
techniques in order to meet safety standards, end users are willingly utilising these more efficient 
methods as a cost-saving and quality improvement measure. 
X-ray computed tomography (XCT) is also a NDT product of these ongoing developments. In the last 
two decades microfocus X-ray (µCT) has become a very important tool for doctors, material scientists, 
geologists, biologists, civil engineers, bio-engineers, dentists, etc., all dealing with materials of which 
the fine internal structure or the changes within the material are of outmost importance to understand 
the behaviour of the material or to have insights in the processes going on. µCT is now well accepted 
in those disciplines as well as submicron or nanotomography facilities. 
This keynote paper addresses the µ- and nanoCT- based research results linked to the activities of the 
research group ‘Materials Performance and Non-Destructive Testing’ of the Department of Metallurgy 
and Materials Engineering (MTM) in collaboration with other research groups of the KU Leuven and 
the SCK•CEN laboratory. The goal is to present a wide variety of application fields and to show how 
µ- and nanoCT can be applied as an NDT technique for quality control, the study of the material 
behaviour and its functional properties under specified environmental conditions, and production and 
material optimization. 
 
Keywords: Micro- and nanofocus X-ray computed tomography, materials research, quantitative and 
qualitative CT-data 

1  Introduction 
Where do we need to situate X-ray micro- and nanofocus computed tomography (µ- and nanoCT) in 
the world of a scientist? Different microscopical methods and equipments, each with different 
possibilities and limitations, are at the disposal of the scientist.  In the last years one can find a strong 
reorientation of most microscopical methods to study objects in natural (or adjustable) conditions 
without preparation. This is the reason for the fast growth of variable pressure scanning electron 
microscopes (SEMs) and environmental instruments.  Microscopical visualisation without vacuum and 
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coating allows to maintain the natural specimen structure as well as to examine its behaviour under 
external influence (loading, chemical reactions, interaction with other solids, liquids, gases etc.). 
Another important issue for modern microscopy is the three-dimensional (3D) information. Most users 
try to recognise the 3D structure inside an object from 2D micrographs. Most existing microscopes can 
visualise either the object surface or a transmission image through a thin section. Conclusions about 
the 3D structure can be obtained from the image of the surface or from a combination of several thin 
slices.  In both ways, the information cannot be reliable. Additionally, it implies that the 3D internal 
object structure can only be investigated destructively. An additional significant aspect of modern 
microscopy is the quantitative interpretation of the images in terms of the microstructure of the object. 
Although most microscopes include or can be combined with powerful image processing systems, the 
interpretation of the image contrast is still the main problem. For instance, a 2D micrograph of the 
surface of an object does not allow deducing accurate morphological characteristics since this would 
require information about the third dimension. Moreover, the image contrast is not only generated by 
the morphology of the object but by other factors such as composition, etc.. The interpretation can be 
improved by independently detecting several signals from the same object area, for example in the 
SEM by combining the secondary electron image with X-ray microanalysis. But even in that case the 
interpretation is still very cumbersome. On the other hand, reliable micromorphological information 
could be easily obtained from a set of thin flat cross sections which reveal only density information, 
from which case accurate 2D and 3D numerical parameters of the internal microstructure could be 
calculated. 
X-ray computed tomography (XCT) is a technique which allows reconstructing the 3D internal 
structure of objects non-destructively without any prior preparation, by acquiring radiographic 
projections from many different viewing angles from 0 to 180 degrees. Each of the recordings is fed 
into a computer. From these projections the 3D structure of the object can be calculated using a 
reconstruction algorithm [1-5]. In this case any internal area can be reconstructed as a set of flat cross-
sections, which can be used to analyse 2D and 3D morphological parameters [6]. For X-ray methods 
the contrast in the images is the result of a mixed combination of density and compositional 
information. In some cases the compositional information can be separated from the density 
information [7, 8].  Recently there has been a significant improvement in the development of X-ray 
microscopes using synchrotron sources. However, these facilities are rather complicated and expensive 
and are not accessible for most researchers. The latest developments have led to X-ray CT systems 
with nano or submicron resolution [9].  
Applications for µ- and nanoCT can be found in many areas of research and development. This 
keynote lecture addresses different examples of the use of µ- and nanoCT down to the submicron scale 
if needed, bringing new insights to different disciplines – materials science, geology, biomedical 
engineering, dentistry, bio-engineering, building engineering – all using the XCT systems (see 
http://www.mtm.kuleuven.be/Onderzoek/ndt/equipment) installed in the Department of Metallurgy and 
Materials Engineering (MTM) of the KU Leuven. 

2  Quality control 
µ- and nanoCT is a very useful tool to evaluate the quality of a certain material after production or 
harvesting. As an example, this paper discusses the use of µCT to assess the ‘Braeburn’ browning 
disorder as a consequence of unfavourable storage and to evaluate the internal structure of cake after 
production. 

2.1 Quality control of fruit tissue after controlled atmosphere storage 
Unfavourable gas conditions during controlled atmosphere storage may cause browning symptoms in 
‘Braeburn’ apple fruit (‘Braeburn’ Browning Disorder, or BBD). These symptoms are likely to reflect 
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massive changes in the microstructure of the fruit tissue. Based on the analysis of the microstructure, 
quality control of the fruits can be performed, and as feedback, optimization of the storage conditions 
could be looked for.  
In the BIOSYST-MeBioS research group the ‘Braeburn’ browning disorder was studied by E. 
Herremans et al. [10] using high resolution µCT. In this study, individual cells, the internal air network 
and the 3D distribution of pores inside ‘Braeburn’ apple tissue were examined on cylindrical samples 
of approximately 44 mm³ in manageable scanning times (20 minutes per sample, 58 keV, voxel size 
4,8 µm3). The Otsu algorithm for segmentation of the CT scans was used and the optimal threshold 
value was approximately the same for the the samples throughout the storage season, including the 
samples with different stages of browning disorder. Further ‘automated’ segmentation into individual 
cells was not possible due to the variability in cell size, shape, orientation, large interface areas 
between individual cells and insufficient contrast between cytoplasm and cell wall. Therefore a manual 
image segmentation of the cells by identifying cell cross-sections in 3 orthogonal planes was carried 
out. A wrapping method, based on scattered data interpolation with a radial basis, enfolds the selected 
pixels in 3D, and thus creates cell volumes. After segmentation, the microstructure was quantified by 
applying 2D and 3D algorithms, resulting in morphometric parameters and geometric 3D models of the 
microstructures. Image processing was performed in ImageJ (National Insitutes of Health, USA), 
CTAn (SkyScan, Belgium) and Avizo (VSG, France). 
In vivo volumetric quantification of single cells (fig. 1) showed that cell volumes increased 
considerably along the fruit radius, from 0.0045 mm3 in the inner and middle cortex to 0.0061 mm3 for 
the outer cortex. Different stages of BBD could be clearly resolved on the virtual cross-sections, 
granting a unique 3D insight in tissue flooding and formation of cavities in ‘Braeburn’ tissue during 
the development of the disorder (fig. 2).  

 
Figure 1: Segmentation of individual cells in outer (a), middle (b) and inner (c) cortex tissue, based on a wrapping 
procedure of the cell cross-sections in the 3 orthogonal views. The cells differ between the different sampled 
regions in terms of absolute volume, surface area, and shape. The side length of the tissue cubes measures 1.5 mm. 
 
Image analysis methods were applied to extract morphometric parameters such as porosity, anisotropy 
and connectivity to characterize microstructure. The discriminative power of these descriptors was 
proven by their ability to classify fruit tissue as healthy and disordered with a success rate of 97%, 
hence showing that µCT is highly valuable for quality control of fruit tissues. Additionally, it was 
stated that the observed distinct radial patterns of porosity, anisotropy and connectivity may help in 
explaining why ‘Braeburn’ is susceptible to BBD. 
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Figure 2: 3D geometric models of (a) outer, (b) middle and (c) inner cortex samples of (1) healthy and BBD 
affected apples, manifested as (2) brown tissue or (3) tissue with cavities. Side length of the cubes measures 0.97 
mm. 

2.2 Quality control of the internal structure of cake 
In the study of Wilderjans et al. [11], µCT was used to assess the homogeneity of the 3D cellular cake 
structure and to find relationships with differences in starch and protein characteristics between the 
center, top and bottom zones of cake. Pound cakes were prepared and three different cubes (1.0 cm³) of 
solid cake crumb were taken from the center, top and bottom zone of the cakes. A square region of 
interest of each cake sample was extracted from the center of the scanned region to eliminate edge 
effects, artifacts, and damage from sample cutting. For each image, the Otsu thresholding algorithm 
was used for image segmentation. The CTAn analysis software was used to perform a 3D 
granulometric analysis and to obtain volumetric mean cell size, mean cell wall thickness and their 
distributions.  

 
Figure 3: Square regions of interest from binary 2D radiographs of crumb samples taken from (a) center (a), (b) 
top and (c) bottom of cake respectively. 
 
The cake center showed small and homogeneous cell and cell wall size distributions. The crumb in the 
cake center was fine with many small cells (fig. 3A). The crumb in the top zone had a coarser 
structure, with a broader cell and cell wall size distribution. Cells were not homogeneously distributed 
and more large cells were found (fig. 3B). This may well be related to the fact that cell walls were not 
rigid and cells could continue expanding until the end of baking. The bottom of the crumb showed a 
broader cell wall size distribution, which is probably due to more collapse in this region (fig. 3C). 
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Furthermore, the bottom region has to carry the upper cake layers and is therefore more susceptible to 
collapse during cooling. The µCT results illustrate that cake crumb is not a homogeneous material. 

3  In situ analysis of the material behaviour and the functional properties 
The functional behaviour  of a material can be linked to several parameters: (i) its internal structure, 
such as the presence of voids or inclusions which act as stress concentrations while loaded, (ii) the 
different material components and their morphology in case of composites and (iii) the type of loading 
or exposure being mechanical, thermal or environmental. XCT images can be made before and after 
the exposure to visualize the change in functional behaviour, but lately more interest is given to in situ 
loading/exposure conditions, which can follow at intermediate loading levels or exposures the change 
in functional properties and its criticality towards final behaviour. In what follows, two examples are 
provided where the change in functional behaviour is monitored in situ during exposure and/or 
loading, and is related to the internal structure and composition of the material. 

3.1 The hydro-mechanical behavior of Eurobitum bituminized radioactive waste 
At the Belgian Nuclear Research Centre SCK•CEN laboratory water uptake tests have been performed 
to obtain insights in the hydro-mechanical behaviour of Eurobitum bituminized radioactive waste 
under geological disposal conditions. The Belgian Eurobitum bituminized radioactive waste has been 
produced by EUROCHEMIC/Belgoprocess (Mol-Dessel, Belgium). It is an intermediate-level long-
lived radioactive waste form that consists of ~60 weight% (wt%) hard bitumen Mexphalt R85/40 and 
~40 wt% waste originating from the chemical reprocessing of spent nuclear fuel and from the cleaning 
of high level waste storage tanks. NaNO3 and CaSO4 are the main components of the waste and make 
up respectively 20-30 wt% and 4–6 wt% of Eurobitum. Furthermore, the waste contains CaF2, 
Ca3(PO4)2, Ni2[(Fe,Mn)(CN)6], and oxides and hydroxides of Fe, Zr and Al (4–10 wt% of Eurobitum). 
To study the increase in stress, the swelling, the leaching of NaNO3, and the uptake of water by the 
samples, small non-radioactive and radioactive Eurobitum samples are hydrated in either nearly 
constant volume conditions (i.e. nearly confined conditions) or constant stress conditions (i.e. 
oedometer conditions). µCT proves to be a very suitable technique to follow up the ingress of water in 
the samples. A characterisation of the partially leached samples with Environmental SEM (ESEM), 
also done at MTM, shows that the hydration of salt crystals and the subsequent dilution of the salt 
solution result in an increase in pore size that is limited to a few tens of µm in restricted swelling 
conditions (i.e. nearly constant volume conditions and constant stress conditions).  
In Ref. [12], a detailed description of the µCT and ESEM analyses of non-radioactive Eurobitum 
samples that were hydrated for two to four years at a constant stress of 1, 22, 33 and 44 bar or in nearly 
constant volume conditions is provided. Briefly, a µCT scan of samples that are hydrated at an initial 
counterpressure of 1 bar demonstrates that the water uptake is a diffusion controlled process under the 
conditions of the water uptake tests, i.e. initially 1 bar counterpressure with swelling possible, followed 
by an increasing counterpressure making swelling increasingly less possible. After about two years of 
hydration at a counterpressure of 1 bar, about half of the sample volume was (partially) leached (fig. 
4), while only 10 to 20% of the sample volume was hydrated after two to three years of water uptake at 
counterpressures between 22 to 44 bar or in nearly constant volume conditions (fig. 5). 
The thickness of the (partially) leached layers, as derived from the µCT results, is in agreement with 
those derived by modelling the NaNO3 mass fraction profiles in the hydrated samples, using NaNO3 
diffusion coefficients that were obtained by fitting the time evolution of the cumulative leached 
amount of NaNO3. The pores in the leached layer of the latter samples were smaller (diameters up to 
about 20 – 30 µm) due to a more hindered swelling of the samples and a more important compression 
of highly leached layers at a higher counterpressure. The lower porosity, and thus lower permeability, 
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of the leached layers in these samples is probably responsible for the slower water uptake by these 
samples. 

 
Figure 4: Evolution of the hydrated layer (represented by the greenish zones surrounding the yellow-red rectangle 
that corresponds to non-hydrated Eurobitum) in an Eurobitum sample that is hydrated with 0.1 M KOH at a 
counterpressure of 1 bar. The µCT images (voxel size of ~78 µm (image a), ~94 µm (images b, c and d)) were 
recorded after different hydration periods: (a) before hydration and (b) after 100 days, (c) 315 days and (d) 728 
days of hydration. 
 

 
Figure 5: µCT images: visualization of the hydration front in Eurobitum samples with 28.5 wt% NaNO3 after (a) 
887 days of hydration under a constant stress of 22 bar, (b) 1472 days of hydration under a constant stress of 44 
bar and (c) 1036 days of hydration in nearly constant volume conditions. 
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In combination with the results of NaNO3 leaching and swelling [13,14] the µCT results allow to 
estimate the mean concentration of the salt solution in the 'hydrating' layers. Mean concentrations of 
about 4 ± 2 to 4 ± 4 M (95% confidence interval) and about 6.5 ± 2 M (95% confidence interval) were 
calculated for the leached layers in the samples that were hydrated in constant stress tests at 
counterpressures of 22 – 44 bar and 1 bar, respectively. The finding of a high NaNO3 concentration in 
the leached layers is in agreement with observations from ESEM analyses, i.e. the presence of NaNO3 
crystals in the leached layers and the numerous pores that after two to four years of hydration are not 
yet completely compressed under the high counterpressure on the samples.  
The µCT- and SEM-based results discussed in this work allowed to improve the insights in the 
phenomenology of the water uptake by Eurobitum in restricted swelling conditions, i.e. constant stress 
or nearly constant volume conditions. These insights are an indispensable requirement for improving 
our predictive capability of the long-term behavior of swelling Eurobitum, in preparation of the safety 
and feasibility case for the final disposal of this type of radioactive waste in a deep repository in a clay 
formation.  

3.2 The failure mechanism of brick masonry doublets 
At the Department of Civil engineering R. Hendrickx et al. studied the failure mechanism of brick 
masonry doublets with cement and lime mortars under compressive loading [15] using µCT combined 
with a mechanical press. The nature of the failure mechanism of masonry under compression depends 
on the properties of the brick and mortar. It is well-known that the ratio of stiffness of both materials 
has an important effect. The generally accepted hypothesis [16] is that: 
− if the brick’s stiffness is higher than the mortar’s stiffness, the mortar will tend to expand more 

laterally, which causes tensile stress in the brick (fig. 6b); 
− if the mortar’s stiffness is higher than the brick’s stiffness, the brick will tend to expand more 

laterally, which causes tensile stress in the mortar (fig. 6c); 
− if stiffnesses are comparable, a homogeneous behaviour is expected, with typically the formation 

of conical shear planes (fig. 6d.) 

 
Figure 6: (a) Hypothesis for deformation and crack initiation for 3 different stiffness ratios between mortar and 
brick: (b) brick stiffness is higher than mortar stiffness, (c) mortar stiffness is higher than brick stiffness and (d) 
brick and mortar stiffnesses are comparable. 
 
In Ref. [15], a moulded ceramic brick type “Spaans Rood” by Wienerberger, production plant Beerse 
(Belgium) was used. The mechanical characteristics are comparable to historical masonry. The 
nominal dimensions are 190x90x50 mm³ (LxDxH). In the centre of the brick there is a trough, which 
reduces the thickness to approximately 40 mm. Four types of mortar were selected, and one of them 
after two different curing procedures, which brings the total to five. The aim was to have a wide 
spectrum of strength in order to compare different failure modes. The sand is a fine siliceous quarry 
sand of grading 0/0.5 (0/1) from Zutendaal (Belgium). Detailed properties of the mortars can be found 
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in Ref. [15]. All bricks were conditioned by oven-drying them at 105°C, and immersing them in water 
during 2 seconds just before application. With the mortars and brick used, it proved to be impossible to 
obtain good bonding without pre-wetting. All specimens are tested at an age of 28 days. Curing was 
done in lab conditions (20°C and 60% relative humidity). In the case of the hydraulic mortars an initial 
wet curing of 7 days was respected. One set of the lime hydrate mortar specimens was subjected to 
high CO2 concentrations. After 28 days they were fully carbonated (observation after phenolphthalein 
spray test). For each of the mortars ten specimens were prepared. Four of them were pressed in an 
hydraulic press to estimate the compressive strength (outside the X-ray chamber); three were pressed 
inside the X-ray chamber and loaded at fixed percentages of their estimated strength. The source 
parameters were: 100keV and 0.35mA. The magnification was 3.8 and the pixel size 45.6 µm.  
Figure 7 to 10 show each time three sections through a specimen at one loading step, selected to 
demonstrate the observed phenomena. The white lines indicate the place of the sections, which are not 
necessarily located at the symmetry plane. For the cement mortar specimens, figure 7 shows that the 
cracking over the joint (fig. 6b) propagates into the brick at both sides. The vertical direction and the 
shape lead to the assumption that the crack is generated as a tensile crack due to the lateral expansion 
of the brick. On the other hand, with lime-cement mortar (fig. 8) the cracks are more inclined, which 
would be expected for shear-tensile cracking. The different cracks are interconnected, but may have 
originated independently on different places. 
The crack pattern of the hydraulic lime mortar in figure 9 shows that the failure at the edges of the 
mortar joint leads eventually to continued cracking in the brick, still near the edges. No failure near the 
centre is observed, however the mortar appeared to be disintegrated after the test. The reason why there 
is no vertical tensile cracking in the brick, is that the bond may be defective: the shear stress developed 
in the interface is needed to generate the tensile stresses. The same is observed for the specimens with 
un-carbonated lime hydrate mortar, which has similarly very low strength (fig. 10). An extra reason to 
doubt about the bond quality with these two mortar types is the importance of the slow carbonation 
reaction for hardening, which has proceeded only over a limited depth at the age of 28 days 
(observation after phenolphthalein spray test). When the specimens are carbonated (fig. 11) the picture 
is different: a crack is visible in the brick, and does not continue over the joint. In this case bond can be 
expected to be developed more. 
 

     
       Figure 7: Cement mortar.               Figure 8: Lime-cement mortar.         Figure 9: Hydraulic lime mortar. 
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Figure 10: Un-carbonated lime hydrate mortar.                             Figure 11: Carbonated lime hydrate mortar. 
 
This study shows that µCT combined with a mechanical press offers interesting possibilities for 
observation technique for the failure mechanism in masonry doublets under compression.  

4  Optimization of the material structure and properties 
Depending on the final application of the material, it has to fulfill certain requirements and possess 
specified properties. These properties can be fine-tuned during or after production, and as µ- and 
nanoCT are poweful techniques to quantify the internal structure of materials, they can be used to 
determine optimized production parameters and material properties. Below, three examples are 
highlighted where µ- and nanoCT have been or will be used to optimize the material properties and the 
production parameters or settings.  

4.1 Reduction of the surface roughness of additive manufactured open porous 
Ti6Al4V structures 
Open porous structures are being used in many fields, such as lightweight sandwich manufacturing, 
filters, crash worthiness and medicine. Additive manufacturing (AM) represents the most advanced 
method to build porous structures with a controlled and robust structural geometry both internal and 
external, however it does not allow a high control of the surface properties at the micro-scale, which 
might influence the local morphological and mechanical properties. Indeed, cross-sectional high 
resolution µCT images of the struts surface of the selective laser metling (SLM)-produced Ti6Al4V 
scaffolds revealed a large and highly inhomogeneous roughness caused by non–melted powder grains 
attached to the surface (fig. 12A). For that reason, in Refs. [17, 18] an appropriate surface modification 
protocol was looked for as well as techniques to characterize the surface roughness.  
 
Concerning the latter, since commercially available profile measuring systems fail when determining 
the surface roughness of advanced 3D porous structures, a new protocol for quantitative analysis of the 
surface morphology has been developed by G. Kerckhofs and G. Pyka et al. [18] on the basis of high 
resolution µCT images. The roughness is determined based on 2D cross-sectional µCT images using 
the profile line of the surface for the calculations (fig. 12B). As the 2D images are taken with a high 
resolution µCT system, which requires no special sample preparation, the measurements could be 
performed in a non-destructive way. 
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Figure 12: (A) A typical high resolution (voxel size = 1.5 µm) 2D micro-CT cross-sectional image of a single strut 
of a porous AM Ti6Al4V structure and (B) a binarized section of (A) with the corresponding profile lines. Scale 
bars = 200 µm. 
 
For surface roughness modification, in order to reduce the inhomogeneous roughness caused by non-
melted powder grains attached to the surface, in Ref. [17] two consecutive surface roughness 
modification procedures were applied: (i) chemical etching and (ii) electrochemical polishing. The 
novel protocol for surface roughness measurement shows the influence of different surface 
modification procedures on the strut and node surface morphology (fig. 13). It was shown that 
chemical etching eliminates the powder grains after production and that electrochemical polishing 
allows to obtain a smoother and more homogenous surface topology. Hence, by applying an 
appropriate surface modification after production, the material properties can be homogenized and 
optimized according to specific requirements of surface roughness. 

 
Figure 13: (A) The surface roughness parameters, averaged for the top and bottom of the struts, for the porous 
Ti6Al4V structures prior to surface roughness modification and after each surface roughness modification step 
(chemical etching (CH) and electrochemical polishing (EP)) and typical high-resolution (voxel size = 1.5 µm) 2D 
micro-CT images of a single strut of a porous Ti6Al4V structure (B) prior to surface roughness modification, (C) 
after CH and (D) after EP [* p < 0.05 = significant difference]. 
  
Once the surface roughness was characterized, the AM porous structures were tested mechanically. 
Here µCT offered again opportunities for in situ testing of the compressive behavior of the ‘as 
produced’ and ‘surface modified’ porous structures. The combination of µCT and in situ loading 
provided not only image data at different stages of loading, but also quantitative information such as 
stress-strain curves. Furthermore several features were derived: failure mechanisms (based on both the 
radiographic and µCT images), location of the onset of failure (based on the µCT images) and the 
visualization of the internal deformations of the porous material in three dimensions (fig. 14) [19]. This 
quantification of the 3D strain in the material was based on tracking of the deformation of each image 
volume element between different loading stages using advanced image processing techniques for 
automated multimodality non-rigid intensity-based image registration [20, 21]. The local strains in 
each point of interest were computed at any arbitrary point by analytic differentiation of the 
deformation field, without the need for prior segmentation or post smoothing. This allows to obtain 
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strain maps at the same resolution as the original image data themselves and is better than the current 
Digital Volume Correlation (DVC) methods which have limiting assumptions about the relationship 
between the image intensities in the images that are to be compared and the requirement for post-
processing in order to smooth the deformation field prior to strain quantification. 
The local strain distribution histogram (fig. 14c) showed that the average local strain is similar for 
samples prior to and after surface modification, but the surface modification homogenizes the strain 
distribution throughout the sample (fig. 14a and 14b), indicating again that the surface modification 
homogenizes the material properties throughout the full sample. µCT showed here to be an 
indispensable technique for material properties optimization. 
 

 
Figure 14:  Strain values retrieved using advanced images processing of the µCT images at the load indicated on 
the stress-strain graph for the (a) ‘as produced’ and (b) ‘surface modified’ (chemically etched and 
electrochemically polished porous structures). (c) The strain distribution histogram for the ‘as produced’ and 
‘surface modified’ samples. 

4.2 Optimization of the composition of dental composites 
In today’s dental practice, decayed or traumatized teeth are most frequently restored ‘directly’ using 
photo-curable composites that are bonded to the remaining sound tooth structure. These dental 
composites consist of glass fillers coupled via a bifunctional silane coupling to a polymerizable 
methacrylate resin matrix. Although teeth can be reconstructed minimal-invasively and nearly 
invisibly, the clinical longevity of composite restorations remains too short. The main reason for early 
restoration failure is believed to be related to the volumetric shrinkage of the composite’s resin matrix 
that occurs immediately after placement when the restoration is light-cured and the monomers are 
converted into a polymer network. Simultaneously, it co-polymerizes with the adhesive that bonds the 
restoration to the cavity borders, thereby hindering the composite to shrink. Moreover, the composite 
stiffness increases, causing a reduction of the capacity for plastic flow that otherwise could in part 
compensate for the shrinkage. This non-uniform degree of stress development varies according to the 
clinical situation and is more specifically related to the cavity configuration (so-called ‘C-factor’) and 
the restoration’s volume. This challenges the tight adaptation (bond) of the composite to the enamel 
and dentin cavity margins. It may cause marginal breakdown with local tooth-restoration de-bonding 
and subsequent infiltration of oral fluids, which contain bacteria (commonly referred to as 
‘micro/nano-leakage’). The goal of this study is to (i) validate finite element (FE) models that predict 
the shrinkage stress and strain and (ii) look for or develop a dental composite with minimal shrinkage 
stress and strain to prevent de-bonding of the filling and/or micro-leakage. 
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                 Side view                                    Top view         Front view  
 
Figure 15: Results of the analysis with Elastix/Mevislab on nanoCT images showing the shrinkage patterns of G-
ænial Flo restoration unbounded in a PMMA rod, cilindrical cavity ± 4,5 mm Ø, 2,5 mm deep. 
 
Using nanoCT images, in the research study of A. Van Ende [22] the 3D full-quantitative data on 
restoration deformation and marginal debonding upon composite polymerization was mapped in a non-
destructive way. These 3D CT-data may also serve for further individualized FEA models. As 
validation of finite element analysis (FEA), the same methodology for strain mapping as mentioned in 
paragraph 4.1 was used. The specimens restorated with dental composite were scanned using the 
nanoCT to determine the 3D displacement of filler particles within the composite. Hence, displacement 
vectors were accurately visualized (fig. 15). Additionally, micro/nano-leakage at the composite 
restoration margins, which is unequally distributed in concordance with the occurring stresses, were 
determined in 3D using the same approach with or without a radiopaque tracer.  
In figure 16, both the displacement field and the strains were calculated for a G-ænial Flo restoration 
bonded with Clearfil SE to Gradia Anterior in a PMMA rod and those strains were linked to the 
evolution of curing processes or phenomena that take place such as void formation and cracking. Since 
µ- and nanoCT is non-destructive, it is a powerful tool to determine the polymerization shrinkage and 
micro/nano-leakage, thus making a proper correlation analysis of these features feasible. As a final 
goal, these techniques will be used to look for or develop a dental composite with a minimal shrinkage 
after polymerization. 
 
 

                                                 
 

             Deformation field                         Strain field           CT slice at the level of the negative strains 
 
Figure 16: G-ænial Flo restoration bonded with Clearfil SE to Gradia Anterior in a PMMA rod, cilindrical cavity ± 
2 mm Ø, 2.5 mm deep: negative strains at the border of the cavity probably caused by the formation of a crack 
through the air bubbles. 
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4.3 Optimization of the ingredients (sugar, fat, flour) for backery products 
Nowadays, people are more and more concerned with health issues, and therefore food products should 
be optimized to contain less fat and/or sugar. However, this might have a significant effect on the 
cookie structure. In Ref. [23], B. Pareyt et al. used µCT to study the effects of different sugar and fat 
levels on cookie structure and to relate the observed differences in both cookie dimensions and 
mechanical properties, i.e. break strength, to differences in the cookie structure. In their study, sugar-
snap type cookies were prepared with sugar and fat levels varying respectively between 17.6 and 
34.4% and between 8.7 and 19.3%. Cookies were cut with a circular cutter with inner diameter of 45.5 
mm to obtain cylindrical samples, which were then analyzed with µCT (voxel size 45.5 µm). A 
rectangular region of interest of each cookie sample was extracted from the middle part of the scanned 
region to eliminate any edge effects, artefacts and damage from sample cutting [24] and subjected to 
further image analysis using CTAn to calculate 3D volumetric mean pore size, mean cell wall 
thickness and their distributions, as well as the degree of anisotropy of both pores and cell walls. 
The data showed that all cookies, despite their different sugar and fat levels, have very open structures. 
Cookie porosity increased with increasing fat levels in the dough recipe, while fat level did not affect 
mean cell wall thickness. However, since cookie break strength corrected for density was correlated 
with the fat level, it was dedicated, and later demonstrated [25] that the fat level largely impacted cell 
wall strength. Also, because the fat level did not alter the relative pore size distribution, it was 
concluded that fat captures the air during dough mixing, the amount of it depending on the fat level. 
Different sugar levels also resulted in different internal cookie structures, and, in contrast to different 
fat levels, also impacted the relative pore size distributions, because sugar largely affects dough 
viscosity. By studying the cookie structure and its relation with textural and mechanical properties 
using µCT an understanding of the role of each of the ingredients (sugar, fat, flour) in the cookie 
quality was obtained. 

4.4 Reverse engineering of biomaterials for bone tissue engineering 
Biomaterials are a key ingredient to the success of bone tissue engineering (TE), which focuses on the 
healing of large bone defects by combining carrier biomaterials (scaffolds) with cells and growth 
factors. Due to the widely variable material characteristics however, current bone TE strategies still 
suffer from unpredictable and qualitatively inferior results, which hamper clinical translation. Hence, 
optimal bone scaffold characteristics are still under debate. The final goal is to reduce the material-
specific variability and avoid a trial-and-error approach for scaffold design and production by 
developing an empirical model based on a quantitative material library containing a multidimensional 
array of structural, chemical, physical, and in vitro as well as in vivo properties of the scaffolds. 
In the study carried out by Roberts et al. [26] and G. Kerckhofs et al. [27], an onset for the 
development of an empirical model was made for combinations of human periosteal derived cells 
(hPDCs) with clinical calcium phosphate (CaP) scaffolds. µCT was used for in-depth and 3D initial 
material and explant characterisation. Based on this information, a correlation between specific 
material properties and the in vivo bone formation has been developed for five different commercially 
available orthopaedic 3D matrices composed of CaP particles in an open collagen network (NuOss™, 
CopiOs™, Bio-Oss®, Collagraft™ and Vitoss®). 
Each scaffold was scanned using high-resolution µCT at an isotropic voxel size of 4.5 µm³. Since each 
biomaterial had a similar composition, for all materials a source voltage and current of 60kV and 167 
µA respectively and a filter of 0.5mm Al were applied. Using a rotation step of 0.3° over a total of 
180° resulted in 640 radiographic images. Manual, but consistent global segmentation of the CaP 
within each implant was carried out based on the greyscale histogram to allow quantification of 
parameters such as average grain size, surface area, volume fraction and specific surface area using 
CTAn  (fig. 17).  
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Figure 17: High-resolution µCT was used to analyse the internal structure of the materials with respect to (A) 
volume fraction of the CaP grains (B) average grain size (C) surface area of CaP (D) specific surface area of the 
CaP grains. Statistical significance is compared to NuOss™ unless otherwise indicated. *: p < 0.05, **: p < 0.01, 
***: p < 0.001. 
 
Next one million hPDCs (in suspension) were applied to the upper surface of each scaffold. To allow 
cell attachment, the seeded scaffolds were incubated overnight at 37°C. After incubation, the 
constructs were directly implanted subcutaneously in the back at the cervical region of NMRI-nu/nu 
mice. After 8 weeks of implantation, the implants were collected. Each explant was fixed in 4% 
formaldehyde, scanned by high-resolution µCT, decalcified in EDTA/PBS for 2 weeks, paraffin 
embedded and processed for histology. 
In the µCT images of the explants of NuOss™, Bio-Oss®, and Collagraft™ bone spicules could be 
clearly seen (white arrows; fig. 18A). Also, some explants of Vitoss® showed some bone spicules, 
however this was not seen in all explants. No bone formation was observed within the CopiOs™ 
material. Quantification of bone by µCT analysis (fig. 18C) revealed that NuOss™ implants contained 
the highest percentage of newly formed bone, which was significantly higher than Bio-Oss®, 
Collagraft™ and Vitoss®. Bio-Oss® contained significantly more bone than Collagraft™ (p<0.001), 
however Bio-Oss® and Vitoss®, and Collagraft™ and Vitoss® were not statistically different 
(p>0.05). The volume of new formed bone was also calculated by histomorphometric analysis of the 
explants, which corresponded well (R² = 0.971) to the µCT data. The available surface area is of 
importance for the bone forming capacity of the scaffold materials as it has previously been shown that 
CaP granules act as a local anchorage site for human periosteal cells [28], hence directly influence in 
vivo tissue formation. Additionally the bone forming classes of low (Vitoss® and Collagraft™), 
medium (Bio-Oss®) and high (NuOss™) can be discriminated mainly based on surface, average grain 
size and volume fraction of CaP. Each of these parameters has previously been shown to have an effect 
on bone formation. 
Figure 18B shows on a typical cross-sectional µCT image of a NuOss™ explant two interconnected 
bone spicules when analysed in three dimensions (indicated by the blue and yellow areas). For most of 
the explants of the different scaffold materials highly interconnected bone spicules were found. In 
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order to locate the bone formed within the scaffold structure, the volume fraction of the CaP grains and 
the volume of newly formed bone were calculated within confined cylinders containing only the core, 
the middle and the edge region of the explant. This analysis showed that there is a clear link between 
the volume fraction of the CaP grains and the volume of newly formed bone.´ 

 
Figure 18: (A) Typical high-resolution µCT images of NuOss™, Bio-Oss®, Collagraft™, CopiOs™ and Vitoss® 
implants seeded with one million cells eight weeks after implantation (isotropic voxel size = (4.5µm)³). Bone 
spicules are indicated with white arrows. The example shown in (B) displays 2 interconnected bone spicules when 
analysed in three dimensions (indicated by the blue and yellow areas). (C) Quantification of the newly formed 
bone volume in comparison to total implant volume allowed a bone volume fraction calculation to be carried out 
(n=4: duplicate implants in two mice). Statistical significance: *: p < 0.05, **: p < 0.01, ***: p < 0.001. Scale Bar 
= 1mm. 

Conclusions 
The X-ray computed tomography facilities at MTM, covering a resolution range of 500 nm up 50 µm 
or more, play an important role in our longstanding efforts to unravel the internal structure, 
morphology, microstructural changes or damage development in materials using high quality XCT 
images from which quantitative data can be retrieved. The search for the hierarchical structure of 
complex material systems is one example but the research group is also focusing on the use of 
advanced image analysis for the determination of global and local strains during in situ loading 
(mechanical or thermal) of materials in the nano- and µCT. This information is a prerequisite to study 
and unravel by this new method the mechanical behaviour and failures but also to use the input for the 
modelling. The research results presented on fruit, backery products, dental composites, building 
materials, radioactive waste, open porous structures and biomaterials - be it for quality control, 
material behavior or optimization - underline the need and advantages of this non-destructive 
technique for a broad science community in which scientists also have the opportunity to learn from 
one another.  
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