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Abstract 

Currently the basis for standard X-ray computed tomography (CT) is absorption. A volumetric map of a 

specimen in three dimensions is generated from a set of absorption radiographs. The contrast of details strongly 

depends on a difference in absorption coefficient between the detail and the environment. However, when the 

absorption difference is low, sufficient contrast for a good quality X-ray image can be not obtained. During the 

last decade, a number of novel X-ray imaging methods have been developed, which are based on the phase shift 

of the X-ray beam passing through a material. This contrast mechanism allows for a significant increase of the 

contrast enhancing the interface. X-ray computed tomography phase imaging methods can be classified into (1) 

interferometric methods, (2) techniques using an analyser (or diffraction enhanced imaging) and (3) free space 

propagation based methods (also called in-line based methods). In this presentation, we compare an 

interferometric CT method based on the Talbot-Lau interferometer with propagation based phase contrast CT-

method and discuss the possibilities, advantages and restrictions in the field of non-destructive testing and 

evaluation.  
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1. Introduction 

X-ray absorption-based inspection techniques belong today to the standard non-destructive 

methods used for the inspection of defects in manufactured components. However, the 

contrast becomes limited when the difference in absorption coefficient between the detail and 

the medium surrounding it is small as is the case for polymer composites or light-metal alloys. 

Recently, novel X-ray imaging methods based on the phase shift of the X-ray beam inside the 

object have been developed, which offer a significant contrast enhancement. Indeed, the phase 

φ of an X-ray beam is altered while passing through a material according to the following 

relation [1]: 




 dz)z(
2 


            (1) 

  is the mean wavelength of the X-ray spectrum, δ is the refraction index of the sample and z 

is the sample thickness. The integral is over the X-ray path through the specimen. This phase 

contrast effect can be used for phase contrast X-ray tomography. X-ray computed tomography 

phase imaging methods can be classified into (1) interferometric methods, (2) techniques 

using an analyzer (or diffraction enhanced imaging) and (3) free space propagation based 

methods (also called in-line based methods). 

In this work, X-ray computed tomography experimental results based on absorption and 

refraction obtained from composites such as carbon fibre reinforced polymers and light metal 

alloys are presented with two different methods, namely high resolution cone-beam CT and 
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Talbot-Lau interferometry. The ability of both methods to detect different phases and typical 

defects like cracks, porosity or delamination at the microscopic scale is illustrated and a 

comparison of both methods is offered. 

2. Experimental  

2.1 Samples 

A carbon fibre-reinforced polymer (CFRP) and the casted Al-alloys AlSi18 and AlSi17Cu4 

were investigated. The CFRP sample was prepared by layers of PREPREG C 970/PWC T300 

3K UT (sample provided by FACC AG), which consists of carbon fibres and 40 % epoxy 

resin. The curing temperature was 177 °C. The carbon fibres have a diameter of about 6–7 

μm. In addition, a corner weld between two aluminum plates was prepared (sample provided 

by Audi AG) using metal inert gas-welding. During the cooling, pores appear in the weld pool 

where released gas is trapped. 

2.2 High resolution cone beam CT-device 

The X-ray tomograms were scanned using a “nanotom 180NF” CT desktop device developed 

and manufactured by GE Sensing & Inspection Technologies phoenix|x-ray with a 180 keV 

high power nano-focus tube with transmitting target and a 2300 x 2300 pixel Hamamatsu 

detector [2]. Targets made of molybdenum were used at a voltage between 50 and 100 kV at a 

current between 100 and 400 µA. The voxel size used was between (0.4 µm)
3
 and (10 µm)

3
. 

The distance between the X-ray tube and the detector was varied from 200 to 500 mm. The X-

ray tube of the “nanotom” is equipped with an external liquid cooling system to minimize 

thermal influences during scans of longer duration. The cone-beam XCT data were 

reconstructed by a filtered back projection Feldkamp algorithm. The reconstructed data were 

processed and visualized with the program VGStudio MAX 2.1. Further details can be found 

in [1] and [2]. 

2.3 Talbot-Lau interferometer 

The Talbot-Lau interferometer is formed by three transmission gratings combined with a 

state-of-the-art X-ray apparatus with low coherence [3] as shown in Fig. 1. This method 

derives its potential from the fact that three different contrast mechanisms are obtained in a 

single measurement. Indeed, not only the conventional transmission image (T) can be 

extracted but also the differential phase contrast image (DP) and the scatter dark field image 

(V), which are related respectively to the refraction of the X-ray beam inside the sample and 

to the small angle scattering caused by the inhomogeneity in the sample (particles, porosity, 

fibres…) [4]. In particular, the scatter dark field image results from interactions occurring at 

the sub- and microscopic scale (way below the resolution of the imaging system) and thus 

delivers information on the microstructure that are invisible in the transmission image. 

 

Figure 1. Schematic overview of the Talbot-Lau interferometer 



The experimental setup located in the CSEM facilities in Zürich consists of a conventional X-

ray tube (Comet MXR-160HP 20 with focal spot size of 1×1 mm
2
 and tungsten target), a 

complementary metal-oxide semiconductor-based x-ray detector (RadIcon Shad-o-Box 2k 

with 2048×1024 pixels of size 48×48 µm
2
 and scintillator Min-R 2190) and three X-ray 

gratings G0, G1 and G2 of periodicities p0, p1, and p2 and depths H0, H1, and H2, respectively. 

The distance between gratings G0 and G1 is called z01 and the distance G1 and G2 between is 

z12. Two different interferometer configurations and measurement parameters were used for 

the experiments (see Table 1). The CFRP samples were scanned with configuration S20N4 

[4] and the Al-samples with configuration S50N4 [5]. The integration time varied from 60 

and 130 s for each of the projection (361 up to 721 projections per tomography), which 

resulted in a total duration between 270 and 800 min. From the images T, DP and V, three-

dimensional maps of the linear absorption coefficient (µ), the refraction coefficient (δ) and the 

linear scattering coefficient (ε) are respectively reconstructed using the filtered back-

projection algorithm, wherein a modified filter is used for the reconstruction of δ due to the 

differential nature of DP [6]. The intrinsic voxel size varied between (37 µm)
3
 and (44 µm)

3
. 

Table 1. Overview of the most important interferometer parameters. 

Setup p0 (µm) p1 (µm) 
p2 

(µm) 
H0 

(µm) 
H1 

(µm) 
H2 

(µm) 
z01 (mm)

z12 

(mm) 
Vtube (kV) 

S20N4 57 2.85 3 60 12.7 30 1310 69 40

S50N4 20 4 5 100 32 100 1613 403 70

 

3. Results and Discussion 

3.1 Measurements with the high resolution cone beam CT-device  

The influence of phase contrast on the resulting CT-data and the detectability of details are 

shown in Fig. 2. Here the object-detector distance ODD is increased from 189 to 486 mm, 

which results in an increase in the phase contrast.  

 

 

Figure 2. Cross-section of CT-data of a carbon fibre reinforced polymer sample (CFRP) at different 

object-detector distances. The distance between the object and the detector is a) 189 mm, b) 486 mm. 

Voxel size was constant at (2.75 μm)3. 



 

The increase in phase contrast with increasing distance between the object and the detector 

can be seen also in the grey value profiles along a certain pore. This is shown in the left 

graphic of Fig. 3. The corresponding phase contrast values for the various distances between 

the object and the detector are shown in the right graphic of Fig. 3. The phase contrast values 

were calculated from the upward and downward overshooting of the grey values across edges. 

 

Figure 3. Grey-value profile along a pore from Fig.2 within the CFRP with different object-detector-

distances (left picture). Phase and absorption contrast versus object-detector-distance (right picture). 

To demonstrate the possibilities of phase contrast imaging, CT measurements with a rather 

strong phase contrast were performed. The results are shown in Fig. 4. The CT-scans were 

measured with a distance of 396 mm between the object and the detector and a voxel size of 

(1 μm)
3
. The visible phases are pores, polymer resin, carbon fibres perpendicular to the 

section plane and carbon fibres parallel to the section plane. The 3D-visualisation of a small 

cut-out of a volume data presented in the right picture of Fig. 4 shows individual carbon fibres 

(diameter around 6–7 μm) in different directions of the three-dimensional space.  

 

Figure 4. Cross-sectional CT picture of the CFRP sample with an object-detector distance of 396 mm 

(left picture) and 3D-visualisation of the volume data (right picture). Voxel size was (1 μm)3. 



 

Figure 5. Cross-sectional CT picture of AlSi18 with an object-detector distance of 500 mm and a 

voxel size (1 μm)3 (left picture) and cross-sectional CT picture of AlSi17Cu4 measured with a object-

detector distance of 500 mm and voxel size of (1.2 μm)3 

 

3.2 Measurement with the Talbot-Lau interferometer 

Fig. 6 illustrates the usefulness of Talbot-Lau interferometry for the inspection of CFRP components. 

Here, a sample was impacted by a projectile of energy 15 Joules. Transmission, differential phase 

contrast and scatter dark field images at the impact position were acquired with the Talbot-Lau 

interferometer S20N4 (see Table 1). While in the conventional transmission image (b) only the largest 

cracks appear, a better diagnosis can be made thanks to the complementary information contained in 

the differential phase contrast (c) and scatter dark field contrast (d). In particular, the extent of the 

damaged area and the presence of micro-cracks and fiber debonding are more clearly visible in the 

scatter dark field image. Note that those images are simply projections and not CT cross-sectional 

pictures. 

 

Figure 6. (a) Photograph of a CFRP sample after an impact of 15 Joules. (b) Conventional 

transmission image, (c) differential phase contrast image and (d) scatter dark field image obtained with 

the Talbot-Lau interferometer in transmission geometry (projection images). (e) and (f) are axial cross-

sectional CT pictures at the position of the impact damage of the linear absorption coefficient and 

scattering coefficient, respectively. 



In addition, CT measurements were realized to confirm the previous diagnostic as shown in Fig. 6 

(e)+(f). Delamination and big cracks in the resin are revealed in the absorption contrast CT pictures. 

However, in the scatter dark field CT pictures, micro-cracks are visible which do not appear in the 

absorption contrast CT pictures. 

Figure 7 (b-c) shows the results from the CT of an aluminum corner weld acquired with setup 

S50N4 (see Table 1) [5]. The value of the linear absorption coefficient is similar within the 

weld and the plates, such that it is hard to distinguish where the weld stops and where the 

plate starts. Although some large pores can be observed, the majority of the pores is a size 

below the spatial resolution of this measurement and thus stays invisible. On the contrary, the 

cross-section of the linear scattering coefficient reveals a clear contrast between the weld and 

the plates. Indeed, while the aluminum plates are essentially homogeneous, the weld counts a 

multitude of pores created by gas trapping during the welding. The porosity leads to a large 

scattering of the X-ray beam. A precise visualization of the weld volume is then possible. 

Notably, the interface between the weld and the plates (variations of the pores’ density, depth 

of penetration…) can be studied in details. Figure 7 (d) displays a three-dimensional rendering 

view of the scattering coefficient which shows the variations of the density of pores. Note, for 

instance, that the density of pores is much higher in the middle of the weld than at the 

boundaries with the aluminum plates. 

Thus, Talbot-Lau interferometry offers a powerful tool for the non-destructive inspection of 

porosity, crack and debonding defects in diverse types of samples (CFRP, light metal 

weld…). Three contrast mechanisms (absorption, differential phase contrast and scatter dark 

field) containing complementary information on the object are used simultaneously. Most of 

the mentioned defects already appear in projection images. This means that long CT 

measurements can often be avoided for qualitative diagnostics of the object integrity. 

Moreover, submicroscopic features are made apparent thanks to the scatter dark field contrast 

without having to use optical magnification. As a consequence, large samples up to tens of 

centimeters can be inspected and fast inspection speeds can be achieved. 

 

Figure 7. (a) Photograph of the corner weld between two aluminum plates. (b) and (c) are axial slices 

of the CT tomograms of an aluminum weld within the linear absorption coefficient µ and the linear 

scattering coefficient ε. The letters, W and P, indicate the positions of the aluminum weld and plates, 

respectively, and the dashed red lines mark the position of the plate’s limits before welding. (d) Three-

dimensional rendering of the linear scattering coefficient that reflects the density of holes within the 

weld. The figure was adapted from [5]. 



3.3 Comparison of free space propagation based and interferometric phase contrast CT 

A CFRP sample with about 4 % porosity was investigated with both the high resolution CT 

device and with the Talbot-Lau interferometer setup S20N4 (see Table 1). Fig. 8 (a)+(b) 

shows CT axial slices obtained with the high resolution CT-device measured with a voxel size 

of (10 µm)
3
.  In Fig. 8 (b) a median filter and contrast enhancement was used to visualize the 

structure of the CFRP-sample in more detail. Pores in the matrix between the fiber bundles as 

well as small pores within the fiber bundles are visible. The fiber bundles themselves can be 

distinguished (lighter gray value in the CT slices), in particular in the filtered image. The 

contrast to noise ratio is however small since the linear absorption coefficient of the carbon 

fibers do not differ strongly from the one of the epoxy resin. 

Fig. 8 (c)-(e) displays the CT axial slices within, respectively, the linear absorption 

coefficient, the refraction coefficient and the linear scattering coefficient measured with the 

Talbot-Lau interferometer. Here, only the large pores appear, whereas the resolution does not 

allow seeing the small pores within the fiber bundles. In the absorption CT slices, the fiber 

bundles themselves cannot be distinguished from the epoxy matrix and they appear with 

limited contrast in the phase contrast CT pictures. However, the fiber bundles are by nature 

heterogeneous and thus lead to a strong scattering signal. Consequently, the bundles parallel 

to the section plane appear clearly in the cross-sectional picture of the scattering coefficient in 

the form of white stripes. 

 

Fig. 8. Cross-sectional CT pictures of the CFRP sample with absorption contrast (a)-(c), phase contrast 

(d) and dark field scatter contrast (e). (a) and (b) were acquired with the high resolution CT device 

with cone beam magnification (voxel size (10 µm)3) while (c)-(d) were acquired with the Talbot-Lau 

interferometer. 

The overlay shown in Fig. 9 (a) between the cross-sectional pictures of the CFRP sample of 

the absorption contrast (Fig. 9 b) and of the scattering contrast (Fig. 8-b) confirms the 

observations made previously. The red stripes observed in the scattering cross-section 

correlate with the position of the fiber bundles. Thus, the 3D fibers mesh can be inspected 

with a good contrast as displayed in Fig. 9 (b). In particular, defects in the intertwining of the 

fiber bundles are made apparent. 

 



  

Figure 9. Overlay of the cross-sectional pictures of the CFRP sample of the absorption contrast and the 

dark field scatter contrast. (b) Three-dimensional surface rendering of the fiber mesh obtained by 

scatter dark field tomography. 

Thus, high resolution cone-beam CT allows for a detailed inspection of the micro-structure of 

CFRP samples, in particular of the porosity and fibers positions. The phase contrast gained by 

increasing the object-to-detector distance enhances the contrast at interfaces and allows single 

fibers to be resolved. However, the size of the region of interest is due to the large 

magnification factors used rather limited. Scatter dark field CT with a Talbot-Lau 

interferometer offers an alternative when average information on the inhomogeneity of an 

object at the sub- and microscopic length scale is sufficient. For instance, single pores or 

single fibers are not resolved but the density of pores or the density of fibers can be measured. 

Since the scattering signal is not related to the voxel size but to the periodicities of the 

transmission gratings used [8], no magnification is required. This means that larger voxel size 

can be used and consequently larger samples can be investigated without losing contrast, for 

instance, between the fiber bundles and the epoxy matrix. 

 

4. Conclusions 

Propagation based phase contrast CT scanned with high resolution cone beam CT-device and 

interferometric CT method based on the Talbot-Lau interferometer were compared. The 

possibilities, advantages and restrictions were demonstrated and discussed by measuring 

carbon fibre reinforce polymer samples and different Al-samples. The advantages of 

propagation based phase contrast CT are the high resolution and the possibilities to determine 

the relative strength of absorption and phase contrast by adjusting the object-to-detector 

distance. The main disadvantages are the limitation of the phase contrast effect due to a 

limited coherence and the restriction to millimeter-size samples due to the large magnification 

factors required. The biggest advantage of interferometric phase contrast CT is the possibility 

to measure quantitatively the linear absorption coefficient, the refraction coefficient and the 

scattering coefficient at once. Moreover, large objects can be inspected with fast inspection 

speeds both in projection and cone-beam geometries. A limitation is the restricted resolution. 
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