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Abstract 

X‐ray imaging methods such as micro-computed tomography (µXCT) are essential techniques to 

reveal and quantify internal structures and defects in materials. The conventional absorption-based 

contrast provides information on the attenuation of the X-ray beam intensity and is an invaluable tool 

in various research domains, e.g. medicine and materials science. In the last decade however an 

important innovation in X‐ray technology has emerged by the introduction of Talbot-Lau grating 

interferometry. This method provides three complementary characteristics in a single scan of a 

specimen: (a) the absorption contrast (AC), (b) the differential phase contrast (DPC), and (c) the dark-

field contrast (DFC). DPC is related to the refraction index and DFC reflects the total amount of 

radiation scattered at small angles, e.g. caused by microscopic inhomogeneities represented by cracks 

and pores. Using a novel Talbot-Lau grating interferometer XCT system for laboratory applications 

we visualize crack-like defects in carbon fiber reinforced laminates that were subjected to impact 

forces up to 30 Joules. Using DFC we are able to detect cracks in samples that were subject to low 

impact forces, whereas these defects are barely detectable using AC. Secondly, we investigate 

polypropylene test specimens that are loaded in fatigue testing experiments until final failure occurs. 

Lower grey values near the fracture surface in the AC and DPC images indicate the appearance of 

pores and cracks. Due to increased scattering in these regions DFC images provide high signal 

intensity, even though the defects are smaller than the spatial resolution. Due to the fact that DFC 

delivers morphological information in the sub‐pixel regime, dark field imaging delivers information 

that may otherwise be inaccessible using conventional XCT methods. Additionally we present multi-

modal image data of carbon fibre reinforced polymers (CFRP) with a copper mesh near the surface, 

which is used for lightening protection. The scanning task includes the detection and characterization 

of internal defects such as pores. We show that the DPC modality is less prone to metal streak 

artefacts, thus improving the detection of pores in CFRP located close to metal components.  

Keywords: X-ray computed tomography, materials characterization, Talbot-Lau grating 

interferometer, phase contrast, dark field imaging 

1 Introduction 

The emerging XCT technologies which provide more insights than conventional absorption-based 

tomography are called as phase contrast XCT techniques. They can mainly be divided in four 

different methods: Propagation-based phase contrast XCT, Talbot Lau grating interferometer XCT, 

crystal interferometer XCT and analyser based imaging [1,2]. We will concentrate in this contribution 

on the Talbot-Lau grating interferometer XCT (TLGI-XCT) method, since it is one of the most 

important and most recent innovations in X‐ray technology. In 2002, the Talbot-Lau effect was first 

utilized for X-ray imaging using monochromatic synchrotron radiation [3, 4]. The additional use of a 

source grating enabled the introduction of this technique to polychromatic and laboratory X-ray 
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sources in 2006. A Talbot-Lau interferometer is typically formed by three transmission gratings. The 

source grating ensures that the illumination of the actual grating interferometer part provides high 

enough transversal coherence, otherwise no interference effects could be observed. TLGI-XCT 

provides three complementary characteristics in a single scan of a specimen:  

1) Absorption contrast (AC) due to attenuation of X-rays 

2) Differential phase contrast (DPC) due to refraction  

3) Dark-field contrast (DFC) due to scattering 

AC provides information about the attenuation of the X-ray beam intensity through the specimen. 

Thus it is equivalent to conventional X-ray imaging. DPC is related to the refraction index and image 

contrast is therefore achieved through the deflection of the X-ray beam due to local inhomogenieties. 

DFC shows the total amount of radiation scattered at small angles, e.g. caused by microscopic 

inhomogeneities in the sample represented by either particles, cracks, pores or fibers. Depending on 

the micro-structure, the scattering has a preferred direction perpendicular to the local orientation, 

which is reflected by the measured dark-field signal [5].  

2 Experimental 

With the introduction of the first commercially available desktop Talbot-Lau µXCT system (SkyScan 

1294) for material science applications in the beginning of 2015, this imaging method has become 

accessible for a broader community [6]. For this contribution the SkyScan 1294 system has been used 

to quantitatively characterize polymeric structures using phase and dark field contrast. A sketch of the 

working principle of the TLGI-XCT setup is shown in Figure 1. 

 

Figure 1: Sketch of the working principle of a Talbot-Lau grating interferometer XCT setup with source grating 

G0, phase grating G1 and absorption grating G2 (left); image of the actual SkyScan 1294 desktop device (right). 

A source grating (G0) creates an array of line sources, ensuring a sufficient transverse coherence 

length, while a diffractive grating (G1) causes phase modulation of the incoming X-rays resulting in 
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an interference pattern. Since the fringe pattern cannot be resolved directly with conventional X-ray 

detectors, an absorption grating (G2) is placed in front of the detector. G1 and G2 are establishing the 

interferometer. The source grating G0 is used to scan transversely across the repeated intensity 

pattern, called phase stepping, resulting in a sinusoidal intensity modulation for each detector pixel. 

Rotating the sample stepwise in between the acquisition of the phase stepping curves allows the 

tomographic operation. A Fourier analysis of the intensity modulations of each detector pixel is used 

to simultaneously extract co-registered AC, DPC, and DFC modalities. In this paper, the Talbot-Lau 

data acquired from the SkyScan 1294 system has been reconstructed by a weighted filtered back 

projection (FDK) algorithm using the image reconstruction software from the company Mitos [7]. 

Reference measurements were performed with a conventional absorption-based µXCT devices (GE 

Nanotom). 

3  Results and Discussion 

3.1 Damage in carbon fibre reinforced polymer introduced by impact 

Figure 2 shows a TLGI-XCT scan of a CFRP sample after a 5 J impact. The data shows the typical 

fibre bundle structure of CFRP laminates. The concentric circles are ring artifacts. Even though the 

voxel size of (22.8 µm)³ in the DFC images is ten times large as compared to XCT reference scans 

performed at (2 µm)3 voxel size the micro-cracks can still be detected in the DFC volume data, as 

DFC is capable of delivering morphological information in the sub‐voxel regime. In comparison to 

that, the micro-cracks are hardly visible in AC images measured at a voxel size of (22.8 µm)3, but 

clearly visible with the high-resolution Nanotom AC scan measured with a voxel size of (2 µm)3. 

 

Figure 2: Axial (left pictures) and front view slices (center) of a CFRP sample after a 5 J impact measured with 

a TLGI-µXCT (Skyscan 1294) at a voxel size of (22.8 µm)³. Red ellipses mark the region of impact. The right 

picture shows a high-resolution Nanotom AC image with a voxel size of (2 µm)3. 
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We quantified the amount of defects detected in AC and DFC images (see Fig. 3 for AC and DFC at 

10 J to 20 J). Maximum defect depth (in millimeters) is defined as a visually detectable crack in the 

whole volume of the same sample (using either minimum or maximum intensity projections) and has 

been estimated manually for the 5 J, 10 J, 15 J and 20 J samples (Fig. 3, right).The results show that 

as compared to AC images the defects can be detected in the whole axial plane using DFC imaging. 

 

Figure 3: CFRP laminates subjected to impact damage. Left: In DFC images (maximum intensity projections) 

cracks can be detected in the whole volume of the axial plane for 10J, 15J, and 20J samples, whereas in the AC 

images (minimum intensity projections) an increasing maximum depth of defects with increasing impact energy 

is suggested. Right: Comparison between estimated defect depth in the axial plane between AC (blue circles) 

and DFC (green circles) images. 

3.2 Damages introduced by tensile testing 

Secondly, we investigated polypropylene test specimens that were loaded in tensile testing until final 

failure. Lower grey values near the fracture surface in the AC and DPC images indicate pores. In 

Figure 4 the AC, DPC and DFC images of a test specimen made of unfilled polypropylene (PP) that 

were destroyed during tensile testing are shown. In addition to the XCT images obtained using the 

TLGI-μXCT desktop device a detailed scan of the central part of the test specimens was obtained 

using a Nanotom 180NF system with a voxel size of (3 μm)3. A lower grey value in the central part of 

the test specimen near the site of breakage in the AC (left) and DPC (second from left) indicate the 

accumulation of defects like pores. The high signal intensity in the DFC image (right) is an additional 

indication of an increased scattering within this region due to small inhomogeneities like pores and 

cracks. These datasets and in particular the high-resolution AC data clearly indicate the presence of 

defects induced during tensile testing. 
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Figure 4: 3D XCT data of a polypropylene test specimen that was loaded in tensile testing until final failure. A 

lower grey value in the central part of the test specimen near the site of breakage in the AC (left) and DPC 

indicate the accumulation of defects like pores. The right picture was measured with the Nanotom XCT device 

with a voxel size of (3 µm)3. 

3.3 Damages introduced by fatigue testing 

In a further investigation an unfilled polypropylene specimen (PP) was cyclically loaded in 

interrupted tensile testing until final failure has been investigated by TLGI-µXCT. In total, the test 

specimen was loaded in four intervals with Fmin of 57N and Fmax of 570N. The first and second 

interval involved 172,000 cycles each with the time range: 0-360 min and 360-720 min respectively. 

The third interval comprised 86,000 cycles (720-900 min). The sample broke after 4,631 cycles in the 

last interval (900-910 min).  

 

Figure 5: Frontal Nanotom AC (left row) and SkyScan 1294 DFC (right row) images of a PP test specimen 

subjected to interrupted cycling loading. Initial state: a) and b), after 172000 cycles: c) and d), after 344000 

cycles: e) and f), and after 430000 cycles: g) and h). Red arrows indicate accumulations of defects in the notch 

region during loading. 
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Figure 5 shows AC and DFC images of the unloaded PP specimen (Fig. 5a and b), after the first 

interval (Fig. 5c and d), after the second interval (Fig. 5e and f) and after the third interval (Fig. 5g 

and h). After the first loading interval the cracks can be visualised in the AC image with lower grey 

levels around the notch region. These defects propagate during the subsequent intervals showing 

extensive accumulations of defects after the third interval. Accordingly, the dark field signal intensity 

increases during the different stages, showing spindle shaped structures in the maximum fatigue 

impact region near central notch in second and subsequent intervals (Fig. 5h). 

3.4 Investigations on a carbon fibre reinforced polymer sample with copper meshes 

Figure 6 (a)-(c) shows AC, DFC and DPC axial slice images of a CFRP sample, which have been 

acquired with different XCT systems and voxel sizes. In the absorption XCT slices (AC), the fiber 

bundles cannot be distinguished from the epoxy matrix and they appear with limited contrast in the 

phase contrast XCT image. However, the fiber bundles are heterogeneous by nature and thus lead to a 

strong scattering signal and the DFC image reveals individual carbon fiber bundles along a certain 

orientation. Near the surface there is a copper mesh located for lightening conduction, which is 

causing severe artefacts in the AC data. The DPC image shows in comparison with AC almost no 

streaking artefacts and yields an increased contrast between pores and matrix, which facilitates pore 

segmentation. Pores, which are located close or in between the copper mesh are now visible in the 

corresponding DPC axial slice image. These pores have been concealed in AC by strong artefacts. 

Figure 6 (d) contains segmentation results of DPC data shown as 3D renderings with segmented pores 

and the copper mesh, whereas the epoxy matrix is set transparent. 

 

Figure 6: Cross-sectional pictures of AC Nanotom data with a voxel size of (10 µm)³ (a), DPC (b) and DFC 

data with a voxel size of (22.8 µm)³ (c) of CFRP sample with a copper mesh near the surface.. Figure (d) shows 

3D rendering of DPC data of the copper mesh and the pores (adapted from [8]). 
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4 Conclusions 

We have reported on the application of a novel desktop µXCT system based on TLGI method for the 

characterization of polymeric samples. The data were compared with the results obtained using 

conventional absorption-based high-resolution µXCT. The results of our investigation can be 

summarized as follows: 

 Talbot-Lau grating interferometer µXCT is a new innovative X‐ray technology that expands 

imaging possibilities of standard µXCT in material science by delivering additional 

information in form of dark-field contrast (DFC) and differential phase contrast (DPC). Even 

though XCT imaging is a powerful tool for three-dimensional materials characterization, 

conventional absorption-based methods are not able to detect defects that are below the 

physical resolution of the respective system. The introduction of DFC imaging helps to 

overcome this limitation. 

 We have shown that DFC allows the identification of cracks in CFRP laminates, which are 

smaller than the spatial resolution of the µXCT system. Sample size is usually a major 

limiting factor in high-resolution µXCT applications, however DFC imaging allows the 

identification of (micro-) cracks in relatively large samples and with a relatively low voxel 

size, in our case a voxel size of (22.8 μm)³ has been used. 

 We have demonstrated the possibilities of detecting damage in polypropylene samples after 

tensile testing by TLGI-µXCT. The occurrence of defects lead to lower grey values in the AC 

and DPC data and to higher grey values in the DFC data due to scattering. 

 We have investigated the damage in a polypropylene sample after cyclic loading by AC and 

DFC. In both modalities cracks originating between the notches (induced by the cyclic 

loading) are clearly detectable. A qualitative and also quantitative characterization by TLGI-

µXCT is possible. 

 The results concerning multi-modal characterization suggest the applicability of DPC to 

multi-material systems such as CFRP with a copper mesh, further expanding the possibilities 

of Talbot-Lau imaging for materials science applications. DPC provides less metal streaking 

artefacts, better contrast and less noise, thus, greatly improving the detection of pores in 

CFRP located close to metal components. In addition, DFC can be used to visualize 

individual fibre bundles 
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