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Abstract 

Using conventional X-ray computed tomography the three-dimensional distribution of the X-ray absorption 
coefficient is detected. If the absorption is sufficient the geometry and internal structure of a specimen can be 
determined. Moreover, by means of a Talbot-Lau X-ray grating interferometer differential phase contrast 
tomography can be realized. Simultaneously absorption, phase shift and scattering images (= dark-field contrast) 
can be retrieved. In this work, carbon fiber reinforced plastic laminates (CFRP) and glass fiber reinforced 
polypropylene (GFRP) samples are examined using an experimental set-up and a novel desktop micro-CT 
system based on Talbot-Lau grating interferometer. Dark-field imaging allows the characterization of individual 
carbon-fiber bundles in CFRP samples. The anisotropic properties of small angle scattering are used to extract 
the directional information of carbon-fiber bundles on a microstructural level. In CFRP laminates the individual 
unidirectional fiber bundles are visualized, although the individual carbon fibers are well below the resolution 
limit. Due to the low difference in X-ray contrast between carbon fibers and epoxy resin matrix, these fiber 
bundles are merely detectable by means of conventional absorption contrast. By combining the results of two 
successive dark field CT measurements in 0 and 90 degrees the structure of the carbon fabric can be visualized 
and quantified in three dimensions.  
In fiber reinforced samples manufactured by injection molding the main fiber orientations are detectable in the 
dark-field CT data. Thus, a qualitative representation of the anisotropies of the fibers (e.g. weld lines) is possible. 
Dark-field CT results are compared with and verified by high-resolution absorption X-ray computed 
tomography. A subsequent data-evaluation pipeline is applied to determine fiber length and fiber orientation of 
each fiber in the investigated volume. The results represent promising applications of grating interferometer X-
ray computed tomography for non-destructive testing and evaluation of fiber-reinforced polymers. The main 
advantages of his method are that material inhomogeneities in the sub-voxel region (porosity, cracks or fiber 
structures) can be detected and characterized. 
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1.  Introduction and Motivation
 
X┽ray imaging methods are essential techniques in order to reveal internal structures in 
various domains, e.g. materials science, biomedicine, security services etc. One of the most 
important and most recent innovations in X┽ray technology has emerged by the introduction 
of the Talbot–Lau grating interferometry (TLGI) [1, 2]. In 2002, the Talbot-Lau effect was 
first utilized for X-ray imaging using monochromatic synchrotron radiation [1]. The 
additional use of a source grating enabled the introduction of this technique to polychromatic 
X-ray sources in 2006 [3, 4]. In this set-up, the effect is based on the self-imaging of a grating 
whose period is a significant multiple of the wavelength. This method provides three 
complementary characteristics in a single scan of the specimen:  
 
1) Attenuation contrast (AC) due to absorption 
2) Differential phase contrast (DPC) due to refraction  
3) Dark-field contrast (DFC) due to scattering 
 
AC provides information on the attenuation of the X-ray beam intensity through the specimen 
and it is thus equivalent to conventional X-ray imaging. DPC is related to the index of 
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refraction and image contrast is thus achieved through the local deflection of the X-ray beam. 
DFC reflects the total amount of radiation scattered at small angles, e.g. caused by 
microscopic inhomogeneities in the sample represented by particles, pores, and fibers. 
Depending on the micro-structure the scattering has a preferred direction perpendicular to the 
gratings delivering a dark-field signal that is varying with the orientation of the sample and its 
components [4,5]. 
In this contribution we analyse various polymeric samples using an experimental Talbot-Lau 
grating interferometer (TLGI) set-up and a novel desktop micro-CT system based on TLGI. 
 
2.  Experimental 
 
2.1 Samples 

 
Different test specimens made of carbon fiber reinforced polymers (CFRP) were investigated. 
The specimens were made from prepreg, woven in plain weave and satin weave styles. The 
epoxy resin content was between 35 and 44 wt. %. The epoxy resin density varies between 
1.22 and 1.31 g/cm³. The specimens were fabricated using 6 to 15-ply laminate and the 
specimen thicknesses varied from 2.10 to 3.15 mm. The nominal density of the individual 
carbon fibers was about 1.78 g/cm³. Furthermore, two injection-molded parts filled with short 
glass fibers (GFRP) were investigated. The GF content was about 30 wt. % with a nominal 
fiber density of 2.52 g/cm³ and a fiber diameter of about 14 µm. Polypropylene (PP) with a 
nominal density of 0.9 g/cm³ was used as matrix. One sample was cut out from a position 
where a quasi-isotropic fiber orientation in one direction was expected. For the second GFRP-
sample a position behind a hole was chosen where the melt front splits and forms a weld line 
behind the hole. Further details can be found in [6,7]. In addition two polymeric materials 
were investigated: a polystyrene foam and a tensile sample after load consisting of unfilled 
polypropylene. 
 
2.2 Talbot Lau interferometers 

 
Generally, a Talbot-Lau interferometer consists of two X-ray transmission gratings (G0 and 
G2), one phase grating (G1), in combination with a digital X-ray detector and a X-ray tube. A 
schematic overview of the system is displayed in Fig. 1. G0 is moved sideways for phase 
stepping to measure the intensity modulation, the phase grating G1 is adjusted by rotation and 
tilting with respect to G2. The absorption grating G2 is mounted statically.  
 

 
 

Fig. 1. (a) Schematic view of the Talbot-Lau grating interferometer. (b) and (c) show the two CFRP sample 
positions which were used for the measurements with respect to the rotation axis (adapted from [6]). 



 
For the experimental investigations a TLGI-CT set up CSEM/Switzerland and a novel TLGI-
µ-CT (SkyScan 1294; developed and produced by Bruker microCT/Belgium) were utilized. 
Specifications and measurement parameters of the TLGI-CT-setup of CSEM are as follows: 
 ‚ Comet MXR-160HP 20 X-ray tube with a focal spot of 1×1 mm2. Tube acceleration 

voltage used for the measurements was set to 40 kV. ‚ RadIcon Shad-o-Box 2k X-ray detector with 2048×1024 pixels and scintillator Min-R 
2190. ‚ Voxel size was (43 たm)3. 

 
The SkyScan 1294 TLGI-CT has a design energy of 30 keV. The main specifications are as 
follows:  
 ‚ X-ray source with continuously adjustable 20-60 keV peak energy and a constant spot 

size with a diameter of 33 µm.  ‚ 12-bit CCD-X-ray detector with 4000 x 2672 Pixels (12.5 µm pixel size) with 
Gadolinium oxysulfide (GADOX) as scintillator. ‚ The minimum voxel size is (5.7 µm)3 for 4000x2672 pixels. ‚ Motorized filter changer for energy selection with five filter positions. 

 
For comparison and validation of the TLGI-CT results a high resolution cone beam CT (た-
CT) device (Nanotom 180NF from GE phoenix | Xray) was used. The system has a nanofocus 
tube with a minimal focal spot size < 1 たm and a 2304x2304 pixel Hamamatsu detector. The 
voxel size used was (10 たm)³ for the CFRP and (6.5 たm)³ for GFRP specimens. The voltages 
used at the nanofocus tube were between 60 and 80 kV. 
 
3.  Results and Discussion 
 
3.1 Measurements with the TLGI-CT experimental set up

3.1.1 Carbon  fiber reinforced laminates

Figure 2 shows absorption CT slice images of a conventional high-resolution たCT 
measurement (a and b) of a CFRP. In (b) the contrast of the same slice is enhanced to 
emphasize individual fiber bundles. Figures 2c-e) show TLGI-CT images (absorption: Fig. 2c, 
phase contrast: Fig. 2d, and scattering contrast: Fig. 2e). In the absorption and phase contrast-
images (2a, d), pores in the CFRP-sample can be clearly resolved. When increasing the 
contrast in the absorption image, e.g. by opacity mapping (Fig. 2b), the general orientation of 
single fiber bundles can be hardly distinguished which prevents a reliable segmentation. In 
contrast, the scattering contrast image clearly displays carbon fiber bundles which are oriented 
at right angles to the grids (Fig. 2e). The DFC contrast is much higher compared to AC and 
DPC (Fig. 2a-d) images in relation to carbon fiber bundles. 
 
As mentioned above the DFC data contains directional information. This is illustrated in Fig. 
3 which shows two successive DFC-CT measurements. The samples are positioned and 
scanned at 0 ° (colored green) and 90 ° respectively (colored red). By fusing these two data 
sets a combined data set is obtained in which fiber bundles are displayed color-coded 
according to their orientation. 
 



 
 
 

Fig. 2. Comparison of a high resolution absorption-CT-measurement (a and b) of a CFRP-sample with the three  
modalities absorption (c), phase contrast (d) and scattering/dark-field contrast (e) of a Talbot Lau-grating 
interferometer-CT.  

 

 

 
Fig. 3. CFRP-samples: fusion of DFC data obtained from scans at 0° and 90° respectively (a and b) to the 
combined CT-data set (c). The colors green and red correspond to the orientation of the fiber bundles (adapted 
from [6]). 
 
Figure 4 shows 3D representations of a CFRP sample that was measured by たCT absorption 
contrast (left picture) and TLGI-scattering contrast (see Fig. 3c). The "Plain Weave" CFRP 
structure can be clearly recognized in the fused 0° and 90° DFC data sets. The 3D yarn 
structure can be analyzed quantitatively [6]. 

 

  
Fig. 4. Three dimensional CT-data of a CFRP-laminate sample generated from absorption contrast and DFC 
images (combination and fusion of 0° and 90° scans). 

a) 0° TLGI-CT b) 90° TLGI-CT c) Fused TLGI-CT 

  

a) µCT b) µCT + contrast 
enhancement 

c) TLGI-CT, 
 Absorption 

d) TLGI-CT, 
Phase contrast 

e) TLGI-CT, 
Darkfield contr.



3.1.2 Glass fiber reinforced specimens produced by injection molding

 
In the DFI images obtained with a sample orientation of 0° (see Fig. 5a) no clear structures 
are visible because most fibers are orientated parallel to the gratings and no information can 
be obtained by small angle scattering. In Fig. 5b the sample was rotated by 90° so that most of 
the fibers were aligned perpendicular to the gratings inducing a clear dark field scattering by 
the glass fibers. In Fig. 5c a conventional たCT absorption contrast image of the GFRP sample 
is shown for comparison. At a voxel size of (6.5 たm)³ most of the individual glass fibers 
(diameter of approximately 14 たm) can be resolved with a high contrast by たCT. It is clearly 
visible that most of the fibers are aligned in melt flow direction.  
 

 

 
Fig. 5. Cross-sectional dark-field-CT-data measured at 0 and 90 ° arrangement (a, b) of a glass fiber reinforced 
polymer sample produced by injection molding compared with a high-resolution absorption CT image (b). The 
TLGI-voxel size was (43 µm)3 and µCT-voxel size was (6.5 µm)3. 
 
 

 
Fig. 6. Cross-sectional dark-field-CT-data measured at 0 and 90 ° arrangement (a, b) of a glass fiber reinforced 
plastic sample produced by injection molding compared with a high-resolution absorption CT image (b). The 
TLGI-voxel size was (43 µm)3 and µCT-voxel size was (6.5 µm)3. 

a) 0° TLGI-CT Darkfield b) 90° TLGI-CT Darkfield c) µCT Absorption

a) 0° TLGI-CT Darkfield b) 90° TLGI-CT Dark-field c) µCT Absorption 
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The second GFRP sample (S5) is characterized by a melt line. For the chosen sample position 
the melt front has to split before the hole and forms a weld line behind it. In the dark-field 
image obtained with a sample orientation of 0° (Fig. 6a) no clear structures are visible except 
at the beginning of weld line near the hole. At this position a brighter spot is visible due to 
higher scattering which could indicate fibers that are mainly orientated perpendicular to the 
gratings during the measurement (X and Y direction of the specimen). In Fig. 6b the sample 
was rotated by 90° so the weld line (and most of the fibers) was aligned perpendicular to the 
gratings. In the center of the weld line clear fiber structures could be detected due to 
scattering. Lateral to the weld line (left and right) no clear structures were visible indicating a 
lack of distinct fiber orientations in one direction. In Fig. 6c a たCT absorption contrast image 
of the GFRP sample is displayed and most of the individual glass fibers can be resolved. It is 
clearly visible that in the center of the weld line most of the fibers are aligned in the melt flow 
direction (Z) while the regions lateral to the weld line show different fiber orientations. 
 
3.2 Measurements with the TLGI-µ-CT desktop device

 
Various investigations to optimize the measurement parameters for scanning CFRP and 
GFRP-samples were performed. As an example the influence of the energy and filter preset 
parameters on the visibility of the dark-field signal of each one CFRP and GFRP specimen  is 
shown in Fig. 7. For these investigations a GFRP-sample with a cross-section of 4 mm x 6 
mm was used. The CFRP sample S2 (see Fig. 3) had a cross-section of 10 mm x 3 mm. We 
varied tube voltage and filters (material and thickness) to determine the influence of different 
energy – filter combinations on the visibility in the TLGI desktop device. The peak energy of 
the X-ray spectrum is varied from 30 keV (preset 1) to 50 keV (preset 5; see Fig. 7). 
 

 
 

Fig. 7. The left table shows the scanning parameter presets 1-5 of the TLGI-CT device. The right picture shows 
the dark field visibility of a GFRP (blue) and CFRP (red) specimen versus the preset parameters respectively  
 
Figure 8 shows an absorption contrast and dark field contrast of a polystyrene foam within a 
polymeric sample container. The sample was scanned in Preset Mode 2 with a voxel size of 
22.8 µm. The AC image is characterized by a low contrast and the polymeric foam is hardly 
visible. The contrast in the dark-field image is much higher. The vertices and struts of the 
polymeric foam can be clearly distinguished and the 3D structure of the foam can be 
characterized accurately. In the right picture of Fig. 8 the grey value intensity profiles of the 
AC and DFC images along the central axis of the samples are shown. Once again the good 
contrast of the dark-field signal can be seen. All individual struts of the foam are visible. 



 
 
Fig. 8. Cross-sectional CT-images of the absorption contrast (left picture) and dark-field (central) images of a 
polystyrene foam embedded in a polymer container measured with (22.8 µm)3 voxel size. On the right picture 
the grey value intensity profiles of the AC and DFC-images along the central axis of the samples are shown. 
 
Fig. 9 shows a 3D representation of a CFRP sample measured at 0° and 90° TLGI dark field 
contrast. In accordance with Figure 4 the combined scattering contrast images allows the 
representation of the 3D structure of the CFRP in relation to the orientation of the fiber 
bundles. The sample was scanned in Preset Mode 2 with a voxel size of 22.8 µm.  

 
Fig. 9.  3D CT-data of a CFRP-laminate sample measured with 0°/90° TLGI dark field contrast measured with 
(22.8 µm)3 voxel size. 
  

 
 

Fig. 10.  Radiographic images of a CFRP laminate characterized by a low energy impact damage. While in the 
absorption contrast image (left) the defect is merely visible there is a clear signal of the defect in the dark field 
image (right). 
 



Figure 10 demonstrates the advantages of TLGI dark field contrast images to visualize impact 
damages in CFRP. The radiographic images illustrate that in the absorption image (Fig. 10, 
left) the circular defect is not detectable while in the dark field image a clear signal is visible. 
The impact damage was induced in a test facility using an impact force that was low enough 
not to leave any superficial damages on the CFRP laminate (plain weave, 1mm thickness). 
Note that in the frontal view of the CFRP laminate shown in Figure 10 (right) no fiber 
bundles can be detected because the angle of the single bundles relative to the gratings is too 
large for small angle scattering. 
 
In Figure 11 the AC, DPC, and DFC images of a test specimen made of unfilled 
polypropylene that was destroyed during tensile testing are shown. In addition to the CT-
images obtained using the TLGI-µ-CT desktop device a detail scan of the central part of the 
test specimens was obtained using a Nanotom 180NF system at a resolution of 3 µm. The 
sample was scanned in Preset Mode 2 with a voxel size of 5.7 µm using the TLGI system. 
    

 
 
Fig. 11.  3DCT-data of a polypropylene test specimen that was loaded in tensile testing until final failure in front 
view. The test specimen was scanned at a resolution of 5.7 µm with the TLGI system and at 3 µm with the 
Nanotom 180NF system (bottom right). A lower grey level in the central part of the test specimens near the site 
of breakage in the AC (upper left) and DPC (upper right) indicate the accumulation of defects like pores. The 
high signal intensity in the DFC image (bottom right) is an additional indication of an increased scattering in this 
region due to small inhomogeneities like pores.      
 



The DFC image in Figure 11 (bottom right) clearly indicates the presence of small 
inhomogeneities, in this case pores that represent defects induced during tensile testing. 
Future studies using this newly developed TLGI system will investigate the correlation 
between pore size distribution and dark field signal intensity in order to deliver a reliable way 
to non-destructively test specimens at physical resolutions that are lower than the actual size 
of the defect. This is possible because dark field contrast delivers sub┽pixel information due to 
small angle scattering caused by inhomogeneities in a sample.     
 
 
4.  Summary and Conclusions
 
We have reported on the application of an experimental Talbot-Lau grating interferometer set-
up and a novel desktop micro-CT system based on TLGI for the characterization of carbon 
and glass-fiber reinforced polymers. The results can be summarized as follows: ‚ Both TLGI-CT systems delivered similar results. The experimental TLGI-CT-system 

is more flexible, whereas the new TLGI-desk top µCT-system is more user-friendly, 
since all adjustments are done automatically. Furthermore, the new TLGI-µCT-system 
allows scanning with a voxel size as low as (5.7 µm)3. ‚ Dark-field imaging allows the characterization of individual carbon-fiber bundles in 
CFRP samples. By combining the results of two successive dark-field CT 
measurements in 0 and 90 degrees the structure of the carbon fabric can be visualized 
and quantified in three dimensions.  ‚ In fiber reinforced samples manufactured by injection molding the main fiber 
orientations are detectable in the dark-field CT data. Thus, a qualitative representation 
of the anisotropies of the fibers (e.g. weld lines) is possible.  ‚ In addition further CT results scanned with the new TLGI-desktop µCT-system were 
presented. The advantages of DFC in relation to the detections of otherwise disclosed 
polymeric foam structures and advantageous in the characterization of impact 
damages and defects in CFRP and tensile specimen in an unfilled polymer are 
demonstrated. 
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