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Abstract 

Using Talbot-Lau grating interferometer X-ray computed tomography (TLGI-XCT) we determine the fiber lay-up and quantify 

defects in loaded carbon fibre-reinforced polymer samples in three dimensions. In contrast to conventional XCT, TLGI-XCT 

provides three complementary image characteristics during image acquisition: a) attenuation contrast (AC), b) differential phase 

contrast (DPC), and c) dark-field contrast (DFC). Using a desktop TLGI-XCT system (Skyscan 1294), we visualize fibre bundles, 

resin rich areas, and defects (cracks and pores) in CFRP laminates that were subjected to low impact energies up to 15 Joules. 

The combined application of AC, DFC, and DPC volume data facilitates the intuitive visualization of fiber lay-up and the 

component´s microstructure, including resin-rich areas. Moreover, dark-field images yield a high contrast and a strong signal at 

interfaces improving the detection of microcracks in relatively large samples whereas these defects are barely detectable using 

standard XCT. 
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1    Introduction 

Non-destructive testing (NDT) is an essential domain in various sectors, such as oil, gas, energy, aerospace, and aeronautic 

industry. However, increasing complexity levels of processes and products as well as advanced technical requirements require 

new NDT approaches, e.g. for carbon fiber-reinforced polymers (CFRP). To guarantee product quality and reliability, demands 

concerning the detection and quantification of internal structures and defects are continuously increasing. These essential 

requirements can only be met by applying state of the art NDT methods. Recent trends in the development of advanced CFRPs 

such as self-healing CFRPs further increase the need for reliable and powerful NDT technologies [1].  

Using traditional NDT methods like ultrasonic testing (UT), infrared testing (IR) or conventional 2D radiographic testing (RT) 

[2,3] it is not possible to characterize the internal structure of CFRP and simultaneously detect internal defects like pores and 

cracks in 3D. This is a major disadvantage in the non-destructive testing of CFRP composites because unresolved and undetected 

defects are a major source of material failure. Furthermore, pores and microcracks are potential initiation points for material 

degradation via moisture swelling and debonding [4]. 

In the last decade, one of the most important innovations in X-ray technology emerged in the form of Talbot-Lau grating 

interferometry [5]. This method provides three complementary characteristics in a single scan: 1) attenuation contrast (AC), 2) 

differential phase contrast (DPC), and 3) dark-field contrast (DFC). 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 

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 cracks [6,7,8]. 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. This immanent physical property of grating-based dark-field 

imaging can be used to extract directional information about the angular variation of e.g. differently oriented carbon fiber bundles 

or layers [9]. 

In this contribution we investigate CFRP laminate samples showing different fiber lay-ups using a TLGI-XCT system. We show 

that the obtained DFC images show a high contrast and a strong signal at fiber bundles and cracks, while DPC images improve 

the delineation of resin-rich areas in various examples. This approach provides a detailed characterization of the sample´s 

macrostructure while simultaneously characterizing defects and resin-rich-areas in the same sample [10]. 

2    Materials and methods 

In total, 12 CFRP samples were investigated. Samples were manufactured by AAC (Wiener Neustadt, Austria) by Resin 

Transfer Moulding (RTM) resulting in a twill-weave structure. The final thickness of the investigated laminate test plates was 

5.2 and 7.7 mm respectively. In order to introduce crack-like defects, we used a Dynatup 9250 HV to load the respective 

sample with an impact energy of 5 to 9 Joule (5.2 mm samples) and 9 - 16 Joule (7.7 mm samples). After impact testing each 

sample was subjected to Interlaminar Shear Strength (ILSS) loads to induce further damage. Additionally, undamaged CFRP 

samples showing various weave patterns (UD, plain weave, twill weave) were investigated.  
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2.1    Data acquisition 

Each sample was scanned in its undamaged state and after each loading step with an isometric voxel size of (22.8 µm)³ using a 

Talbot-Lau grating interferometer XCT system (Skyscan 1294, Bruker microCT). Acceleration voltage was 35 KV using 4 phase 

steps with an exposure time of 650 ms at each phase step. Scan parameters were optimized in relation to fringe visibility and 

determined empirically by scanning sample 1 using the five default settings available in the Skyscan 1294 system. Volume data 

was reconstructed using filtered back projection via the Skyscan (Bruker microCT) reconstruction software NRecon 1.6.10.0. 

Each sample was additionally scanned with a voxel size of (12.5 µm)³ using a Nanotom 180NF (GE phoenix | X-ray) XCT 

system. Voxel size was dictated by the sample size to cover the effective area of the detector so that the sample is completely 

within the FOV. Additionally, ROI-XCT scans was carried out for sample 1 after impact testing at a voxel size of (4.8)³. 

Acceleration voltage was set to 60 KV with an exposure time of 900 ms. Optimal scanning parameters were determined 

empirically in a scan series varying voltage and integration time. Volume data was reconstructed using filtered back projection 

applying a beam-hardening correction and an inline median filter using the GE phoenix software Datos | x. 

 

2.2    Data analysis 

Data sets were post-processed using VGStudioMax 3.2 (Volume Graphics) and Avizo 9.4 (Thermo Fisher Scientific).   

3    Results 

Using TLGI-XCT the visualization of the fiber layup can be improved, particularly in relation to the delineation between single 

fiber bundles and resin-rich areas. Figure 1 shows two layers in a 5.2 mm CFRP twill-weave sample visualized using TLGI-

XCT. In AC images (Fig. 1, upper row), resin-rich areas in our samples show higher grey values, hence a higher density, than 

fiber bundles. Even though the contrast in those images was manually adjusted by choosing a narrow window width, there is no 

clear distinction between the edge of the fiber bundles and matrix. In contrast, the border between fiber bundles and matrix is 

clearly visible in DPC images (Fig. 1, bottom row). DPC images were filtered using the ´deblur´ image processing function in 

Avizo. Window width was optimized to enhance image contrast analogous to AC images. Additionally, details within each fiber 

bundle are discernible, e.g. gaps between fibers.     

 

 
Figure 1: Layer 1 and 2 in an undamaged CFRP twill-weave sample (5.2 mm thickness) visualized by standard XCT (AC: top 

row, voxel size: 12.5 µm) and TLGI-XCT (DPC: bottom row, voxel size: 22.8 µm). 

Figure 2 displays a comparison in another region of interest in the same sample. In this image the window widths in AC and 

DPC images are wider. In the AC image, a smooth transition of grey values from fiber bundles (lower grey values) to matrix 

(higher grey values) is obvious. Analogous to Figure 1, resin-rich areas in the DPC image can be clearly distinguished from fiber 

bundles.  
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Figure 2: Undamaged CFRP twill-weave sample (5.2 mm thickness) visualized by XCT (AC: left, voxel size: 12.5 µm) and 

TLGI-XCT (DPC: right, voxel size: 22.8 µm). Details within single fiber bundles (red arrows) and resin-rich areas (blue 

arrows) are clearly discernible. 

In addition to improving the visualization of the fiber lay-up and resin-rich areas in CFRP samples, TLGI-XCT also provides 

information concerning microstructural defects in the form of dark-field contrast (Fig. 3). 

 

 
Figure 3: Loaded CFRP sample (impact load: 9 J) visualized by XCT (AC: top, voxel size: 12.5 µm) and TLGI-XCT (DFC: 

middle, DPC: bottom, voxel size: 22.8 µm). Visualization of cracks is improved using DFC (yellow arrows). 
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Figure 4 depicts a comparison between AC images acquired at voxel sizes of 12.5 µm for the whole sample and at a voxel size 

of 4.8 µm for a ROI-XCT scan of sample 1 after impact loading at 5J and a subsequent ILSS test. Cracks and delamination after 

ILSS testing were extensive and clearly visible using standard XCT (Fig. 4, left). However, DFC provides additional information 

in relation to intralaminar cracks adjacent to the delamination that were not detected by standard XCT at 12.5 µm or 4.8 µm 

voxel size. 

 

 
Figure 4: Loaded CFRP sample (impact load: 5 J, ILSS test) visualized by XCT (AC: left, voxel size: 12.5 µm and 4.8 µm 

respectively) and TLGI-XCT (DFC: right, voxel size: 22.8 µm). Visualization of intralaminar microcracks is improved using 

DFC (yellow arrows). The point of impact is represented by a red circle. 

In Figure 5 it can be clearly seen that that DFC data delivers additional information in relation to intralaminar cracks that cannot 

be segmented from standard XCT data due to the limited physical resolution that is governed by sample size. It was not possible 

to segment those defects in AC images because they were vastly undersegmented due to the thin fracture aperture. Hence, a 

Sobel filter was applied to emphasize edges that are represented by cracks (see Fig. 4 left). The resulting AC volume data set, 

showing mainly horizontally oriented cracks (Fig. 5, top left), was subsequently segmented in VGStudioMax 3.2.  

 

 
Figure 5: Loaded CFRP sample (impact load: 5 J, ILSS test) visualized by XCT (AC: top left, voxel size: 12.5 µm) and TLGI-

XCT (DFC: bottom left, voxel size: 22.8 µm). The fused image shows interlaminar as well as intralaminar cracks that are 

predominantly detected by DFC in this sample (yellow arrows).  

 

Since DFC volume data was characterized by a high degree of noise, a Non-Local means filter was applied using Avizo 9.4. 

Additionally, to identify cracks in the DFC data a Difference of Box (DoB) filter was applied. It identifies edges in a two stage 

edge detection process by calculating the difference between two local averages computed over cubic neighborhoods of different 

kernel sizes applied on the same image (Avizo 9.4).  

Aligned AC (median and Sobel filter) and DFC (Non-local mean filter) images were fused in Avizo 9.4 using the ’arithmetic’ 
module) (Fig. 5). Moreover, filtered and fused image data sets were segmented separately in VGStudioMax 3.2 using the 

’advanced surface determination‘ function.  
Figure 6 shows the three-dimensional visualization of the defects area after impact testing in sample 5 (impact load: 9 J). It is 

obvious that filtered DFC data predominantly shows microcracks with an orientation of 45° or -45° in the typical conical shape 

in the laminate thickness direction. While the in-plane damage area increases from the point of impact (top) to the backside (Fig. 

6, top), the zone inside the conical shape is predominantly undamaged except for an agglomeration of cracks directly at the 

backside surface (see Fig.6 bottom; central impact region). 
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Figure 6: Loaded CFRP sample (impact load: 9 J) visualized by XCT (blue, voxel size: 12.5 µm) and TLGI-XCT (DFC: red, 

voxel size: 22.8 µm). Visualization of intralaminar microcracks is improved using DFC (red). 

Finally, TLGI-XCT can help to visualize the fiber lay-up of samples with various weave patterns, e.g. in a sample characterized 

by a plain weave pattern (Fig. 7). 

 

 
Figure 7: Improving the visualization of the fiber layup in a CFRP specimen (plain weave) using TLGI-XCT. 

4    Discussion 

Polymer matrix composites like carbon fiber reinforced polymer (CFRP) laminates are prone to premature failure due to the 

formation of microcracks and delamination during their operating time. Microcracks cause the degradation of thermo-mechanical 

properties and thermal expansion coefficients while delamination can cause excessive vibration, intrusion of moisture, stiffness 

degradation, and decrease in fatigue strength [11]. Moreover, microcracks nucleate other forms of damage inducing delamination 

and fiber breakage which will eventually lead to final failure [12].  
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In [13], Sato et al. give a detailed overview over several kinds of fracture modes in CFRP laminates that have been investigated 

using various approaches including interlaminar delamination, intralaminar delamination (parallel to lamination plane), 

longitudinal intralaminar matrix cracks, translaminar crack progression (fiber breaking), and transverse intralaminar matrix 

cracks.  

In general, three phases of impact damage can be described for CFRP laminates: a) initially matrix cracks are generated by shear 

or tensile stresses mainly in the intermediate or backwall layers, 2) delamination that originate from crack tips between adjacent 

layers, and 3) fiber breakages that can propagate into intermediate layers [14]. During bending, i.e. ILSS testing in this analysis, 

tensile as well as compressive stresses occur but samples are primarily loaded in shear. If the sample is undamaged, the top-most 

layer fails due to compression. In our case, samples were pre-loaded during impact tests influencing the failure mode during 

ILSS testing due to small-scale delamination that induce local friction in the conical defect area. 

The main goal of this contribution was to characterize cracks in the (sub-)micrometer range in CFRP samples using dark-field 

imaging while visualizing the general fiber lay-up using phase contrast imaging. Manufactured composite test samples were 

loaded by impact and bending fatigue testing to simulate damages that can occur during a component´s life cycle. In contrast to 

XCT, dark-field imaging delivers morphological information in the sub-pixel regime dependent on the local scattering power 

[15]. Hence, microstructural features in the sub- and micrometer-scale can be extracted without the necessity of small sample 

sizes, like it is the case for conventional XCT. We showed that dark-field and phase contrast imaging improve the visualization 

of the samples (micro-)structure simultaneously revealing information undisclosed by AC, e.g. in relation to resin-rich areas and 

microcracks.  

However, only the component of the scattering perpendicular to the vertically oriented grating of the TLGI system will cause a 

DFC visibility decrease [16]. Hence, to obtain information about the main orientation of the scattering structures, i.e. cracks, it 

is possible to measure the angular dependence of this signal, e.g. by rotating the specimen [17]. For this study, the samples could 

not be rotated since the total height of the samples (50 mm) exceeded the maximum scanning diameter of 20 mm for the Skyscan 

1294 TLGI-XCT system. Therefore, only defects perpendicular to the grating orientation can be detected by dark-field imaging. 

The limitations in the FOV of existing TLGI systems are a general disadvantage that will be overcome once larger TLGI gratings 

will be available for the NDT of large components in three dimensions. The detectability of safety-critical defects like cracks 

and pores in test samples up to 1m meter in diameter using TLGI was already shown in the course of the EVITA project [18].  
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