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Abstract. Non-destructive testing (NDT) and three-dimensional materials 

characterisation of fibre reinforced polymers using X-ray based methods can be 

carried out at different length scales and by using different modalities. This work 

gives an overview of different X-ray based NDT methods and their characteristics.   

Multiscale X-ray computed tomography (XCT) usually includes scanning an entire 

part at lower resolution – governed primarily by specimen diameter. Subsequently, a 

smaller sample is cut out of the respective specimen and scanned at a higher 

resolution. Accordingly, in this work typical XCT resolutions ranging from 

(135 µm)³ voxel size down to (250 nm)³ are presented.  

Using different XCT modes such as region of interest scans or laminography (XCL) 

modes this multiscale approach is also possible without destroying or cutting the 

sample in smaller pieces. However, some limitations in image quality and sample 

geometry have to be considered. We show that cracks with a width between 122 and 

56 µm can be clearly seen at a relatively low resolution of (135 µm)³ voxel size in 

one example of a larger carbon fibre reinforced polymer (CFRP) sample from the 

aeronautic industry. With XCL voxel sizes down to (0.75 µm)³ can be reached, 

showing clear structures in the range of 16 µm. Main disadvantage of XCL is that 

only a view layers and not the full 3D-microstructure can be represented.  

Using an XCT resolution in the range of (2 µm)³ voxel size for CFRPs may lead to 

misinterpretation in relation to porosity because of propagation-based phase contrast 

effects. High-resolution region of interest XCT scans at (250 nm)³ voxel size show 

that epoxy-rich areas between individual C-fibres smaller than 6 µm are leading to 

relatively dark grey values, easily misinterpreted as voids.  

Multimodal XCT data was generated using a Talbot-Lau Grating Interferometer 

(TLGI) XCT to obtain modalities such as dark-field contrast and differential phase 

contrast in addition to standard attenuation contrast. In one example it is shown that 

metal artefacts in CFRP issued by a Cu-mesh can be significantly reduced by TLGI-

XCT. This provides improved image quality and the possibility to segment voids 

close to metallic components.  

For easier interpretation and a better understanding of material features the open 

source software open_iA was used with new implemented visualisation approaches 

for multimodal and multiscale data-visualisation.  
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1. Motivation and Introduction 

Due to high complexity and rising demand for new materials such as fibre reinforced 

polymers (FRP), in many cases a three-dimensional materials characterization is essential 

to get better knowledge of the material behaviour. Therefore non-destructive testing (NDT) 

methods based on X-ray attenuation contrast (AC), such as X-ray computed tomography 

(XCT) are becoming more and more the state of the art for research and development. 

However, different XCT methods need to combine in a unified approach to extract 

information about different length scales. [1] 

Three-dimensional materials characterisation of a specimen using X-rays is usually 

done by scanning an entire part at a relatively low resolution – governed primarily by the 

specimen´s diameter. To achieve higher resolution which is limited by the size, a multiscale 

approach is adopted by scanning a smaller part (cut-out) of the specimen. Accordingly, 

typical lab based XCT resolutions range from approximately (150 µm)³ to around (0.3 µm)³ 

voxel size [1].  

Using different XCT-modes such as region of interest scans (ROI-XCT) or 

laminography modes (XCL), a multiscale approach is also possible without destroying or 

cutting the sample into smaller pieces. [2, 3] 

Using additional modalities, such as differential phase contrast (DPC) or dark-field 

contrast (DFC) are creating new possibilities for materials characterization. For instance, 

using a lab based equipment such as a Talbot-Lau grating interferometer XCT (TLGI-XCT) 

one can gain three different modalities (AC, DPC, DFC) in one scan using a phase stepping 

approach [4-6].  

However, besides all advantages of the mentioned XCT-modes and XCT-

modalities, several limitations in measurement time, artefacts, image quality and sample 

geometry have to be considered and will be further discussed in this paper for different FRP 

samples.  

2. Experimental Setup 

2.1 Investigated Samples  

In this work, carbon fibre reinforces polymer (CFRP) samples from research 

projects in the field of aeronautic and automotive industry are used to investigate using 

different XCT systems, modes, and modalities.  

Sample #1 is a CFRP plate with dimensions of 100x100x1 mm³ made out of 

Prepregs in plain weave style (PRG09229 - CC 120 ER450 43%). In this plate, mainly 

porosity is expected.  

Sample #2, is a sub-component of an aeroplane spoiler assembly, a so-called center 

hinge fitting (CHF), with dimensions of approximately 450x640x150 mm³. A complete 

scan of the sample was not possible due to sample dimensions on the available devices in 

the project consortium, thus only a region of interest (ROI) could be scanned. To discuss 

data quality, additional reference samples from the same material were carried on the 

specimen, which were scanned separately in advance to achieve a higher resolution.  

Sample #3 is a piece from a CFRP sheet moulding compound (C-SMC) with 

recycled carbon fibres and automotive grade epoxy resin (HexPly® M77). Images were 

obtained from a sample cross section of approximately 2x2 mm². Main interest lies in the 

present of voids and resin rich areas.  

Sample #4 is characterized by a CFRP sample with a copper mesh near the surface 

used as lightening protection. It consists of two layups, multiple prepreg layers made of 
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woven carbon fibre bundles embedded in aerospace grade epoxy resin, which are bonded 

by an adhesive film. This adhesive film has a higher absorption contrast compared to the 

epoxy matrix. Important material characteristics of the CFRP sample are the distribution 

and orientation of the fibre bundles (HexPly® F584) and the distribution of pores. The 

sample cross section was 9x4 mm².  

2.2 X-ray based Measurement Systems and Scan Parameters 

All scans were performed at the XCT-laboratories of University of Applied Sciences Upper 

Austria which is equipped with four different XCT-devices. More details and specifications 

are shown in Table 1. The devices used in this work were chosen in dependence of sample 

size, applicable modality and necessary scanning-mode.  

 

Table 1. Used X-ray based measurement systems and main specifications 

XCT device 
RayScan 

RayScan 250E 

GE phoenix 

Nanotom 180 NF 

Bruker 

SkyScan 1294 

RX Solutions 

EasyTom 160 

X-ray source 

225 kV µ-focus & 

450 kV mini-focus (fix 

~0.4 mm) 

180 kV sub-µ-focus 
60 kV µ-focus (fix ~ 30 

µm) 
160 kV nano-focus 

Detector system(s) 
2048*2048 pixels 

(flat panel) 

2304*2304 pixels 

(flat panel) 

4008*2672 pixels 

(CCD camera) 

1920*1536 px 

(flat panel) & 

4008*2672 px (CCD 

camera) 

Min. voxel size ~ 5 µm ~ 0.5 µm ~ 5.7 µm ~ 50 nm 

Max. sample 

diameter 
< 300 mm < 68 mm < 20 mm < 200 mm 

Sample height < 2 m  < 150 mm  < 60 mm  < 700 mm 

 

All used devices and scan parameters for the individual samples are listed in Table 2.   

 

Table 2. Applied scan parameters for the individual samples 

Sample XCT system Image modalities/ 

XCT modes 

Scanning parameters (tube 

voltage; Tint; images; 

Target-material) 

Voxel size 

[µm] 

Scanning

- time 

#1 

 

 

 

RayScan 250E XCT 

ROI-XCT 

160 kV; 999 ms; 1610; W 

160 kV; 1999 ms; 1440; W  

(70 µm)³ 

(15 µm)³ 

51 min 

99 min 

Nanotom 180 NF XCT (1 mm² cut out) 50 kV; 1000 ms; 1700; Mo (2 µm)³ 258 min 

EasyTom 160 

 

 

(1 mm² cut out): 

XCL 

XCL 

XCL 

ROI-XCT 

60 kV; 500 ms; 230; W 

60 kV; 500 ms; 230; W 

60 kV; 500 ms; 228; W 

60 kV, 800 ms; 1568; W 

4*4*4.1 µm³ 

1*1*0.94 µm³ 

0.75*0.75*0.94 µm³ 

(0.25 µm)³  

32 min 

137 min 

60 min 

220 min 

#2 RayScan 250E ROI-XCT 190 kV; 3750 ms; 1440; W  (135 µm)³  138 min 

ref. #2.1 

ref. #2.2 

Nanotom 180 NF XCT 

XCT 
60 kV; 500 ms; 1500; Mo 

60 kV; 500 ms; 1500; Mo 

(17 µm)³ 

(13 µm)³ 

89 min 

89 min 

#3  Nanotom 180 NF XCT 

XCT 

ROI-XCT 

60 kV; 600 ms; 1800; Mo 

60 kV; 600 ms; 1800; Mo 

60 kV; 1000 ms; 1800; Mo 

(6.5 µm)³ 

(2 µm)³ 

(0.9 µm)³ 

150 min 

150 min 

215 min 

#4 SkyScan 1294 AC, DPC, DFC 35 kV, 650 ms; 720; W (22.8 µm)3 960 min 
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2.3 Used Software Tools  

For reconstruction, the tools of the XCT-manufacturer, mainly based on filtered back 

projection algorithms, were applied. Standard software for voxel dataset handling and 

manual registration of each individual scan was VGStudio MAX 3.1 (Volume Graphics 

GmbH., Heidelberg, Germany).  

Open_iA [7] was applied for new approaches regarding multimodal data-

visualisations [8, 9]. For multiscale data visualisations, XCT-datasets have to be adapted in 

a way that they have exactly the same amount of voxels. That means that the voxel size of 

all registered datasets has to be recalculated to the highest resolution gained in one scan 

series. For example, for a scan series done with (70 µm)³, (15 µm)³ and (0.75 µm)³ voxel 

size the (70 µm)³ and (15 µm)³ were recalculated and extracted with (0.75 µm)³. To 

optimise visualisation performance the file size was kept to a minimum. Therefore, only 

small regions of individual voids or inclusions were extracted out of the entire data set for 

multi-scale visualisations in open_iA.  

3. Results and Visualisation Approaches  

Figure 1 shows the results of a 100x100x1 mm³ CFRP plate (Sample #1) scanned by 

conventional XCT with a resolution of (70 µm)³ voxel size to get an overview of the entire 

plate. By applying an ROI-XCT scan in the centre of the plate, a resolution of (15 µm³) was 

achieved. The resolution of ROI-XCT scans are mainly limited due to geometrical 

limitations of the used systems, the achievable geometric magnification and in most cases 

the necessity to fulfil a full 360° rotation of the entire specimen without hitting the X-ray 

tube or detector during the acquisition process. To achieve a higher resolution, using XCL 

was chosen as NDT-solution to get further details from this specimen. Using the XCL 

mode, voxel sizes between (4 µm)³ and (0.75 µm)³ were achieved. Applying XCL, it would 

theoretically be possible to investigate the entire plate in high resolutions, keeping in mind 

measurement time and the huge amount of data. In addition it has to be noted, that the 

voxel size for XCL is not isotropic, thus for easier comparison to other methods, we are 

only referring of the in-plane voxel size in this study. Exact voxel size is denoted in Table 

2. For better comparison of individual material features scanned at different resolutions, 

one smaller void (Fig. 1, 2
nd

 row) and one higher dense particle (Fig. 1, 3
rd

 row) are shown 

separately.  

The void is clearly seen at all resolutions but is only represented by a view voxels in 

XCT mode at (70 µm)³ voxel size. A quantification of void dimensions is not useful 

without any prior knowledge of the actual size. Using an ROI-XCT scan at (15 µm)³ voxel 

size, the shape of the void is already well represented and applying the correct threshold a 

segmentation is possible. By applying XCL, this void is represented very well. In addition, 

propagation based phase contrast effect [10] occurs between air and the material, which 

helps to clearly identify the border of the void structure. Using a higher resolution than (4 

µm)³ for this relatively large 300 µm void does not lead to any additional benefits. On the 

contrary, higher resolution for bigger voids reduces the edge enhancement by the phase 

contrast effect.  

XCL scans at (1 µm)³ and (0.75 µm)³ voxel size clearly shows the shape and 

dimensions (18x16 µm²) of the higher dense inclusion, which is not visible at lower 

resolutions. Using ROI-XCT this higher dense inclusion is clearly visible, even if the 

particle dimensions are almost equal to the voxel size of (15 µm)³. A quantification of the 

size would be impossible. In the normal XCT scan at (70 µm)³ voxel size this inclusion 

could not be resolved anymore.  
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It has to be noted that XCL was not able to resolve any fibre structures of the carbon 

fibres in this material. This is a bit surprising, because the resolution should be high enough 

to resolve individual carbon fibres with a typical diameter of ca. 6 µm. Conventional XCT 

scans at voxel sizes < (2.75 µm)³ on smaller samples sizes usually clearly resolve 

individual carbon fibres [10].  
 

 

Fig. 1. XCT, ROI-XCT, and XCL images of Sample #1 showing different scan regions of the plate and 

corresponding voxel size (first row). In the second row one small void (diameter ~300 µm) and in the third 

row a higher dense inclusion (diameter ~16 to 18 µm) is shown at different resolutions.   

 

Figure 2 shows visualisation approaches implemented in open_iA for visualizing 

three different datasets showing the void from sample #1. By varying the threshold (TH) of 

the ROI-XCT scan and using the edge enhancement effect due to phase contrast from XCL 

(4 µm)³ as reference, the segmentation threshold for the entire ROI-XCT scan can be 

approximated, by using TH = 12,366. For each individual dataset a transfer function can be 

adjusted, to show the necessary features (left). After setting up the transfer function (e.g. 

threshold), with an weighting widget with trimodal heatmap (center) a weighting fraction of 

the datasets (A, B and C) can be chosen, mainly adjusting the transparency of the individual 

files shown in 2D or as 3D rendering (right).  
 

 

Fig. 2. Visualisation approaches implemented in open_iA for visualizing three different datasets showing the 

void from sample #1. By varying the threshold (TH) of the ROI-XCT scan and using the edge 

enhancement effect due to phase contrast from XCL (4 µm)³ as reference, the segmentation threshold 

for the entire ROI-XCT scan can be approximated, by using TH12,366.  
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In Figure 3 the higher dense inclusion from sample #1 is shown. This picture clearly 

shows that it is not possible to properly reconstruct the geometry seen by XCL (0.75 µm)³ 

(red) by varying the threshold of the ROI-XCT scan (yellow).  
 

Fig.3. Visualisation approaches implemented in open_iA for visualizing three different datasets showing the 

higher dense inclusion from sample #1.  

 

In Figure 4 (left) photographs and the defined region of interest for an ROI-XCT 

scan of an aeronautic sub-component (Sample #2) with a cross section of ~450x150 mm² 

are shown. Close to the critical regions of the component, some reference samples (ref #2.1 

& #2.2) were glued, which were scanned in advance at higher resolution by means of XCT.  

Focusing on the ref. sample #2.1 scanned at (17 µm)³ voxel size, a clear crack and 

some smaller voids are visible. The measured crack width is between 122 µm and 54 µm, 

which means, it is clearly below the voxel size of the ROI-XCT scan done with (135 µm)³. 

Nevertheless, this crack can also be very clearly represented in the ROI-XCT scan.  
 

 

Fig.4. Photographs (left) and XCT slice images (right) of an aeronautic sub-component (sample #2) and 

reference samples #2.1 & #2.2 scanned with (135 µm)³ and (17 µm)³ respectively. A clear crack with a width 

between 122 µm and 54 µm is visible.  

 

Figure 5 is showing an overlay of both datasets using open_iA. The crack and 

smaller voids are well resolved in the (17 µm)³ scan and are depicted in red. In blue are the 

results of the ROI-XCT scan performed with (135 µm)³ voxel size. It is clearly visible that 

the crack width is significantly overrepresented at the low resolution scan. In addition some 

areas are highlighted in blue, were no defects (#1) could be observed in the higher 

resolution scan. On the other hand, smaller voids (#2) are not resolved anymore in the ROI-

XCT image data. In the 3D image (right) this variation between over- and under 

segmentation is visible more clearly.  
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Fig.5. Visualisation approaches implemented in open_iA for visualizing ref. sample #2.1 at (17 µm)³ and (135 

µm)³ voxel size respectively, showing crack structures and voids.  

 

In Figure 6 the focus is on the voids existing in the ref. sample #2.2 scanned in 

advance at (13 µm)³ voxel size. By decreasing the threshold, it can be clearly seen that the 

small voids are mainly visible in some “junction areas” and the size of them is strongly 

overestimated at lower resolution (135 µm)³. By further reduction of the threshold, areas 

without voids are going to be segmented, which are mainly representing measurement 

artefacts.  
 

 
Fig.6. Visualisation approaches implemented in open_iA for visualizing ref. sample #2.2 at (13 µm)³ and (135 

µm)³ voxel size respectively. For this images, the transfer function (threshold) was decreased step wise, to 

show how the void structures will be represented at low resolution (blue).  

 

Several studies in the recent years have shown, that for porosity determination in 

woven CFRP samples [11-13] a voxel size in the range of (10 µm)³ is sufficient. Therefore, 

for sample #3 an initial voxel size of (6.5 µm)³ was chosen for XCT investigations shown 

in figure 7. At this resolution, only a few voids were present. To determine an proper 

threshold value, a higher resolution scans with (2 µm)³ was performed, showing that there 

are much more smaller voids in the resin rich areas. In addition, the (2 µm)³ scan clearly 

shows individual carbon fibres in the resin rich areas. These chopped fibres were gained by 

a recycling process. Many of these small voids are not clearly visible, thus an additional 

ROI-XCT scan with (0.9 µm)³ has to be performed. At this resolution, it is visible that no 

smaller voids are present. Smallest represented voids in this material type are in the range 

of 3.8 µm and therefore much smaller as individual carbon fibres with a diameter of around 

6 µm. Usually for CFRP samples, it is expected that micro-voids in the range of the carbon 

fibre-diameter has a quite low impact of the overall porosity of material. In this case, these 

small voids have quite a high impact on total volume. An initial porosity evaluation with 

ISO50 threshold [12] delivers a porosity of 0.2 vol.% for the XCT scan at (6.5 µm)³ 

compared to a porosity of 0.8 vol.% evaluated in the same region of the (0.9 µm)³ scan.   
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Fig.7. Sample #3 scanned at different resolutions for porosity estimation. 

 

Usually for each multi-scale approach several scans have to be performed and 

afterwards a registration of the individual datasets has to be done. In many cases also 

different systems have to be used to cover the full necessary scale. To generate multimodal 

data using a TLGI-XCT device, three different datasets can be reconstructed out of one 

single scan, showing absorption contrast (AC), phase contrast (DPC) and dark-field 

contrast (DFC). Using open_iA, all three modalities can be visualized. A time consuming 

fusion of datasets as shown in Gusenbauer et al. [14] can be skipped, if the visualizations of 

material features are sufficient enough. In Figure 8 (row 1 and 2), all three modalities of the 

same slice image of sample #4 are shown. Keeping the focus on the containing copper 

mesh near the surface, in the AC images strong black areas resulting by metal artefacts are 

visible. In addition due to scattering noise, voids close to the copper wires have a very poor 

contrast. Looking at the DFC image, bright structures in the matrix are visible, representing 

individual carbon fibre bundles mainly oriented perpendicular to the rotation axis of the 

measurement setup respective the gratings [4]. In the DPC images, the voids close to the 

metal structures are represented very well with less metal artefacts. In the bottom row of 

Figure 8, the grey value histograms and chosen transfer function (left) as well the weighting 

with trimodal heatmap is shown, resulting in the final multimodal visualisation (right).  
 

 
Fig.8. Multimodal visualization approaches of sample #4 containing a copper mesh.  
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4. Discussion and Conclusion  

The main purpose of this work was the comparison of different scale levels on CFRP 

specimens achieved by a variety of different X-ray based imaging modes. If it is possible to 

prepare and destroy the samples as small as necessary, a conventional XCT scan would 

lead to the best results. If the entire part or sample should not be destroyed by additional 

sample preparation, some limitations have to be taken into account. In Table 3, a 

comparison of the applied modes and modality’s are listed. For other laboratory or special 

devices like XXL-XCT [15] or Robot-XCT/ XCL [16] different limitations are presented, 

especially for features like maximum sample dimensions or file size.  
 

Table 3. Comparison of the applied modes and modality’s 

Pros/ Cons XCT ROI-XCT XCL TLGI-XCT 

Voxel size 

[µm³] 

Depended on 

sample diameter 

> 150 … < 0.5 

(isotropic) 

Geometrical limited by 

tube-sample or sample-

detector distance 

> 150 … < 0.2 (isotropic) 

Limited by sample 

thickness 

> 150 … < 0.5  

(non-isotropic) 

Limited by design energy 

and grating geometry 

> 5.7 (isotropic) 

Max sample 

Geometry 

(D0.3*2) m³ ~(D0.6*2) m³ at (150 

µm)³ voxel size 

Limited by movement 

of tube and detector:   

< 100*200 mm² 

(D20*50) mm³ 

Modality’s Mainly absorption contrast. In addition at high resolution propagation 

based phase contrast can be strongly present. 

AC, DPC and DFC 

3D-Micro-

structure 

Yes Yes No, structures are only 

sharp at certain 2D 

layers and C-fibre 

structure was not 

visible. (see Fig. 9). 

Yes, with limitations and 

dependencies of material 

features to grating 

orientation. 

File size Dependent on 

detector pixel 

count, ~16 GB for 

16 bit file type 

Dependent on detector 

pixel count, ~16 GB for 

16 bit file type 

Strongly depends on 

chosen field of view 

and resolution 

One separate dataset for 

each modality dependent 

on detector pixel count. 

Artefacts Less for pure 

CFRP, Strong for 

metal structures 

inside 

Average for pure CFRP, 

Very strong for metal 

structures inside 

Strong Artefacts from 

sample surface or other 

material features out of 

focus layer 

Less metal artefacts in 

DPC images. 

Interpretation of DFC 

can be difficult. Micro 

cracks can also lead to 

strong scattering contrast 

[17].  

 

According to DIN ISO 15708-4:2017, if ROI-XCT does not lead to clear 

interpretation results and XCL is not possible due to sample geometry, small reference 

samples of the same material type, including relevant structures or natural defects to be 

detected, can be measured in advance at highest possible XCT resolution. In a second step, 

this reference samples can be scanned at the same time as the relevant object. If there is no 

possibility to scan the measurement object and reference sample at once, at least a scan 

with the same resolution and measurement parameters can be performed on the reference 

sample.  

In Figure 8, the main disadvantages of XCL are shown, depicting that no real 3D 

microstructure can be extracted. The void and the particle shown in Figure 1 are only 

represented well in very few layers and getting blurred or inducing artefacts out of the focal 

layer. In this case, only the maximum size of the features is represented well, depending on 

the feature orientation in the specimen, exact sample positioning and exact movement 

trajectories of X-ray tube and detector during data acquisition.  
 



10 

 
 Fig.8. Sagittal slice image (left) and corresponding layers 1-3 of a void (top row) and a higher dense particle 

(bottom row) generated by XCL at (1 µm)³ and (0.75 µm)³ voxel size respectively.  

 

As already mentioned, in the high resolution XCL measurements no fibre structures 

were visible in sample #1. Thus, on a 1x1 mm² cut-out additional reference scans at (2 µm)³ 

and (0.25 µm)³ voxel size were done (Figure 9). In the XCT (2 µm)³ scan (left), individual 

fibres in the fibre bundles can be clearly seen, but in addition darker areas (indicated by red 

arrows) occur, which can easily interpreted as micro-voids. Those potential micro-voids 

were not seen in the XCL scans and therefore the initiator for further high-resolution ROI-

XCT scans at (0.25 µm)³ voxel size. Looking at these results (right) at the same regions 

where micro-voids are expected (green arrows), it can be clearly seen that in this areas only 

epoxy rich areas are present between the individual C-fibres. Potentially, these darker 

regions (red arrows) are mainly induced by propagation based phase contrast in this (2 µm)³ 

scan and can be easily misinterpreted.  
 

 
Fig.9. Reference scans on a small 1x1 mm² cut-out of sample #1 done by XCT at (2 µm)³ and ROI-XCT 

mode at (0.25 µm)³ respectively.  
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