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Abstract 

 
For the material properties of carbon fibre reinforced polymers (CFRP), not only the porosity values (void 
content) are important, but also the shape and the distribution of voids. The state-of-the-art non-destructive 
testing (NDT) method for porosity detection in CFRP is ultrasonic testing (UT). Several publications proposed 
that the shapes of the voids have a strong influence on attenuation of an ultrasonic signal. In addition to UT, 
active thermography (IR) is a promising NDT method with potential for quantitative porosity determination and 
defect detection in future. But also with IR, the shapes of the voids have an influence on quantitative results.   
In this study, X-ray computed tomography (XCT) was used to investigate CFRP test specimens made from 5, 10 
and 20 plies of PREPREG in a plain-weave style. Due to different autoclave cycles, specimens between 0 vol. % 
and ~ 18 vol. % of porosity were manufactured. With a chosen resolution of ~ (10 µm)³ voxel size, quantitative 
values of porosity can be gained. In addition to porosity, XCT yield data on size, shape, orientation, and location 
of each void. Calculating the shape factors show that the mean shape of voids within a specimen changes with 
the degree of porosity. Below a certain porosity, voids are small and have more or less a circular cross-section. 
Above, the shape changes to a more elliptical (complex) shape. This work also shows that the thickness of the 
CFRP specimens correlates linearly to the porosity. Especially for specimens made of 10 and 20 plies, the shown 
diagrams could be used for a raw and very fast estimation of the void content. 
Moreover, with advanced visualisation methods it is possible to visualise individual void properties in 3D. Using 
parallel coordinates for a classification of voids with a certain geometry and shape, e.g. macro-voids and needle-
like micro-voids can be visualised. With further visualisation methods all voids within a specimen or a region-of-
interest are clustered into a mean object (MObject). A MObject shows the visual change of the mean shape of 
voids in relation to the degree of porosity. The individual MObjects of each specimen can be easily compared to 
each other.  
Furthermore XCT simulation results show no significant dependence on evaluated degree of porosity for 
parameter variations using a thresholding method (FHW) developed by University of Applied Sciences Upper 
Austria. With the chosen input geometries there is no strong effect of void sizes and void shapes on quantitative 
porosity evaluation.  
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1.  Introduction and Motivation 
 
To reduce transportation costs and weight, many industries, such as the aviation- and 
automotive industries, develop and optimize new kinds of material systems in the field of 
composites. Nowadays, many safety-critical structures are manufactured from carbon fibre 
reinforced polymers (CFRP). A main problem here is that porosity can critically weaken the 
material strength. Low porosity levels (void contents) are essential for ensuring the 
performance of composite parts [1, 2]. There is a direct correlation between porosity and 
mechanical properties like compressive and interlaminar shear strength as well as the 
elasticity modulus of the material. It has been found that the interlaminar shear strength 
decreases by 7 % per 1 vol. % of porosity [1]. In the aviation industry it is essential to inspect 
such structures completely to avoid failures.  
To ensure fewer defects in CFRP there are several non-destructive testing (NDT) methods [3]. 
For porosity detection in CFRP, the state-of-the-art NDT method is ultrasonic testing (UT). 
Ultrasonic velocity and attenuation measurement can be used to estimate the porosity level [1, 
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4]. Jeong and Hsu proposed that the shapes of the voids have an influence on the attenuation 
of the ultrasonic signal [5]. In addition to UT, active thermography (IR) is a promising NDT 
method with potential for quantitative porosity determination and defect detection [6]. It is a 
fast and cost-effective method for thin CFRP structures. Mathematical models lead to 
quantitative results with IR, but similar to UT, the shape of the voids within a specimen needs 
to be considered [7]. In addition, for IR it is very important to know the exact thickness of the 
specimen. By the method mentioned in [6], the thermal diffusivity can be obtained as a 
quantity averaged over the square of the specimen’s thickness. Another NDT method for 
quantitative porosity determination in CFRP is X-ray computed tomography (XCT). In 
addition to quantitative porosity values, XCT yields data on size, shape, orientation, and 
location of each void [8, 9, 10, 11].  
In this study XCT was used to evaluate and visualise voids in CFRP test specimens. The 
knowledge gained may be used for further development of existing NDT methods like UT or 
for other new methods like IR. Applied advanced visualisation techniques for XCT data help 
to easily compare the visual change of the mean shapes of voids. Therefore all voids within a 
specimen are clustered into a mean object (MObject) [12]. Furthermore parallel coordinates 
are used to classify voids with a certain geometry and shape, e.g. macro-voids and needle-like 
micro-voids [13, 14]. 
 
 
2.  Materials and Methods 
 
The investigated CFRP specimens were prepared by 5, 10 and 20 plies of PREPREG C 
970/PWC T300 3K UT (TY) in plain weave style. In the case of a non-porous material it 
consists of 60 wt. % carbon fibres and 40 wt. % epoxy resin. The PREPREG ply thickness 
was 0.2159 mm. By varying the vacuum pressure during the heating stage in the autoclave, 
porosity levels in the range of 0 and ~ 18 vol. % were produced. The investigated specimen 
size was 17 x 20 mm² (direction Z-X) with a nominal thickness of 1.08 mm, 2.16 mm and 
4.32 mm (direction Y). Altogether 39 specimens were investigated by means of XCT.  
XCT scans were performed on a Nanotom 180 NF device manufactured by GE phoenix|x-ray. 
The device uses a 180 keV nano-focus tube and a full digital 2304² pixel flat panel detector 
from Hamamatsu. As target material molybdenum was used. No pre- or post-filters were used 
for the scans. Applied voltage on the X-ray tube was 60 kV at a voxel size between (10 µm)³ 
and (11 µm)³.  
XCT data processing and evaluation was done in VGStudio MAX 2.x from Volume Graphics. 
For the quantitative porosity analysis a global threshold method (FHW) developed by 
University of Applied Sciences Upper Austria was used [9, 10]. The threshold calibration is 
based on high resolution measurements of the same CFRP material system as described 
before. MObject visualisation first introduced by Reh et al. [12], was done in our in-house 
tool iAnalyse developed by University of Applied Sciences Upper Austria. Fig. 1 (a) shows 
exemplary cross-sections of CFRP specimens manufactured with 20 (top), 10 (middle) and 5 
(bottom) plies of laminate. In (b) a detail view of the 10 plies specimen with a porosity of 
2.56 vol. % as well as the corresponding segmentation result of our FHW method is depicted 
in yellow.  
Due to the fact that it is nearly impossible to manufacture CFRP with a controlled void size 
distribution and void content, XCT simulations of synthetically generated specimens were 
performed. The input data is simulated with CIVA-CT 11a. All simulations were performed 
by a ray-tracing algorithm with single spot implementation. In order to avoid unexpected 
effects or simulation artefacts and to reduce calculation time, complex noise or blurring 
algorithms were not applied. As input for simulation, two synthetic models (input type A & 



B) with approximately 2.5 vol. % porosity are created using a modelling tool written in 
MATLAB® by Airbus Group Innovations (former EADS) [11].  Input type A consists of 
larger voids with a maximum diameter of 0.8 mm whereas input type B consists of smaller 
voids with a maximum diameter of 0.4 mm and additional needle-like voids with a diameter 
of 0.1 mm and a maximum length of 0.6 mm.   
 

 
 
Fig. 1: (a) x-y cross-sections of CFRP specimens manufactured of 20 plies (top ~ 1.39 vol. %), 10 plies (middle 

~ 2.56 vol. %) and 5 plies (bottom ~ 1.86 vol. %). (b) Detailed view of a 10 plies specimen with segmented 
porosity (bottom). (10 … 11 µm)³ voxel size.  
  
Fig 2 (a) shows the segmentation of voids in a 20 plies CFRP with 1.39 vol. % from Fig. 1 (a) 
(top) in a 3D visualisation. In (b) and (c) 3D visualisations of the simulated XCT datasets 
calculated with input type A (b) and type B (c) are visible. The segmented voids are color-
coded in dependence of the defect volume.  

 

  
 
Fig. 2: (a) 3D visualisation of the segmented voids in a 20 plies CFRP specimen from Fig. 1 with a porosity of 
1.39 vol. % measured with (10 µm)³ voxel size. (b) and (c) 3D visualisations of the simulated XCT dataset 
calculated with input type A (b) and type B (c). Porosity is 2.5 vol. % at a simulated voxel size of (20 µm)³.  
 
 

3.  Results 
 
3.1 Porosity vs. specimen thickness 

 
In several investigations of CFRP with 20 plies of PREPREG, we have seen that the sample 
thickness is not constant. In contrast to IR, for porosity evaluation with XCT the exact 
specimen thickness is not that important, because you can define a region-of-interest (ROI) 
for your evaluation. The following diagrams in Fig. 3 (a) show the measured specimen 
thickness by using a micrometer calliper in relation to the void content determined by XCT. 
This comparison was done for 5, 10 and 20 plies CFRP samples. All specimens follow a clear 
trend: with higher void content, the specimen thickness increases. In (b) the relative change 
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from the nominal specimen thickness is compared with the void content. The trend between 
10 and 20 plies specimen is very similar. At porosity values > 8 vol. % the thickness increases 
stronger than the porosity. In this case, an increased thickness of 19 % results in 16 vol. % of 
porosity. The trend for 5 plies specimens is not that clear because the thickness at 0 vol. % 
porosity of the analysed samples varies between -7 and +8 %.   
 

  
  
Fig. 3: Void content in comparison with specimen thickness (a) and the relative change in thickness (b) for 
CFRP manufactured with 5, 10 and 20 plies of PREPREG.  
 
 
3.2 Porosity vs. mean void dimensions and axis ratio 

 
Fig. 4 (a) shows a diagram with the mean void dimensions in directions X, Y and Z for 
increasing void content. It can be seen, that the mean void size clearly expands in direction X 
and Z with increasing porosity. The mean void size in direction Y is more or less constant at 
~ 100 µm. In (b), the mean axis ratio in-plane (dimensions in Z/X) and out-of-plane 
(dimensions (X/Y + Z/Y) / 2) are shown. The averaged in-plane axis ratio (parallel to the fibre 
bundles) is approximately 1 for all porosity levels. The out-of-plane ratio increases with 
higher porosity levels up to 5.  
  

  
 
Fig. 4: (a) Mean void dimensions in comparison with increasing void content of 5, 10 and 20 plies of CFRP. (b) 
Mean axis ratio in-plane (Z/X) and out-of-plane ((X/Y + Z/Y) / 2) in comparison with increasing porosity. 
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In Fig. 5 (a) the results from Fig. 4 are confirmed. It can be clearly seen that in the Z-Y cross-
section voids are orientated in direction Z and in Y-X cross-section they are orientated rather 
in direction X. Looking at the in-plane cross-section (Z-X), most of the larger voids between 
fibre bundles have a spherical geometry. With higher XCT scan resolution ((2.75)³ µm), as 
depicted in (b) it can be seen that macro-voids (#1) are mainly located in epoxy rich regions 
(#2) between fibre bundles. Smaller, needle-like micro-voids with a diameter of 
approximately 10 µm (#3) are located between the individual fibre-filaments, within fibre 
bundles. These needle-like micro-voids often appear at porosity levels higher than 
~ 0.5 vol. %.  

 

     
 
Fig. 5: (a) Detailed view of a CFRP specimen with 20 plies and 1.39 vol. % porosity at (11 µm)³ voxel size. (b) 
High resolution scan done with (2.75 µm)³ voxel size for resolving individual fibre-filaments, macro-voids (#1), 
needle-like micro-voids (#3) and epoxy rich regions (#2) in CFRP.  
 
 
3.3 Visualisation of individual voids and mean objects 

 
In Fig. 6 MObjects of the voids in 10 plies CFRP specimens are displayed. In (a) an isometric 
3D visualisation and in (b) a sagittal Z-Y 3D visualisation is shown. For this kind of 
visualisation all individual voids are aligned in their centres and summed up. On each position 
where a void overlaps another void, the grey value of the corresponding voxel is increased. So 
in the centre of a MObject you get the highest grey value (overlap of all voids). From the 
centre to the boarder of the MObject, the grey value is decreasing in dependence of the 
overlapping void-shapes. With this method and in dependence of the chosen transfer function, 
it is possible to display the mean shape of objects (e.g. voids) in three dimensions.  

 
 
Fig. 6: MObjects from 10 plies laminates with 0.28 vol. % (left), 1.26 vol. % (middle) and 2.56 vol. % (right) of 
porosity in an isometric 3D (a) and Z-Y 3D (b) visualisation. 
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At lower porosity (0.28 vol. %) the MObject in Fig. 6 looks like a round flat disk. With higher 
void content, the expansion in direction Z and X increases (needle-like micro-voids occurs) 
and the MObject looks more like a star. With MObjects, all different shapes of voids can be 
described with one image. The grey surrounding describes a low probability of similar void 
shapes; red means that there are many voids with similar shapes. 
 
Fig. 7 depicts 3D visualisations of different classes of voids in a 10 plies CFRP specimen with 
a void content of 0.28 vol. %. The classification was done with parallel coordinates first 
introduced for CFRP by Reh et al. [13] and further refined by Weissenböck et al. [14]. With 
this method, individual voids with defined properties can be classified and visualised. These 
properties could be the individual void volume, dimensions in directions X, Y and Z and the 
individual shape factor. In Fig. 7 macro-voids with round shape were coloured in blue (a). 
Needle-like micro-voids with a strong extension in direction Z-X and a low extension in 
direction Y are coloured in orange (b). Both classes were visualised at once in the combined 
visualisation (c).  
 

 
 
Fig. 7: 3D visualisation of voids after segmentation in a 10 plies laminate specimen with 0.28 vol. %. Top row: 
Isometric 3D view, bottom row Z-X 3D view. Void classification in a volume of ~ (6 x 2 x 6) mm³ showing (a) 
macro-voids in blue and (b) needle-like micro-voids in orange. (c) Combined visualisation of (a) and (b). 
 
 

3.4 Porosity vs. voxel size and mean void size (simulated XCT data) 

 
We used simulated XCT data to get impressions of how far different shapes of voids influence 
our XCT evaluation. For simulation two different synthetic models were used as input. In 
input type A the voids are bigger than in type B. These simulation input models were 
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simulated with voxel sizes between (10 µm)³ and (60 µm)³.  The nominal porosity for both 
input types was 2.5 vol. %. In Fig. 8 the simulation input types were evaluated with FHW and 
the well-known OTSU [15] threshold method. Both methods show no clear difference 
between simulated XCT data generated by input type A and type B. With lower resolution 
(higher voxel size), the evaluated porosity increases slightly with FHW method and decreases 
minimally with the OTSU method.   
 

 
 
Fig. 8: Porosity evaluation of simulated XCT data A and B for different voxel sizes. FHW threshold and well 
known OTSU [15] threshold was applied. Images in the diagram show the simulation results of input type B at 
(20 µm)³  and (60 µm)³ voxel size.  
 
 
4.  Discussion 
 
In this work it was shown that the thickness of CFRP plates manufactured in PREPREG 
technology correlates linearly to the porosity within the specimens. As mentioned in the 
introduction, it is not possible to manufacture specimens with an exact void content e.g. we 
were not able to produce 20 plies specimens with a porosity between 2 and 4 vol. %. 
Especially for 10 and 20 plies specimens, the diagrams in Fig. 3 could be used for a raw and 
very fast estimation of the void content within the samples.  
As shown in the diagrams in Fig. 4 a dependency between the mean void dimensions and 
porosity for CFRP manufactured in PREPREG technology was found. The mean void 
dimensions in direction Z-X increase with higher porosity. The differences between the mean 
void dimensions in direction X and Z could be explained by the warp and weft yarns. The 
warp yarns were oriented in direction Z. Therefore in direction Z the waviness of the yarns 
should be smaller so that the voids can better expand in this direction. Void dimensions in 
direction Y are more or less constant and are not affected by the void content. The diagrams 
show that the voids are mainly elongated in fibre direction (X-Z). In direction Y, the void size 
is limited by the individual PREPREG plies. These results were confirmed in Fig. 5. 
With advanced visualisation methods it is possible to visualise individual void properties in 
3D. In Fig. 6 the mean geometry of the voids are visualised with MObjects. With parallel 
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coordinates in combination with a classification, voids with a certain geometry and shape can 
be visualised (Fig. 7).  
XCT simulations were performed to get XCT data with defined porosity and shapes of the 
voids. Therefore dataset A has big voids and dataset B has more but smaller voids. With the 
applied threshold methods (FHW and OTSU) no significant difference between both datasets 
could be observed. For the variation of the voxel size, no clear influence of the resolution for 
the evaluated porosity was seen. These results were not expected and probably the 
consequence of neglecting noise and blurring in simulation, which has an effect on grey value 
distribution of reconstructed data and thus, on thresholding. In practical use of XCT, there is 
an influence between samples with bigger voids (as we have investigated in this work) and 
samples manufactured with unidirectional PREPREGS where voids are usually quite thin and 
small. The presented XCT simulation results in this work confirm and strengthen already 
published results [9, 10] showing little or no influence of the voxel size for the FHW method 
for a variation between (5 µm)³ and (20 µm)³ on real CFRP specimens. With the OTSU 
method, the porosity values decrease slightly. In conclusion it can be said, that XCT 
simulation results can be used as a tool for parameter optimization and estimation of different 
segmentation algorithms for specified samples and void geometries. However, care should be 
taken in resolution choice for nominal data generation. There are many simplifications of the 
meshed void geometry compared to real void geometry. Also other measurements effects like 
noise and blurring were not considered due to limitations of the used workstation.  
 
 
4.  Conclusion 
 
This work has shown that XCT is a powerful tool for NDT to deliver information about 
internal structures of a CFRP specimen. Altogether 39 different specimens were investigated. 
The information gained could be used for a better understanding of well-known methods such 
as UT or for developing new methods like IR. Specimens investigated by XCT could be used 
as further reference samples for other NDT methods.  
 
The main findings of the work are:   Specimen thickness and void content show a linear correlation.  A strong dependence of mean void dimensions in direction X-Z and the axis ratio out-

of-plane compared to the void content exists.   In direction Y the mean void dimensions are limited by the thickness of the PREPREG 
plies and the void content in a specimen has no influence.   Techniques for visualising different kind of voids in a certain volume, e.g. macro-
voids, needle-like micro-voids or the mean pore shape (MObject) were presented.   Investigations by XCT simulations show no clear dependence of the determined 
porosity values by using the FHW thresholding method compared to chosen voxel 
sizes and pore-size distribution.  
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