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Abstract 
With the purpose of cost and weight reduction in transportation industry and thus, reducing weight of structural 
components in aircrafts, new kind of materials have been developed in the recent years. The use of Carbon Fiber 
Reinforced Polymers (CFRP) has increased due to their high density specific strength. However, these materials 
need special adapted methods for non-destructive inspection of components. Common methods for porosity 
analyses are micro-cut evaluations. Those methods are destructive and provide information in 2D only, whereas 
pores can often be cut in their smallest areal extent. Besides defect detection, an increasing interest is observed in 
characterizing the inner structure and in providing in-depth information for design and manufacturing of new 
components. Therefore, industrial X-ray Computed Tomography (CT) is used for analyses of samples with 
flaws. Of particular interest is the porosity characterization.  

Several studies have shown that the evaluated degree of porosity and its uncertainty is dependent on 
measurement and evaluation parameters, especially with varying dimension and shape of pores. This paper 
presents results of µ-CT measurements and CT-simulations with the purpose of improving the reliability of 
quantitative porosity characterization. The scans were performed with the Airbus Group Innovations µ-CT 
system, which was especially built for CFRP characterization. It is an open system, which allows different kinds 
of acquisition, reconstruction, and data evaluation. The simulations consider all major specifications of this 
machine. It will be shown that CT-simulation of synthetically generated volume porosity datasets is a promising 
tool for test parameter optimization. It has the great advantage in analyzing the reliability of porosity 
determination by the use of synthetically modelled porosity data. The degree of porosity as well as the shape of 
pores can be chosen in a wide range. A variety of different CFRP materials, which are difficult in manufacturing 
with artificial defects and which are needed for porosity studies of this kind, were analyzed and will be presented 
in detail. 

Keywords: Computed Tomography, CT-Simulation, Carbon Fiber Reinforced Polymers, Porosity, Probability 
of Detection 

1. Introduction 

In previous studies, Airbus Group Innovation has shown that the evaluated degree of volume 
porosity varies for different µ-CT measurement parameters [1, and 2]. The most influencing 
parameter is the voxel size. Due to the magnification and limited detector size, it has to be 
chosen low enough for a reliable quantitative characterization of porosity and high enough to 
analyze a minimum required sample volume. Often it is not possible to choose the required 
resolution because of the specimen geometry. The tolerance information is almost mandatory 
for such type of measurements. Additionally, the pore geometry has an influence on the 
evaluated porosity. A spherical pore with same volume as lens- or needle-like one has a 
smaller surface and thus, lower number of material to air transitions. Pores with different 
shape of are shown in Figure 1. The error increases with the complexity of pores. This needs 
to be considered in the evaluation.  
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Figure 1: Exemplary visualization of samples with a) spherical pores [4], b) needle-like pores [4], and  
c) lens-shaped pores. 

 

The manufacturing of samples with predefined shape and content of pores is difficult, time-, 
and cost intensive. Therefore, CT-simulation of synthetically modelled data is the preferred 
way of analyzing the context of parameter influence and measurement reliability. The general 
feasibility of CT-simulation regarding porosity characterization, correlation with CT-
measurements and the applicability for reliability optimization was shown in [2]. 

The presented study aims the development and evaluation of a method for measurement 
tolerance estimation and its ability for optimization by adaptation of measurement parameters 
like the voxel size.  

2. Materials and methods 

2.1 CFRP volume porosity characterization 

As nominal pore geometry, content, distribution, and simulation input information, four 
samples with different degree of porosity, which are shown in Figure 2, were analyzed by 
using a Micro-Computed Tomography system. The device is equipped with a Viscom 160 kV 
transmission X-ray tube with diamond target and a PerkinElmer 0820 DRZ 1024² á 0.2 mm 
pixel detector.  

 
Figure 2: Analyzed samples with artificially manufactured flat-shaped pores and different degree of porosity. 

 



The chosen measurement parameters are common for volume porosity analysis of this type 
and listed in Table 1. There was no pre- or post-filtering applied. 

Table 1: CT-measurement parameters. The described values are voltage (U), current (I), integration time (t) as well as the 
number of projection images (n) at the specific voxel sizes (VS). 

U [kV]  60 

I [µA]  300 

t [ms] 999 

VS [µm] 10, 20, 30 

n 1080 

 

After reconstruction with FDK algorithms, the data were evaluated by using 
VGStudio MAX 2.2 from Volume Graphics. [1] and [2] shows the general pore evaluation 
procedure which was applied. Additionally, a detailed characterization of each single pore 
was carried out, which is needed for synthetic pore data modelling. The synthetically 
generated pores should represent real CFRP pores as precise as possible. Therefore, the 
following criteria were analyzed in detail: 

- pore volume, 
- sphericity 
- diameter, and 
- size in x, y, z. 

An exemplary evaluation of sample PS1 and PS2 with an evaluated degree of 0.5 vol. % and 
1.2 vol. % porosity using the (10 µm)³ voxel size dataset is shown in figure 3. By calculating 

the size ratio ���,� = ���	


 + ��	


 ���  it can be noted that the size in y direction is approximately 

five times smaller than in x and z direction. The general shape of these pores is flat, like 
lenses.   

a) b) 

  
Figure 3: Pore size distribution of a) sample PS1 and b) sample PS2. Black color indication for size y over size x and red 

color for size z over size x. 

 

Figure 4 visualizes a µ-CT measurement of sample PS1 with cross sections of the xz- and xy-
plane. The pores occur between layers and are detached from each other.  
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Figure 4: Visualization of a µ-CT measurement of sample PS1 with a) 3D rendering, b) cutting slice zx,  

and c) cutting slice yx. 

 

The volume porosity characterization by µ-CT gives further information about the pore shape. 
The statistical distribution of the three important characteristics volume, diameter, and 
sphericity are shown in figure 5.  

a) b) c) 

   
Figure 5: Statistical evaluation of the pore characteristics a) volume, b) diameter, and c) sphericity of sample PS1. 

 

The distribution of these characteristics can be used as input information for the generation of 
synthetic pore models. 

2.2 CFRP porosity data modelling 

The synthetic pore data modelling was done with an own developed MATLAB® tool. It takes 
the size and distribution of pores into account. The general pore shape can be chosen between 
spherical, needle-like, and lens-shaped pores by adjusting geometry parameters like the size in 
x, y, z by mean pore size and standard deviation for normally distributed pore sizes; and/or 
min. and max. values for a uniform distribution. Other parameters like the length/diameter 
ratio define their needle-like shape. However, flat-shaped and spherical pores only where 
analyzed in this study. Three datasets with the different degrees of 0.5 vol. %, 1.0 vol. %, and 
2.0 vol. % porosity were modelled (Figure 6).  
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Figure 6: Different synthetically generated flat-shaped pore models FP1: 0.5 vol. %, FP2: 1.0 vol. %, and FP3: 2.0 vol. %. 

Shown as a) 3D rendering and b) after meshing with VGStudio MAX (FP1). 

The output format is a voxel dataset with predefined resolution. It is further processed with 
VGStudio MAX for mesh creation. Details regarding triangle meshing can be found in [2]. 

Table 2 shows the pore characteristics of a µ-CT measurement on sample PS1, which is 
compared with the synthetically generated model FP2. It can be noted that there are only 
minor differences between the real sample and the synthetic dataset. Thus, the lens-shaped 
pore models which were generated with the MATLAB® tool correspond to manufactured 
CFRP samples with artificial pores.  

Table 2: Pore characteristics: diameter, sphericity, and size in x, y, z of sample PS1 compared with the synthetically 
generated model FP2. 

Mean values of: Sample PS1 Synth. model FP2 
Diameter [mm] 0,22 0,28 
Sphericity [-] 0,42 0,55 
Size in x [mm] 0,20 0,23 
Size in y [mm] 0,06 0,06 
Size in z [mm] 0,16 0,19 

2.3 CT-simulation setup 

The software used for CT-simulations is CIVA 11. It is a tool with simulation modules for 
several NDT techniques [3]. The CT module has the option for defining X-ray source and 
detector with their specific characteristics. All system specifications of the µ-CT device were 
implemented in the simulation as precise as possible. The known spectrum of the Viscom 
X9160-TED source was implemented by using the import functionality. The PerkinElmer 
XRD 0820 DRZ detector sensitivity was approximated by an implemented characteristic table 
of a GOS scintillator and adapted by test measurements as well as detector simulation 
calibration. Furthermore, the geometric properties and X-ray parameters shown in Table 3 
were defined referring to the ones used for the measurements (compare with Table 1). 

Table 3: CT-simulation parameters. The described values are voltage (U), current (I), integration time (t) as well as the 
number of projection images (n) at the specific voxel sizes (VS). 

U [kV] 60 

I [µA] 350 

t [ms] 999 

n 1080 

VS [µm] 10, 15, 20, 25, 30 

The simulations were performed by using ray-tracing algorithms with single spot emission. 
CIVA provides different functions for noise simulation. However, there was a way found to 
add the characteristic noise that exactly equals to the µ-CT device. The pore data models 



where simulated as single materials without a separate discretization of carbon fibers by using 
X-ray attenuation characteristics of a homogenized composite. 

2.4 Image noise 

There are different ways of creating noise on simulated X-ray images. The probably most 
accurate method gives Monte Carlo simulations. However, they are very time consuming and 
thus, not applicable for CT-simulations because of the large number of projections. Adding 
normally distributed statistical noise, was partially successful tested for such purposes too. 
Nevertheless, the disadvantage is their accurate distribution, which strengthens circular and 
center-pixel artefacts. Thus, another method that uses the original noise spectrum of a real 
measurement was developed. Therefore, some real plain images were taken with the µ-CT 
system by using the X-ray parameters that refer to the CT-simulations (Figure 7 a)). The noise 
of these images was evaluated by calculating its noise power spectrum (NPS). This can be 
afterwards used for calculating new noise images with equal noise frequencies and 
magnitudes. The generated noise images with NPS from original X-ray projections are then 
added to the simulated projections.  

a) b) c) 

   
Figure 7: a) Measured plain projection image with the X-ray parameters listed in Table 3. b) The visualized noise power 

spectrum of the image shown in a). c) Synthetically generated noise projection with noise frequency and magnitude 
information of the NPS shown in b). 

There is only a small deviation between simulated and measured projection images. Figure 8 
visualizes in a) the gray value distribution of a simulated and measured plain radiographic 
image and in b) the referring gray value g(x, y=512) along x (1024² pixel detector) with the 
standard deviation along x which is calculated over 512 rows in y.  

a) b) 

  
Figure 8: a) Gray value distribution of the measured and synthetically generated noise images which are shown in figure 7. 

b) Gray value g(x,y=512) evaluation of detector row 512 with the standard deviation of all pixels (512) in one column. 



2.5 Volume porosity evaluation 

The porosity evaluation was done referring to the method described in [1] and [2]. Therefore, 
a reference volume without porosity was used to calculate the gray value threshold, where 
pores can be separated from the material. This threshold is globally applied on the porosity 
volume. 

3. Results 

The measured samples and simulations were evaluated regarding their determined degree of 
porosity for different voxel sizes. In addition, each single pore was evaluated regarding its 
absolute deviation between nominal and actual volume. Both results give information about 
the reliability in porosity characterization with µ-CT and show the general applicability of 
CT-simulation as a tool for the reliability optimization. 

3.1 Reliability analysis 

The practicality of CT-simulation and its correlation with real measurements is shown in [2] 
and should be proved for the evaluations of this kind of material with lens-shaped pores by 
comparing measurements with simulations on synthetically generated porosity models. 
Therefore, the evaluated degree of porosity is evaluated over a set of different voxel sizes as 
an indication of similar porosity determination behavior. Furthermore, it is of interest to 
determine the highest necessary voxel size, in order to be able to measure the largest possible 
sample volume and if it is not possible to reach the necessary voxel size, it is interesting to 
estimate the tolerance of the measurement itself.  

Figure 9 a) compares simulation results of synthetically generated models with measurement 
results of samples with similar degree of porosity (dotted line). There are two things which 
are mainly interesting on an “evaluated degree” vs. “voxel size” graph: the degree of volume 
porosity at the lowest analyzed voxel size and the slope between at least two points. It can be 
seen that there is a strong correlation between both: measurement and simulation results. 

a) b) 

  
Figure 9: a) CT-simulation results of synthetically generated models FP1, FP2, and FP3 compared with CT-measurement 

results of the samples PS1, PS2, PS3. b) CT-simulation results of the models FP1, FP2, and FP3 compared with their nominal 
degree of porosity. 

 

Furthermore, Figure 9 b) compares the nominal degree of porosity with the actual determined 
one. The higher the porosity of an analyzed volume, the higher is their slope, and thus, the 



greater the tolerance. This relation was analyzed and is shown in Figure 9 a) and b). It has to 
be noted that due to the region of interest (ROI) definition, the evaluated volume is smaller 
than the modelled one, whereas the nominal degree of porosity differs from the initially 
modelled one (Table 4). 

Table 4: Differences between modelled- and ROI-degree of porosity. 

 Modelled degree of porosity ROI degree of porosity 
FP1 0.5 vol.% 0.63 vol.% 
FP2 1.0 vol.% 1.26 vol.% 
FP3 2.0 vol.% 2.50 vol.% 

 

A novel way of reliability analysis can be done by estimating the analysis error based on the 
divergence evaluation of nominal and actual volumes of each single pore.   

a) b) 

  
Figure 10: Nominal-actual pore deviation results: a) As absolute values of the lens-shaped pore models FP1, FP2, and FP3 as 
well as spherical pores and measurement PS1 plotted over an equivalent spherical pore diameter. b) Pore deviation of same 

data plotted over the single pore volume/surface ratio.  

 

Figure 10 visualizes in a) the percental absolute volume deviation over an equivalent 
spherical diameter. This value corresponds to the diameter that a spherical pore would have, 
independent of its actual pore shape. Using this graph, it is possible to compare different pore 
shapes with each other. The voxel size of the datasets is 20 µm, whereas the deviation of 
simulated data are calculated by using the simulation input datasets as nominal information 
and the measurement deviation by using a 10 µm measurement as nominal information. 
Attention has to be paid for the results of equivalent pore sizes below approx. 60 µm, because 
of the generally low probability of pore detection and volume analysis reliability for 20 µm 
voxel sizes of actual datasets. 

The lens-shaped pore simulation data and measurement pore data show comparable course of 
curve, even for the measurement results where low deviation was expected due to the small 
voxel size divergence of 10 µm (nominal data) and 20 µm (actual data). Moreover, a better 
curve fit could even be assumed by a lower voxel size for the nominal measurement dataset.  

The graphs show a decreasing behavior for an increasing equivalent diameter. Furthermore, 
the analyzed datasets with those specified pore shapes and under consideration of the given 
voxel sizes show a tendency for a probable saturation. As an adequate estimation it can be 
assumed to obtain a maximum deviation of 10 % for equivalent pore diameters above 



0.25 mm. However, it has to be considered that the measurement reliability depends on the 
pore shape, too. 

Figure 10 b) visualizes the pore volume deviation over the volume/surface (V/AO) ratio. The 
influence of the pore shape is clearly given, whereas the analyzed lens-shaped pores are 
mainly below 0.02 mm³/mm² and the spherical pores above. The maximum V/AO ratio is d/6 
where d is the diameter of its calculated spherical pore shape. For the purposes of CFRP 
characterization with almost similar pore sizes, it can be assumed that it is not necessary to 
perform size compensation with e.g. an equalized diameter (aimed unit is [-]).  

As a result of this study, the graph can be used for tolerance estimations and reliability 
optimization. The average V/AO ratio of sample PS1 is 0.0083 mm³/mm². By using Figure 10 
b), the estimated pore deviation (y-axis) results to tdev=0.47. The estimated real degree of 
porosity can be calculated with the total volume Vt and pore volume Vp by 

� = 		 ����
	+0											
− ������

��
. 

Finally, the analyzed degree of porosity is 2.0	���.%– .!	�"#.%��.
$  which fits well with the 

evaluated degree of porosity for 10 µm voxel size (Figure 9 a)). This procedure of tolerance 
estimation looks promising and can be extended for several voxel sizes and pore geometries 
as well as pore sizes. Finally, it can be used for tolerance estimation where the voxel size is 
given and V/AO ratio can be calculated from the porosity evaluation with e.g. results of the 
defect detection module of VGStudio MAX. 

4. Discussion and conclusions 

The data modelling by using the developed MATLAB® code works well for spherical, 
needle-like and lens-shape pores. Measured and modelled data are of comparable geometry 
quality. 

The creation of image noise by using the noise power spectrum (NPS) of radiographic images 
is an applicable way for analyzes of this type.  

The results in this study show the tendency of an increasing evaluated degree of volume 
porosity for an increasing voxel size, which was analyzed in previous studies too [1 and 2]. 
The influence of the over-segmentation relation was evaluated on CT-measurements and CT-
simulations and further analyzed regarding the measurement reliability, whereas a method of 
tolerance estimation was developed. It shows good results for the analyzed samples, but needs 
to be validated with further data. It is designed for the defined parameters and sample data as 
well as evaluation method. Other data and may need adaptation. The tolerance estimation 
method can be further developed concerning other voxel sizes and pore geometries. In overall 
it could be a way for tolerance determination for volume porosity analysis of CFRP data. 
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