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Abstract 

The main objective of this work is quantitative evaluation of porosity in carbon fiber reinforced polymers (CFRP) with the help 
of X-ray computed tomography (XCT). For this purpose two types of sample were compared. Industrial porosity sample was 
obtained from an aeronautical industry. Artificially induced porosity samples were created by drilling holes with diameter 
0.2 mm and 0.3 mm in non-porous samples. The reference porosity was obtained by measurement of diameters and its standard 
deviation using light optical microscopy (LOM) and XCT at different places on and within the sample for various 
Combinations plates of CFRP samples. Reference porosity limits were obtained for the range of 0.96 to 4.81 vol. %.  

Voxel variation scans were made on both types of samples between voxel sizes (2.75 µm)3 and (120 µm)3 and these were 
analysed using mainly six thresholds from TH 1 to TH 6. Our final conclusion is that TH 3 is the most robust threshold for 
both types of samples and shows least deviations over a wide range of voxel sizes. Porosity evaluation in CFRP depends 
mainly on XCT acquisition parameters, morphology of the voids present and segmentation method used. By stabilising XCT 
acquisition parameters for optimum visualisation and analysing morphology and individual void volumes; TH 3 segmentation 
can be adapted to obtain porosity values within expected porosity limits.  

Keywords: CFRP reference porosity, XCT, void segmentation 

1 Introduction and Motivation 
The importance of carbon fiber reinforced polymers (CFRP) in Aeronautical industries is increasing every year. Safety-critical 
structures are inspected with an increased concern. A main challenge posed by porosity in CFRP is that it can critically weaken 
the material strength. For example, the interlaminar shear strength decreases by about 7 % per 1 vol. % porosity, up to a total 
porosity of 4 vol. % [1]. 

The state-of-the-art non-destructive testing (NDT) method for porosity detection in CFRP is ultrasonic testing (UT). Ultrasonic 
velocity and attenuation measurement can be used to estimate the porosity level [1, 2]. In addition to UT, active thermography 
(IR) is a promising NDT method for porosity and defect detection. Many porosity evaluations using thermographic methods in 
various polymers have been performed in [3…6]. Correct interpretation of UT or IR evaluation also depends on experience and 
expertise of the inspector. In some cases the interpretation intricacy increases due to various technical limitations in detecting 
exact void morphology and location. For this reason, X-ray computed tomography (XCT) is an ideal supplementary 3D 
method. The non-contacting and non-destructive nature of XCT provides several advantages over its other counterparts. Also 
the resolution of recent XCT devices can be down to < 1 µm [7]. Main disadvantage of XCT is that the resolution is interlinked 
with sample size. For all mentioned NDT methods there is one collective drawback, there are no methods to get accurate 
porosity value as a reference. The reference standard provided by acid digestion method is with an uncertainty of ±1 vol. % 
[8]. For UT methods the deviation in the porosity is estimated around ± 0.5 vol. % [5, 9]. 

The main objective of this work was to find a correlation between different threshold-methods [10…12] and evaluation of 
different void morphology (sample types) for quantitative porosity by means of XCT. In addition, a new approach is 
introduced, to get a reference CFRP sample for XCT with a predetermined artificially induced porosity. [13] 

2 Experimental Setup 

2.1 Investigated CFRP Samples 

In this work two type of samples were investigated: an industrial porosity sample from an aeronautical industry and artificially 
induced porosity samples made by drilling holes in the non-porous samples. The industrial porosity sample was made from 16 
plies of bi-diagonal (0°/90°) layers with 12k rovings and RTM6 resin with approximately 1.7 vol. % of porosity. The artificial 
porosity samples were manufactured with 5 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 average density of the 
samples was measured at 1.56 ± 0.03 g/cm3. The single prepreg ply thickness for industrial porosity samples was 0.2159 mm. 
Figure 1 shows an overview of the manufactured samples (D1 to D3). Sample dimensions including mounting holes were 
20x60x1 mm³. Total area of interest under investigation including the drill holes was 17x17 mm2 in the centre of the samples. 
Altogether 1,750 drill holes were induced in three different plates with a drill bit diameter of 200 and 300 µm resulting in void 
contents between 0.96 and 4.81 vol.%. The diameters were evaluated by optical microscopy and XCT to get reference porosity 
values.  
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Figure 1 Drilled reference CFRP plates with the central 17x17 mm² area containing the drill holes. (a) Drilled sample D1 with 300 
holes with Ø 0.2 mm, (c) Drilled sample D2 with 350 holes at Ø 0.3 mm and (d) Drilled sample D3 with 700 holes with both Ø 0.2 and 
0.3 mm 

2.2 X-ray Computed Tomography and XCT Data Analysis Software 

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 (Hamamatsu). Molybdenum was used as target material. 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 (2.75 μm)³ 
and (120 μm)³. Voxel sizes were calibrated using a 3.9796 ± 0.0020 mm ball bar manufactured by GE. XCT data processing 
and evaluation was done in VGStudio Max 2.2 from Volume Graphics. Thresholds were calculated in our in-house tool 
iAnalyse developed by the University of Applied Sciences Upper Austria. 32 to 16 bit grey value mapping was done manually. 

2.3 Applied Threshold Methods for Segmentation of Voids  

Various kinds of threshold methods have been described in the literature. For this study the segmentation is done using six 
thresholds as mentioned in Table 1. The primary segmentation method is based on an algorithm introduced by Otsu [14] for 
grey level segmentation based on histograms. Apart from OTSU threshold (Otsu) we used maximum distance threshold 
(MaxD) and the FH-Wels method (FHW)  [10] [15] as well as Airbus threshold (Airbus) [11] and ISO50 threshold (ISO50) in 
our analysis.  

Table 1 Table showing threshold types 

Threshold Number Threshold type 
TH 1 Airbus [11] 
TH 2 Airbus adapted [11] [16] [13] 
TH 3 ISO50 
TH 4 MaxD [10] [15] 
TH 5 OTSU [14] 
TH 6 FHW [15] 

 

 Airbus threshold method (TH 1) is obtained as a grey level of a non-porous region of the CFRP sample found by 
incremental examination of volume where the percentage of grey levels indicated by material reaches 0.01 % mark. 
Therefore a non-porous reference sample or a larger region with no porosity is required for each scan (Figure 2: dashed 
yellow region). [11] 

 Airbus adapted threshold (TH 2) is used for evaluation of our artificial porosity samples using the same principle as 
Airbus threshold [11] but the region of interest for evaluating the threshold was adapted and includes CFRP resin, fiber, 
and artificially induced filler material between the air-gap (Figure 2: dashed red region). [13] [16] 

 ISO50 threshold (TH 3) is the bisecting grey value point located at the centre of the evaluated material and air peak in 
the bi-modal XCT histogram. It can be obtained both from iAnalyse and VG Studio Max 2.2. This method can be further 
calibrated by implementing a percentage based progressively graded grey levels.  

 MaxD threshold (TH 4) is applied using iAnalyse by indicating the maximum distance from the line joining two 
histogram peaks of the air-peak and the material-peak. [10] [15] 

 Otsu threshold (TH 5) is an automatic threshold-selection method for bimodal histograms implemented in iAnalyse. 
The histogram is divided into two classes minimizing the intra-class variance and maximizing the inter-class variance. Thus 
separation of the resulting classes in grey levels is maximized. [14] 

 FHW method (TH 6) is a combination of Otsu and MaxD threshold values. It is assumed that the correct porosity is in 
between these two thresholds. The exact factor has to be determined empirically by high resolution measurements for the 
specific CFRP sample types. Typically for CFRP industrial porosity involving Class III, Class IV and Class V [13] 
samples, 73 % of gained Otsu and 27 % of MaxD threshold was determined. [15] 
 

(a) (b) (c) 5 mm 
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       Figure 2 XCT-slice images of a combination IV (N0 - D3 – N0’) (a) front view (b) top view sliced through drilled region; dashed 
yellow lines indicate the region of interest for calculating TH 1 (c) top view sliced through non-drilled region; dashed red lines 

indicate the region of interest for calculating TH 2 

3 Results and Discussion 

3.1 Reference Diameter Evaluation of Artificially Induced Porosity Samples 

The reference values of porosity directly depend upon accuracy of measurement of drilled diameters. The diameter evaluation 
was undertaken using light optical microscopy (LOM) at a magnification of 50x with three point circle fit method at both sides 
of the individual plates and by using XCT volume dataset along with cylindrical fit tools from VG 2.0. For comparison of the 
front and back side results, cylinders with only 0.2 mm in depth were evaluated for each side by XCT. In Table 2 the evaluated 
mean diameters are shown. Highest deviation in diameter measurement using LOM (± 13.16 µm) was found for Plate D1 back 
side. Evaluation by XCT shows maximum standard deviation ± 2.75 µm evaluated at (5 µm3) voxel size with sample size 
N=65 for every drilled sample. For expected porosity limits estimation the diameters of the entire cylinders measured by XCT 
are used. Figure 3 shows difference between front and back diameters measuring 200 µm drilled central region by LOM and 
XCT. The differences can be seen from -30 µm up to +50 µm for LOM and from -2 µm up to +4 µm for XCT measurements.  

Table 2 Results of diameter evaluations drill holes of plates D1, D2 and D3 at an evaluated sample size = 65 per plate [13] 

Plate Mean Diameter LOM [μm] Mean Diameter XCT [μm] 
 Front  Back  Front  Back Entire cylinder  
D1 (200 µm) 183.76 ±10.14  167.32 ±13.16  193.45 ±1.85  192.79 ±2.75  192.69 ±0.59  
D2 (300 µm) 284.23 ±6.85  284.68 ±7.26  292.87 ±1.36  293.62 ±1.03  293.6 ±0.83  
D3 (200µm) 189.24 ±9.18  184.67 ±7.38  195.09 ±1.29  196.34 ±0.88  196.05 ±0.92  
D3 (300 µm) 278.97 ±8.00  287.25 ±7.00  291.09 ±1.20  294.00 ±1.44  293.37 ±0.89  
 

    

Figure 3 Difference between front and back diameters measuring 200 µm drilled at central region consisting 65 drill holes for sample 
D1 evaluated using (a) LOM (b) XCT (5 µm)3 

The overall deviation (δQ) for the diameters used for porosity calculation is given by  δQ = √δ欠2 + δ決2 + δ潔2 
where δa, δb and δc are the standard deviations from front, back, and the entire cylinder of each plate and drill hole type.  

 

5 mm 
2.5 mm 

(a) (b) 

(a) 
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3.2 Expected Porosity Ranges and Obtained Porosity Results for Various Combinations  

Along with the thickness of the individual reference plates, the mean diameter and amount of drill holes a total void volume 
was calculated. In combination with the total sample volume, given by the measured thickness of the chosen combination, the 
expected porosity ranges given in Table 3 were calculated for a region of interest of 17 x17 mm². N0 and N0’ were non-porous 
(non-drilled) reference CFRP plates with same thickness as drilled plates which were used to achieve desired volume for 
evaluation. It is important to note that as the XCT diameter evaluations showed very less deviation the expected range of vol. 
porosity is also very small. The maximum expected porosity range is for combination I at a total of 0.24 vol. %. 

 
Table 3 Expected range of porosity percentages for various combinations with N0 and N0’ non porous plates [13] 

  Expected Porosity Range (vol. %) 
Combination I N0D1D2D3N0’ 4.81 ± 0.12 
Combination II N0D1N0’ 0.96 ± 0.02 
Combination III N0D2N0’ 2.58 ± 0.03 
Combination IV N0D3N0’ 4.52 ± 0.07 

 

Table 4 shows porosity results obtained for induced porosity samples from Combination I to Combination IV scanned at 
(11 µm)3 evaluated at minimum detected volume of 27,000 µm3 at different global thresholds. Highlighted values show least 
deviation from expected porosity ranges. 

Table 4 Porosity obtained at various thresholds for various combinations (vol. %) 
  Combination I Combination II Combination III Combination IV 

TH 1 Airbus 6.59 4.03 7.27 8.44 
TH 2 Airbus adapted 4.88 0.92 2.63 5.40 
TH 3 ISO50 5.00 1.00 2.92 5.07 
TH 4 MaxD 8.16 5.44 7.95 9.50 
TH 5 OTSU 5.03 1.07 3.21 5.25 

 

Thresholds TH 1 and TH 4 show the maximum deviation for the expected porosity. These thresholds can be considered as un-
suitable for porosity evaluation for these induced porosity samples. TH 5 porosity values concur with expected range only for 
Combination II and IV. The most conformity is provided by TH 2 and TH 3 for all the combinations evaluated in this 
experiment.  TH 6 was not applied for these samples as calibration was not possible.  

3.3 Industrial Porosity Segmentation, Evaluation and Voxel Variation Scan Analysis 

Figure 4 (a) shows detected voids in industrial porosity sample at voxel size of (7.5 µm)3. Figure 4 (b) shows voids segmented 
based on Classes [13] (individual void volume). The industrial sample evaluated here has voids falling into only two classes 
namely Class I (60×106 µm3 and above) and Class II (7×106 - 60×106 µm3). In Figure 4 (b) the Class I is segmented in red and 
Class II is segmented in green colour.  

                     

Figure 4 (a) Detected voids and (b) segmented view of voids in industrial porosity samples based on Classes 

To evaluate how different threshold methods act at different resolutions, voxel variation scans between (2.75 μm)³ and 
(120 μm)³ were performed on the industrial porosity samples. Voxel size variation scans were used to find a correct porosity 
within a specimen. At high resolution the exact threshold method is not as important compared to lower resolutions. As soon as 
the resolution decreases the results of different thresholding methods vary significantly as seen in Figure 5. The incorrect 
evaluation of TH 5 at the high resolution scans at (2.75 µm)³ is due to the extra peak detected in grey value histogram as 
indicated in Figure 6 (a).  

(a) (b) 
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Figure 5 Industrial porosity sample with an approximate porosity of 1.7 vol. % scanned at different voxel sizes ranging from 
(2.75 µm)3 to (120 µm)3 evaluated with several threshold methods. 

 
Figure 6 shows grey value histograms for (2.75 µm)3, (10 µm)3 and (40 µm)3 voxel sizes along with void and material peaks. 
Grey values are mapped as unsigned 16 bit levels ranging from 0 to 65535 indicating their relative frequencies. At high 
resolution the material peak in the histogram has two peaks, one peak for epoxy resin and another for the C-fibres as shown in 
Figure 6 (a). Hence calculation leads to wrong TH 5 and TH 6 at this resolution. TH 3 over-segmentation is highlighted in the 
red circular region. Also, TH 1 was not evaluated at (2.75 µm)3 as the reference sample without voids needed for calculation 
was not available due to scan volume limitations of XCT machine at lower voxel sizes. Above (5 μm)³ voxel size all applied 
threshold methods gives nearly the same porosity results till approximately (20 μm)³. This small variation between the 
threshold methods at lower voxel sizes is due to the presence of the relatively large macro-voids with individual void volume 
above 7×106 µm3 and higher. Above voxel size (20 μm)³  TH 3 threshold leads to the most constant porosity values for this 
individual sample and material type. For artificial porosity samples a similar trend as in the industrial porosity sample of CFRP 
is expected. That is mainly due to the fact that the individual cylinders in the reference porosity samples fall in the Class I and 
Class II macro voids range. [13] 

 

     
Figure 6 Grey value histogram with void and material peaks for voxel sizes 

 (a) (2.75 µm)3  (b) (10 µm)3  (c) (40 µm)3 

 

3.4 Induced Porosity Visualization, Segmentation and Voxel Variation Scan Analysis 

Figure 7 shows induced porosity sample D3 under various visualizations. Figure 7 (a) shows unsegmented front view of XCT 
visualization at (11µm)3, (b) shows TH 4 segmentation of (a), (c) shows 3- point circle fit evaluations and visualization under 
LOM, (d) shows 3-D virtual view with colour coding based on class differentiation where red indicates Class I and green 
indicates Class II. The cylinders with 0.2 mm diameters are classified as Class II and cylinders with 0.3 mm diameters are 
classified as Class I. Due to air gap between the plates and breakouts on the surface of the reference plates some cylinders with 
0.2 mm diameter can be seen as connected to 0.3 mm diameter cylinders classifying them as Class I. [16] 
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Figure 7 Figure showing (a) cross section of Combination IV XCT view (b) Segmented voids based on TH 4 (c) visualization under 
LOM for diameter evaluation and (d) 3-D virtual view with colour coded Class differentiation [13] 

Figure 8 shows reference sample Combination IV with an expected porosity of 4.52 ± 0.07 vol. % scanned and segmented at 
different voxel sizes. For voxel variation analysis the scan were acquired from (11 µm)3 up to (80 µm)3. Here it is clearly 
visible, that the resolutions of the scans have a big effect on the segmented porosity. Except TH 1 and TH 4 all the thresholds 
provide comparable evaluated porosity results quite close to the reference ranges evaluated. TH 2 shows close proximity at 
(22 µm)3 and (30 µm)3 but is unstable at higher and lower voxel sizes. TH 3 gives exact porosity between (11 µm)3 and 
(30 µm)3 voxel sizes. Above (30 µm)3 voxel size TH 3 evaluates lower porosity. TH 5 shows a consistent higher porosity of 
0.5 vol. % at all voxel sizes up to (44 µm)3 and decreases henceforth. Hence TH 3 is the only threshold which provides 
porosity values within expected range at lower voxel sizes. 

 

Figure 8 Artificially induced porosity sample Combination IV with an expected porosity of 4.52 ± 0.07 vol. % scanned at different 
voxel size ranging from (11 µm)3 to (80 µm)3 voxel sizes and evaluated with several threshold methods. 

4 Conclusion and Outlook 
 
This study introduces a new way to create reference samples of CFRP plates for a quantitative porosity evaluation by means of 
X-ray computed tomography. Voids induced artificially using 200 and 300 µm diameter drill bits belong to the category of 
macro voids which are comparatively large with respect to some of the industrial samples. The smallest void created until now 
is with 200 µm diameter in a CFRP plate with minimum thickness of 1 mm. A meaningful correlation has been achieved 
between industrial and artificial porosity for macro voids. Voxel variation scans both in industrial and artificial porosity 
samples provided valuable information non-destructively regarding morphology and location of the voids as well as optimum 
resolution at which void material boundary is clearly differentiated. Based on these results six thresholds were evaluated and 
compared after segmentation. For industrial porosity samples TH 3, TH 5 and TH 6 provided most stable results from (5 µm)3 
to (20 µm)3 VS whereas for artificial porosity samples a with very contiguous expected porosity range TH 3 was found to be 
very robust and provided good results within the range from (11 µm)3 to (30 µm)3.  

The air gap between the CFRP plates was a limiting factor and a drawback for porosity evaluation in induced porosity samples. 
A filler material with density between material and air was induced. This separated cylinders in various plates better. 
Connected cylinders due to air gap produced by break out of CFRP during drilling in spite of filler material addition can be 
seen in Figure 7 (d). Also, TH 2 evaluation depends on the grey values of filler material. Hence voxel variation scans involving 
industrial porosity does not include TH 2. Figure 9 shows segmentation of filler material by various thresholds at (11 µm)3 VS.   
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Figure 9 Segmentation of induced porosity sample combination III with various threshold methods. (11 μm)³ VS 

Least deviations from expected results are shown by TH 3 in both sample types namely industrial and induced porosity 
samples. In further studies TH 3 should be calibrated and adapted to obtain useful results at a lower resolution and a larger 
sample size. After a conclusive calibration a derived TH 3 such as “ISOXX” can be implemented along with specific XCT 
measurement parameters for voids showing similar morphology. Also smaller voids could be implemented with CFRP plates 
made from fewer plies and drill holes with smaller drill bit diameter. Further investigations are necessary for improvement and 
optimization of filler materials. Use of a slightly higher density material and elimination method can be considered as tenable. 
For other NDT methods such as UT or IR these samples will not work due to the gaps between the individual plates.   

Final conclusions are that porosity depends mainly on voxel size parameter of XCT, void morphology along with individual 
void volume and a robust segmentation method. For standardization procedures in CFRP porosity evaluation by XCT the 
analysis on graded and incremental void contents is indispensable. Till then for every new and unknown sample voxel 
variation scans and derived TH 3 segmentation can be applied after thorough evaluation of the gained results.   
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