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Abstract 

Possibilities of almost arbitrary complex shapes of additive manufactured (AM) components using 3D-printers enables design 
engineers to build lightweight structures with optimal force transmission. However, the freedom in design is often a challenge 
for non-destructive testing, especially for highly-stressed AM-components with increased complexity. Thus, reliable quality 
assurance is an important topic to ensure highest quality in aeronautics and space industry. There are only a few NDT methods 
to be applied on such structures. Computed Tomography (CT) and Digital X-Ray techniques are the most important ones 
offering rich information of the outer geometrical metrology together with a 3-dimensional look inside the component. 
Moreover, quantitative analysis of volumetric characteristics can be iteratively looped with design offices.  

The requirements regarding permitted imperfection of aeronautic components are depending on the component purpose. There 
are different acceptance levels for pores in aeronautic components. Finding pores with e. g. 200 µm in diameter may lead to 
large CT-data, which are challenging in acquisition, reconstruction, evaluation and storage. A CT-scan of a (250 mm)3 
component with a nominal voxel size of 47 µm will result in a reconstructed dataset of approximately 301 GB. The smallest 
pore to be found in this example will be mapped with only 33 voxels. Finding the right approach to obtain highest detection 
reliability of small defects in large CT-datasets is the key for time and cost saving in CT-inspection of additive manufactured 
components. Different ways of manual and semi-automated evaluation as well as their possibilities and limits will be 
discussed. 

Keywords: Computed Tomography, 3D-Printing, Additive Manufacturing, CT-Inspection, Aeronautic, Aerospace, 
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1  Introduction 
Additive manufacturing (AM) also known as 3D-printing is about to revolutionize the production and the conception of parts 
such as the one used in the aerospace industry. The possibilities of additive manufacturing are indeed numerous since the raw 
materials which are used can be polymers [1] or a metal powders [2]. This powder is melted one layer at a time using a laser, 
or an electron beam.  The melting path is designed according to the Computer-Aided Design (CAD) model of the desired 
component shape. Since this shape is cut into slices by the machines’ operating software, there is almost no limit regarding its 
complexity.  Most of the powder which wasn’t melted can be reused a few times, which reduces material consumption to its 
minimum. Thus, AM simplifies the fabrication, allows creation of complex geometric shapes with fewer parts than the one 
made with conventional manufacturing process and leads to a material waste reduction [3]. One of the biggest advantages of 
AM components is the weight. 3D printed components need less parts but also less material which makes them considerably 
lighter (figure 1 b). The current challenge of aerospace industry is to make planes more ecofriendly e.g. consume less fuel.  
Long term 3D printing could reduce weight of each aircraft of more than a ton [4]. Each reduced kilo in an Airbus plane, with 
a lifetime of twenty five years, will lead to a four tones reduction of kerosene consumption [5]. On 30th of March 2017 flew the 
first 3D-printed primary component on an Airbus A380 flight test. This component is a valve block made from titanium 
powder (figure 1 a) and is part of Liebherr-Aerospace’s spoiler actuator. Although it is 35% lighter in weight than a 
conventional valve block and is composed by fewer parts, the 3D-printed one offers same performance [3].  
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Figure 1: a 3D printed spoiler actuator valve block made by Liebherr-Aerospace - © Liebherr [3]; b Bracket made with additive 

manufacturing or conventional design [5] 

Additive manufacturing also allows the production of doorstops which are 35% lighter than the conventional ones. Since there 
are many of them in a aircraft, it would mean a significant reduction per plane. The next airbus A350 will soon use those 
components. In case of an emergency, such components have to withstand a load of up to three tones and tests on AM 
doorstops show that their capacity is even higher than that [5]. Nowadays, engineers try to find components of a plane which 
could be replaced by AM components. Different variations for 3D-printed brackets are shown in figure 1 b. A bracket made 
from additive manufacturing was the first 3D-printed part from series-production used in the new airbus A350 XWB [6].  
Another example can be seen in figure 2 where integrated actuators with the conventional and additive manufactured design 
are compared. For this component the weight optimization is 60% and the space reduction 30% [3]. 

 
Figure 2: Integrated Actuator with conventional or additive manufacturing design [3] 

Additive manufacturing is at the beginning phase of its development. Therefore, it is important to test the components and to 
check precisely for eventual defects. AM will require Computed Tomography (CT) as a non-destructive testing method for two 
main reasons. First, since there is almost no geometrical limitation, new components may have non accessible internal features 
which need to be inspected without being destroyed. Second, the most common defects due to additive manufacturing process 
are pores, voids, inclusions, lack of fusion and cracks [1]. CT is mainly independent of the component shape. Thus, flaws can 
be found wherever they are. In addition to that it allows non-destructive detection of inner and outer defects with a high 
information density [7, 8] and furthermore, it provides information about the component geometry. This study will focus on the 
reliability of pore detection in AM components using computed tomography.  

2 Probability Of Detection (POD) 

2.1 Aims of the POD 
A Probability of Detection (POD) analysis evaluates the capability of an inspection to detect flaws. A specific inspection is 
considered to be reliable, if a flaw of a relevant size can be detected with a probability of 90% at a confidence level of 95%. 
Such a flaw size is designated as a90/95. The inspection covers the scan i.e. scan parameters and the procedure of measurement 
as well as the reconstruction of the parts and its evaluation. In order to analyze the capability of CT-inspection on AM parts, it 
was chosen to use three sets of scan parameters, each evaluated by different operators and one defect detection algorithm. 
Those POD analyses also allow to determine the size of flaws which can be detected with a certain probability of detection 
using CT on AM parts and to compare the reliability of human evaluation capability with state of the art computer algorithms.  

a b 
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2.2 POD methodology 
The most common methods for POD analysis in aeronautic industry are the 29/29-Method, Berens hit/miss method, Berens 
signal response method and the signal response method with the non-central t-distribution. As the names imply, the signal 
response methods are taking into account if the flaw can be found with a specific signal amplitude answer. On the contrary, the 
29/29- and the Berens hit/miss methods focus on flaw recognition i.e. if it was found (hit) or not (miss). The 29/29-method is 
used to prove the reliability of the detection of a given flaw size: a90/95. At least 29 inspections of a flaw with given size is 
needed to perform the POD evaluation, what explains the method name [9, 10, 11].  
 
In this study, the size of flaws which can be detected with a probability of detection of 90% at a confidence level of 95% was 
evaluated using the Berens hit/miss method. To conduct the POD analysis, one additive manufactured Ti64 sample with a size 
of (30 mm)³ was chosen. No significant measurement artifacts in the dataset and reasonable evaluation duration were aimed. A 
high resolution CT-scan of it was performed in order to generate the reference data, map pore positions and sizes. In addition, 
this part was scanned using three different voxel sizes and afterwards inspected by different operators. 
 
One of the datasets was inspected by six operators whereby 53 pores lead to a total evaluation of 318 indications. Two other 
datasets were inspected by three operators resulting in a total evaluation of 159 indications. In all cases, the inspectors were 
told to not take in account surface pores. Two pores separated by a distance smaller than the smallest pore diameter were 
considered to be one pore. All the evaluations were visually done using the software VGStudio MAX 3.1 from Volume 
Graphics. Furthermore, the defect detection algorithm Easypore was analyzed for its usability as automated evaluation 
technique. The automated evaluation was done with the same number as for visual inspections. Support indications were added 
to the final results in all datasets in order to enable the POD calculation. Those supports points were chosen to be smaller as the 
corresponding voxel size.  
 

2.3 CT-system and laboratory 
The CT-scans were performed on a Diondo d2 300 kV CT-device (figure 3). The system is equipped with a X-RAY WorX 
XWT-300-CT X-Ray source and a Varian 4343 detector having (3000 pixels with 0,139 mm)². It is capable for digital 
radioscopy, conventional CT with different range extension methods and Helix-CT. The test samples were scanned using a 
conventional CT approach without any image correction in reconstruction. Regular system analyses guarantee the proper 
function of the system with its components and the evaluation environment. 
 

 
Figure 3: CT laboratory of Testia in Ottobrunn (Diondo d2 300 kV device)  

2.4 CT-scan parameter definition 
The Airbus process specification for additive manufacturing using powder bed fusion specifies different pore size acceptance 
levels. The highest acceptance level for gas cavities defines a maximum pore diameter of 200 µm. For this reason, the 
following calculations will be based on the defect size of 200 µm.  
 
The circle in figure 4 schematically represents a round pore and single square pixels. Every detector pixel has a side length of 
a, whereby n pixels are considered to cover a pore with a diameter Dp. Thus, the pore diagonal to be detected with n pixels 
equals ��√2 and the required magnification M in 
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� = ��√2�� . 
 

 
 
 
The nominal voxel size sV is calculated by dividing the size of one pixel by the magnification: 
 �� = ��. 
 
In order to see the influence of the resolution, three scans were performed using a diagonal pore covering of 2.15, 3 and 4 
pixel. This leads to a nominal voxel size of 66 µm, 47 µm and 35 µm respectively for the manual and automated inspections. 
The tube focal spot size was equal to the nominal voxel size. The tube voltage U=290 kV, filtering with Sn 1 mm, Cu 1,5 mm 
and intensity I0=38000 were kept constant and all other parameters corresponding to this configuration were ideally chosen. 

3 Results and discussions 

3.1 CT-scan with 66 µm nominal voxel size 
The evaluations with manual and automated approaches were possible with a nominal voxel size of 66 µm and even pores 
below 2.15 times the voxel size could be found. Both methods show false indications and the number of false indications was 
higher for the automated evaluation. 43 indications were manually false indicated as pores and 412 pores with the automated 
evaluation. Considering the true indications only, the POD results with its 95% confidence level a90/95 for the manual 
evaluation equals to 198 µm and for the algorithm Easypore a90/95 = 270 µm. This shows the detectability for the required 
200 µm pores for a manual inspection. 

 
Figure 5: Probability of Detection vs pore diameter for a 66 µm nominal voxel size CT-scan 

3.2 CT-scan with a 47 µm nominal voxel size 
Again for the higher resolution, false indications for manual as well as automated evaluation were reported, whereby 34 were 
for manual evaluation and 1216 pores for the automated analysis. The a90/95 =190 µm is insignificantly better for the manual 

 

 

 

 

na√2 

Figure 4: Diagram of the defect on the detector 
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evaluation (figure 6). However, compared with 66 µm it took in average two times longer to perform the analysis. The 
automated detection with a90/95 =240 µm is also more precise. Nevertheless, in the range of analyzed algorithm parameters, it 
was not possible to improve the a90/95 below the required 200 µm. 

 
Figure 6: Probability of Detection vs pore diameter for a 47 µm nominal voxel size CT-scan 

 

3.3 CT-scan with a 35 µm nominal voxel size 
The automated defect detection algorithms Easypore was able to achieve a a90/95 of 186 µm and succeeded to recognize all 
relevant pores even below a size of 200 µm (figure 7) by using four pixels for covering one pore. The manual inspection with 
181 µm is again slightly better with decreasing voxel size. The number of false indication for manual inspection is 38 and for 
the algorithm 50. 
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Figure 7: Probability of Detection vs pore diameter for a 35 µm nominal voxel size CT-scan 

3.4 Discussion 
Many things need to be considered when choosing a proper resolution for pore detection. Decreasing the voxel size will 
improve the reliability of pore detection, but will also cost extra time and expenses for the CT-scan, reconstruction, evaluation 
and in storage. CT-data of an component with (250 mm)³ will result in a data size of 109 GB for 66 µm, 301 GB for 47 µm, 
and 729 GB for 35 µm. It is obvious that a 35 µm dataset cannot be handled anymore by state of the art computers and there 
would be no strategy to evaluate additive manufactured aeronautic components in series production. Recognizing pores in low 
resolution data is necessary to analyze these kinds of CT-data.  
 
The results clearly show a relation between the image resolution and pore detectability. They also show that a human 
evaluation is always more precise than an automatic one, but not by far. Thus, with a resolution which is high enough, both 
automated and manual evaluation is giving satisfying results. Furthermore, default parameters were chosen for the algorithm 
Easypore. An optimization of calculation parameters may positively change the results. 
 
Another point to be considered is the number of false indications, which was higher for Easypore. It has also to be taken in 
account that the algorithm and the inspectors did not always agree on the size of the flaws.  However, this study is a hit/miss 
POD analysis, which means that the pore size measurements of the defects by different operators and algorithms were not 
taken into account. 
 
Furthermore, this study focuses on a small Ti64 sample with an ideal volume of (30 mm)³, where no significant CT 
measurement artifacts exists. Components with larger geometries may have regions with low image quality caused by e. g. 
beam hardening or scattering. It can be expected to obtain different results for manual as well as automated pore recognition. 

4 Conclusion and Outlook  
All combined results show that the manual inspection of AM components fits to the acceptance level and it allows a detection 
of 200 µm pores. Indeed, for any nominal voxel size tested in this study, the inspectors proved their reliability of manually 
finding a defect below 200 µm. The biggest disadvantage of manual inspection is the time needed for the inspection. One 
factor is the concentration of inspectors which has an influence on the results. On the contrary, automated evaluation is quicker 
and steady, but the nominal voxel size has to be small enough to guarantee the reliability of inspection. Another algorithm 
which is available in VGStudio MAX is called DefX. This algorithm is composed by numerous parameters and can be adjusted 
more precisely, which may further improve the pore detection reliability.  
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Considering the large amount of required time and data storage resources for a CT-inspection (CT-scan, reconstruction, 
evaluation, data storage) and considering the results of this POD study, an acceptable choice for the CT inspection of 
aeronautical AM components is a manual evaluation of datasets with a nominal voxel size of 66 µm. 

References 
[1] M. Schmidt, M. Merklein, D. Bourell, D. Dimitrov, T. Hausotte, K. Wegener, L. Overmeyer, F. Vollertsen, G. N. Levy 

(2017): Laser based additive manufacturing in industry and academia, CIRP An. Manuf. Technol. 2017, 66, 561-583 
[2] K. Cummins (2010): The rise of additive manufacturing. The Engineer. Retrieved on 10.11.17 from 

https://www.theengineer.co.uk/issues/24-may-2010/the-rise-of-additive-manufacturing/. 
[3] Liebherr (2017): World Premier: First ever 3D printed primary flight control component from Liebherr-Aerospace 

flown on an Airbus Aircraft. Press release.  
[4] 3ders (2014): Airbus 3D printing technology transformation underway. Retrieved on 10.11.17 from  
 http://www.3ders.org/articles/20140615-airbus-3d-printing-technology-transformation-underway.html. 
[5] M. Gronemeyer, M. Kirst (2016): Zunkunft aus dem Drucker. ZDF documentary. 
 https://www.arte.tv/fr/videos/065806-000-A/imprimante-3d-le-futur-est-en-marche/. 
[6] 3DDruck.com (14.09.2017): Airbus installiert erstes 3D-gedrucktes Bauteil, AP&C Produktionsanlage, BASF & 

Farsoon. Retrieved on 10.11.17 from https://3druck.com/kurzmeldungen/in-kuerze-airbus-installiert-erstes-3d-
gedrucktes-bauteil-apc-produktionsanlage-basf-farsoon-0562229/. 

 [7] L. De Chiffre, S. Carmignato, J-P. Kruth, R. Schmidt, A. Weckenmann (2014): Industrial applications for computed 
tomography. CIRP Ann. Manuf. Technol. 2014, Vol. 63, 665-677. 

[8] A. Thompson, L. Körner, N. Senin, S. Lawes, I. Maskery, R. Leach (2017): Measuremnet of internal surfaces of 
additively manufactured parts by X-ray computed tomography. Conference on Industrial Computed tomography 2017, 
Leuven/Belgium. 

 [9] A. P. Berens (1989): NDT Reliability Data Analysis, Metals Handbook, AMS International, Metals Park, Ohio, Vol 17, 
689-701. 

[10] R. C. H, Cheng, T. C, Iles (1983): Confidence Bounds for Cumulative Distribution Functions of Continuous Random 
Variables, Technometrics, Vol 25, 77-86. 

[11] R. C. H, Cheng, T. C, Iles (1988): One-Sided Confidence Bounds for Cumulative Distribution Functions, 
Technometrics, Vol 32, 155-159. 

 
 
 

https://www.theengineer.co.uk/issues/24-may-2010/the-rise-of-additive-manufacturing/
http://www.3ders.org/articles/20140615-airbus-3d-printing-technology-transformation-underway.html
https://www.arte.tv/fr/videos/065806-000-A/imprimante-3d-le-futur-est-en-marche/
https://3druck.com/kurzmeldungen/in-kuerze-airbus-installiert-erstes-3d-gedrucktes-bauteil-apc-produktionsanlage-basf-farsoon-0562229/
https://3druck.com/kurzmeldungen/in-kuerze-airbus-installiert-erstes-3d-gedrucktes-bauteil-apc-produktionsanlage-basf-farsoon-0562229/

