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Abstract. Industrial X-ray computed tomography (CT) is often used as a 
nondestructive method for quality assurance. Usually, it can be found in product and 
process development where it is a versatile technique to identify characteristics or 
defects in a wide range of components. Here, we present an experimental CT 
parameter study, which we performed in our nondestructive testing lab using a 
commercial high-resolution X-ray CT setup. The systematic parameter variations 
reveal influences on the gray values of resulting CT volumes. But our goal was not 
just to show possible improvements in the acquisition of CT data. Furthermore, we 
wanted to derive quantitative and reproducible characteristics from the 
measurements to overcome a solely qualitative diagnosis. To apply this approach we 
used small and equally-sized material samples with high absorption coefficient and 
porosity in the single-digit percentage regime. While investigating obvious 
characteristics of this material, such as total porosity or pore size distribution, we 
also derived quantitative criteria to evaluate the quality of CT results.  

1. Introduction 

It is one of the most important objectives of the automotive industry to further enhance the 
efficiency of conventional combustion engines. In this context, thermally sprayed cylinder 
running surfaces have great potential to replace cast iron liners. This is why Mercedes-Benz 
developed NANOSLIDE

®, which combines twin wire arc-spraying with a surface-finish 
through honing [1]. For instance, this reduces the friction losses within the engine and 
offers weight reduction [2]. As the technology is being transferred to mass production, it is 
obligatory to be aware of all process-critical parameters. These are required to identify 
systematic causes of failure and to develop new testing methods for quality assurance. 

Industrial X-ray computed tomography (CT) has been established for metrology, 
failure analysis and other use cases during the past decades. It allows nondestructive 
imaging by exposure of a sample with radiation and detection of the attenuated X-rays 
passing through it [3, 4]. Visualization of cross-sectional and three-dimensional structures 
becomes possible. However, CT results are often used for a solely qualitative diagnosis that 
does not meet the possibilities of this technique. The goal of this study is to show under 
which conditions it is possible to derive quantitative and reproducible characteristics from 
tomograms. Samples from thermally sprayed cylinder running surfaces are used to apply 
this approach, as they are porous due to their production process. In general, such materials 
can be quantified with X-ray CT, e.g. via total porosity or pore size distribution [5, 6]. The 
coating is made of low-alloyed carbon steel; its attenuation coefficient is high compared to 
the underlying aluminum. The spatial resolution of a tomogram is not as high as in polished 
sections but on the other side the whole volume is resolved and not just a slice of it. X-ray 
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CT tends to display artifacts, e.g. scattered radiation or beam hardening. This complicates 
the quantitative interpretation of results in some cases [7, 8, 9, 10]. Whether the variation of 
CT parameters or the use of filters has an impact on the quality of our CT data, is evaluated 
by means of a material contrast being introduced in Ch. 2.2. 

2. Image processing 

2.1. Approach 

In this particular case image processing starts with digital CT data, namely tomograms from 
different planes parallel to the cylinder running surface. This picture information already is 
manipulated, e.g. by mapping to different color spaces or outlier filtering during the 
reconstruction process. Afterwards different pre-processing steps are performed to get rid 
of some artifacts. Thresholding is realized with Otsu’s method [11], which identifies fore- 
and background by minimizing the combined spread in their gray-scale values. As soon as 
the original information is converted into binary data, segmentation tasks can be done. 
These allow extracting characteristics from the tomograms, e.g. quantity of pore sizes. 
These features might then be used for the classification of samples with varying porosity. 

 

 
Fig. 1: Image processing chain for the extraction and classification of characteristic features from thermally 
sprayed cylinder bore coatings with X-ray CT, which is mainly based on Ref. [12] and [13]. 

 The image processing chain in Fig. 1 summarizes this approach and is mainly based 
on Ref. [12] and [13]. It should be noted that there are multiple methods for thresholding; a 
comprehensive overview is given in Ref. [14]. For the investigated samples Otsu’s method 
was found to be the best option in terms of computing power as well as reproducibility. 

2.2. Evaluation of influences along the image processing chain 

Since the image processing chain in Fig. 1 is aiming to derive quantitative parameters from 
CT data, the critical influences on every single chain link should be known. These can 
reach from acceleration voltage and tube current to beam filtering with metal sheets to 
integration time and sensitivity of the X-ray detector. There might even be influence by 
shape and size of the tube’s focal spot as well as by surroundings, e.g. room and cooling 
temperature [15]. Most of the influences were investigated, while each variable was varied 
independently from the others (a full factorial experiment was not an option regarding their 
number). Due to the limited space in this paper, only results from varying acceleration 
voltage, tube current, and beam filtering with copper sheets are presented. These already 
give an idea of how to evaluate, if a CT parameter is influencing the quantitative results – 
and if yes, how crucial this influence is. 

The evaluation again should also be operator-independent and is done by material 
contrast based on the gray-scale values in CT volumes. It relates the available color space 
to the width of characteristic maxima in the histogram. Thus, it is a measure for the 
discriminability of these maxima and for a signal-to-noise ratio concerning material 
density. Here, a typical histogram (cf. Fig. 2) shows three characteristic maxima: There are 
two at rather low gray-scale values, which represent the attenuation coefficients of air and 
aluminum. A third one is visible at higher gray-scale values, resulting from the steel-based 
coating. The material contrast is calculated by dividing the distance of the two outer 
maxima by the full width at half maximum (FWHM) of the “signal peak”, which is the one 
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at high gray-scale values here. Since a maximum discrimination of materials is desirable for 
thresholding, the signal-to-noise ratio can be used to find the optimum parameter set for the 
CT data acquisition. 

 

 
Fig. 2: The image quality of CT scans is evaluated by material contrast based on the gray-scale values in CT 
volumes. It relates the color space to the width and distance of characteristic maxima in the histogram. 

Referring to Fig. 1, the thresholding step distinguishes fore- from background by a 
threshold value. This is also shown in Fig. 2. Here, a single tomogram is converted to 
binary data by a threshold, which is calculated with Otsu’s Method from a CT volume’s 
histogram. As soon as the picture information is transformed into binary data, e.g. the total 
porosity or average pore size in a single tomogram can be extracted. 

3. CT parameter variations 

3.1. Acceleration Voltage 

One of the central parameters in X-ray CT is the acceleration voltage of the X-ray tube, 
which is one influence on the emitted bremsstrahlung spectrum. During this parameter 
variation, CT scans were done with voltages between 130 kV and 175 kV, which represent 
the minimum voltage for penetrating the samples and the tube’s maximum voltage. 
Histograms of a sample that has been scanned with these voltages are shown in Fig. 3. 

 

 
Fig. 3: Histograms of a thermally sprayed specimen, which has been scanned at four operation voltages 
between 130 kV and 175 kV. The acceleration voltage is one influence on the emitted bremsstrahlung 
spectrum and therefore on the attenuation coefficients of penetrated materials. 

This histogram is slightly different from the one in Fig. 2. Here, gray-scale values of 
aluminum and air are so close that they appear as one peak on the left. Due to scattered 
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radiation and beam hardening the gray-scale value of air inside the pores differs from air 
outside the sample. With increasing voltage a shoulder becomes visible on the left slope of 
this peak, which represents the air peak. Thus, its discriminability from aluminum is higher 
with increasing acceleration voltage. The aluminum peak remains almost unchanged in 
position and its intensity is slightly decreasing at higher voltages. The coating’s 
characteristic maximum, though, shifts to higher gray-scale values with increasing voltage. 
Its normalized intensity is approximately constant over all voltages. In total, the distance of 
the characteristic maxima increases with higher voltages. Their FWHM is almost constant 
or even slightly decreasing, which is summarized in Tab. 1. Therefore, the highest material 
contrast for both materials is observed at the highest acceleration voltage. Be aware that the 
CT volumes were mapped to 8bit with 256 gray-scale values available. Distance and 
FWHM of the maxima were directly derived from this color space with image processing. 
 
Tab. 1: Distance of the characteristic maxima in Fig. 3 as well as their FWHM and material contrast at 
different acceleration voltages between 130 kV and 175 kV. Values are derived from 8 bit color space. 

Acceleration voltage 130 kV 145 kV 160 kV 175 kV 
distance of maxima 81 83 85 87 
FWHM aluminum 15 15 15 14 

FWHM steel 23 22 22 22 
material contrast aluminum 81꞉15=5.4 5.5 5.7 6.2 

material contrast steel 81꞉23=3.5 3.7 3.9 4.0 
 

3.2. Tube current 

Besides the voltage also the tube’s current can be varied, which does not influence the 
average X-ray energy but the number of emitted photons. CT scans have been acquired 
with tube currents between 60 µA and 120 µA. Here, the lower current represents the 
minimum for penetrating the samples at a given voltage and integration time. The higher 
current is the maximum before geometrical unsharpness becomes visible. With the used CT 
system, this point is approximately reached when the target power in watts exceeds the 
voxel size in micrometers. The histograms of these scans are shown in Fig. 4. 

 

 
Fig. 4: Histograms of a thermally sprayed specimen, which has been scanned at four tube currents from 60 µA 
to 120 µA. In contrast to the acceleration voltage, the tube current does not influence the average X-ray 
energy but the number of emitted photons. 

This diagram reveals that the tube current has just little impact on the gray-scale 
values of CT volumes. The spreading of the characteristic maxima increases by four gray 
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values, whereas intensity and shape of the peaks remain almost unchanged. No shoulder 
becomes visible on the left slope of the aluminum peak. With regard to the FWHM values 
the material contrast becomes largest at 100 µA for both materials. Again, these values are 
summarized in Tab. 2. 
 
Tab. 2: Distance of the characteristic maxima in Fig. 4 as well as their FWHM and material contrast at 
different tube current between 60 µA and 120 µA. Values are derived from 8 bit color space. 

tube current 60 µA 80 µA 100 µA 120 µA 
distance of maxima 83 85 87 87 
FWHM aluminum 15 14 13 14 

FWHM steel 23 22 22 23 
material contrast aluminum 83꞉ 15=5.5 6.0 6.7 6.2 

material contrast steel 81꞉23=3.6 3.9 4.0 3.8 

 

3.3. Beam filtering with copper metal sheets 

CT systems usually allow mounting metal sheets in front of the X-ray tube, which can be 
used to filter the emitted spectrum. In this case, copper was used to increase the average X-
ray energy [16]. Since the color space of histograms in this study is normalized, filtering 
does not have an impact on the comparability of characteristic maxima – even if the 
absolute count of photons reaching the detector varies. This section shows the results from 
CT scans without as well as with 0.1 mm to 1.5 mm copper metal sheets in front of the X-
ray tube. Here, the highest thickness represents the maximum for penetrating the samples at 
a given voltage and integration time. The resulting histograms can be found in Fig. 5. 

 

 
Fig. 5: Histograms of a thermally sprayed specimen, which has been scanned without as well as with 0.1 mm, 
0.2 mm, 0.5 mm, 1.0 mm, and 1.5mm copper metal sheets in front of the X-ray tube. This procedure allows to 
filter the emitted spectrum and to increase the average X-ray energy. 

As can be derived from this diagram, beam filtering with copper metal sheets has a 
bigger impact on histograms from CT data than varying the tube’s voltage or current (cf. 
Fig. 3 and Fig. 4). While increasing the thickness of copper sheets, the aluminum peak 
shifts significantly towards lower gray values and shows a drop in its normalized intensity. 
The characteristic maximum of air becomes visible as a shoulder on the left slope of the 
aluminum peak. This is why their discriminability is higher with bigger filter material. The 
influence on the position of the coating’s maximum is even higher than for aluminum, as it 
shifts by 40 gray values to the right. Its normalized intensity is not decreasing so 
drastically, though. The resulting distance and FWHM values are summarized in Tab. 3. 
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Tab. 3: Distance of the characteristic maxima in Fig. 5 as well as their FWHM and material contrast at 
different filter thicknesses between 0.1 mm and 1.5 mm. Values are derived from 8 bit color space. 

Acceleration voltage Without 0.1 mm 0.2 mm 0.5 mm 1.0 mm 1.5 mm 
distance of maxima 28 52 61 76 87 88 
FWHM aluminum 6 9 10 11 14 18 

FWHM steel 14 19 21 22 23 26 
material contrast aluminum 28꞉6=4.7 5.8 6.1 6.9 6.2 4.9 

material contrast steel 28꞉14=2.0 2.7 2.9 3.5 3.8 3.4 
 

With increasing copper thickness the spreading of the characteristic maxima over 
the available color space increases significantly. The distance of the maxima alone is the 
highest at 1.5 mm but at the same time they are broadened, which is why their FWHM 
values are increasing. Thus, the material contrast is not the highest at 1.5 mm but becomes 
maximal at 0.5 mm for aluminum and at 1.0 mm for steel. 

4. Interpretation, Conclusion, and Outlook 

The influence of different X-ray CT parameters on resulting histograms was investigated 
and three of them were shown in this study, namely acceleration voltage, tube current, and 
beam filtering with copper metal sheets. Many more were mentioned in the beginning and 
their systematic investigation will be part of a doctoral dissertation. 

The gray-scale values of CT volumes, especially position and width of characteristic 
maxima, are mainly affected by the attenuation coefficients of penetrated materials. It is 
well-known that these are dependent on the average X-ray energy and they were expected 
to change with beam filtering and acceleration voltage. In this context, beam filtering with 
copper metal sheets seems to have a bigger impact than the acceleration voltage of the X-
ray tube. In general, we observe a better material discriminability in CT data with 
increasing photon energy. This behavior is somewhat contrary to what would be expected 
from the mass attenuation coefficients. We believe that this observation is caused by better 
signal-to-noise ratios at higher X-ray energies in both cases. For instance, the used color 
space in a histogram is widened when low-energy noise is filtered by a metal sheet. This 
can be observed in Fig. 5, where filtering with 0.1 mm copper already has a huge impact on 
the characteristic gray-scale values. Since this has a bigger impact on position and 
normalized intensity of the characteristic maxima, the blocking of low-energy X-ray 
photons is more effective in raising the average X-ray energy than changing the 
acceleration voltage (where photons with higher energies would be emitted at higher 
voltages but the low-energy tail of the bremsstrahlung spectrum is still penetrating the 
sample and partially reaching the detector). 

The tube current influences the histograms of CT data, too, although it does not 
change the X-ray energy. This is attributed to the fact that more photons reach the detector 
at higher currents. Therefore, the signal-to-noise ratio increases and the result becomes 
more accurate. But at a certain point the size of the tube’s focal spot starts increasing. Due 
to this defocusing, the picture information is falsified and the accuracy in CT data 
decreases. In this context, a quality criterion for image sharpness in tomograms would be 
helpful and will be part of future development. However, monitoring and evaluation of the 
material contrast allow an objective optimization of the available color space in CT scans. 
For the three shown CT parameters it was found that the highest material discriminability is 
realized by a CT scan with 175 kV, 100 µA, and 1.0 mm copper metal sheet as beam filter. 
As soon as the influences are completely investigated, the found CT parameter set can be 
used for the reproducible measurement of characteristics in thermally sprayed cylinder bore 
coatings, e.g. total porosity and pore size distribution in tomograms parallel to the surface. 
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