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Abstract
In recent years industrial Computed Tomography (ICT) became a powerful and well established tool
for various applications in research and development, production and quality assurance. Since the
beginning of CT and first medical applications, several decades full of innovations and developments
passed by. The most important developments were the micro focus X-Ray tube design and the digital
flat panel detector. Coupled with the rapid developments in the IT industry, they allowed the time-and
cost-effective use of CT. Despite of this, there are a number of applications - primarily in the areas of
automotive, aviation and aerospace industry – which have increased demands on CT system
technology. Mainly due to the size of the test pieces and the high material thickness the most relevant
property of a CT system is the maximum available X-ray energy respectively the capability of
penetration. For example in automotive industry aluminum castings with considerable wall thickness
are produced and have to be tested and evaluated completely in increasingly shorter time. A significant
contribution to this trend is the latest generation of CT systems, which provide an outstanding image
quality using 600 kV X-ray tubes and line detectors. In order to test the performance of such CT
systems a detailed test setup was implemented and advantages and disadvantages of 600 kV CT
systems were investigated. Different measurements with different parameters such as tube voltage and
exposure time were carried out and the results are compared and discussed in this paper.
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1 Introduction
In X-ray imaging (radiography and computed tomography), absorption and scattering effects are
utilized for retrieving information about the object under investigation. The measured intensity values
include all the interaction effects taking place during X-ray generation, interaction with the penetrated
materials and during detection. In general, the probability for such an interaction depends on the X-ray
energy and the objects matter having a certain density, atomic number and thickness
Usually, the measured intensity values are absolute and being normalized with a reference intensity I0.
The relation between the X-ray characteristics, material characteristics and I0 is described by Beer’s
law.

Since the mean energy of the X-ray spectrum will increase with increasing acceleration voltage the
percentage of X-ray photons which do not interact with matter will also increase and therefore the
normalized intensity increases as well. Higher normalized intensities do allow penetrating thicker or
denser objects but also decrease the detectable intensity difference between objects or object parts of
different thickness. The detectable intensity difference is also called contrast sensitivity.
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Attenuation / 1/cm

In Radiography and computed tomography, defect detection is more or less just a search for local
intensity differences. Keeping that in mind it’s clear that there exists an X-ray energy or acceleration
voltage with is optimal for a certain measurement system and a certain task of testing. It’s the best
trade of between enough object penetration and maximum local contrast sensitivity.
With a closer look at the X-ray absorption characteristics of common materials like aluminum, steel or
carbon fibre reinforced structures one will quickly find out that for X-ray testing the usable range of
X-ray energies is rather limited. See Figure 1.

Figure 1: Attenuation of X-rays for different materials depending on the X-ray energy.

In theory, modern digital X-ray detectors are able to detect intensity differences of somewhat around
1 : 10000. In reality and mostly due to different kinds of noise, values of 1 : 1000 are more realistic.
Assigned to Beer’s law, the maximum attenuation value (natural logarithm of the normalized intensity)
should not extend the level of 4.6. Depending on X-ray energy and material this level is easy to reach.
For instance with iron and 200 kV photons the maximum thickness is only 40 mm - with aluminum
only 140 mm can be penetrated. For even more material higher acceleration voltages are necessary.
And that’s exactly the reason why 600 kV X-ray systems are getting more and more relevant.
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2 Methods
In this chapter we describe the used measurement setup and evaluation methods as well as the different
experiments including results. The CT system is a RayScan 600 (see Figure 2). The system has a 6axis manipulator on a granite base with an accuracy of ± 2.5 microns, a 16-bit line detector with 400
micron pixel size and 2048 pixels and a 600 kV mini-focus high-power X-ray tube with available focal
spots of 0.4 mm and 1.0 mm.

Figure 2: RayScan 600 with 600 kV mini-focus high-power X-ray tube

For the purpose of systematic comparison we executed several tests on two reference objects. The
results are provided below (part of this data have been published already in [2]).
In addition the system has been used to inspect several parts made for aircraft industry – mainly made
of fibre reinforced materials. Due to confidentiality aspects the resulting images could not be used in
this written paper but will be part of the oral presentation. The systematic tests were performed with
the following two test objects: A cylinder head made of aluminum (430 mm x 190 mm x 110 mm) and
a step cone made of alumium was used for determination of the spatial resolution. See Figure 3
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Figure 3: left: aluminum cylinder head, right: aluminum step cone

Several CT measurement were performed using the parameters summarized in table 1 and table2.
Table 1: Varied measurement parameters.

Parameter
Accelartion voltage / kV
Integration time / ms
Focal spot size / µm

Value
300, 450, 600
10, 30, 60
400, 1000

Table 2: measurement parameters

Parameter
Focus-Detector-Distance / mm
Focus-Object-Distance / mm
Number of Projections
Tube current / mA
Prefilter Material
Prefilter Thickness / mm
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Value
1700
1200
3000
1,0
Copper
4,0

For reconstruction a filtered backprojection was used. See table 3 for more details.
Table 3: CT reconstruction parameter

Parameter
Method
reconstruction filter
projection filter

Value
filtered backprojection;
180° + cone beam angle
amp
Median [1 x 3]

3 Results
First we evaluate the projection data. With the aluminum cylinder head several frames with different
tube and detector settings were measured. For each projection the unweakened intensity I0 and the
maximum absorption value were extracted. In table 4 these values are summarized.
Table 4: Extracted values for unweakened intensity and maximum absorption at different parameters

Voltage
/ kV
300

Integration
time / ms
10
30
60

450

10
30
60

600

10
30
60

Focal spot size
/ µm
1000
400
1000
400
1000
400
1000
400
1000
400
1000
400
1000
400
1000
400
1000
400

Unweakened
intensity
4561
4628
9768
9812
17726
18089
7281
7383
18457
18614
35192
35892
10484
10584
28187
28538
55535
47834

Maximum
Absorption
5,22
4,46
4,63
4,19
4,52
4,16
4,25
3,73
4,14
3,75
4,11
3,72
3,90
3,48
3,89
3,48
3,87
3,45

As expected, the maximum absorption decreases with increasing voltage. A closer look at Figure 4 and
Figure 5 also shows that the intensity is almost perfectly linear with acceleration voltage and the
detector integration time which is both conform to the afore mentioned X-ray physics. Remaining
deviations can be explained by noise or some remaining nonlinearities of the X-ray detector.
Furthermore the size of the focal spot does not seem to have a significant influence on the results. It
can be noticed that the intensities are a little higher with the smaller focal spot – a possible explanation
can be that the positions of the focal spots on the target and scan geometry are a little different.
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The CT slices were reconstructed using the parameters summarized in table 3. Only a small region of
interest (ROI) was reconstructed which corresponds to approximately 20% of the field of view. The
ROI has 200² voxels and a voxel size of about 560 µm.
When varying the acceleration voltage with constant focal spot size and constant integration time the
only visible significant difference is the noise level of the images. With increasing voltage and constant
tube current the output of the X-Ray tube is increasing and therefore the intensity does as well. Higher
intensities indicate better photon statistics. The measured signal has less noise. Less noise increases the
edge detectability and also the quality of an extracted object surface.
Table 5: Fixed parameters for voltage variation

Parameter
Focal spot size / µm
Integration time / ms

Value
400
60

Figure 6: Reconstructed regions of test object aluminum cylinder head with different voltage values

As expected the image quality increases with increasing integration time. The noise level is
significantly reduced. It’s up to the user to determine an acceptable noise level in order to solve a
certain measurement task.
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Table 6: Fixed parameters for integration time variation

Parameter
Focal spot size / µm
Voltage / kV

Value
400
600

Figure7: Reconstructed regions of test object aluminum cylinder head with different integration times

When varying the focal spot size one has to consider the effects on the image quality. In general, the
larger the focal spot is the less probable is the detection of a certain object detail in the CT image. The
edge of an object is projected on the detector and depending on the focal spot size this projected edge
is being blurred. The relationship between focal spot size US and its projection on the detector UD is as
follows

For the measurements the magnification was set to 1.4 which results in projected focal spots of 0.4 mm
with the larger focal spot and 0.16 mm with the smaller focal spot. Both values are in the range of the
pixel pitch of the detector of 400 µm. Therefore no significant differences in the CT images will be
visible. In Figure 7 it can be seen that the CT image with the small focal spot is a little sharper. Please
note that because of the different location of the both focal spots the slice is also different.
Table 7: Fixed parameters for integration time variation

Parameter
Integration time / ms
Voltage / kV
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Value
60
450
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Figure 8: Reconstructed regions of test object aluminum cylinder head with different focal spot sizes.

The spatial resolution was determined using the step cone according to ASTM E1695. The step cone
was placed in the centre of the rotary stage. Three different data sets with different voltage values
(300 kV, 450 kV, 600 kV) were evaluated with constant integration time (30 ms) and constant focal
spot size (0.4 mm).

Figure 9: Reconstructed slice of the step cone test object at 300 kV voltage, 60 ms integration time and 0.4 mm
focal spot size.

The analysis is based on an evaluation of the edges of the cylinder. The basic steps behind the analysis
are: Extraction of the edge function, differentiation of the edge function and Fourier transformation of
the differentiated edge function. This results in the modulation transfer function (MTF) which allows a
statement about the capability of the imaging system of transferring a signal with a certain spatial
frequency. With an ideal digital system this function corresponds to the sinc-function, which only
depends on the sample rate. Real systems cannot be better than that. For the sake of convenience the
MTF is evaluated such that the frequency is extracted where the amplitude falls below a certain value.
By default this value is 10%. But for reasons of stability it turned out to be more reliable to set the
value to 30 %.
Comparing the results in table 8 shows that there is no significant maximum which corresponds to the
specification of the X-ray tube saying that the focal spot size is power independent.
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Table 8: Results of the spatial resolution test

Parameter
MTF @ 30% / lp/mm

450 kV
0.58

300 kV
0.56

600 kV
0.54

Another measure for the image quality is the contrast to noise ratio (CNR). It’s defined as follows:

Two different ROIs were defined – one represents the signal in the center of the CT image and the
other represents the noise beside the object. Table 9 summarizes the results. With increasing voltage
the CNR values increases as well which can be explained with the better photon statistics at higher
voltages (with constant tube current).
Table 9: Results of the CNR test

Parameter
CNR

300 kV
3,57

450 kV
6,36

600 kV
7,85

4 Applications in aerospace industry
In the aerospace industry, the last development are focused on CFRP parts in order to make the aircraft
structures lighter and decrease the engines‘ consumption.
As the power transmission asks for more and more complex metallic parts (Aluminum or Titan) the CT
strongly help to inspect, measure and certificate, there are a lot of others subjects which could be
improve by CFRP prototype.
As CT became the only NDT method being able to inspect a large range of defects inside complex
interior structure of the CFRP parts, the new CT system offers more capabilities.
Regarding the main parameters resolution, image quality and acquisition time, the last improvements
shorten the aerospace manufacturing and design process and ensure the best quality for future aircrafts.

5 Conclusion
The results of the systematic tests confirmed the expectations regarding improved image quality due to
the extended range of X-ray tube voltage. The applications to aerospace industry proved the usability
of the system and establishes the 600 kV CT system as state-of-the-art technology.
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