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Abstract 
In this work a simulation-based approach is used to optimize a certain high-resolution inspection task of an AlSiCu material 
system. The actual scans that are also used for the verification of the simulation results are performed on a new lab-based nano-
focus X-ray computed tomography (nano-XCT) system that is equipped with two different detector systems. Depending on the 
material system and the measurement task, the user has to choose between these two detector types. In order to simplify user 
operation and optimize scan quality, numerical simulations with the tool SimCT are performed to find suitable scanning 
parameters and strategies without relying on long and time-consuming scanning series. Theoretical limits on resolution and 
contrast-to-noise ratio are compared with experimental results. 
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1  Introduction and Motivation 
X-ray computed tomography (XCT) as a non-destructive testing method is essential for performing materials characterization of 
inhomogeneous materials such as fiber reinforced polymers [1] and light metal alloys [2]. High-resolution results of a light metal 
AlSiCu alloy are exemplarily shown in Figure 1 (left) as a 3D rendering. In addition, it is also possible to characterize even 
complex multi-material systems and hybrid structures [3]. A challenging task is high-resolution scanning in laboratory 
environment with reasonable scanning times, adequate sharpness, good contrast and low image noise. High-resolution is 
required, since the microstructure is important for understanding material related properties. In addition, XCT is often combined 
with in-situ experiments in order to track damage mechanisms during e.g. mechanical in-situ testing [4,5]. These findings should 
help to make the right decisions in terms of new material and component design. In order to fulfil these demands concerning 
high-resolution characterization, an EasyTom 160 system from RX Solutions (see Figure 1 right) has been installed at the 
University of Applied Sciences Upper Austria in Wels.  
 

 
Figure 1: 3D rendering of a AlSiCu sample (left) with a cubic cut-out at the top corner, the Al -matrix is transparent only showing 

intermetallic phases, data has been acquired with the flat panel detector and a voxel size of (400 nm)³; nano-XCT EasyTom 160 (right) 

The EasyTom 160 system is equipped with a nano-focus X-ray tube and two different detector types for both fast and in-situ 
(flat panel detector) or high-resolution scanning (CCD camera). Depending on the material system and the measurement task, 
the user has to choose between these two detectors. In order to simplify user operation, numerical simulations with the tool 
SimCT [6] are performed to find suitable scanning parameters for an optimum image quality by minimizing influences of noise, 
image blur as well as artefacts. SimCT helps users to get a better understanding of the interaction of different X-ray components 
and their physical effects that are relevant for a particular scanning application without relying on long and time-consuming 
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scanning series. In this contribution a simulation-based approach is used to optimize the high-resolution scanning of an AlSiCu 
material system that consists of a pure Al-matrix, in which Si-particles are embedded, as well as various, higher-dense and 
complex intermetallic aluminium and copper phases with very fine structures. The measurement task is to segment each material 
and quantify the microstructure. 

2  Experimental Setup 

2.1 Nano-XCT device 
The nano-XCT system EasyTom 160 from RX Solutions consists of a 160 kV nano-focus X-ray tube from Hamamatsu for 
resolutions below 400 nm and two different detector types: (i) a Varian flat panel detector (1920x1536 pixels, pixel size 127 µm) 
for higher energies and short scanning times (e.g. in-situ experiments) and (ii) a Ximea CCD camera (4032x2688 pixels, pixel 
size 9 µm) for lower energies and low absorbing structures (e.g. high-resolution scans). The nano-XCT system can achieve a 
physical resolution of around 400 nm while still being able to scan a reasonable field of view. See Table 1 for further details on 
X-ray source and detectors.  
 

Specifications of  
X-ray source 

Hamamatsu 160 kV 
nano-focus 

Filament type LaB6 
Nominal tube voltage 100 kV 
Minimum focal spot size ≤ 400 nm 
Transmission target  Tungsten layer with diamond window 

 

Specifications of 
detectors 

Varian flat panel 
detector 

Ximea CCD 
camera 

Detector size 195 mm x 244 mm 24 mm x 36 mm 
Pixel size 127 µm 9 µm 
Number of pixels 1920 x 1536 4032 x 2688 
Electronics 16 bit 14 bit 
Scintillator CsI Gadox 
Energy range 40-230kVp 5-100 kVp 

Table 1: EasyTom 160 X-ray source and detector specifications 

2.2 SimCT studies 
SimCT is a tool for numerical simulation of XCT systems that allows studies regarding X-ray physics, artefact mechanisms and 
the acquisition parameter optimization. The tool considers the complete process chain starting from the generation of X-rays and 
the interactions of X-rays with matter to the detection of X-rays in a detector, while considering the most relevant physical 
effects. Preliminary to this work SimCT has been extended to support the X-ray source and both X-ray detectors of the EasyTom 
160 device. Models for the X-ray tube comprise Monte-Carlo simulations for the generation of spectra and a model for the focal 
spot, which is approximated by a Gaussian shape. Standard deviations of this Gaussian kernel are determined for different 
acceleration voltages, filaments and focal spot modes by using line-pairs of a JIMA mask ‘RT RC-04’ (see Figure 2 left). Further 
experiments have been done to determine the detector gain for all available modes and the detection efficiency of both detectors. 
Investigations concerning detector and photon noise are performed to provide realistic noise contribution in simulated projection 
images. Image blur caused by the scintillator is considered by a modulation transfer function (MTF). 
 

  
Figure 2: 400 nm line-pairs of a JIMA mask ‘RT RC-04’ (left) and the central region of the virtual phantom consisting of eight Al2Cu bar 

patterns (three bars for each pattern) ranging from 1200, 1000, 900, 800, 700, 600, 500 to 400 nm in bar width (right) 
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A virtual test phantom made of aluminium with a cylindrical shape and a diameter of 1.05 mm has been used for the simulation-
based optimizations regarding theoretical resolution limits of the nano-XCT device for a given voxel size. The test phantom is 
used to imitate the high-resolution study of an AlSiCu sample. The central region of the phantom consists of eight Al 2Cu bar 
patterns (containing three bars for each pattern) ranging from 1200, 1000, 900, 800, 700, 600, 500 to 400 nm in bar width (shown 
in Figure 2 right). These patterns correspond to an intermetallic phase of the AlSiCu alloy that is hardest to detect out of all 
intermetallic phases. Grey value line profiles (see Figure 6, right images) have been extracted from 32 bit float data in order to 
evaluate the contrast C by calculating the difference in grey value intensities I (minimum Imin and maximum Imax values along 
line profiles) of each bar pattern structure:  

 C =  �max − �min  
 

Only line profiles with two distinct Imin are considered for the evaluations, otherwise the contrast value is set to 0. The SimCT 
tool suggests 30 possible scan parameter combinations considering the following restrictions: 
  fixed scanning time of 400 min for a reasonable scanning effort  tube voltage has been set between 60 kV ≤ Uacc ≤ 100 kV in steps of 10 kV  constant voxel size of (400 nm)³ with restrictions regarding source-object-distance (SOD) ≥ 2 mm and source-

detector-distance (SDD) ≤ 635 mm  maximum integration time of 2000 ms in order to minimize possible image lag of the flat panel detector  CCD image average ≥ 3 to eliminate bright noisy pixels in CCD projection images  detector integration time and averaging are automatically selected to limit free beam grey values of CCD and flat 
panel projection data and to avoid saturation effects  number of projections = π/2 * number of horizontal detector pixels (≤ 3168 projections as an upper limit for being 
able to reconstruct the projection data on a specific reconstruction hardware)  

 
Table 2 shows the corresponding scan parameters and Figure 3 the corresponding slice images of the central region of the virtual 
test phantom for ID0 to ID29 that fulfil the boundary conditions mentioned above. 
 

 
Figure 3: Central slice position showing the eight Al2Cu bar pattern ranging from 1200 to 400 nm for all suggested scan parameter 

combinations (ID0-19: CCD camera, ID20-29 flat panel detector) 
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ID Imager 
type 

Binning 
mode 

Gain 
 

No. of 
projections 

Tint 
[ms] 

avg. SOD 
[mm] 

SDD 
[mm] 

Uacc 
[kV] 

0 CCD 1x1  3168 313 24 2 45 60 
1 CCD 1x1  3168 313 24 2 45 70 
2 CCD 1x1  3168 313 24 2 45 80 
3 CCD 1x1  3168 313 24 2 45 90 
4 CCD 1x1  3168 313 24 2 45 100 
5 CCD 2x2  3168 1253 6 2 90 60 
6 CCD 2x2  3168 1253 6 2 90 70 
7 CCD 2x2  3168 1253 6 2 90 80 
8 CCD 2x2  3168 1253 6 2 90 90 
9 CCD 2x2  3168 1253 6 2 90 100 
10 CCD 3x3  2112 1879 6 2 135 60 
11 CCD 3x3  2112 1879 6 2 135 70 
12 CCD 3x3  2112 1879 6 2 135 80 
13 CCD 3x3  2112 1879 6 2 135 90 
14 CCD 3x3  2112 1879 6 2 135 100 
15 CCD 4x4  1600 2976 5 2 180 60 
16 CCD 4x4  1600 2976 5 2 180 70 
17 CCD 4x4  1600 2976 5 2 180 80 
18 CCD 4x4  1600 2976 5 2 180 90 
19 CCD 4x4  1600 2976 5 2 180 100 

20 flat panel 1x1 0.5 pF 2976 1000 8 2 635 60 
21 flat panel 1x1 0.5 pF 2976 1000 8 2 635 70 
22 flat panel 1x1 0.5 pF 2976 1000 8 2 635 80 
23 flat panel 1x1 0.5 pF 2976 1000 8 2 635 90 
24 flat panel 1x1 0.5 pF 2976 1000 8 2 635 100 
25 flat panel 1x1 2.0 pF 2976 1000 8 2 635 60 
26 flat panel 1x1 2.0 pF 2976 1000 8 2 635 70 
27 flat panel 1x1 2.0 pF 2976 1000 8 2 635 80 
28 flat panel 1x1 2.0 pF 2976 1000 8 2 635 90 
29 flat panel 1x1 2.0 pF 2976 1000 8 2 635 100 

Table 2: Scan parameter combinations (IDs) with imager type, binning mode, gain, number of projections, integration time of the detector, 
number of averaging, source-object-distance (SOD), source-detector-distance (SDD) and tube voltage 

  

3  Experimental Results 
Figure 4 shows the contrast values C, which have been calculated from the bar pattern intensity modulations along several line 
profiles, plotted against the corresponding ID numbers. The evaluation takes the average value of eight reconstructed slices. For 
each bar pattern in total 30 line profiles, schematically indicated by the blue lines in Figure 2 (right), have been extracted. 
Simulations suggest that the highest contrast values can be achieved by the CCD camera in binning mode 4x4. This might be 
related to the CCD’s modulation function. Preliminary, studies regarding the image blur of the CCD scintillator have shown that 
a contrast reduction for the investigated line-pairs especially with 1x1 binning has to be expected. 

 
Figure 4: Contrast values and standard deviation as an insert (ID0-19: CCD camera, ID20-29 flat panel detector) 

For this study only kV values between 60 and 100 kV have been considered, since reasonable transmission values were targeted. 
There is a clear kV trend visible, since maximum contrast C within each binning mode is in most cases achieved at a tube voltage 
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of 60 kV. This conclusion is not obvious without performing experiments. There are two relevant opposing effects. Lower kV 
settings generally lead to higher contrast due to higher X-ray attenuation differences for the investigated materials. On the other 
hand, the image blur caused by the X-ray tube’s focal spot increases slightly for lower kV-settings. This image blur can lead to 
a contrast drop at the detectability limit. The latter effect seems to be less dominant. 
 
The contrast difference between adjacent bar patterns is a result of the system MTF. Note that the contrast for e.g. 700 nm and 
800 nm or 900 nm and 1000 nm bar pattern structures is much closer to each other as compared to other adjacent bar patterns. 
This may be also related to remaining sampling issues (partial volume effects), even though the simulation series has been 
repeated six times by slightly shifting the virtual bar patterns on the ideal voxel grid and taking the average of all shifted 
simulations to minimize these sampling related issues. The shifts are ranging from 0 to 0.5 voxels. 

 
Figure 5: CNR (a) and CNR box plot (b) for 600 nm structures indicating the variations of the shifted simulations  

(ID0-19: CCD camera, ID20-29 flat panel detector) 

Theoretical limits on resolution properties cannot be analyzed by only using contrast values. In addition, also the contrast-to-
noise ratio (CNR) has to be considered. This is done by calculating the standard deviation (see insert in Figure 4) of a central 
region-of-interest (ROI) within the simulated XCT images. The corresponding ROI is indicated by a square marked in orange 
color in Figure 2 (right). Dividing the contrast C by this standard deviation σ leads to an expression of CNR:  
 CNR = �� 

 
The simulation results of the CCD camera in 4x4 binning mode (ID15 to ID19) show fairly high standard deviations (noise), 
since these IDs have the largest SDD in comparison to all other suggested CCD camera IDs. In the case of CNR values (see 
Figure 5a), the maximum values are now achieved by the flat panel simulations at 60 kV, thus outperforming the CCD camera 
by a factor of 2-3. The resolution limit for this particular material system is suspected to be larger than 600 nm when considering 
only CNR values that are larger than 3. This limit is also supported by visual impression and is in accordance with the Rose 
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criterion [7]. The original Rose criterion states that if the SNR is larger than 5, the signal region will be detected in most situations. 
The adoption of this criterion to lower CNR values is reasonable. Table 3 shows the values for contrast C, standard deviation σ 
and CNR (as mean, min and max) of 600 nm bar pattern for all individual IDs. Figure 5b shows the corresponding CNR box 
plots for the 600 nm structures, in which the red lines are indicating median values and whereas the red stars are indicating the 
average value out of the six slightly shifted simulation series.  
 

ID Imager C σ CNR 
mean 

CNR 
min 

CNR 
max 

0 CCD - 0.299 - - - 
1 CCD - 0.287 - - - 
2 CCD - 0.283 - - - 
3 CCD - 0.314 - - - 
4 CCD - 0.331 - - - 
5 CCD 0.809 0.650 1.245 1.105 1.315 
6 CCD 0.660 0.645 1.025 0.929 1.122 
7 CCD 0.648 0.660 0.981 0.720 1.169 
8 CCD 0.634 0.682 0.931 0.754 1.172 
9 CCD 0.574 0.708 0.812 0.636 0.997 
10 CCD 1.454 1.020 1.424 1.315 1.570 
11 CCD 1.394 1.000 1.392 1.265 1.525 
12 CCD 1.212 1.011 1.197 0.963 1.373 
13 CCD 1.242 1.033 1.205 0.892 1.366 
14 CCD 1.332 1.057 1.262 1.024 1.488 
15 CCD 2.003 1.399 1.431 1.295 1.582 
16 CCD 1.815 1.377 1.317 1.250 1.374 
17 CCD 1.760 1.374 1.281 1.173 1.425 
18 CCD 1.729 1.395 1.239 1.135 1.442 
19 CCD 1.698 1.425 1.192 1.068 1.359 

20 flat panel 0.241 0.069 3.492 3.298 3.663 
21 flat panel 0.200 0.061 3.306 3.049 3.637 
22 flat panel 0.167 0.056 2.960 2.684 3.231 
23 flat panel 0.151 0.055 2.757 2.679 2.883 
24 flat panel 0.143 0.057 2.517 2.381 2.772 
25 flat panel 0.240 0.071 3.403 3.268 3.579 
26 flat panel 0.197 0.064 3.066 2.701 3.318 
27 flat panel 0.169 0.059 2.861 2.598 3.049 
28 flat panel 0.154 0.056 2.762 2.588 2.918 
29 flat panel 0.147 0.058 2.548 2.337 2.682 

Table 3: Image quality values for 600 nm bar pattern structures, best CNR values for CCD and flat panel simulations are marked in green and 
worst values are marked in orange color 

 
Figure 6: Best scan parameter combinations for resolving the 600 nm bar pattern concerning CCD camera (ID 10) as well as flat panel 

detector (ID 20) that have been applied for scanning of a real AlSiCu sample 
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Theoretical limits on resolution and contrast-to-noise ratio have been compared with experimental results. Therefore, suitable 
parameter combinations have been tested by performing real XCT scans on an AlSiCu sample with a similar diameter of 1.05 mm 
as compared to the virtual SimCT phantom. For this study the best scan parameter combinations for resolving the 600 nm bar 
pattern in the case of the CCD camera (ID10) as well as of the flat panel detector (ID20) have been depicted. Even though ID15 
yields a slightly higher CNR as compared to ID10, ID10 has been chosen for the real XCT scan, since it provides a larger field 
of view due to its binning mode of 3x3 compared to the ID15 with binning mode of 4x4. Figure 6 shows a comparison between 
the best simulated CCD respectively flat panel data with one exemplary line profile for each selected ID. 
 

 
Figure 7: Best scan parameter combinations of the CCD camera (ID10, left image) as well as flat panel detector (ID20, right image) of a real 

AlSiCu sample; the radius of the scanned volume (in µm) of ID20 is larger than ID10 by a factor of 1.4 
 

ID10 
(CCD camera) 

ID20 
(flat panel detector) 

Mean grey value of Al2Cu 28921 28073 
Standard deviation of Al2Cu 2422 667 
Mean grey value of Al-matrix 24242 24530 
Standard deviation of Al-matrix 2212 545 
CNR real scans 2.115 6.501 
CNR simulated scans 1.424 3.492 

Table 4: CNR values for real scans 

Figure 7 shows the XCT slice images of a real AlSiCu sample for scan parameter ID10 and ID20. The smallest measureable 
details within the fishbone-like structures (see zoomed image of the flat panel scan in Figure 7) of the intermetallic phases are 
within a range of 600 and 700 nm for the flat panel scan (ID20), which is in accordance with the suggested simulation results. 
CNR results of real XCT scans are showing the same trend as predicted by the simulation results. The corresponding ROIs of 
pure Al-matrix and of Al2Cu are marked in the left slice image in Figure 7. The CNR values of flat panel data are three times 
larger compared to the data of the CCD camera, but the absolute values between real and simulated scans deviate (see comparison 
in Table 4). This may be related to the fact that for simulations the contrast is computed by determining minimum and maximum 
peaks of the intensity modulations of line profiles along bar patterns, whereas for the real scans, the average grey values and 
standard deviations of larger ROIs are used. Large and homogeneous regions do not suffer from unsharpness that might reduce 
the contrast. Further deviations between real and simulated CNR values can be expected by limited material knowledge and in 
general approximations done during modelling of the XCT device.  

4  Summary and Outlook 
The simulation-based approach facilitates the operation of the nano-XCT system and helps to identify suitable scanning strategies 
without relying on long and time-consuming scan series. One simulation series takes about 12 hours on a state-of-the-art 
workstation which is faster than two actual XCT scans. In this study, suitable scan parameter combinations for both detector 
types have been tested for achieving the best possible image quality in terms of high contrast and low image noise for an AlSiCu 
material system with certain restrictions regarding the acquisition parameters (scanning time, voxel size, number of projections, 
maximum integration time, minimum number of averaging and kV range). CNR values suggest that best scan results can be 
achieved by using the flat panel detector with lower kV settings. A tube voltage of 60 kV resulted in most cases in a maximum 
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CNR value. The smallest measureable details within the intermetallic aluminum and copper phases for the flat panel scan are 
within a range of 600 and 700 nm. Therefore, a resolution limit can be estimated with a detail detectability starting around 
600 nm. In summary, the flat panel detector is offering a better contrast and image quality as well as a larger field of view for 
this particular scanning task compared to the CCD camera and thus outperforming the CCD camera for this particular high-
resolution scanning task. 
 
Another possible application could be to find the minimal possible scanning time in combination with the required resolution in 
order to be still able to reliably detect certain material inhomogeneities such as critical pore sizes. Further material systems and 
scanning scenarios will be investigated to gain more knowledge about the performance of the nano-XCT setup regarding its 
detectors. The combined experimental and theoretical approach will help to identify the best way of characterizing certain 
inspection tasks and to locate critical defects within the inspected material system. 
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