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Abstract
Industrial X-ray Computed Tomography (XCT) techniques are used in a wide variety of different
applications. In recent years the inspection of Carbon Fiber Reinforced Polymers (CFRP) has also been
added to these applications. Besides defect detection, an increasing interest is observed in
characterizing the inner structure and in providing in-depth information for the design and
manufacturing of new components.
This paper presents the results of volume porosity characterization and parameter optimization
obtained using different µ-XCT systems as well as CT-simulation. The scans were performed on the
EADS Innovation Works’ µ-XCT system, which was especially built for CFRP characterization. It is
an open system, which allows different kinds of acquisition, reconstruction, and data evaluation. In
addition, scans were carried out at the University of Applied Sciences,Upper Austria, which operates a
GE phoenix|x-ray Nanotom 180 device. The XCT scans were carried out on two specimens with the
focus on quantitative characterization of porosity. In addition, the choice of optimized measurement
and evaluation parameters is of particular importance, especially with varying dimensions and pore
shape. Several studies of porosity determination [1, 2] have shown that the evaluated degree of
porosity and its uncertainty are dependent on CT measurement parameters and evaluation. Due to the
CFRP manufacturing process it is difficult to obtain samples with predefined degrees of porosity, as
well as homogeneous pore distribution, which are needed for porosity studies of this kind. Thus, the
XCT-simulation of synthetically-generated volume porosity datasets is a promising method for test
parameter optimization. The correlation of XCT-simulation and XCT-measurement is mandatory in
order to choose the best possible aquisition parameters and thus improve the precision of quantitative
non-destructive testing of CFRP materials using µ-XCT.
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1 Introduction
In a previous study, EADS-IW has shown differences in evaluated degrees of volume porosity by
varying XCT parameters such as voxel size from 20 to 60 µm [1]. As a consequence, the evaluated
degree of volume porosity differs from the wet-chemical analysis, with max. 1 vol.%-points for the
XCT-measurement with 60 µm voxel size, considering accuracy of we-chemical analysis of ±1 vol.%
[1, EN 2564]. The analyzed sample is a CFRP specimen with 16 bi-diagonal layers of 0°/90°.
The aim of this related work is a reliable volume porosity determination method with known
uncertainties for specific CFRP materials. One of the first steps towards this is to understand parameter
influences and the determining tolerances of this measurement procedure. Therefore, CFRP materials
with different volume degrees of porosity and shape of pores need to be tested, to cover a range of
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possible pore occurrences. For this there are two possibilities: (1.) samples can be manufactured and
tested, or (2.) models virtually created and simulated.
The first option of manufacturing samples with predefined volume degree of porosity is labor-intensive
and difficult. Manufacturing samples with defined degrees and specific pore shapes e.g. needle-like
pores is almost impossible and the results often random. Thus, the simulation of synthetic datasets can
be a better option for verifying XCT as a volume porosity evaluation method, and for determining
tolerances for specific measurement parameters. Moreover, parameter optimization can be applied for
small aeronautic components on which porosity analysis with XCT is of interest. This is the case for
parts with inhomogeneous distributed pores and areas where conventional NDT methods have no
access e.g. pendentive or undercut regions.
XCT-simulation has to be done in detail with regard to mathematical algorithms and physical
definitions of system parameters.

2 Correlation analyses of XCT-measurement and XCT-simulation of real
specimens
2.1 Specimens
A minimum voxel size of 2.75 µm at CFRP samples with a cross section of ~ 4 mm x 4 mm was used.
Two CFRP samples with zero porosity (reference) and two samples with porosities between 1 vol.%
and below 5 vol.% were chosen (samples E2 and P9). The specimens were from 16 plies of bi-diagonal
(0°/90°) layers.

2.2 XCT-measurements
The XCT scans for sample E2 were performed on a Nanotom 180 NF device manufactured by GE
phoenix|x-ray. The XCT device uses a 180 keV nano-focus tube and a full digital 2304² pixel flat panel
Hamamatsu detector. The target used was made of molybdenum with no further pre- or post-filters.
For voxel size variation between 2.75 µm and 120 µm the XCT-parameters given in Table 1 were
applied.
t
DetectorVS
U
I
n
[ms] Binning
[µm]
[kV]
[µA]
2.75
60
240
1700
900
5
60
190
1700
500
5.25
60
190
1700
500
7.5
60
259
1700
500
10
60
320
1700
500
20
60
425
1700
500
30
60
425
1400
750
40
60
350
1700
250
2x2
60
60
350
1200
500
2x2
120
60
350
1000
125
4x4
Table 1: XCT-measurement parameters for GE phoenix|x-ray Nanotom 180 NF. The described values are voltage
(U), current (I), integration time (t) on the detector and the number of projection images (n) at the specific voxel
sizes (VS).
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The XCT scans for sample P9 were performed on the RayScan 150 device with a 225 kV Viscom Xray source and a 1024² pixel PerkinElmer flat panel detector. No pre- or post-filters were applied for
the measurements at different voxel sizes shown in Table 2.
t
DetectorVS
U
I
n
[ms] Binning
[µm]
[kV]
[µA]
10
140
90
2070
3999
20
160
145
990
499
30
160
145
990
499
40
160
145
990
499
50
160
145
990
499
60
160
145
990
499
Table 2: XCT-measurement parameters for the RayScan 150 device. The described values are voltage (U), current
(I), integration time (t) on the detector and the number of projection images (n) at the specific voxel sizes (VS).

2.3 Porosity evaluation
The degree of porosity is evaluated with the method described in [1], which was developed by EADSIW and ECD. A reference gray value has to be defined as threshold between pores and material. This is
achieved by defining a region without pores in the sample. This region is the same for all evaluated
results. For the XCT-measurements, and each type of material, a reference sample with zero porosity
was measured, together with the sample with unknown volume porosity. Figure 1 shows a
measurement of sample E2 (middle and right) and the corresponding reference sample (left) with zero
porosity to determine the reference gray value for thresholding. The corresponding segmentation of
sample E2 is shown on the right image. The influence of open pores and surrounding air is reduced by
choosing equal regions of interest. The evaluated degree of porosity is 1.7 vol.%.

1 mm

Figure 1: Reference sample (left), sample E2 (middle) and corresponding segmentation (right). VS: 5.25 µm

2.4 Data meshing
Meshes which are used as nominal pore information for XCT-simulations can be created from CTmeasurements by separating pores from material, or synthetically with special tools. EADS-IW
developed software for synthetic pore data generation, which is described in Section 3.1.
Data-meshing of measured porosity samples and synthetically-generated data is done with VGStudio
MAX 2.2 from Volume Graphics. In order to determine meshing parameters, a study was carried out
with different resampling distances (RD) and simplification tolerances (ST) on a synthetic dataset with
20 µm voxel size (VS). Figure 2 shows the cumulative percentage of vertices over their absolute
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deviation from the object surface. There are increasing differences in mesh fits for resampling
distances greater than 1*VS. Furthermore, the influence of increasing the simplification tolerance by
two is not significant. Thus, the complexity of a mesh can be reduced, and also the XCT-simulation
shortened in duration.

Figure 2: Meshed data at different resampling distances (RD) and simplification tolerances (ST) for a nominal
dataset with a voxel size (VS) of 20 µm.

Table 3 shows absolute deviations for 99 % accuracy and its corresponding number of vertices in its
dataset. In this example, the mesh data complexity at RD=1*VS can be reduced by 28 % of vertices by
using a simplification tolerance of ST=VS/5 instead of ST=VS/10.
Resampling distance Simplification tolerance Abs. dev. at 99% No. of vertices Data size
VS/2 = 10 µm
VS/10=0.002 mm
2.3 µm
196,399 18.8 MB
1*VS = 20 µm
VS/10=0.002 mm
3.4 µm
136,236 13.0 MB
2*VS = 40 µm
VS/10=0.002 mm
10.8 µm
48,774 4.5 MB
4*VS = 80 µm
VS/10=0.002 mm
16.3 µm
15,576 1.4 MB
1*VS = 20 µm
VS/5=0.004 mm
4.3 µm
98,474 9.2 MB
Table 3: Data sizes at different mesh parameters.

The obtained meshing results can be generalized for spherical pore diameter ranges between 0.06 mm
and 1.3 mm because the nominal dataset resolution with 20 µm voxel size is assumed to be the upper
resolution limitation. Thus, deviations on nominal pore datasets with resolutions lower than 20 µm
should be smaller.
The results obtained in meshing analysis show small absolute deviations with the preferred
configuration of RD=1*VS and ST=VS/5 of 4.26 µm. According to that, mesh calculations can be
carried out at this configuration under consideration of the upper threshold with max. 20 µm voxel size
for nominal datasets.
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2.5 XCT-simulation
The data are simulated with CIVA-CT 11a. It is commercially available simulation software for NDT
simulation applications like CT-simulation. X-ray source and detector can be modeled with their
specific materials and physical setups. Furthermore, it is possible to simulate different types of noise,
blurring, and to compute Monte Carlo simulations [4]. The simulations are performed by a ray-tracing
algorithm with single spot implementation, without consideration of complex noise or blurring, in
order to avoid unexpected effects or simulation artifacts.
The parameters used for the measurements on the GE phoenix|x-ray Nanotom 180 NF device which
are described in Table 1 are considered precisely for simulations at sample E2. The measurements of
sample P9 are performed on the RayScan 150 device, whereas system and measurement parameters are
considered in XCT-simulation, too. Both samples (E2 and P9) are out of the same CFRP materials with
different porosity levels. Figure 3 illustrates from left to right the steps from the real porosity sample
E2, with edge lengths of 4 mm, to simulation results.

Figure 3: Exemplary illustration of sample E2 as a photo, a rendered CT-measurement, a meshed object, and a
porosity- evaluated XCT-simulation (f.l.t.r.).

The measurement performed on sample E2 with 2.75 µm voxel size can be assumed to be precise
enough to generate a mesh with negligible deviations related to the real sample. The mesh is generated
by using VGStudio MAX 2.2 with the preferred parameters RD=1*VS and ST=VS/5, described in
Section 2.4.

2.6 Results of porosity correlation analysis
After simulation, the projection data are reconstructed with the cone-beam FDK algorithm of
VGStudio MAX 2.2. Although some simplifications such as, for example, neglecting noise and
blurring are assumed, the results of XCT-measurement and XCT-simulation correlate with minor
differences for sample E2 as shown in Figure 4.
(5.25 µm)³ (7.5 µm)³

(10 µm)³

(20 µm)³

(30 µm)³

(40 µm)³

(60 µm)³

(120 µm)³
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Figure 4: Comparison of simulation and measurement results (left), VS variation pictures of 2D slices gained by
measurements (right).

The maximum deviation between measurement and simulation is given for 20 µm voxel size with 0.5
%-points, which can be traced back to the reference gray value determination region where an X-ray
simulation artifact occurred. The region is not adapted to this circumstance in order to keep
comparability in reference gray value determination. This effect did not occur on other simulations of
this sample. Another important fact showing the correlation between simulation and measurement is a
similar slope in most sections of both curves.
However, the absolute volume porosity deviation for sample P9 is much higher compared to sample
E2, whereas the slopes are similar, too. The mesh of this sample is generated on an XCT-measurement
with 10 µm voxel size. Due to a 3.6 times higher voxel size than for sample E2, there are larger
differences in evaluated degrees of volume porosity. In general, with the chosen analysis procedure
described in Section 2.3, the evaluated volume porosity increases with decreasing resolution.
Assuming that the real porosity value of the samples is best analysed at the smallest voxel size (E2:
5.25 µm; P9: 10 µm), with our applied threshold method an over-segmentation at lower resolution
occurs.

3 XCT-simulation of synthetically-generated specimens
The results in Section 2.6 show a strong correlation between XCT-measurements and XCT-simulation.
Thus, it is possible to optimize test parameters for samples with specific shapes and amount of pores
by simulation, in order to avoid CFRP sample manufacturing, where controlled pore generation is
difficult.

3.1 Pore modelling
The
generation
of
synthetic
data
is
achieved
by
a
MATLAB® tool, which
was
developed
at
EADS. Figure 5 shows
the Graphical User
Interface (GUI) where
modelling parameters
can be set. It is possible
to create samples with
defined sizes (in x, y, z)
and resolution of data.
Moreover, the degree of
porosity in samples can
be defined precisely.
The pore shape is an
ellipsoid
which
is
randomly placed in the
Figure 5: At EADS developed MATLAB® tool for synthetic data generation
sample volume. Pore
sizes and shape factors
are randomly chosen within a defined range too. For evaluation purposes, there is an option to define a
region without pores, which is needed for reference gray value determination. As described in Section
2.3, the porosity samples are evaluated by using a gray value threshold to separate CFRP material from
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pores. This threshold will be calculated at a defined ratio of air content related to a defined region
without pores. The orientation of pores is generally defined to be 0°/90° (z-rotation), as it covers the
main orientation of simple CFRP samples like plain, woven and bi-directional laminates. For CT
applications, pores can be divided, besides micro-, meso- and macro pores, into several pore shape
categories. The two most interesting categories with regard to pore geometry variation are needle-like
pores and spherical pores. Needle-like pores are mainly distributed in rovings between filaments, and
spherical pores in resin regions. Pores can be connected to each other. Thus, combinations of sphericaland needle-like pores are possible, giving rise to new pore shapes. Another typical geometry is tubular
pores along rovings in resin regions. Due to their volume, which is often larger than any typical
spherical pore, they are not of interest for voxel size investigations on synthetically-generated samples
in this paper. In addition, such types of pores have small surface/volume ratios, and thus, only minor
effects on gray value transitions so tubular pores will not be considered for analysis of this type. The
parameters which can be defined for synthetic pore dataset generation are shown in Table 4.
Spherical pores

Needle-like pores

Max. diameter
, ,

, ,

,

,

,

as percentage deviation to
as percentage deviation to

Degree of spherical porosity content

,
,

Max. diameter in xz-plane
Max. diameter in yz-plane
Min. length/diameter ratio
Max. length/diameter ratio
Degree of needle-like porosity content

Table 4: Possible parameter input for synthetic pore data generation.

The generated data can be exported either as raw volume data for further meshes done by other
software, or directly as meshed data.

3.2 Results of XCT-simulations of synthetically-generated specimens
In this section the relation between voxel size and evaluated degree of porosity is analyzed for
synthetically-generated datasets. Two datasets with 2.5 vol.% porosity are created by using the
developed modelling tool. The parameters which are used to generate these data are listed in Table 5.
Dataset A

Dataset B
Spherical pores
0.8 mm
0.4 mm
0.0
0.0
, ,
0.2
0.2
,
2.5 %
2.4 %
Needle-like pores
0
0.1 mm
,
0.6 mm
0
,
0
3
0
10
0.1 %
0
Table 5: Possible parameter input for synthetic pore data generation.
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Dataset A contains only spherical pores with a maximum diameter of 0.8 mm. Dataset B is created
with smaller spherical pores and additional needle-like pores, which can often be found in rovings
between filaments. The summated degree of porosity in both datasets is 2.5 vol.%.
The RayScan 150 device system parameters which are described in Section 2.2 are implemented for
simulations on the synthetically-generated datasets A and B. The X-ray tube voltage was 60 kV with a
current of 350 µA, and the detector exposure time 1 second. Blurring and noise were not considered.
Figure 6 visualizes the influence of the chosen pore shapes for different voxel sizes. The difference
between 20 µm and 60 µm voxel size for dataset A is 1.3 vol.%-points and for dataset B 4.9 vol.%points.
There is a strong effect of
pore sizes and pore
shapes on
evaluated
degrees of porosity. Thus,
measurement parameters
should be optimized for
the
expected
pore
properties, which can be
done by XCT-simulation.
In this way, inaccuracies
and
measurement
tolerances
can
be
determined.
Figure 6: XCT-simulation results for different voxel sizes for datasets A and B

4 Conclusion and Discussion
In our study, XCT-measurements and XCT-simulations with pores from high resolution XCTmeasurements on real specimens show the same trends with regard to evaluated volume porosity
values. The same tendencies were analyzed for synthetically-generated data. Furthermore, this trend of
over-segmentation at lower resolution with the chosen thresholding algorithm described in Section 2.3
leads to the conclusion that, depending on the desired accuracy, the appropriate resolution and
evaluation technique needs to be chosen [1, 2, 3].
Finally, it can be said that XCT-simulation can be used as a valuable tool for parameter optimization
and tolerance quantification for specified samples and pore geometries. However, care should be taken
in resolution choice for nominal data generation.
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