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Abstract:
The microstructures of MiCaSiC ® ceramics (Metal Infiltrated Carbon based Silicon Carbide) depend among others
on the pore space properties of the carbon preforms before
the liquid silicon infiltration (LSI). The aim of this work
was to obtain three-dimensional information of the complex and non-homogeneous pore network in the carbon
preform using microfocus X-ray computed tomography
(µCT) and adequate image processing algorithms. It was
found that it is possible to identify the optimum silicon infiltration direction by analyzing the porosity profiles. The
pore size distribution was derived from the tomographic
images using granulometry and cells reconstruction methods. Both results were compared with the distribution

1. Introduction
Silicon carbide based ceramics (SiC) have favorable thermal, mechanical and chemical characteristics. That is why
SiC ceramics are attractive candidates for the use as structural components in many application fields. Commercially
available SiC ceramics are mainly produced by cost intensive sintering methods which require high process energies
and expensive SiC powders as raw materials [1]. In this context, one opportunity to reduce costs is the use and manufacture of metal infiltrated carbon based ceramics (MiCaSiC®). This material has several advantages, such as the
cost-effective formation of silicon carbide and the possibility of near-shape production of components in contrast to
sintered materials. The development of MiCaSiC® ceramics
comprised challenges like raw material and processing research. Thereby, the targeted conversion of carbon to SiC
ceramics with specifically adjusted material characteristics
is a key factor. It is possible to adapt MiCaSiC® to further
commercially or totally new industrial applications by regulating the material phases and properties. Therefore the
accurate knowledge of the pore space properties before
the silicon infiltration process of the carbon preforms is necessary.
In general, a porous structure can be described by means
of several characteristics such as open/closed porosity values, pore size distribution and connectivity between the
pores. These parameters have an important effect on physical properties of a porous medium such as permeability
to gas or fluid flow, electrical conductivity and acoustic absorption [2]. A powerful non-destructive technique to provide the direct 3D representation of pore space in carbon
preforms is the microfocus X-ray computed tomography
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provided experimentally by the mercury intrusion porosimetry (MIP). Some relevant structural parameters (e.g.
geometrical tortuosity, surface density, etc.) were calculated from the tomograms. A representative unit cell (RUC)
was derived on the basis of those values. This information
will reduce the computational efforts when performing
µCT data based simulations, in order to better understand
the LSI process for MiCaSiC®.
Keywords:
MiCaSiC®, Silicon carbide (SiC), microfocus X-ray computed tomography (µCT); liquid silicon infiltration (LSI);
ceramics; pore size distribution; representative unit cell
(RUC)
(µCT). This approach is merely limited by the machine resolution, currently around 1µm. Hence, sub-micron sized
pores in carbon preforms cannot be detected. The features
in the range of few nanometers up to one micron can be
imaged by other well established 2D imaging techniques
such as light and electron microscopy with appropriate
image processing software. The pore size distribution can
be measured experimentally by intrusion methods such as
mercury porosimetry or gas pycnometry. In turn, these widely used techniques don’t provide any 3D morphological
information of the material and pore space phases. Aside
from the resolution limitation, µCT combines the advantages of both microscopic and physical procedures. Many
recent works has occurred in the field of the 3D characterization of pore networks of different materials using µCT
data. To the best of our knowledge there are no results in
the literature regarding the investigation of the influence
of the complex pore networks on the microstructures of
silicon carbide based ceramics produced via liquid silicon
infiltration process (LSI).
The present paper introduces two useful methods for the
calculation of pore size distribution (PSD) on the basis of
high resolution microfocus X-ray computed tomography
data. In addition, structural parameters (e.g. geometrical
tortuosity, surface density, etc.) are calculated and used for
the determination of a representative unit cell (RUC). The
knowledge of the RUC will reduce effectively the numerical effort when performing simulations (e.g. calculation
of the absolute permeability) based on exact geometries
extracted from µCT data in order to better understand the
reaction mechanisms during the silicon infiltration process.
Properties such as permeability and conductivity can be
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numerically simulated either directly on the obtained 3D
CT representation or after extraction of an equivalent topological network. An overview about relevant works is given
in [3]. Such simulations will be conducted in future studies.

2. Materials and Methods
2.1 Manufacturing of MiCaSiC®-Samples
The manufacture route of MiCaSiC® ceramics is a three
stage process, which is schematically shown in Fig. 1. The
first step includes the green body shaping process. This can
proceed through various methods such as warm pressing,
extrusion, injection molding or additive manufacturing as
well. After green body manufacture a pyrolysis is carried
out to create a highly porous carbon preform. In the last
process step the carbon preform is infiltrated with liquid
silicon (via LSI process) to form a dense silicon carbide based ceramic.

Fig. 1. The manufacture route of MiCaSiC® ceramics.

To investigate the three dimensional pore evolution in carbon preforms of MiCaSiC® ceramics after the pyrolysis, one
material type were produced by warm pressing and associated pyrolysis. Fig. 2a demonstrates the complexity of
the pore morphology of the investigated carbon preform.
A typical final microstructure of MiCaSiC® is shown in Fig.
2b. The three material constituents of the final product are
carbon (C), silicon carbide (SiC) and silicon (Si).

Fig. 3. µCT measurement setup [12]: in (a) the main components are
shown: X-ray tube, specimen with sample holder and detector; the
attachment of the carbon preform specimen to the glass rod via two
adhesive types is sketched in (b).

sure time of 600 ms. A voxel size of 1 µm could be achieved. The so acquired 2D X-ray images were reconstructed
with a special reconstruction algorithm known as Filtered
Back Projection. The µCT data were visualized and analyzed with the software packages VGStudioMax 2.2 (Volume
Graphics, Heidelberg) and MAVI 1.5.2 (Fraunhofer IWTM,
Kaiserslautern).
A cylindrical specimen with a diameter of 5 mm and a
height of 10 mm was extracted from the middle of the manufactured plates in order to avoid border effects which
might result from the warm pressing during the green
body shaping. As sample holder we used a rod made of
borosilicate glass with a diameter of 3 mm because of its
quite low coefficient of thermal expansion. This is important to prevent sample drifts due to the thermal expansion of the sample holder due the heat formation around
the investigated sample. A cyanoacrylate superglue (CN,
preusser-messtechnik GmbH, Bergisch Gladbach) was used
to fix the specimen to the glass rod. To avoid the infiltration
of the pore network with this very low viscosity CN and
consequently wrong results, we had to seal the bottom of
the specimen. For this purpose we used a two component
adhesive (X60, HBM Darmstadt).
2.3 Experimental porosity measurement
In order to experimentally verify the porosity results obtained via CT, two methods were used: Archimedes water
infiltration (according to DIN EN 993-1) and Mercury intrusion porosimetry (MIP). The MIP system used is a Pascal
140/240 (Thermo Scientific, Germany). The pressure range
was 0-200 MPa. This pressure range corresponds to pore
sizes from 100µm (low pressure) to 10nm (high pressure).
The pore sizes were calculated with a cylindrical and plate
pore shape model and an assumed contact angle of mercury of 140°.
2.4 Structural parameters

Fig. 2. (a): 3D surface rendering of the highly complex pore network in
a sub-volume from the reconstructed µCT data set; (b): SEM image of a
typical microstructure of MiCaSiC®.

2.2 X-Ray micro-computed tomography
The microfocus computed tomography (µCT) scan was
conducted using a high resolution µCT-System (nanotom,
GE Sensing & Inspection Technologies GmbH, Wunstorf)
consisting of a microfocus X-ray tube with a maximum accelerating voltage of 180 kV and a 12-bit flat panel detector
(active area 2348 x 2348 pixels at 50 microns per pixel).
The setup is illustrated in Fig. 3. The µCT scan was performed with the X-ray parameters 80 kV/180 µA at an expo-

In this work, structural parameters are defined as those
morphological key values enabling the characterization
of the pore network in carbon preforms of MiCaSiC® ceramics. The first important and easy to determine parameter
is the total porosity ε in percent, and is defined as:
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃
				
𝜀𝜀𝜀𝜀 =
∙ 100 			(1)
𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇

where VP and V T are the volumes of pore space and the total volume of the reconstructed µCT volume, respectively.
They are determined by counting the voxels of the corresponding phase.
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Another important structural parameter for porous materials is the geometrical tortuosity τ. It helps understanding
the mechanism of fluid flow through complex void spaces
[4]. Usually, the tortuosity τ is defined by [5, 6]:
				

𝜏𝜏𝜏𝜏 =

𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒
𝐿𝐿𝐿𝐿

		

(2)

where Le is the total flow path length and L is the shortest
distance between defined starting and ending points, therefore τ≥1. Higher values of τ indicate longer, more complex
and twisted path thus making the fluid flow more difficult.
The surface density (SV) in mm-1, also called specific surface area, might be a significant characteristic for later investigations on the reactivity of carbon based materials. For
carbon preforms we define it as:
				

𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉 =

𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

		

(3)

where CV (mm³) is the carbon volume and CS (mm²) is the
carbon surface. The surface is the boundary between carbon and pore space, the volume of the carbon is enclosed
by the surface. The surface density is thus a measure for the
carbon surface per given carbon volume.
A central parameter to determine the connectivity of the
pores is the Euler number χ, also known as the Euler-Poincaré characteristic [7]. This number is a characteristic for the
connectedness of the pore network: positive values indicate bad connected pores, while negative values point to
better connection [8]. For a realistic comparison between
different volumes, we divide the Euler number χ by the total volume V T in mm³ to obtain the specific Euler number
χV in mm-3:
				

𝜒𝜒𝜒𝜒𝑉𝑉𝑉𝑉 =

𝜒𝜒𝜒𝜒
𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇

		 (4)

classify the volume pixels either in void or solid. This step is
called segmentation. There are several global and local segmentation algorithms in the literature [10]. In the present
work we used the Otsu’s threshold method [11] for mainly
two reasons. First, it is suitable for data sets with bimodal
grey value distributions. Second, it is user independent,
since it is based on statistical calculations. The result of the
Otsu’s segmentation applied on the already filtered image
(Fig. 4b) is a binary image as shown in Fig. 4c.
After the CT data segmentation in solid and pore phases,
the total porosity in the reconstructed volume 1300³ voxels
was calculated. The porosity value obtained from the CT
images was in very good agreement with the results achieved by the Archimedes and mercury intrusion porosimetry
measurements. The results are reported in Table 1.
Table 1. Porosity values obtained with Archimedes,
mercury intrusion porosimetry and µCT.
Method

Total porosity (%)

Archimedes

53.1

Mercury Intrusion porosimetry

51.4

µCT

50.2

The fluctuation of the porosity along the sample depth is
investigated. The 2D porosity value was calculated for each
CT slice in all three directions x, y and z. The results are
plotted in Fig. 5 as area fraction profiles (AFP). The porosity values fluctuate between 47.5% and 52% in x, 47% and
52% in y and between 49% and 52% in z direction. The
overall porosity value for the analysed volume of 1.3³ mm³
is 50.2%. The third AFP (z-direction) which corresponds to
the warm pressing direction exhibits the most stable trend.
This might result later during the last manufacturing stage
(sliconization) in a more homogeneous silicon infiltration
along the z-direction.

3. Results and discussion
The noise contained in the reconstructed tomographic
images makes a further processing difficult. Hence, an adequate image enhancing technique must be selected. We
used a nonlinear filter, the median filter, which is dedicated
to minimize the noise while preserving the edges [9]. Fig.
4a shows the grey values histogram before and after median filtering, respectively as a filled grey surface and a black
curve. After noise reduction, two different peaks in the histogram can be distinguished. This bimodal grey values distribution fits two phases in the specimen, pore space and
carbon phase. For further data analysis, it is necessary to

Fig. 4. In (a) the µCT histogram of the reconstructed volume 1.3 x 1.3
x 1.3 mm³ is plotted as a filled grey surface, the two material phases
which are pore and solid cannot be separated because of the noisy
images. After application of the median filter, the grey values histogram
turns into a bimodal distribution (black curve), where two peaks can
be distinguished easily. The binarized image after segmentation of (b)
using the Otsu’s threshold method is shown in (c).
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Fig. 5. Porosity fluctuation in a reconstructed µCT volume (size 1.3 x 1.3
x 1.3 mm³) of the carbon preform. The area fraction profiles (AFP) of
the pore phase are plotted as a function of the sample depth in (a) for
all the three directions x, y, and z. The average porosity value 50.2% is
displayed as horizontal line. The single AFPs are separately shown in x
(b), y (c) and z-direction (d).

The segmented 3D data was also used to characterize the
pore networks in the carbon preforms in terms of pore size
distribution. First, it has to be underlined that the amount
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of closed pores which can be detected with the known CT
scan resolution is negligible, as it has been shown in a prior
work [12]. It means that almost all pore channels are connected together. This high degree of connectivity is indicated by the negative high value of the specific Euler number
around -2∙1014 mm-3. We used two different approaches to
examine the pore size distributions: the spherical granulometry and the cells reconstruction. The granulometry [13]
uses morphological openings with a structuring element
(in this work a sphere) to compute a grain or pore size
distribution in binary images. For each voxel in the background the diameter of the maximal inscribed sphere in the
pore channel is calculated. The cumulative distribution of
all diameters is a granulometric curve as shown in Fig. 4(c).
The granulometry is a reliable and repeatable tool since it
is user independent, in spite of the time consuming computation.
The second method used for the determination of the pore
size distribution is based on cells reconstruction. The image
background, which represents the pore space, is segmented into isolated regions or cells. Therefore, its result can
be interpreted as a discrete pore size distribution. Each cell
is then assigned to a sphere with an equivalent volume.
This procedure uses basically the watershed algorithm
and some additional image processing techniques (e.g.
filtering, separation, labelling) that require specific input
parameters (e.g. threshold values). These are estimated
according to a subjective plausibility approximation done
by the user. Thus, the pore distribution resulting from cells
reconstruction depends considerably on the choice of these parameters. Fig. 6 shows the output images of both methods in the same representative µCT slice.

other hand, their results reveal significantly higher pore
sizes than the mercury intrusion porosimetry. In order to
better compare all three results, the cumulative pore size
distributions were calculated and plotted in Fig. 7c. It has
to be emphasized that the MIP pore diameter values below
4 µm were neglected, since these cannot detected by µCT.
The granulometry and cells reconstruction curves show
here an identical shape with a horizontal offset of about 3
µm. The third curve (mercury intrusion porosimetry) has a
totally different shape for the already mentioned reasons.

Fig. 7. Results from granulometry and reconstructed cells methods
shown in a single µCT slice. The colors are defined arbitrarily and serve
just for better visualization. The binarized image is shown in (a). In the
granulometric image of the same slice (b), cross sections of the maximal
inscribed spheres are visible. The isolated regions determined with the
cells reconstruction method are displayed in (c).

To better quantify this deviation, the quantile values (at
25%, 50% and 75%) were calculated. The results are summarized in Table 2. For instance, 75% of the pores are below 14.7µm/16.4µm for respectively granulometry and
cells reconstruction. In contrast, the MIP reveals a much
lower 75% quantile of 5.5µm.
Table 2. Pore diameter quantile values.
Fig. 6. Results from granulometry and reconstructed cells methods
shown in a single µCT slice. The colors are defined arbitrarily and serve
just for better visualization. The binarized image is shown in (a). In the
granulometric image of the same slice (b), cross sections of the maximal
inscribed spheres are visible. The isolated regions determined with the
cells reconstruction method are displayed in (c).

The pore size distributions from granulometry and cells reconstruction were calculated for a volume of 1300³ voxels
and plotted in Fig. 7a. To simplify the histograms, the diameters ranges are binned in 5µm intervals. The shapes of
both distributions show a certain similarity, although they
are based on two different computation algorithms. The
pore size distribution measured by means of mercury intrusion porosimetry (MIP) shown in Fig. 7b, reveals a monomodal shape. The high peak represents a modal diameter
range between 4.6 and 6.3µm (median value is 4.8 µm).
The average pore diameter is 215 nm. These results differ
strongly from those obtained from the methods based
on the µCT data (granulometry and cells reconstruction)
where sub-micrometer pores cannot be detected due to
the resolution limitation of the used µCT system. On the

Quantile Granulometry Cells reconstruction MIP
25%

7.5 µm

10 µm

4.5 µm

50%

9.9 µm

13 µm

5 µm

75%

12.7 µm

16.4 µm

5.5 µm

The pore diameters (dp) in MIP are calculated by means of
the Washburn equation [14]:
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 = −2

𝛾𝛾𝛾𝛾 ∙ cos 𝜃𝜃𝜃𝜃
𝑝𝑝𝑝𝑝

where γ is the surface tension of the non-wetting phase
mercury, θ is the contact angle and p the required pressure
to force mercury to enter a capillary.
The high discrepancy between MIP and 3D analysis is explained by Holzer et. al. [15] with the ink-bottle effect [16].
Their argumentation states concisely that the needed pressure values are very high when large pores are filled during
the mercury intrusion over narrow pore necks. This leads
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Table 3. Structural parameters values for six reconstructed volumes with different edges lengths.
Structural Parameter

Cube edge length (CEL) of the reconstructed volume (mm)
0.1

0.2

0.4

0.7

1.0

1.3

52.6

54.7

51.4

51.3

50.9

50.2

x

1.08

1.08

1.07

1.07

1.06

1.06

y

1.11

1.10

1.07

1.07

1.07

1.06

z

1.09

1.09

1.07

1.06

1.06

1.06

Surface density SV (x10 mm )

14.65

14.28

13.72

13.67

13.65

13.63

Specific Euler numberχv (x1014 mm-3)

-2.70

-2.37

-1.85

-1.83

-1.83

-1.86

Total porosity ε (%)
Geometrical tortuosity τ (-) in:

4

-1

to an over-estimation of the very small pores. In this case
the Washburn equation, where the pressure required for
the mercury to intrude the capillary is inversely proportional to its diameter, is no longer valid. The µCT data based
pore size distributions are more realistic, because the pore
sizes can be verified by measuring them directly in the tomograms.
The variation of all structural parameters described in the
section “Materials and Methods” in function of the volume size is investigated. The main purpose is to find out
whether and for which volume sizes these values become
constant. For this purpose, seven concentric volumes of
interest (VOI) were reconstructed from the same CT scan.
The cube edge lengths (CEL) are respectively 0.1 mm, 0.2
mm, 0.4 mm, 0.7 mm, 1.0 and 1.3 mm. The central structural parameters porosityε, geometrical tortuosityτ, surface
density SV and specific Euler numberχv were calculated for
all VOIs. The results are summarized Table 3 and plotted in
Fig. 8.

researches simulations based on the real model extracted
from the high resolution µCT data. Then it can be assumed
that a cube with an edge length of 0.4 mm will yield to the
same results as another with 1.3 mm. The bigger the volume, the higher is the number of the mesh elements (e.g.
tetrahedrons) that must be created. Thus, the µCT based simulations would be possible and the computational effort
would be highly reduced.

4. Conclusions
The microfocus computed tomography (µCT) with appropriate image processing algorithms is a powerful imaging
and non-destructive tool for the quantitative three-dimensional description of the pore networks in MiCaSiC® carbon
preforms.
In this study, we have presented some relevant 3D structural parameters which reflect the morphology and connectedness of the pores in the investigated material. We
have calculated these parameters for µCT volumes between
0.2³ mm³ and 1.3³ mm³. We found that the values are quite constant for volumes above 0.4³ mm³. A representative
unit cell (RUC) can be selected in this range. We will use
this finding in future studies as a basis for real structure based simulations.
We have also shown that the determination of the porosity
area fraction profiles can be used to predict the adequate
positioning of the carbon preforms during the silicon infiltration process.

Fig. 8. Calculated structural parameters as functions of different
volumes of interest (VOI) with cube edge lengths (CEL) between 0.1 and
1.3 mm [17]. The VOIs with CEL between 0.4 and 1.3 mm show constant
curves for all four parameters. In this range a representative unit cell
(RUC) seems to be suitable.

We have used two 3D image based approaches to determine the pore size distribution in the complex pore channels of the MiCaSiC® carbon preforms: spherical granulometry and cells reconstruction. Both showed similar results,
but differ strongly from the mercury intrusion porosimetry
which is affected by the ink-bootle-effect. In further works,
we will create 3D pore models of the investigated material by using advanced methods such as skeletonizing algorithms.
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It can be observed that the curves are constant for the cube
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