Material Characterisation of C/SiC: Comparison of ComputedTomography and Scanning Electron Microscopy
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1. Introduction and Motivation
The quality control and assurance of C/C-SiC composites has always been a
challenge due to their anisotropy and inhomogeneity. Although CMCs are more
damage tolerant than monolithic ceramics, they are sensible to defects such as
delaminations, cracks or material conglomerations within the ceramic matrix. When
manufacturing CMCs by the LSI process, it can locally occur that the carbon matrix
does not react to form SiC during the infiltration of the liquid silicon. Such defects
can occur uniquely or concurrently, demanding intensive non-destructive analysis
methods. Any of the mentioned defects can produce a critical flaw distribution,
resulting in the failure of the component. Therefore, these defects need to be
detected as early as possible during the fabrication process as well as during
service [Kre03].
The classical non-destructive evaluation (NDE) techniques used for polymer and
other composite materials, such as water-coupled ultrasonic analysis, visual
inspection or X-ray analysis are limited in their meaningfulness when applying to
C/C-SiC composites [Hau05]. Water-coupled ultrasonic analysis and X-ray
inspection can be applied to the green-body (CFRP) and the final C/C-SiC product,
whereas the intermediate C/C stage is not accessible to any NDE analysis methods.
The high porosity, resulting from shrinking cracks and small hollow spaces due to
the decomposition process during pyrolysis, prevents the use of water-immersed
ultrasonic analysis. Any use of coupling agents (such as water) would result in these
spaces being filled, thus falsifying the analysis. Also the low density of the pyrolyzed
carbon structure offers insufficient density changes that are indiscernible using Xray analysis.

1. 1

The LSI Process

The LSI process consists of 3 stages shown in figure 1 [Kre03], [Kre04]. Beginning
with a carbon fibre reinforced plastic made of a phenolic resin with high carbon
content and HTA woven fabric (CFRP), a green-body preform is manufactured. This
preform is then pyrolised under inert atmosphere at temperatures greater 900°C,
converting the CFRP into a highly porous carbon-carbon matrix (C/C).

In a final step, the porous material is infiltrated with liquid silicon under vacuum to
manufacture the final C-SiC ceramic. The complex heterogeneous structure of this
ceramic material is shown in figure 2.
The quality of the C-SiC materials is influenced by each individual processing stage.
Each state shows different micro-structure and defects such as:
• matrix inhomogenities (e.g. micro-cracks and pores)
• fibre variations (e.g. fibre-volume-content, fibre orientation and ondulation)
• element distribution
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Fig. 1: LSI–process for producing fibre Fig. 2: Heterogeneous structure of C/SiC
reinforced ceramics

These defects are often complex and distributed within the material. For a
consistent quality control, an analysis during each stage is required. In order to
control the morphology and to detect defects within the material, the use of high
resolution methods is necessary.
The method commonly used in the past is the scanning electron microscopy method
(SEM). In comparison, the method of the computed tomography (CT) has emerged
as a new powerful tool for the characterization of materials.
This paper discusses the potentials of computed-tomography analysis in
comparison to scanning electron microscopy for material characterisation using the
materials occurring during the manufacturing of fibre reinforced C/SiC ceramics. For
this purpose, the green body CFRP-state, the highly porous C/C-state and the final
C/SiC-ceramic state were examined with both methods and the results were
compared.

2. Short principles of the characterization methods SEM and CT
The scanning electron microscopy (SEM) is the current method of choice for
material characterisation. The possibility of analysis with a high sub-micron
resolution allows the detection of small defects. Furthermore, the use of the EDXmethod permits a differentiation of the elements in the specimen. On the other
hand, the SEM can only analyze the surface region of a sample. This requires an
extensive preparation of the sample, which includes the cutting of the sample, often
leading to a change of the morphology in the vicinity of the cut. Furthermore, it is
often necessary to sputter the sample with a conductive layer (often gold). These
preparation procedures often render the specimen useless for further processing.
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Fig. 3: Principle function of computed tomography [Nud02]
The technique of computed tomography is based on the method of radioscopy. The
sample is positioned between a x-ray source and a detector, and a two-dimensional
radioscopy image is taken (see figure 3). This image contains basic information
about the analysed volume, based on the x-ray attenuation occurring in the scanned
material. For a computed tomography, the radioscopic analysis of the specimen is
repeated at various angles. The sample is rotated in small increments to acquire
multiple radioscopic images (800 to 1600) from different positions [Nud02], [Zes00].
Based on the information the reconstruction software generates planar crosssections of the specimen. In a further step, this information is visualized as a threedimensional image. The individual steps of are summarized in figure 4.
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Fig. 4: The three steps of computed-tomography

3. Volumetric Reconstruction

This three-dimensional visualization is one of the unique advantages of the x-ray
tomography. The materials can be characterized non-destructively and an extensive
sample preparation is unnecessary. The maximum achievable resolution is at 2 µm,
dependent on the sample size. The major drawback of the method is that it is only
suitable for materials with differences in x-ray adsorption (i.e. variation in densities).

3. Experimental setup
Aim of the research was to analyse the material states that occur during the
processing of the C-SiC ceramic matrix composites. These are:
•
•
•

fibre reinforced polymer (CFRP)
high porous Carbon/Carbon state (C/C)
C/SiC ceramic

From the individual materials several specimens of a size of 6x6x6 mm3 were
prepared. The specimens were analysed in regard to the micro-structure, including
an evaluation of:
•
•
•

inhomogenities (e.g. micro-cracks and pores)
porosity
phase composition.

Fig. 5: SEM (JEOL JSM 6400)

Fig. 6: Desktop Micro CT-System (Skyscan
1072)

The SEM characterizations were done on a JEOL JSM 6400 seen in figure 5. The
electron acceleration was set to 20 keV. The sensor used was the backscatter
electron sensor. For EDX-analysis a Noran EDX-Mapper was used.
The tomographic investigations were performed on a desktop micro computer
tomograph system (Skyscan 1072, figure 6). The machine was run in a highresolution mode, the reconstruction was obtained from 1600 individual x-ray
radioscopes. The X-Ray source was powered at 85 kV, with a current of 5 µA. The
reconstruction of the cross-sections was performed using the Skyscan-Software
“NRecon”. Structural analysis and three-dimensional visualizations were carried out
using the software “Modular Algorithms of Volume Images (MAVI)” developed at the
Fraunhofer Instititute ITWM, Kaiserslautern.

4. Micro-Structural Analysis
The analysis is separated into three distinct areas, based on the materials CFRP,
C/C and C-SiC. The first part concentrates on the imaging capabilities of both
methods, using the material CFRP. The second part tries to evaluate the
possibilities of further structural analysis, specifically considering the material
properties of the C/C-state. The final step will attempt to identify the phase
composition of the three-phase system C-SiC.
4.1 Microstructural analysis of CFRP
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Fig. 7: Surface visualisation of CFRP
using SEM

Fig. 8: SEM-micrograph of CFRP at higher
resolution

In the first step, the visualisation capabilities of the two methods are compared by
analysing the CFRP preform material. The SEM-analysis provides a high-resolution
two-dimensional image, where individual carbon fibres are discernible from the
carbon-rich phenolic matrix (figure 7). Using a higher magnification with a submicron resolution, it is possible to analyze the fibre-matrix interphase (figure 8).
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Fig. 9: 3D-visualisation of CFRP using CT
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Fig. 10: Virtual cut along the fabric layer (CT)

The SEM analysis is only capable of observing two-dimensional areas of interest.
The computed tomography, being a true three-dimensional analysis method, allows
the complete three-dimensional visualization of the scanned sample, as shown in

figure 9. Dependent on the different x-ray absorption regions of lower density are
dark, volumes with higher density are light. The different layers of carbon fibres are
visible. Furthermore it is possible to place virtual cuts throughout the volume to
detect matrix defects such as pores and cracks in the volume and to follow the fibre
ondulations, as seen in figure 10. Due to the resolution limit of 6 µm in this scan,
individual fibres are not detectable.
4.2 Microstructural analysis of C/C

Fig. 11: Fibre pull-out of the C/C due to dry
cutting

Fig. 12: fibre smearing at C/C due to water
cutting

The C/C material is difficult to analyze with SEM. During the preparation process the
highly porous and brittle material was severely damaged. During dry cutting using a
diamond saw without coolant, the brittle fibres were torn and pulled out (figure 11).
When cut wet, the removed carbon residue and fibre remnants were smeared on
the surface, making further observation impossible (figure 12). The only method for
visualising the sample was by cementing the specimen by filling the porosities with a
low-viscuous resin. This fixated the individual fibres and matrix residue but restricted
the further use of the specimen.
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Fig. 13: 3D visualization of C/C using CT

Fig. 14: virtual slice through the C/C
specimen

The analysis of C/C using computed tomography required no specific specimen
preparation. The sample was simply placed in the CT and the sample was scanned
and reconstructed into a three dimensional image. All cracks, pores and matrix
residue could be identified, as seen in figure 13. Furthermore, it was possible to
follow individual fibre bundles and cracks throughout the volume (figure 14).
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Fig. 15: Calculation of the porosity using the binarization algorithm
The CT also permits a quantitative method of structural analysis. Using special
binarization algorithms, it is possible to determine the absolute volume porosity.
This is achieved by analysing the density distribution within the sample. In the case
of the C/C-material, regions of air with a low density (light grey volume) can be
isolated and the occupied volume determined (figure 15). This volume is then
subtracted from the total volume of the specimen, resulting in the porosity of the
specimen. This method determined the porosity to be approximately 19 % (±1.5 %)
in an analyzed volume of 60 mm3. The identical specimen was then analysed using
mercury-porosimetry, resulting in a porosity of 20 % (±1 %), showing a good
agreement between the two methods.
4.3 Microstructural analysis of C/SiC
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Fig. 16: SEM micrograph of C/SiC. Black areas consist of carbon, light grey represents
siliconcarbide and white areas consist of unreacted silicon

Primary goal during the investigations of the C/SiC specimens was to determine the
phase composition. The SEM in back-scatter mode analyses the phase composition
by counting the number of electrons that return from within the material. These
electrons are backscattered electrons of the primary electron beam that penetrated
approximately 1 µm into the material. Depending on the elementary composition,
the number of electrons that return to the surface varies. This is visible as a change
of intensity (i.e. changes in greyscale) and permits the differentiation between areas
that contain the elements of carbon, silicon, and both elements in form of silicon
carbide (figure 16). The method permits the qualitative mapping of the phase
composition.

Fig. 17: EDX-mapping of elementary

Fig. 18: EDX-mapping of elementary silicon

carbon

A quantitative analysis of the elementary distribution is possible with the Energy
Dispersive X-ray Analysis (EDX). This method can precisely determine the number
of atoms present of any element by measuring the typical X-rays emitted during the
interaction of the primary electrons with the individual atoms. A distribution of
carbon, silicon and siliconcarbide can be seen in figures 17 and 18.
Both backscatter analysis and EDX-method permit an analysis of the elementary
distribution in a near-surface area of the specimen. Assuming a statistically valid
distribution within the viewed cross-section, the surface results can be extrapolated
to a volumetric distribution using statistical methods.
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Fig. 19: CT-micrograph slice of C/SiC
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The CT is also capable of determining the phase composition. Unlike the SEM, the
phases can only be determined through changes in X-ray attenuation, i.e. density.
In the case of the C-SiC Material, an analysis is well possible due to the high
difference of density between carbon (ρ=1.5g/cm³), silicon (ρ=2.5g/cm³) and
siliconcarbide (ρ=3.2g/cm³).
Using a binarization algorithm similar to the algorithm used for detecting the
porosity, it was possible to determine the volume density distribution within the
C/SiC ceramic sample. Regions of low density represent the fraction of C, while the
volumes with higher densities can be interpreted as SiC/Si. Due to the small amount
of free silicon in the sample (less than 1%), it was not possible to discern between
silicon and siliconcarbide. The binarization of the volume allows the determination of
C and Si/SiC volume contents. The fraction of carbon was calculated to be at 75%,
the content of Si/SiC were found to be 24% of the whole volume examined (46
mm3). These values correspond with data found in the literature [Kre03], [Kre04].

5. Summary
Both SEM and the computed tomography each have unique advantages as well as
drawbacks. Although the SEM is capable of very high resolution scans (submicrons) and can detect the quantitative elementary distribution of a specimen via
EDX, its main disadvantage is the analysis is its limitation of inspecting the nearsurface area.
Computed tomography supplies a realistic view of the three-dimensional structures,
where defects can be evaluated within the whole volume. The complete acquisition
of the complete volume allows a quantitative analysis of the materials. CT is only
limited in the consistence of the investigated materials (differences in density
required) and a compromise between sample size and resolution.
The optimal use would be a combination of both methods. CT is capable of
providing an initial volumetric image of a specimen with a resolution greater 2 µm.
Areas of interest detected within this three-dimensional volume can be located and
the specimen can be prepared for further analysis using the capabilities of the SEM
method.
So the performed investigations show, that the modern micro computed tomography
is a powerful tool that can complement the common method of SEM.
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