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1. Introduction

Carbon/carbon composites (C/C) are materials which combine
exceptional strength and stiffness (also by high temperatures
about 2000°C) with light weight, excellent refractory and
corrosion properties, making them the material of choice for
severe-environment applications, such as atmospheric reentry,
solid rocket motor exhaust, and disk brakes in high performance
military and commercial aircraft, high speed trains and racing cars.
According to surveys of the C/C business prospectus, “there are a
whole host of applications ideally suited to the properties of C/C,
provided the price is lowered as a result of more efficient fabrica-
tion” [1,2]. The mechanical behavior of these materials with
complicated hierarchical structures is strongly influenced by the
distribution and shape of their microconstituents: fibers, pores
and pyrolytic carbon (PyC) coating. This fact is especially exciting
for the reason that these parameters can be controlled by the
manufacturing process and production of the materials with
orientation dependent stiffness or strength is possible.

* Corresponding author.
E-mail address: romana.piat@kit.edu (R. Piat).

One of the often used methods for production of the C/Cs is
chemical vapor infiltration (CVI) of carbon fiber preforms. It pre-
sents an example when a complex hierarchical microstructure is
adjustable by manufacturing conditions [3,4]. In C/C, carbon fibers
are embedded in a matrix of PyC which has a cylindrically layered
structure [5] dependent on the deposition parameters. By changing
the CVI parameters, e.g. pressure, temperature, precursor or resi-
dence time, it is possible to obtain different textures of the PyC
coating [3,4], and thus change the mechanical properties of the
coating [6-8].

The main microstructural components of C/Cs are fibers, pores
and PyC coating which deposits around carbon fibers during CVI
process. The elastic and thermal properties of carbon fibers are
transversally isotropic with sharp contrast between the longitudi-
nal and transverse directions (e.g. for P-100-H carbon fibers,
Eiong =770 GPa and Egans = 7.1 GPa [9]). For this reason, deviation
of fibers from their desired orientation might cause significant
changes in the composite material response.

Experimental studies of the material properties of C/Cs on a
macro scale for different fiber architectures, different porosities
were reported in [10], and the influence of void fraction on the
flexural strength and modulus was studied. An analytical modeling
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approach for predicting the stiffness of 3D orthotropic composites
was developed in [11]. Hatta and his group performed a compre-
hensive experimental study on 2D and 3D composites [12-15] to
analyze their strength in tension, shear and compression tests. Ca-
sal et al. [16] addressed the influence of porosity on the shear
strength of the composite. All these studies show that fiber orien-
tations and porosity have crucial influence on the mechanical and
thermal [17] properties of these composites.

An approach to estimation of fiber orientations in the short fi-
bers composites using 2D image analysis was given by Mlekusch
[18]. In that work, the fiber orientation distribution function was
shown as a density on the unit sphere. The fiber orientation mea-
surements based on the image analysis were presented in the form
of polar graphs by Blanc et al. [19].

Development of the X-ray micro-tomography (1CT) has pro-
vided new possibilities for effective quantification of the fiber
and pore distributions. This technique was utilized by Bernasconi
et al. [20] for the local anisotropy analysis of injection molded
short-fiber reinforced polymer composites. They applied the mean
intercept length (MIL) method to construct the fabric tensor which
characterizes the fiber distribution. In Cosmi et al. [21], a combina-
tion of MIL with the phase contrast (PHC) imaging techniques was
utilized for analysis of a short carbon fiber reinforced polyamide.
3D-quantification of the distribution of continuous fibers in unidi-
rectionally reinforced composites was given by Requena et al. [22].
In the present paper, the LCT technique is utilized to obtain data on
various fiber preforms; this data is then processed with a self-
written C++ code to produce the probability distribution functions
of fiber orientations.

Another microconstituent that has crucial influence on thermo-
elastic properties of C/C composites is porosity. In our previous
studies of unidirectional (UD) and infiltrated felt composites [23-
25] the analysis of pore shapes was based on the micrographs of
the cross-sections of the samples. The 2D studies of the porosity
were assumed to be possible for those two types of materials be-
cause in the UD composite the pores are long in the longitudinal
direction and the plane strain assumption can be used, while in
the infiltrated felt the fiber distribution is random and the pores
can be treated as having the same shape in all directions.

The 2D-micrograph based estimates can be improved for com-
plex pore shapes by utilizing the 3D information on material
microstructure obtained by pCT technique. In publications by Ge-
bert et al. [26], and more recently Drach et al. [27], our first steps
in the development of a pore identification technique and its appli-
cation for carbon/carbon composites were reported. In this paper,
we provide advancement in the technique which includes develop-
ment of the probability distribution functions for pores present in
variously reinforced C/C composites.

This paper is organized as follows. Section 2 discusses the C/C
manufacturing process and the main factors defining microstruc-
ture of the composites. Data on the dependence of material density
and PyC coating thickness on infiltration time is also provided. Sec-
tion 3 presents the fiber orientation extraction procedure. Section 4
deals with characterization of the local PyC coating thickness in the
composites. Section 5 is devoted to classification and analysis of
pores in the material.

2. Manufacturing parameters influencing microstructure

CVlI is one of the commonly used methods for fabrication of C/C
composites with PyC. During this process, the carbon fiber preform
is infiltrated by hydrocarbon gas in a hermetically closed high tem-
perature reactor, and PyC matrix deposits on fiber surfaces filling
the space between fibers. The materials studied in this paper were
produced by isothermal, isobaric CVI; the process was performed
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at a constant temperature of 1095°. Two materials were manufac-
tured by infiltrating preforms made of long continuous fibers. The
first material: carbon fiber felt with 7.1% volume fraction of the fi-
bers was infiltrated by pressure of 10 kPa, residence time of 0.1s
(infiltration time 25, 45 and 120 h). The second material: 2D car-
bon fibers preform with 22.5% volume fraction of fibers was infil-
trated by pressure of 20 kPa, residence time of 0.1 s (infiltration
time 20, 60 and 120 h). In both materials, the resulting PyC matrix
has a layered structure with each layer exhibiting different texture
[28,29]. The texture of the matrix and thickness of the layers de-
pend on the production parameters such as pressure, type of the
precursor gas, and temperature in the reactor [30]. The infiltration
of the composites was carried out at the Institute for Chemical
Technology of the Karlsruhe Institute of Technology. Details of
the infiltration procedure are provided in [30].

2.1. Architecture of the fiber preform

The main factors influencing the microstructural architecture of
C/Cs are the infiltration time and the orientation of fibers in a
preform.

Optical microscopy images of the typical composite microstruc-
ture are presented in Fig. 1. It is possible to obtain different C/C
materials depending on the preform topology: from unidirectional
(UD) orientation of the fibers (all fibers are oriented in one direc-
tion) to an infiltrated felt with random distribution of fibers. All
these materials have certain porosity, the distribution and shapes
of pores are dependent on the preform structure, and the volume
fraction of the porosity can be controlled through the infiltration
time. The microscale structural unit of all these composites is a fi-
ber with pyrolytic carbon coating.

In this paper, two preform architectures with long continuous
carbon fibers were considered. The first one is the so-called “2D
preform” produced by Surface Transforms (Ellesmere Port, UK)
with fiber diameter about 10 pm [29]. The second one is the ran-
dom felt produced by Conradty (Niirnberg, Germany) with fiber
diameter about 10 um [31]. Both preforms consist of HT carbon fi-
bers (Panox®, SGL Carbon) with E = 190 GPa in fiber direction and
density of 1.72 g/cm? [32].

The “2D preform” based material has a laminated structure with
0°/0°/90°/90° unidirectional layers having thickness [, =1.05 mm
separated by thin layers of felt material (If= 0.2 mm between UD
layers of the same orientation and If= 0.4 mm between UD layers
perpendicular to each other) [29], as presented in Fig. 1. The stack
of layers is needled by a small number of fibers in the direction
perpendicular to the laminate plane (i.e. direction 3 in Fig. 1b) to
hold it together before and during infiltration. The micrograph
showing the local microstructure of layers having a preferred ori-
entation and separated by a felt layer, as well as the micrograph
of the analyzed part of the laminated microstructure is presented
in Fig. 1a.

Analysis of the felt preform microstructure (Fig. 1c) shows that
it contains fibers that are randomly oriented in the 1-2 plane, as
well as some fiber bundles with preferred orientation in the third
direction. For this reason it is expected that the material based
on this preform will be transversally isotropic.

2.1.1. Influence of the infiltration time on the microstructure, density,
porosity of the material and on the texture of the PyC coating

The thickness of the PyC coating around fibers is dependent on
infiltration time and fiber packing in the composite. Optical
microscopy images of laminated (“2D preform”) and random felt
composites for different infiltration time are presented in Fig. 1d
and e. For the infiltration time of 20-25 h, the PyC coating is very
thin; however, its thickness increases with infiltration time for
both composites. It is also recognizable that the fiber packing in
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Fig. 1. Typical microstructure of the material based on 2D preform: (a) local image of two UD layers separated by felt and material consisting of eight UD layers separated by
felt; (b) schematic representation of the entire 2D preform. Dark gray and white colors represent differently oriented UD layers, felt is shown by light gray; (c) typical
microstructure of the felt preform in two perpendicular directions; light microscopic images [32] of the local material microstructure and thickness of the coating for different
infiltration time of the (d) felt for 25 h, 45 h and 120 h corresponding and (e) 2D preform for 20 h; 60 h and 120 h.

a composite influences the thickness of fiber coatings. Fig. 1d (the
right part) shows that in the regions with very dense fiber packing,
the PyC coating is not as thick as in the porous regions. Another
observation based on the studies provided in [33] is that it is
impossible to completely eliminate residual porosity neither with
the longer infiltration time nor with repetitive successive
infiltration.

The thickness of the deposited PyC for the studied material was
determined from 2D images similar to the ones shown in Fig. 1a.
Fibers that are oriented perpendicular to the cross section were fit-
ted by two circles, one fitting the fiber and the other one including
the fiber plus the deposited PyC. The difference in the radii of the
circles equals to the thickness of the deposited PyC layer. The val-
ues of the thickness for random felt and 2D preform composites are
shown in Fig. 1d and e. The thickness of the coating is given in pm,
and the number in the box corresponds to the number of the mea-
sured fibers.

As can be seen in Fig. 1c and d, the PyC coating in both compos-
ites consists of the layers with different texture [29]. Studies of the
correlation between the infiltration conditions and the resulting

PyC matrix for both preforms are reported in Zhang and Hiittinger
[34,35]. The infiltration conditions of the isothermal and isobaric
CVI process were chosen in such a way that the resulting PyC ma-
trix is mostly high textured (see Table 1). Texture degree can be
characterized by the orientation angle as discussed in [28]. The
estimated values of OA for both composites are provided in Table 1
and were taken for fibers which were in the central part of the infil-
trated sample. They show that after 120 h of infiltration, the PyC
coating of the 2D preform consists of three layers. The first layer
is very thin and low textured (LT), the second is thick and high tex-
tured (HT). The third layer, observed for 120 h of infiltration time,
shows no optical anisotropy. At the same time, the infiltrated felt
exhibits only two PyC layers. The first one is LT and the second is
HT, see Table 1.

Two different methods were utilized for calculation of density
of the samples:

e Calculation of density from the mass and geometry of the
specimens.
e Calculation of density using the Archimedes principle.



Table 1
Textures of the PyC for felt and 2D preform specimens.
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Preform type and Number of studied fibers

infiltration time (in h)

Texture of the first layer (in OA)

Texture of the second layer (in OA) Texture of the third layer (in OA)

Felt 25 10 8.3
45 10 7.7
120 10 7.9

2D Preform 20 5 Too thin for measurement
60 5 Too thin for measurement
120 5 Too thin for measurement

18.8 -
19.7 -
215 -

10.6 -
15.1 -
14.4 Isotropic

The dimensions of the specimens were measured with a TESA
pHite height gage from Swiss Instruments with a resolution of
1 um for the samples with infiltration times of 60-120h. The
dimensions of the very porous samples with an infiltration time
of 20 h were measured with a micrometer screw to omit any pos-
sible penetration of the tip into the specimen (resolution of
10 pum). The weights of the samples were measured with a balance
from Mettler (AE240) with a resolution of 0.01 mg. The determined
densities are listed in Table 2. The densities determined via Archi-
medes principle deviate 1-6% from the densities obtained using
the mass and geometry. This error lies within the bounds of the
respective standard deviation.

Another important feature is the porosity (volume fraction of
pores). In our studies, two methods were utilized for porosity mea-
surements. The first one is the standard water impregnation meth-
od to measure the open porosity. However, the metallographic
images of the specimens show that some pores are closed inside
of the material so they are not identifiable using the water impreg-
nation method. For this reason, the second method based on the
digital image analysis of section micrographs was also utilized.
The porosity obtained using both methods is presented in Table 2.
It can be seen that in most cases the image based estimates provide
higher values of porosity.

3. Characterization of the fiber distribution

The three dimensional spatial distributions of fibers in the com-
posite were characterized by performing the microcomputed
tomography (uCT) studies on non-infiltrated carbon-fiber pre-
forms. This was motivated by the fact that the contrast in density
between fibers and PyC is not sufficient to reliably separate them
by contrast-based [CT. However, recent scans using synchrotron
sources allow for distinguishing all three image components
[32,36]. The distribution of fibers does not change during CVI. Thus,
the analysis of fibers in the preform prior to infiltration provides
reliable information on their distribution in the manufactured
composite.

A cylindrical specimen of 6 mm diameter was cut from the pre-
form material by water cutting and scanned using a Skyscan 1072
WUCT system. The scanning geometry allowed for a voxel size of
1.83 um and an image volume size of 1536 x 702 x 704 voxel. As
can be seen in Fig. 2a, the organization of the fibers can be divided
into two different regions. In the felt regions the orientation of the
fibers in the 1-2 planes is random and more densely packed in
comparison to the UD regions. Therefore the projected average
gray-value of the image slices can be used as a measure for the re-
gion boundaries (see Fig. 2). The stacks of layers is held together by
pinning fiber rovings to prevent the layers from moving during
processing.

Insight into the fiber orientation distribution is achieved
through a set of basic image processing steps. First, the image is fil-
tered using an anisotropic diffusion filtering step [37] to enhance
the difference of the tubular fibers in contrast to the unfiltered

background (see Fig. 2). Application of this pre-processing step al-
lows for an easier segmentation of the fibers as a foreground from
the empty background. Its advantage lies in the distinction of blob-
or plate-like features which arise from the artifacts or image noise
of the imaging system.

Furthermore, in the densely packed fiber bundles or crossings of
fibers, the separation of different fibers can be blurred due to the
resolution limit of the CT-system. Therefore, the contrast enhance-
ment of the pre-processing step is essential for a proper and dis-
tinct segmentation. The segmentation procedure is then
conducted using a global threshold determined by Otsu’s method
[38] while the stability of the segmentation is barely influenced
by smaller variations of the threshold value. To avoid over- or
underestimation of the fibers boundaries in the binary image the
parameters of the diffusion filter from [39] have been manually ad-
justed to reach an optimal result for the segmentation compared to
the visual inspection of each gray value image.

After segmentation, the binary image is used as an input for a
sequential anisotropic Gaussian filtering procedure [40] which is
employed to determine the local orientation of the fiber as well
as an orientation average of the fiber in form of an fiber orientation
tensor (see [41]). In this approach, the image is cyclically rotated
and filtered with the anisotropic ellipsoidal Gauss filter in order
to identify the local orientation of each voxel including its sur-
rounding region of interest (ROI) as determined by the filter size
from the filter response connected to the current rotation angles
(see Fig. 2c). The upper hemisphere was divided into 100 sampled
directions with equal area for each direction. The partition proce-
dure was performed according to [42]. The chosen number of the
sampled directions is a compromise between the computation
time and orientation precision. In this way a reasonable computa-
tion time and accuracy can be achieved. For example, the compu-
tation time needed for processing of the image presented in
Fig. 3a was about 4 h on a Xeon Quad Core platform with 24 GB
RAM.

As can be seen in Fig. 3a and b, the fiber orientation has been
color-coded using the orientation of each voxel obtained by the
maximum filter response. This allows for creating a 3D histogram
on the sphere where the fiber fraction is plotted as intensity. Such
a presentation clearly outlines the anisotropy of the material (see
Fig. 3c-e).

Evaluation of the single layers shows that fiber bundles are ori-
ented either along the 1-axis or the 2-axis. Based on the studies
presented in [32], the volume fraction of the fibers in UD and felt
layers is calculated to be 10% and 23%, respectively. To further ana-
lyze the preferred orientation of carbon fibers, each voxel direction
corresponding to a fiber was projected onto one of the three axes of
the coordinate system (see Fig. 3) reducing the data to only three
parameters describing the average fiber distribution. The results
of measurements show that a nearly constant amount of 30% of
the fibers is oriented preferentially parallel to the 3-axis, while
60% of the fibers are oriented parallel to the direction of reinforce-
ment (1- or 2-axes, depending on the layer), and the remaining 10%
are oriented perpendicularly to the above axes.
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Table 2

C/C-2D preforms and infiltrated felt: estimation of the density from mass and geometry (p1) and from water impregnation Archimedes’ buoyancy principle (p»). The column a/p,
equals the standard deviation of all corresponding measurements divided by the mean value of the density; estimation of the porosity: the column o/p equals the standard
deviation of all corresponding measurements divided by the mean value of the porosity. Last column presents recalculated values from analysis of felt and UD images (ratio felt to

UD is 2/7) for porosity of infiltrated 2D preform.

Infiltration time (h) Number of measured specimens Density measured Density measured Porosity Porosity measured through image
from the mass and  through water measured through analysis
geometry impregnation T’Vater . Feltimages UD images All images
impregnation
P alpy P2 olp2 p(%) alp p(%) alp p(%) alp p%)
(g/em?) (%) (g/em®) (%) (%) (%) (%)
Infiltrated felt
25 15 0.34 5 0.37 5 80.1 1 865 5 - - -
45 15 0.62 6 0.68 6 65.5 3 652 6 - - -
120 15 1.36 7 1.47 5 28.2 14 287 15 - - -
Infiltrated 2D preform
20 15 1.05 3.0 1.11 2.5 41.5 5 681 11 313 15 395
60 15 1.65 32 1.67 2.7 14.6 23 339 25 148 23 190
120 15 1.73 13 1.78 1.1 8.1 25 257 27 95 33 131

4. Characterization of the local coating thickness in C/C
composites

Typical images of C/C microstructure (Fig. 1) show that the
thickness of PyC coating in the composite varies significantly,
and depends on the infiltration time and distances between fibers.
After 40 h infiltration time, fibers in the packed bundles are com-
pletely infiltrated [35], and during further infiltration only the fi-
bers at larger distances from each other - we will call them
“single fibers” — experience growth of thicker PyC coating. The lon-
gitudinal elastic modulus of carbon fibers [43] is very high in com-
parison to the elastic modulus of PyC coating [44]. The difference in
the properties in transverse direction is not so large, but for calcu-

lation of the elastic properties it is important to know the exact lo-
cal volume fractions of the PyC and fibers in different parts of the
composite.

Materials with 2D preform consist of the fibers that are mostly
arranged in bundles [35] and some single fibers. We performed
statistical studies to analyze relative amounts of fibers and PyC
in the bundles and single fibers. The images for analysis are as-
sumed to be in the plane perpendicular to the bundles. In these
images, using a self-written MATLAB routine, we recognize fibers
and separate them into the fibers in bundles and single fibers.
The PyC coating deposition on the fibers is then simulated to pro-
vide estimates of the distribution of PyC in the bundles and around
single fibers. This simulation reproduces the continuous growth of

Fig. 2. (a) Orthogonal sections of LCT image of the non-infiltrated preform indicating UD and felt regions along the 3rd-direction; partition of different layers in the preform
based on the mean gray value of the image slice and the entire image average; (b) areas with high gray value above the volume mean correspond to UD layers due to less
fibers lying in the slice plane, regions having lower mean gray values can be related to felt layers; fiber distribution analysis; (c) test image for the anisotropic diffusion filter
applied to erode the bridging between fibers after thresholding [37-39] and (d) anisotropic Gauss filtering according to the maximum filter response (fiber B, maximum
overlap between filter and fiber) and reduced filter response (fiber A) for a single orientation of the probing filter: partition of the sphere for equal area sampling of the

orientation histogram [42].
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Fig. 3. (a) Color coded orientation image with 100 different rotations around the unit sphere showing two differently oriented UD-layers (UD1, UD2) with three separating
felt (F) layers; (b) projection of the direction onto the sample coordinate system reveals the felt layers from the minima and maxima of the relative fiber amount; (c and e)
near uniaxial fiber distribution in the UD layers (UD1, UD2) with only few z-pinning fibers and corresponding distribution functions; (d) orthotropic fiber distribution in the
felt layer indicated by a near planar distribution of fibers in the x-y-direction plus additional pinning fibers in the z-direction and corresponding distribution function; (f)
procedure of the fibers recognition: original image; inverted image; fibers coated by PyC using growth algorithm (light gray is PyC on single fibers, dark gray is PyC on fibers in

bundles).

the coating perpendicular to the fibers axes, as in the CVI process,
but takes into account only the geometric changes of the micro-
structure. This process take place till PyC deposits on the neighbor-
ing fibers touch each other, and predefined maximal thickness of
the PyC coating of the single fibers or volume fraction of PyC is
reached. The details of the procedure are described in the text
below.

Using 2D microstructure images (see Fig. 3f), we recognize fi-
bers that are perpendicular to the plane of image. Since fibers are
cylindrical, they are recognized as circles. The images should be
converted into black and white in order to apply recognition proce-
dure that determines the location of the centers and mean radii of
round objects (using MATLAB function of separating objects and

applying the relation between the perimeter and area for circle
(47S/P? = 1)). Fibers touching each other cannot be recognized as
round objects by this method. They have to be recognized with
the mask of round object with radius equal to the mean radius of
fibers recognized in the previous step. Then, the manual separation
of the remaining unrecognized fibers and exclusion of not properly
recognized fibers (about 0-5% of all fibers depending on the quality
of the image) is performed. Having the information on location and
size of fibers, we separate bundles and single fibers by solving the
connectivity problem for the incidence matrix. Elements of this
matrix are equal to zero if the distance between the correspondent
fibers exceeds 4-6 mean radii. The groups of less than 10 con-
nected fibers are not assumed to be bundles.
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Fig. 4. (a) CT image processed using a connected component region growing algorithm; original gray value CT image with pores, optical microscopy image; (b) comparison of
two registered sections from microscopic and CT data sets (top and bottom in a) using the Bhattacharyya coefficient as adequate measure for the image signal match; (c)
approximation of the irregularly shaped pore by a principal component analysis fitted ellipsoid; (d) half-axis ratios and volume fraction of the observed pores; (e) orientation

distributions of oblate and prolate pores in a UD layer.

The growing procedure is performed on a separate image,
where the recognized fibers are showed as black circles. The PyC
as circles of increasing radii are drawn around fibers: dark gray cir-
cles are for PyC around fibers in bundles and light gray around sin-
gle fibers. This presentation allows us to calculate the relative
amounts of the PyC in the bundles and around single fibers accord-
ing to the areas of dark and light gray. The ratio between PyC
around fibers in bundles and PyC around single fibers was calcu-
lated as ratio of pixels of dark and light gray colors.

The described procedure provides the volume fraction of PyC in
the coating of the fibers in bundles and single fibers. Microstruc-
ture in Fig. 3f was numerically analyzed using proposed procedure
and it was obtained, that 96% of all fibers are in bundles and only
4% are single fibers. In bundles the volume of the PyC coating is
about 70% and in single fibers about 88%.

5. Studies of the porosity and pores approximations

5.1. Pore identification and classification of the typical pores in the C/C
composite

In this section, we discuss distribution of pores in the consid-
ered materials based on the nCT data and the available optical
microscopy images. One of the challenges is to extract the pore
geometries from the pCT images with acceptable accuracy. To pre-
serve the pore shapes without introducing any deviations due to
image artifacts or image blurring, the segmentation procedure
has been developed. It is based on the comparison of puCT and opti-
cal microscopy images. An evaluation of the applicability of differ-
ent segmentation algorithms has shown that the most appropriate
methods are an automatically seeded region-growing approach
and a 3D geodesic active contour algorithm [45].

For the seeded region-growing segmentation to give the most
accurate separation between the pores and the matrix, we com-
pared the segmented images from the CT measurements (Fig. 4a

on the top) with the processed optical microscopy (OM) 2D images
of the same region (Fig 4a bottom). The pCT data (Fig. 4a in the
middle) was processed with the set of parameters adjusted to pro-
duce the same porosity and pore shapes as in the OM 2D images,
for which the boundary between the pores and the matrix is well
defined. The pCT data processing parameters included the thresh-
old values for the seed points and the connected components [45].

As a measure of the similarity between the images of different
threshold parameter sets, the Bhattacharyya coefficient (or dis-
tance) [46,47] was used. Its dependence on the normalized inten-
sity threshold is shown in Fig. 4b. The maximum value
corresponds to the optimal PCT segmentation under the restriction
of equal porosity in CT and OM images. Note that even though this
algorithm minimizes the discrepancy between the images, the rep-
resentation of pores shapes is still not identical.

In the next segmentation step, the binary image was labeled to
enumerate different pores. The resulting image was processed with
a label analyzer filter to extract statistical information on pores for
various regions of the composites. The pore shapes extracted from
the labeled pores were approximated by ellipsoids utilizing the
principal component analysis as described in our previous publica-
tion [27,48]. Fig. 4c provides an example of the irregular pore and
the corresponding approximating ellipsoid.

Fig. 4d and e presents information on pore distribution in the
unidirectional part of laminated composite shown in Fig. 3e. The
histograms for the pore volumes and half-axis ratios are shown
in Fig. 4d. It is seen that two types of pores, oblate and prolate,
can be identified in that layer. Distributions of their orientations
are shown in Fig. 4e and d, correspondingly. The prolate pores ex-
hibit strong preferred orientation coinciding with the direction of
fibers while the oblate pores are randomly oriented. Note that
the information on pores’ geometry and orientation distribution
can be readily utilized to perform micromechanical modeling of
the material, the appropriate approaches are presented in [23-
25,27].



6. Conclusions

A methodology for microstructure characterization of C/C com-
posites with arbitrary fibers distribution is proposed and applied to
composites with two different preforms: random felt and a 2D pla-
nar preform.

(i) For composites manufactured from both preforms, depen-
dence of density, porosity, coating thickness and texture
on the infiltration time was investigated. It was shown that,
as expected, increase in infiltration time results in the
decrease of porosity. Comparison of the porosity measured
using water immersion (open porosity) and image analysis
(total porosity) shows that difference in the obtained results
is insignificant.

(ii) A methodology for fiber orientation segmentation from the
ICT images of carbon fiber preforms was developed. Using
that procedure, 100 different local fiber directions were
resolved. The orientation distribution functions for different
layers of the composite with 2D preform were extracted and
visualized.

(iii) The pCT studies of the infiltrated composites were con-
ducted and pores with irregular shapes were identified. A
methodology of pore approximations by ellipsoids using
principal component analysis (described in [46]) was
applied to the material based on the 2D preform. The pore
half-axes aspect ratios, volume and orientation distribution
functions were estimated.

(iv) It was shown that the distance between fibers in the preform
vary. The fibers can be differentiated into the bundles and
single fibers. There is sufficient spacing between single fibers
and the rest of the preform so that more PyC can deposit on
single fibers during CVI resulting in thicker coating. This
results in thick PyC coating around these fibers. The fibers
in the bundles are close to each other and spacing between
them is limited. For this reason, the growth of PyC coating
continues only until this space is filled, so that the fibers in
bundles have thinner coating.

(v) A methodology for numerical simulations of the growth of
coating on fibers, based on the processing of cross-section
images and estimation of the fiber positions, was proposed.
Using this methodology, the local microstructure around
single fibers and fiber bundles can be quantitatively
distinguished.

The above methodologies provide an accurate description of the
microstructure of C/Cs with arbitrary fiber distributions which are
applicable to different types of preform architecture. The results of
microstructure characterization are presented in the form of ta-
bles; the orientation distribution functions are also tabulated. Such
representation is very convenient for utilization as an input for
development of virtual material models and simulation of its
mechanical behavior.
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