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Abstract

Raw and partially infiltrated carbenarbon composite preforms have been scanned by high
resolution synchrotron radiation-day CMT. 3D highquality images of thepore spacénave

been produced at two distinct resolutions and have been used for the compofatio
geometrical quantities : porosity, internal surface area, pore sizes, and their distributions, as
well as localand averagdiber directionsDetermination of the latter property makes use of an
originalalgorithm.All quantities have been comparedexperimental data, with good results.
Structural models appropriate for ideal families of cylinders are showeptesent adequately

the actual pore space.

1. Introduction

Carboncarbon C C) composites are produced, among otpeycesses, by chemical vapor
infitration (CVI) : a heated fibrous preform is infiltrated by the chemical cracking of a vapor
precursor of the matrix material inside gherous spacef the preform [1]. The quality of the
materials manufacturedby CVI relies on processing conditions (such as vapor precursor
concentration, temperature and pressure), as well as on properties of the preform. Experimental
determination of the conditions which lead to an optimal infiltration is long and expensive.
Thatis why a global modelling of CVI is of great interest optimizing the final porosity and
homogeneity of the composites-§2 This modelling requires a sound knowledge of
geometrical characteristics and transport properties of the prefed@].[™Numerous works

have been performed to determine the internal surface area [11,12], the thermal conductivity
[13-18], the binarygas diffusivity [9,19-22], the Knudsen diffusivity [7,225] and the
permeability [26,27] of ideal media such as regular or random arraysioflesd. However,

real preforms exhibit a much more complex structure. Rather than modelling the porous



medium by an arrangement of cylinders, this work aims at studying directly the preform by
acquiring 3D images of it. Xay tomography [28] appears as gateresting technique for
nondestructive characterization of 3D microstructure at different pore scal@4][2&nd has
already been used successfully to characterize the struct@i€diber cloth layup preforms

at macreporasity scale (pixel size of 15.6—)H32,33]. However, applying this method @C
composites at very high resolution is challenging task especially because the-rgy
absorption contrast of higtesolution images of such light materials is faint, andrtfeges are
dominated by phaseontrast effects

In this study, tomographig used to image & C composite at two different scales (micro and
macraeporosity scale), and at three stagesndftration. Geometrical characteristi¢porosity,
internal surface area, distribution of porosityd pore sizgsare then determined from high
resolution imagesandthe results obtained are compared with experimentalastatanalytical
results for model fiber structures. Also, an originathod for determination of local fiber
orientations in lowresolution images is presented and used. Combination of this method with a
high/low resolution correlation procedure yields results that are compared with experimental
data. In a companion papenth high and lowresolution images are used in a double change
of-scale strategy to compute transport properties, such as heat and gas diffusivity, and

permeability.

2. Experimental

2. 1. Description of the material

The material we have studied isGaC composite, provided by Snecma Propulsion Sdlide

The different steps of the fabrication of its fibrous reinforcement are suggested in figure 1.

'Snecma Propulsion Solide, Le Haillan, France



Weave layers are stacked ( y plane).Then, harpooishaped eedles are used to punch these
cloth stacks : as a consequence, fibers are broken and partially transferred iditaetion .

The stacks are now held together by needlifge volume fraction of fibers is about 30 %,
and 4 %lie in the z orientation. The diameter of carbon fibers is abouf8. The yarn, less
than 1 mm in diameter, is made up of the gathering of a large number of fibers. Istulig,
poresinside a yarn will be referred to as migooreswhile poresbetween yarns will be called
macraepores Thus, there are two scales of heterogeneity to take into account in order to assess
correctly the properties of the preform. Three samplese extracted from the preform at
different stages oinfiltration. The first one CCO, was taken from the raw preform. Its bulk
density, measured by weighing and measuring the sample, is k¢7®°, and the
corresponding porositysi73 %. Twoothersamples were taken after the preform was partially
infiltrated. Owing to the fabrication process (isothermal isobaric CVI), the core of the preform

is more porous than its borders. The samples, extracted at different depths, have ntnpseque

distinct characteristic<C1 has a bulk density of 77kg m*® (corresponding to 58 % porosity)

and CC2 a bulk density of 152kg m?® (corresponding to 20 % porosity). The samples were
embedded in organicesin and manufactured according to the plan of the figur&h2ir

geometry is cylindrical, with a larggection part (bottom) and a narrower part (top), so as to
image them at two different resolutions (high and low), and view the two length scale® of po

structure.

2.2. Data acquisition and image processing

Tomographic experiments were performed at the ID19 line of the European Synchrotron

Radiation Facility (ESRF) in Grenoble [34,35].



2.2.1. Highresolution images

High-resolution images of the upppart of the samples were acquired, with a beam energy of

15 keV ( O 08339 A). The sample was positioned with a precise goniometer (fine rotation
and translation) and a set of 2D radiographs was recorded @&y of rotation along the

vertical axis (up to 188). The average exposure time was Jer projection and a complete

acquisition lasted about 35 minutes. 1500 radiograpére recorded on a 2048048 CCD
based detector [36] with effective pixel size 0077 An*. A region of interest of 20481024
pixels was selecte on the camera so that the size of the reconstructed image is

2048120481024 voxels (corresponding toll4.410.7 mn?). Reconstruction has been
performed using filtered bagirojection [28]The synchrotron Xay beam on this line, devoted
to highresolution imaging, shows a high lateral coherence due to the small source size and its
large distance to the experimental tutlt gives rise to a phenomenon called phase contrast
[37-39], which underlines the interfaces between components of the material. In addition, the
low X-ray absorption coefficient of carbon and the reduced length of the absorption path (
mm) yield a very poor absorption contrast ; as a consequence, only the phase contrast patterns
are present in the reconstructed images. A specific treatohevisedand used by Vignoles
[40] on similar imageswas used to separate the solid phase, constituted by the fibers and
possibly the deposit when the compositeingltrated, from the pore space lorblackThe
processing procedure is the following :

X Application of a double thresholding,e., labelling of evey node with one of

the following three colors : white, gray, and black. The white pixels are considered as

fluid, the black ones as solid, and the gray ones are undeterminate at this point.

X Application of one or two passes of hysteresis, a dilation of black and white

regions inside the gray region.

X Using a percolation routine, the connected gray components are identified and



labelled.
X Each gray connected component is colored according to the color of its skin, that
is, the average color of thealok and white pixels which are adjacent to it.
This segmentation procedure was applied to alB00 u600 cubic voxels extract fro@CO.
A 3D rendering of the result is shown in figure 3a. A 1296201616 voxels extract from
CC1 was segmented olorblackusing the same algorithm and a partial 3D visualization is shown
in figure 3b. A 100001000600 voxels extract fron€CC2 was also segmented and the result
obtained is shown in figure 3c. These himgisolution images enable us to view the carbon
fibers in detail, and are large enough to visualize a few yarns and needlings. However, the size
of the irvestigated area is too small to see the full organization of the yarns and needlings

inside the composite. In order to visualize them, images with a lower resolution were acquired.

2.2.2. Lowresolution images

Low-resolution images of the whole sample &vexcquired with a beam energy of kBV

( © 08339 A). The sample was positioned with a precise goniometer (fine rotation and
translation) and 2D radiographs were recorded every @ Potation along the vertical axis (up
to 180%). The average exposure time was Pper projection and a complete acquisition lasted
about 25 minutes. 900 radiographs were recorded on al 2048 CCD based detector [36]
whose effective pixel size was 7.46.46 A’ . A region of interest of 8551024 pixels was
selected on the camera so that siee of the reconstructed image is 8855 11024 voxels
(corresponding to 6.46.417.6 mnt). The phenomenon of phasertrast is much less
pronounced thaim high resolutionbut is still visible. On the other hand, absorption contrast is
better, since the absorption patle( the sample width) is larger. 2D slices, perpendicular to
the rotation axis, and extracted frommetreconstructed images 6C0O, CC1 and CC2 are

shown in figure 4&. The resolution allows to view the different components of the fibrous



reinforcement (see figure 4d), and the size of the imaged area is large enough to see numerous

yarns and needlings.

3. Computational methods for geometrical characteristics

In order to compute easily the geometrical properties (porosity and internal surface area) of the
relatively largesegmentedhigh-resolution images (made & 10 voxels eac)) the procedure
described below has been followed (see figure 5):

X - Subdivision of the segmented image into cubic-salmples of edge length

(variable parameter).

X - Computation of the porosity £) and the internal surface are§, | of each
subsample.
X - Computation of the mean porosignd mean internal surface area, and

statistical study of distributions.
Details on the local surface area determination are givémeirirst subsection. The following
parts are devoted to the correspondence betweenabod highresolution scans of the same

sample, and finally to the determination of the localfiber orientation.

3.1. Surface area evaluation

Porosity can easily be agtined from images in which the solid phase is separated from the
fluid one. It is simply the ratio between the number of voxels belonging to the fluid phase and
the total number of voxels. To compute the internal surface area, we have to consider the
interface separatinghe two phasesA naive choice for this interface would be to consider
voxels as cubes : this gives a rather correct evaluation of pore volume fractions, but not for
surface area. For instance, the approximated surface of a cylinddelparal principal axis

would be equal to the surface of the embedding parallelepiped. On the other hand, a full



MarchingCube method [41] has a rather high computational cost. An intermediate solution,
lighter than MarchingCube and preserving a correaidgconvergence for surface area, has
been designed [42]. It consists in constructing the walls with triangles whose summits are the
interface nodes in 26onnectivity which belong to the solid phase (that is, black nodes of

which at least one of their 2@&ighbors is white). The effect of this algorithm is to provide a set
of connected triangles with Miller indiceskl with (h k I) -'101‘3, without any hole

between solid and fluid phases. The sum of the triangles gtiels the internal surface area,

and the triangles may also be used efficiently for rand@tk computations.

3.2. Micromacro correlation

The assessment of the local fiber orientation from CMT scans makes use of -ttesddwtion
images, since thisugntity has to be sampled on volumes larger than the reconstructed volumes
acquired at high resolutio® porosity correspondence has been established between the low
resolution images and the measured porosity data. The following procedure has been used :

X Selection of a500° voxel size extract in the lowesolution image,

X Determination of a threshold grayscale val@e such that image binarization

yields the same porosity as measured experimentally,

X Subdivision of the image into suimages,

X Computation of the porosityt inside each submage using threshol,, and
of the mean value of the grayscale levis

X Determinaibn of the linear correlation betweef and(G)

The obtained correlation may be used directly at pixel scale ; it has been checked that the
average porosity of the sample volumes that have been scaitiieboth resolutions is the

same from either highesolution and lowesolution procedures.



3.3. Local fiber orientation evaluation

The local orientation of the fibrous medium is not a punctual quantey,it is intrinsically an
average on some kone with a given size. Fortunately, the studied media belong to the case of
long, roughly parallel fibers, so that the sensitivity of the local orientation vector to the
averaging volume size is not large. As soon as a sampling volume contains enougatiofo
concerning the fiber orientation, and until the volume side size becomes as large as yarn
curvature, the result is satisfactorily constant with respect to sampling volume.

Many methods exist for anisotropy detection and quantification, based age igradient
processing [43,44], Fourier analysis [45], etc ...Rather than using these mathematically
elaborate methods, it has been chosen touse a method derived from physics modelling. Indeed,
homogenization, volume averaging, or any other chaxfiggealetheory, when applied to any
transport phenomenon, give as a resulie@asorial effective transport property, usually a
symmetrical secondrder tensor in an arbitrary 3D porous medium. The effective tensor
coefficients are obtained with a suitable resolutof a local problem in particular, one has to
preserve the orientation, a constraint which excludes symmetry boundary conditions. When
only the local orientation is needed €. excluding the absolute values of the transport
coefficients), it is posble to use a «degraded» version of the transport properties solvers that
will be presented in companion papers, able to yield rapidly a local tensor otinaagiga few

pixels wide, and extract orientation from this tensor. Satisfactory results werneedbvath a
Monte-Carlo randorrwalk solver for Knudsen diffusion [42,46]. Each grayscsudimage

was arbitrarily thresholded to 50% poros#ysuch a processing preserves the anisotropy
information— anda set ofrandom walkers was allowed to travel fromall to wall in the

«fluid» phaseWhen a walker exits the stilmage, it is arbitrarily replaced in the fluid phase of

the opposite face, with a transmission probability correction which guarantees that transport is

not biased by the porosity differenckeopposite faces.



The covariance matrix of the centered displacements divided by the walk time converges to a
pseudediffusion tensor, whichis symmetrical andprovides the desired information.

Summarizing, the local orientation detection has been peefusing the following procedure

X Subdivision of the image int&® voxel size submages.

X Utilization of the randonwalk algorithm sensitive to the local anisotropy,

yielding a pseuddliffusion tensor.

X Extraction of the prinipal axes (eigenvectors) and eigenvalues of the pseudo
diffusion tensor The largest eigenvalue indicates the direction of preferred diffusion,

which is assimilated to the local fiber orientation.
X The scalar product of the local fiber orientation with ttee unit vectors, y

and z is computed and the largest value indicates whether the local value is

preferentiallyx, y, or z ;
X The amount of fibers lying preferentially iR, y, or z is computed using a
weighting by the local value of(1 H for the raw sample, and by

@ H@ { H@ (htH) in a infitrated sample (where &) is the raw sample

porosity and( H is the infiltrated sample average porosity).

The orientation vectardefined on all subnages also define an approximation of a vector field

that will be used for the assessment of transport properties.

4. Geometrical characteristics : results and discussion

Images of 3 samples, more or lesBltrated, have been acqd. It has been pointed out that
the size of higiresolution images was not large enough to be representative of the full

organization of yarns and needlings inside the composite. However, they contain at least one or



two yarns and enable to clearly viiima carbon fibers. Consequently, these higéolution

images will be used in this paragraph to determine structural properties of the composite. These
characteristics are total porosity, size distribution between micro and pa@®, and the
internal sirface areaGas transport inside the porous media is directly influenced by porosity
while kinetics of heterogeneous chemical reactions are proportional to internal surface area.
Results for total or average quantities, as well as statistical distribigiiolocal valuesare

presented, compared with experimental data and discussed.

4.1. Total porosity

The average porosity of the three segmented images has been computed following the
procedure described above, the value of the paranaetering successively set to 100 voxels

and to 32 voxels. Before comparing the porosity average of the image with theporosity
measured in the whole sample, it has been checked that the image was large enough to be
representative of the porosity tiie sample. The variation of the image porosity with the
number of sutsamples & 100) taken for the computation is plotted in figure 6 : when the

number of sudsamples is superior to 200, the fluctuations of the porosity are weadtk¢an be

considered that the corresponding volum¢ 0.069 mn?) is an REV (Representative
Elementary Volumejor the porosity. The computed porosity can consequently be compared to
the porosity mesured experimentally in the whole sample. These measurements were realized

by weighing the samples and using the following formula:

U Juy @ HOl e @

where :

X L : density of partially infiltrated preform

X I : porosity of partially infiltrated preform



X I, : volume fraction of fibers
X Y : density of fibers
X .. - density of the deposit (pyrocarbon or pyC)

The results obtained are summarized in table 1. There is a good agreement between the
experimental data and the computed values. The maximum eracaesintered witlsample

CC1. However, the segmented volume was intentionally selected in a less p@as® as to
visualize yarns and needlings. Consequently, we can assume that the segmentation of the
images, which seemed to be qualitatively good (see figure 3), is actually correct. While the first
two samples only do have open porosity, san@il® displays an appreciable amount (1.2 %)

of closed(inaccessibleporosity.

4.2. Pore size histogram

From computed values afubsample porosityit is easy to plot thgore sizerepartition
histogram. The result is dependent on the value of the parametihen a is equal to 100
voxels (70 An), the histogram of figure 7 is obtained. In the raw state (sa@@@), the
porosity isnearlyuniformly distributed between 50 and 90 %eTimage is not subdivided into
sufficiently small subsamples so that the magporescan be separated from miepores In

the slightly infiltrated state (sampl€C1), the porosity is distributed between 10 and 90 %.
There are two populations of ssampés: one having a mean porosity of 25 %, and the other
65 %. The first one corresponds to miparous suksamples, the second one to mapawous
subsamples. These two populations have, at this stadiloftion, sufficiently different pore
sizes sohat they can be distinguished from each other on the histogram. In thenfiioeged
state (sampleCC2), the main part of subamples, which has less than 10 % of porosity,
contains micrepores. The second population, associated to the mpaces hasa mean

porosity of 45 %. This histogram enables us to visualize the wagdieespaceas distributed



and how it evolves witlinfiltration. However, the sulsample size is not fine enough to allow

to distinguish clearly the two populations of ssemples ihicro and macrgporous), especially

in the raw state.

The pore volumedistribution obtained with parametex equal to 32 voxels (22.4An) is

shown in figure 8. This sampling allows to distinguish drethe two susample populations.
Results obtained by separating the porepopulation into two subsets are summarized at table 2.
In the raw state (sampl@Co0), subsamples are distributed between a totally void population
and a population having a mean @sity of 68 %. The first one is constituted by samples

taken from macrgores whereas the second one is constituted bypamples located inside
needlings or yarns. The micmorous population is relatively spread (between 25 and 96 %).

This is probaly due to the fact that yarns and needlings do not have the same average porosity;

in addition, the size of the samplingd8nensional window &) broadens the distribution. In
the slightlyinfiltrated state (sampl€C1), the migo-porous population has an average porosity
of 43 %, but with a mode at 15 %. The percentage of maarous suksamples is, as faZCO,

not much different from the initial percentage. This shows that the deposit, in the initial stages
of infiltration, occurs mainly in the micrgores. This is due to the high specific surface
developed inside the yarns and the needlings. In the infidstted state (sampl€C2), the
micro-pore distribution is completely shifted towards low values. At this stage, depositi
occurs around the yarns and the needlings since +panesare now poorly accessible. We can
notice that the infiltration of yarns and needlings stops (becausedt®me more accessible
micro-poreg at an intermediate stage betwe&@@1 and CC2. After that moment, deposition
occurs principally in the mac¥pores, as can be seen in the mguoosity evolution in Table

2. It has already been mentioned that the filling of mgunes, which do not have an
important internal surface area, often constguthe most important part (in time) of the

infitration [32]. However, in this precise case, the magooe volume has already somewhat



decreased (seethe decreasing of the percentage of-p@onss sulsamples in table 2 between
CCO0 andCC1) so that it vl not require a very long time to finish filling them. The structure

of the preform studied here seems thus well suitedfitvation by CVI.

4.3. Average internal surface area

The procedure described in paragrdphas been applied to the computatmithe internal
surface area of each ssample of the images @/C0O, CC1 andCC2 (with parametera equal

to 100 voxels)lhe total surface area is then obtained by summing up the values from-all sub
samplesin the same way der porosity, we checked that the volume of the image was large
enough to be representative of the internal surface area of the wholesadduienally, the

internal surface area of the preform was measured experimentally by BET krypton adsorption
on thee samples. The results are shown in figure 9. The samples taken for the experimental
measurements were not the same as for the calculations from images. This explains the
difference of the porosity between the samples characterized experimentally amidallymk

may be noticed that the computed values are appreciably inferior to the experimental ones for
the lesanfiltrated samples, whereas this difference seems to decrease wittfiltretion. Such

a difference arises from the limited resolutiortleg 3D CMT images, as compared to physical

adsorption : any detail inferior to 1#n is ignored. Thus the surface of the fiber appears

smooth whereas a SEM micrograph shows that there is a neat roughness at a findr @&ale (
fn) (see figure 10a). However, this roughness progressively decreases,as the pyrocarbon

deposit grows (see figure 10b) : that is the reason why there is much less difference between

measured and computealues in the final stages iofiltration.

4.4. Internal surface area/porosity correlations

Since the porosity £) and the internal surface are§, | of the subsamples of image€CO0,



CC1 and CC2 have been computed, it is possible to study the correlation between these
guantities and compare it to formulae obtained for ideal structures :
1. Non-overlapping cylinders of radius of any orientation distributiarFor such

a stucture, whatever the relative orientation of the fibers, the correlation is:

21 H
r

S, (2)

2. - Random array of freely overlapping cylinders of radiusf any orientation
distribution. In this case, Tomadakis and Sotirchos [12fssigd to use the following
equation, which is in good agreement with their simulations:

2Hh #
S —— ®3)

r

3. - Random array of parall€lLD) cylinders withpartial overlapping. One of the

ways to construct such a structure was descripedomadakis and Sotirchos [A
random array of neoverlapping fibers of porosity/is constructed first : cylinders of
radiusro are placed on the nodes of a hexagonal array, then moved randomly numerous
times, with their new positions rejected ifetitylinders overlap. Beds of partially
overlapping fibers are obtained by allowing the cylinder radius to grow fscim r

(with the cylinder growth representing the material deposited on the fibers during
infiltration). The correlation between the potgsiand the internal surface of this

structure was established by Rikvold and Stell [11,47]:

2H§_1
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In order to determine whicmodel structure bst approximates the real preform, the internal
surface area of each ssample has been plotted versus its porosity (figure 11). For sample
CCQO, the relation between the internal surface area and the porosity is linear and matches
equation (2), the besttf{R? = 0.989) is obtained with a cylinder radius of 3.98A. e,
practically identical to the actual fiber radiuShe standard deviation of the fiber radius
distribution is 0.14— R.e. 3.5%, a very narrow distribution. This means that, as expdtied,
fibers can be considered eglindrical and of uniform radiusFor partiallyinfiltrated samples

(CC1 and CC2), the relation betweefs, and His quite different. Due to the solid deposit
around the fiberghey now appear to hgartially overlapping. Aseries expansion to first order

in (1- yOf equations (4b) yields the following approximation f&, =f £1- )4/

S _Gl H (7)

2
r0
which is nothing else than a combination of egs. (2) andN&ast squares fitting on the high
porosity data points yields a value @& 1.65 r 0.2 with correlation factoR? = 0.989 : this is
consistent with direcineasurementsn selected fibers in the SEM image and on CMT slices.
Consequently, in order to model the results @1, all data pointsof CCO have been
transformed through use of equations5j4 with Gset to 1.65. It can be seen on figure 11 that
the transformed distribution according to the model of Rikvold and Stell is very similar to the
actualCC1 sample distribution, though narrew A conclusionof this study is that the 1D

fiber growth model accounts well for the actual arrangement of fibers, despite some scattering,
probably due to the fact that the fibers are not strictly parallel, and to the presence of macro
pores. FOICC2, acorrelation of the same form was found for the open porosity, étjual to

3.6. For such a value ofsequation (4) is very close to equation (3). Both laws are relatively

good models for the behavior of the real fibrous structure. At this staggltoétion, thereare

closedporesso that the parameteGis not corstant throughout the sampl&oreover the



diameter of pores is often of the order of a few pixels, and an eremcisuntered in the
computation of FANdS, in particular This can explain why there is also some scattering around

the correlation for sameICC2.

4.5. Pore size distributions

When pore volume and internal surface are known for any image amagie, theaverage
local pore diameter may be estimated using the classical formula 48:

4F
)

Doing so, it has beepossible to evaluate the distributions of pore diameters in the CMT

d (8)

images. Results are presented as incremental volume per unit mass of sample, so that they may
be directly compared with mercury intrusion data. Samples different from the three previous
ones, but originated from the sanmdiltration run on the same preform, have been used for the
experimental determination of pore size distribution by mercury intrusion. It was not possible
to study experimentally a raw sample, because of its mechanicahessa Figure 12 is a
comparative plot of the five distributionSeveral remarks arigeom this figure :

X The macrepore sizes are much larger for the experimental data, for two reasons

: (i) the sample size was larger, andl the size estimation for ¢hcomputed distribution

is limited by the sulsample dimensions (70—)P so the macrgore estimated

distribution ranges «artificially» between 40 and 149Ras suggested by the arrow on

the graph Of course, increasing paramegewould give better estiates of the macro

pore dimensions, but on the other hand,the noise on the whole distribution function

already much larger than for mercury intrusion dateould be larger.

X The micrepore size distributions are in good agreement : the 46% porosity

?|t is not surprising that the largest pore size estimation may be as high as twice the edge
dimension- just apply formula (8) to a cube containing only fluid phase, and fluid/solid



sampe studied experimentally, and the 50% porosity sample studied from CMT are in
close agreement in thE0-30 — Pange, and the evolution of the curves for the five

samples is coherent.

4.6. Local fiber orientation

The assessment of the local fiber orientafrom CMT scans makes use of the doasolution
images The computational procedures for porosity correlation and orientation detection have
been applied successively to samgl€30 andCC1. The procedurebBave not been applied to
sampleCC2 : indeed, lhe micro-pores areso small that the anisotropy information is lost at the
subimage size. Qualitative results are shawrigure 13 on CMT slices of sampl€C0 and
CC1. Quantitative results for three image extracts are shovwable 3, where the expearental
X, ¥y, and z fiber fractions have been also reported for comparison. The experimental
determination of the preferred fiber orientation is described in [49] and has been applied to the
same preforms. Some remarks arise from these results :
X There is eme variation in the determined values from one extract to the other :
this is due to the fact that the REV size is probably larger than the extract size.
X The z fiber fraction is larger in the CMT procedure than in the previous work :
evidently, in this vork some more parts of the woven textile are recognized as lying
alongz, relative to those found in the 2D procedure.
X A small but perceptible difference, not measured in the preceding work, exists
betweenx andy fiber fractions : indeed, thg directionis the weave direction and

weave threads are less subject teaodik distortions than warx)(threads.

interface on oly two faces.



5. Conclusion

A C/C composite at varioumfiltration stages has been imaged by Computerized Micro
Tomography (CMT) for the first time at high resodu, enough to distinguish clearly
individual fibers present in it. From higlesolution images of a preform, and provided an
efficient segmentation is performed, it is possible to quantify the way the pore volume is
distributed between micro and maguares. Various indicators of the geometrical
characteristics of the porous space have been produced and compared to experimental data :
porosity, internal surface area, surfdoeporosity correlation and distributions of pores and
preferred local fiber ormtation. These indicators have been monitored as a function of the
infiltration. Up to the limitations inherent to direct imaginge(image size and resolution), the
results are in fairly good agreement with experimental data. This validates the wityl@st

an efficienttool for quantitative parameter estimation from direct 3D imaging. Also, it is shown
that the studied fiber architecture has good infiltrability qualities, that is, it is able toeeceiv
large amount of matrix by Chemical Vapor Infition. Many directions may be sought from

the starting point provided here. First, it would be very interesting to do the same computations
in other kinds of preforms and compare the results with those of this study. Second, a more
evolved segmentation @ecedure should be devised in order to separate the matrix from the
fibers at high resolution : this would increase the quality of some estimations. Third, many
computations and simulations are possible on the basis of validated 3D images of a given
porous medium, especially because a double chaofgerale strategy is provided. A
companion article will present results this strategy and the computed heat and mass transport

properties.
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Tables

Sample ref. Measured Computed from CMTimages
Density kg.m°) | Porosity(%) Porosity(%)

CCo 470 r 25 73 rl1.5 71.0

CC1 770 r 35 58r2 49.2

CC2 1520 r 45 20r25 22.8 (open : 21.6)

Table 1. Pore volume fractions measured and computed from higresolution CMT images on the three

samples



Sample Total Micro-pore | Macro-pores/ Average Most probable
porosity range Micro-pores | Micro-porosity | Micro-porosity
CCo 71.0 % 27 %—96 % | 5.4 %/65.6 % 67.6 % | 73 %
CC1 49.1% 0%—-91% | 4.4 %/44.8% 41.6 % | 20 %
CC2 22.8% 0%—-89% | 1.0%/21.7 % 16.9 % | 0%
(open : 21.6)

Table 2. Statistical data extracted from the distributions of figure 8




Sample |Fiber fraction Fiber fraction from 3D image analysis(%)

from 2D image

analysis (%) [49] | Extract 1 Extract 2 Extract 3 Average

X,y z X y z X y z X y z Xy |z
CCO 11 4 8.4 | 10.8| 8 83 |123| 71| 87 | 98 | 7.7 | 9.7 | 7.6
CC1 11 4 10.7| 11.5| 48 | 9.2 | 114 6.3 | 7.8 | 13.3| 58 | 10.7| 5.6

Table 3. Fiber orientation results




Figure Captions

Figure 1 :Fibrous organization of the preforrmade of a stacking of satin weaves that are
punched by needles.

Figure 2 : Sample geometry and location of the scanned areas.

Figure 3 : 3D renderings of extracts from reconstructed and segmented @@g¢a), CC1
(b) , andCC2 (c).

Figure 4 : 2D visualizations of lowesolution tomographic slices extracted fr@&@0 (a), CC1
(b) , andCC2 (c) and visualization of yarns and needlings in sargaé (d).

Figure 5 : Computational method for the evaluation of geonagttitaracteristics.

Figure 6 : Convergence of porosity evaluation with respect to sample volume.

Figure 7 : Porosity repartition histogram betweensaimples of edge size= 100 voxels.
Figure 8 : Porosity repartition histogram betweensaimples of @ége sizea = 100voxels.

Figure 9 : Comparison of experimental and computed internal surface areas.

Figure 10 : SEM fibescale imaging of samples with70% porosity (a), and 36%porosity (b).
Figure 11 : Correlation plot of internal surface area awdllporosity for the three samples.
Transformed distributions &3CO and other theoretical predictioase also plotted.

Figure 12 : Pore size distributions from mercury penetration and from 3D image analysis.

Figure 13 : Local fiber orientation ressilbn slices of sampléCo0 (a) andCC1 (b).

Table Captions

Table 1 : Porosities measured and computed from-fiegblution CMT images on the three
samples.
Table 2 : Statistical data extracted from the distributions of figure 8.

Table 3 : Fiber orientatioresults.
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Figure 1: Fibrous organization of the preform, made of a stacking of satin weaves that are
punc hed by needles
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Figure 2: Sample geometry and location of the scanned areas
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Figure 3: 3D renderings of extracts from reconstructed and segmented images CCO (a), CC1l
(b) , and CC2 (c)
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Figure 4: 2D visualizations of low-resolution tomographic slices extracted from CCO (a), CC1
(b) , and CC2 (c) and visualization of yarns and needlings in sample CC1 (d).
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Figure 5: Computational metho d for the evaluation of geometrical characteristics.
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Figure 6: Convergence of porosity evaluation with respect to sample volume.
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Figure 7: Porosity repartition histogram between sub-samples of edge size a= 100 voxels
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Figure 8: Porosity repartition histogram between sub-samples of edge size a= 32 voxels
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Figure 10: SEM b er-scale imaging of samples with 70%porosity (a), and  36% porosit y (b)
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Figure 11:. Correlation plot of internal surface area and local porosity for the three samples.
Transformed distributions of CCO and other theoretical predictions are also plotted.
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Figure 12: Pore size distributions from mercury penetration and from 3D image analysis
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Figure 13: Local b er orien tation results on slices of sample CCO (a) and CC1 (b)
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