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Abstract

A numerical solution for the simulation of chemiocapor infiltration of ceramic matrix
composites is presented. This computational modglires a 3D representation of the
preform. Gas transport and chemical reaction areilsied by a Monte Carlo random walk
technique. The developed algorithm can also be tmedetermination of effective transport
and reaction properties in a porous medium. lirgly validated by considering the simple

case of diffusion and reaction in a flat pore. Rsswof infiltration of an actual fiber



arrangement are described and discussed. Extetwsidaposition on a thin substrate with

asperities is also studied.

Short abstract: A numerical tool based on Monte Carlo Random Walk3D images is
presented as a solution for direct simulation @&matcal vapor infiltration and of chemical
vapor deposition over a patterned substrate. THe can also be used for determination of
effective transport and reaction properties in @ps medium. Validations and application
cases are shown and discussed.

Keywords: Chemical vapor infiltration; Trench deposition;fidsion/reaction problems;

Random walks; 3D image-based modeling

1. Introduction

Ceramic Matrix Composites and Carbon-Fiber Reirddr€arbons are thermostructural
materials, already in use in extremely demandinthrielogies like aerospace, and are
promising candidates for new applications in tie¢dB of civil aircraft propulsion and nuclear
power engineering, among oth&d. They are made of a fiber arrangement, woven or not,
filled with a matrix. One of the most efficient aies Chemical Vapor Infiltration (CVI), by
which gaseous precursors are allowed to circulateugh the fiber arrangement (called a
preform) at moderately high temperatures; theyaeeked and eventually lead to a solid
deposit. High quality parts can be obtained bymgsly defining the processing conditions
(temperature, pressure, gas concentration...). Inddéedcompetition between gas transfer
and chemical deposition reaction makes it necedsdingd an optimal trade-off.

Obtaining optimum process configuration by expentakmeans is both expensive and
time consuming. This has motivated the developma&nta numerical tool capable of

simulating the infiltration of a large sample o€@amplex porous medium. Consequently, the
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use of a global CVI model seems attractive, buterjuires a sufficient knowledge of
geometrical characteristics and transport propegieseveral preform infiltration stages.

Another but similar issue is the use of Reactivaspla-enhanced chemical vapor
deposition (RPECVD) to achieve coating of foams iftstance. An example of such an
application was recently developed for catalysppse. Silica-like coating was obtained and
used as an adhesion and diffusion barrier layeo atainless steel foarfts.While the
deposition was shown to be effective inside the swed channels, the mass distribution is
not well interpreted. Help of simulation based ongh kinetic schemes has to be considered,
first with 2D models, before attempting the 3D dggmn as required for the foam's case.

Modeling of reactive transport in porous media aksady been undertaken, notably in
order to better simulate various geophysical phesm@anto develop environmentally friendly
industrial solutions or to further improve manuftaaig processe$*™

In the case of ceramic matrix preparation and rparéicularly of CVI, various solutions
have been adopted. The first studies about CVI idersd diffusion with or without
convection effects within simple pore architectut&s® The research focus has moved to the
study of more complicated networks, multi-componerdss transport and the effects of
evolving pore structure on densificatidh.® Over the past decade, optimizing CVI has been
accomplished through global simulation taking reeckinetics into account and highlighting
the importance of flow raté®*!

The computational tool presented here can simypla®rm infiltration at fiber scale but
also evaluate effective reaction and diffusion fioeints, which are of interest if a multi-
scale approach is chosé.The first of the three sections comprising thipargpresents the
image acquisition and the computational tool. Th#re validation of our program is
considered by confronting analytical and numerscdlitions of the concentration field and of

the effective values for diffusivity and reacticate. Finally, cases of infiltration on an actual
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fibrous sample as well as the RPECVD deposit amale geometry surface are depicted and

discussed.

2. Numerical scheme

2.1. Gastransport
It is recreated by a Pearson’'s random walk techaiffuThe movements of the random
walkers are described by a succession of straigés lwith random lengths and angles, the
distribution of which obey gas kinetics the&d.Solving the Maxwell-Boltzmann equations

for molecular position and velocity distributioralis to the expression of the mean molecular

velocity(v).
()= o @

whereM is the molar mass arid the perfect gas constant. The mean free patithe mean

distance()l} between two intermolecular collisions, is relatgdtlbe following approximate

formula to pressurp, temperaturd and gas collision diameter, :

- RT
N,.p./7/202

(1) 2)

WhereN, is Avogadro’s constant. Simulations can be unéertan the continuum, transient
or rarefied diffusion regimes by using differentlues of the mean free path. The binary

diffusion coefficient may be approximated By=(A)(v)/3.”% If the regime is not
continuum, the mean free path is replaced by thedraic average oq‘/]) and the mean pore

diameter<dp>. The rarefaction degree is monitored by the KnndsembeikKn = <)l>/<dp>.



2.2. Chemical reaction

Chemical reaction mechanisms involved in CVD ugudikature homogeneous and
heterogeneous reactions. In the present approhehgemphasis is put on heterogeneous
reactions, since they are directly responsiblettiergeometry alteration of the substrate. So,
homogeneous reactions are taken into account adlyectly. For instance, the walkers may
be representative of a reaction intermediate, predwy the homogeneous reaction of the
source gas. In this case, it is enough to considemmogeneous volume source of walkers, i.e.
they are born anywhere in the gas phase. Anothssilpbty is to consider that the reaction
intermediates have been formed by homogeneousiagraoutside the domain; this is
accounted for by imposing reservoirs with constaalker densities on the domain borders.
We consider a single, linear heterogeneous reactemvith first-order kinetics. This reaction
is represented by sticking events for the randortkeva. The probabilityP, for a random
walker to react with the solid phase (sticking @ioibty) is a function of its mean velocity

and the first order reaction rake,,:

k
P - het (3)

©(V)/B+Ke /2

This equation is obtained by expressing the ratithe impinging half flux to the emerging
flux at the fluid/solid interface, and accountingr fthe disequilibrium in the velocity
distribution induced by the presence of the reacthodetailed description of its derivation is
presented in previous wolk!

The effective reaction constakit’ is expected to be proportional to the internafeme area;
however, there can also be an effect of the loaal depletion, which lowers this effective

guantity from the simple prevision. We can definedianensionless effective reaction

constank , or effectiveness factor, which should be infeooequal to 1, by:

k" =g,k K (4)



2.3. Walk algorithm
The random walk scheme is inspired from Burgand@ofirchos and illustrated in figuref!
Here, the input 3D image has to be 8-bit graysaalk made up of cubic voxels (volumetric
pixels), which are considered as grid cells. BefarBltration, the image is binarized
(fluid/solid) and features two specific gray leve?®5 for the solid voxels and 0O for the fluid
voxels. At the beginning of the simulation, eachd@am walker, representing one or several
molecules, is given initial coordinates and velcithe representativity of a walker, i.e. the

number of molecules it represents, is:

V
r=—_"

(moleculesvalker) (5)

walk

The value of the free path for each walker is etudhe free path of a single molecule and is
sampled from a random deviate with decreasing expiiad distribution. The particle will

follow a straight line until the next collision wita solid wall or until free path exhaustion.
The orientation distribution is isotropic in thelbdiuid and obeys a Knudsen cosine law on
the walls. Whenever a walker hits a wall, a randoumber between 0 and 1 is drawn.

Reaction is effective only if this number is lovtkan the chosen sticking probability.

@ Initial random direction with isotropic distributio
and random walker position

A A Binary collision: random direction with isotropic
N A
N distribution

A" Wall collision either random direction with an
¢ isotropic distributionin solid angle, or random
\ \ position and direction in the fluid

L B End oftime process of the walk: registration of
LA AN position and direction

* Solid node at the interface

!/ ° Intermediate incremented node

Figure 1: Scheme of the gas-kinetic random walligpldcements in a 2D example

Whenever a walker sticks, the grey level of theset fluid node is increased by. The

value of this incremenl represents the amount of solid volume generatettidyumber of



molecules embodied by one random walker. Therefbie determined by the ratrodefined

in eq. (5), the voxel volum¥,,x and the solid molar volume.

U v, CV;
Al = 255\/—5r = 255n7 (6)
VOX walk * Y vox

The node becomes solid when the grey level issamiéximum value 255. The surface is
updated and a closed porosity detection routinegdban a front propagation algorithm, is
performed; the closed porosity is then removed.

2.4. Thesurfaceand its evolution
The fluid/solid interface is extracted by a Simiglif Marching Cube discretizatiéf: 2% The
8-bit grayscale image is a regular grid of vertjces cell summits. Each group of eight
neighboring vertices forming a cubic cell is prasmes The algorithm determines first whether
the cube edges intersect the isosurface, whickefiset by a threshold value. Intersections
appear when vertices with values respectively alamvkebelow the threshold value are linked
by an edge. The coordinates of intersection pantsmerged with the nearest solid vertex.
They are then collected to constitute trianglesoatiaog to a configuration list. Local values
of porosity and internal surface area are assatiatigh each configuration. Their global
value can therefore be estimated by a loop onritieeemage. Even though less accurate than
a full Marching Cube technique, this method hasatieantage of being extremely fast and
memory sparing® "' Agreement has been found with experimental vabfesurface area,
provided the sub-micrometric roughness contributi®mot taken into account. Pore size
distributions evaluated from X-ray tomographic dataC/C composites were in accordance
with experimental data from Hg intrusion cur¥&s.
During infiltration simulation, a voxel will becomsolid only when his grey level exceeds
255. In this sense, this is a coarse Volume ofdytproach, since the grayscale level of each

voxel is considered as a filling ratio.



2.5. Computation of effective coefficients
The relevant properties are effective reaction eatte the diffusion tensor. These quantities
are determined by running the simulation withoutrphological evolution and by the use of
specific boundary conditions. Random walkers bdbeir evolution from two reservoirs
connected to opposite faces of the image. Theirnmacentration in each reservoir is
regularly monitored and adjusted. The boundary itmm$ on the four remaining faces
consist in translation and random replacementndawmn walker reaching the image border is
automatically shifted into a porous pixel on theogite face, keeping the same distance with
respect to the reservoirs. Mean periodicity of ¢bacentration field is achieved in this way
on non-periodic images without applying cell-tota@nstraints as in finite element or finite
volume numerical solvers.
The reaction rate is easily obtained by countirggritbmber of sticking events per unit time
and volume, and the effective rate constant isaetdd by division by the average
concentration. The effective diffusivity is obtathke an effective conductivity in the heat
transfer analogue. Imposing a difference of walgencentration between both reservoirs

generates an overall gradient throughout the imagew of the effective diffusivity tensor is

then determined by dividing the average diffusiiex tomponents{Ji> by the concentration

gradient(DiC> after a steady state has been reached:
J

Dijeff — [ <Ji>

)
(O,c) (0iC)

The flux is measured by counting the number of emkreaching the border of the image

, 1,]j=x,yorz (7)

(reservoirs not included) per unit time and crasstien. This numerical computation has to

be repeated in directiomsy andz to get the full tensor.



3. Validation

Validation has been carried out by consideringcdmee of diffusion in a slit pore between two

reactive plates, as shown in figure 2. Theoreficatlictions of the concentration rate and of
effective properties were established by conside(ih first order heterogeneous chemical

reaction, (ii) isothermal process and (iii) a steaate situation for gas. Approximate

analytical formulae have been obtained by solvirsjeady-state mass balance equation with

appropriate boundary conditions and a single diffuscoefficient, which follows the

X
JLZ
y

Bosanquet law??.

4

Figure 2: Geometry of the validation case

2H

3.1. Steady state concentrations
Figure 3 is an example of concentration profileplanes parallel to the plates and to the
reservoirs. The sticking probability is equal t@d.00ther simulations for different values of
this quantity were also in good agreement with @imalytical solution, proving that the

algorithm can handle different gas consumptionstate
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Figure 3: Concentration profiles for a 10% stickprgbability

3.2. Effective properties
The diffusion tensor and the heterogeneous reactitnwere determined for various values
of the mean free path and sticking probability.tBig way, the evolution of these quantities
with the Knudsen number and with the reaction/giffu ratio has been followed. Figure 4

highlights the good agreement between numericalteeand theoretical predictions.
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a) b)
Figure 4: Evolution of effective diffusion coeffamit (a) reaction rate (b)

We have checked that the effective diffusion caoedfit does not depend on the
reaction/diffusion ratio, as shown in previous wobut only on the Knudsen number,
verifying the Bosanquet lawW?® 3% On the other hand, we find that the effective

heterogeneous reaction rate is linked only to dleall Thiele Modulus defined by:

(0: L v ""“het (8)

, Where g, is the internal surface ar€4.The analytical and numerical results derived from

our study are similar to the curves obtained by Webal. in a similar diffusion-reaction

study!®* ¥
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3.3. Infiltration indicator
The Thiele modulus highlights the operating cowdisi in which the infiltration is held. It
characterizes the competition between chemical timacand gas diffusive transport.
Infiltration of the porous network is difficult the value of the Thiele modulus is large. This
configuration generally occurs towards the endhef densification process, when the open
porosity gradually becomes smaller, therefore dishing the diffusion of the molecul&g!
4. Applications

4.1. Densification of a carbon-fiber texture
In order to have a good representation of the Gi@posite architecture, computerized
micro-tomography (CMT) scans were performed at Ewropean Synchrotron Radiation
Facility (ESRF). The samples were raw and partiitiated C fiber preforms made of
stacked satin weaves held together by stitchingy trave been scanned with a (ri voxel
edge size resolution, using the setup of the EIRED beam line. Lower resolution scans
(6.7um/voxel) were also made on the same samples, iar dod connect with a maximal
confidence the fiber scale and larger scales, tilee Representative Elementary Volume
(REV) scale, which, for composite materials, mayavger than several millimeters.
The difference between the X-ray attenuation coieffits of the carbon fibers, the carbon
matrix, the embedding matrix and air is small. Thatrast between these phases is therefore
relatively faint. Two approaches are then possililst, the complete refraction index
reconstruction, called holotomography, and sectimel phase-contrast edge-detection mode,
associated to image processing for the segmentefitite constitutive phas&é! Details on
the experimental procedure have been given in pusstudie§™ °!
The algorithm requires binary images: fibers intell{grey level 255) and the void in black
(grey level 0) In order to do so, specific segmentation tools hbeen developed. For

instance, Martin-Herrero an@dermain have designed and successfully tested gorithim
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based on a differentigirofiling method?” Intensity edges are detected on every 2D cross
sectionparallel to the reference system and are refineddelating the outputs in 3D. A
“heavy-ball” procedures then used: fibers are individuated by simulating trajectory of a
ball within them. It considers, at each step, thevipus move (inertia) and the best
overlapping between the ball volume and the fibetels (to keep the ball inside the fiber).
Another method usedirectly the image gradient (and principally thegee€nhancement
patterns) for thestimation of the localization of fiber axes; orlse axes have been isolated,
a gradient sensitiveegion-growing procedure may be applied for thensagation of the
fibers firstand then of the matrix®!

Figure 5 shows the progression of carbon matrixodigen on a 300x300x300 voxel
(0.21x0.21x0.21mr) image of the fibrous preform. The sticking proiigbis equal to 16%
and the simulation carried out in a relatively fie diffusion regime (Kn = 8). This is a
typical set of parameters in practical implemenotagiof the process; however, depending on
the precise nature of the reactants, the stickoadficient may be either larger (e.g. for radical
species) or lower. Here, the value has been chiasamer to illustrate the rarefaction effects
at pore-scale.

The main difficulty during CVI is to use sufficidptreactive operating conditions in order to
obtain a reasonable deposit rate. But depositinly avihigh reactivity generates a premature
obstruction of the preform surface in contact with reservoirs (which directions are shown
with the arrows), leaving an uncoated stack of rBbe the heart of the composite. This
phenomenon is clearly visible during this studynpating with a lower value of sticking
probability would delay this event by allowing a ldomogeneous repartition of the random
walkers. The formation of carbon matrix (calledgmarbon) is usually performed with lower

sticking probabilities than the one used in thiaraple.
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Residual pores

Reservoirs

Figure 5: Matrix deposition simulation on a 3@00x300 voxel image: left initial raw preform right &h

infiltrated composite. Reservoirs are materialibgdhe arrows.

Figure 6 shows the evolution of the scaled Thietelatus in all three directions of the image.
This quantity is defined by:

@ _ | 0,0

% JVO ' Deff

(9)

, Whereay IS the initial internal surface area abg the initial diffusion coefficient. The
theoretical evolution of this quantity is roughlyoportional to the inverse square root of the
mean pore diameter. The linear evolution of theelehimodulus according to the directions
not in contact with the reservoirs is respectede Ttrease in the third direction becomes
more and more important when the percolation tholesis close. The value of this threshold
is a function of the geometry of the porous medhurhalso of the deposition rate and of the
initial Knudsen number. From the point of view o&t@rial homogeneity, the best infiltration
would be achieved for extremely low sticking proiiibs and Knudsen numbers, which
correspond to the slowest reaction r&tdsNumerically, these conditions are faster simulated
by a mathematical dilatation of the preform imatiee matrix grows everywhere with the

same linear speed around the fibers. A cylindridar remains cylindrical, but its radius
13



grows. Fast Marching methods are a solution fos tigpe of simulation on non-analytical

surfaces?”
3
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Figure 6: Evolution during the simulation of thesd Thiele modulus. The arrow indicates the dioacbf

increasing time.

4.2. Deposition on a structured wafer
Validation of the present simulation approach stioalso account for 2D-like systems
description. CVI is a variation of the Chemical \dafpeposition process that is notably used
for the preparation of electronic components; Peadtmhanced Chemical Deposition is a
closely related process, even when applied to snggometries. In the context of
microelectronics device preparation, the sacrifiiger method for example implies the use
of silicon oxide or silicon nitride gaseous precus$*! Recently, a Remote Plasma Enhanced
Chemical Deposition (RPECVD) method was applied #uch an aim using
TetraMethylIDiSilOxane (TMDSO) as a precur§6r*® Deposition of 20 to 5Qm-thick films
was accomplished. At feature scale, the impacudasee irregularities during RPECVD has

been evidenced, even though the deposit thickresseatly larger than the size of the
14



irregularities. The use of structured wafer shomesevolution of the layer grown in a trench.
The figures 7a,b,c and d show the evolution ofstha&pe of layers with reference thicknesses
of 250, 415, 1200 and 3000 nm, respectively. Tliggees make evidence of the arising of
knobs, i.e., smooth and cylindrical hill-type ircégrities once the trench was filled (fig.7d).

43I This complex behavior, shown for illustration, it yet well understood.

415 nm

|
200 nm EHT = 1.00 kV Signal A= InLens ~Signal =0.0395 WD= 45mm . &m ;:T: ;'503; \é X gilgg::ll Q: ls"té'zB " ns/;gﬂz%?fs gésta‘;?a: T3=5 17 =en—
— Mag= 2595KX  SignalB=SE2  Mixing=Off StageatT= -0.3° MJCHIH— At :

& (1200 nm 3000 nm

/ / / { o ro—— o
1 pm EHT = 1.00 kv Signal A= InLens  Signal =0.2566 WD = 5.0 mm Tim E,‘”Tf 1' fg;x M g;g::f Q; g‘és“s a‘ﬂ:;%@ssz‘:ﬂ" ff_’g’;, siemn—
b—————1 Mag= 1785KX SignalB=SE2  Mixing=Off StageatT=-09° MI@HI— e g -

Figure 7: SEM micrographs of ppTMDSO films depadiite trenches on Si substrate. The films thicknesse
directly exposed planar surfaces are (a) 250,1b) &) 1200 and (d) 3000 nm, respectively, asciateid by the

vertical bars.
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Numerical simulations on similar trench shapes Haeen carried out; an example result (Kn
=5, Pc = 0.26) is shown in figure 8. The corraglgative agreement between figs 7b and 8b

IS an encouraging result.

a)

Figure 8: Simulation of deposition in parallel tthes wherd&n =5 and Pc = 25%. a) Initial geometry; b) after

deposition.

In order to propose a possible simulation of thespnt RPECVD-induced TMDSO
polymerization, we have considered another casg¢eckto these statements. Figure 9a shows
the overgrowth following the deposition on a waleesenting ajIm-step. An analysis of the
deposition rate and conditions leads to an estimohtbe sticking probability lying close to
26% and of the Knudsen number (where the referlamggth is now the step height) close to

1.5/ The sticking probability was evaluated by compguine growth rate to the impinging
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mass flux, as obtained by the kinetic theory ofega#\ simulation was undertaken with these
parameters on a 100x100x100 voxel image. A resemvontaining walkers in constant
concentration is located on the upper face of thage, and pseudo-periodic boundary

conditions were applied on the other faces. Gradepbsition is shown in figure 9b.

a———— -
EHT = 0.70 kV Signal A= InLens Signal=05000 WD= 4mm
Mag= 1890KX  SignalB=SE2  Mixing = OFf

Figure 9 a) Deposition of TMDSO on plane substvéth a step like asperity (marked by a white arrow)

b) Simulated evolution of deposit on the step.

The initial step is visible throughout the depasitiprocess but becomes more and more
distorted. The final morphology is not exactly tk@me as shown in figure 8a: no clear
overgrowth is obtained. This seems to indicate tifatumerical model does not take enough
physico-chemical phenomena into account. Among iplessovergrowth causes to be
investigated in the future we can list: non-lindaposition kinetics; complex homogeneous
reactions; polymer creep under thermal stressesglar after deposition. Surface diffusion is
one of the phenomena that we have not taken intoust; however its usual effect is to
smooth away the sharp edges, particularly the raeinones. This is not observed in the case
illustrated by fig. 9a. However it could play somae in other application cases and its

inclusion in the numerical tool is currently und@ensideration.
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5. Conclusion

A complete numerical scheme for the local scale eting of CVI and CVD based on 3D
representations of the substrates has been prdséihie algorithm is based on a Monte Carlo
random walk method where the surface is meshedrdiogoto a specific discretization
scheme, allowing instant modification during thedam walk. The developed tool is capable
not only of performing a deposition simulation lalgo of determining the effective diffusion
tensor and reaction rate of the medium. The contputaf these effective properties is
motivated by a multi-scale approach of the modetih@VI. The algorithm was validated by
confronting numerical results with theoretical smos in the case of diffusion and reaction
through a slit pore. Concentration rates as wedifeective properties in all diffusion regimes
were in good agreement with their analytical predns. Fiber-scale densifications on
tomographic images of actual fiber arrangementsbledato illustrate typical CVI
phenomena. This numerical tool can also perform GRHE deposition on structured
substrates and highlight the effects of asperéteslocal scale.

Ongoing improvements include the introduction oh+lioear deposition kinetics (second
order, Langmuir-Hinshelwood, etc) and surface diffu. Also, program optimization for

very low sticking probabilities is under way.
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Nomenclature

ear

Parameters Meaning Unit

C Gas-phase concentration of reactant mol/m
(c) Mean concentration molfin
D Species binary diffusivity in pure gas *hs
D" Effective species diffusivity in porous medium “Im

dp Pore diameter m

H Half distance between reactive plates m
(J) Average diffusive flux mol/rfis
Knet Heterogeneous reaction rate constant m/s (if I)n

Effective (homogenized) heterogeneous reaction rate
ke 1/s (if linear)
constant

Kk Effective reaction constant -

Kn Knudsen number -

L Porous medium thickness m

M Molar mass kg/mol
N, Avogadro constant 1/mol
Nwalk Number of walkers -

p Pressure Pa

Pc Sticking probability -

r Nb. of gas moles per walker mol

R Perfect gas constant J/mol/K

T Temperature K
<v> Mean molecular velocity m/s

Vi Fluid volume m
Vyox Voxel volume m

Al Grey level increase -
<i> Molecular mean free path m

Oc Molecular collision cross section m

oy Internal surface area 1/m

Vs Solid molar volume rfimol
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Thiele modulus

Table 1: List of symbols
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