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The influence of surface kinetics in modelling
chemical vapour deposition processes in porous
preforms
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The isothermal chemical vapour infiltration (ICVI) process is a well known technique for the
production of composites and the surface modification of porous preforms. Mathematical
modelling of the process can provide a better understanding of the influence of individual
process parameters on the deposition characteristics such as final porosity or deposition
profiles in the pore network. The influence of different rate expressions for several binary
compounds on the ICVI process is discussed. Experimental work is used to validate the
importance of correct kinetic expressions in a continuous ICVI model for cylindrical pores.
The predicted infiltration characteristics are compared with experimental results. The final
densification and Thiele modulus, i.e. a number which is a measure for the diffusion
limitations in a pore, are used for the evaluation of the presented model, and conditions are
given for an optimal densification of a porous preform by the ICVI process for several binary
compounds. The deposition profiles as predicted by the model calculations are in agreement
with the experimentally determined deposition profiles of TiN and TiC in small tubes.
Moreover, it can be concluded that the shape of the deposition profiles is determined by the
heterogeneous reaction kinetics. There is only a qualitative agreement between the
predicted densification and measured densification for the synthesis of TiN and TiB; in
sintered porous alumina. This mismatch can be explained in terms of a complexity of the
pore network and differences in reaction kinetics. Model calculations reveal that there is

a scattering for the predicted residual porosity as a function of the Thiele modulus for TiN.
Moreover, this Thiele modulus can not fully account for the changes in densification at
different temperatures. Given these uncertainties it is likely that a residual porosity of less
than one percent can be obtained if the Thiele modulus is smaller than 1x 10~%. However,
a CVI process with such a small Thiele modulus will not be practical, because of the
concomitant long process times. Therefore, more precise conditions for the individual
process parameters, i.e. concentration, reactor pressure, and temperature are deduced from
the model calculations.

Nomenclature k growth rate constant
a,b,c  reaction order constants (ms~}m?®mole 1)@+ 1)
Ci(x,t) concentration of species i at axial position  K; adsorption—desorption equilibrium con-
x and time ¢ (molem ™ 3) stant (m®mole™ %)
c? bulk concentration of species i (molem ™) L length of a pore (m)
C#(x,t) dimensionless concentration of species i at M, molecular weight of species i (gmole™ 1)
axial position x and time ¢ M;; harmonic mean of the molecular weights of
D.(x,t) effective diffusion coefficient at axial posi- species i and j (gmole™?)
tion x and time t (m?s™1) M, molecular weight of deposit (gmole 1)
Dj;(x,t) binary diffusion coeflicient (m*s™?) my measured mass increase (g)
Dg(x,t) Knudsen diffusion coefficient at position  n; stoichiometric number
x and time ¢ (m?s~?) P reactor pressure (Pa)
F correction factor for effective diffusion R(C;)  growth rate (mole(m~2s~1))
coefficient r(x,t) pore radius at position x and time ¢ (m)
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initial pore radius {m)
r¥ dimensionless pore radius
geometrical surface area (m?)
fraction of free titanium sites at the surface
of TIN
st fraction of free nitrogen sites at the surface
of TIN
temperature (K)
time (s)
process time (s)
Kua/(Ku, CHZ).M (m*mole™)
volume of alumina substrate (m?)
Krici, (m*mole™ ")
volume of infiltrated deposit relative to in-
itial pore volume
axial distance (m)
dimensionless axial distance
number of time steps
dummy variable for integration
porosity of sintered porous alumina sub-
strate
ratio of the volume over the surface area
perpendicular to the flux (m)
density deposit (kgm™?)
i a characteristic length (A)

tortuosity factor of substrate

Thiele modulus
D collision integral
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1. Introduction

Hot-wall chemical vapour deposition (CVD) has be-
come a well-known technique for the synthesis of thin
ceramic layers on dense substrates [1]. These ceramic
layers are used because of their good wear resistance
and chemical stability under severe conditions. In the
last decade there has been an increasing interest in the
modification of porous performs by the hot-wall CVD
process [2-157. This type of isothermal CVD process
is known as the isothermal chemical vapour infilira-
tion {ICVI) process. The CVI process can be divided
into two classes depending on process conditions and
its application, i.e. CVI processes using long process
times of up to 500 h for the synthesis of dense com-
posites, and CVI processes using relatively short pro-
cess times of less than 10 h for the surface modification
of porous systems.

A well known CVI process using long process times
is the densification of porous fibre preforms to pro-
duce ceramic composites with a high toughness and
strength [7-12]. In general, these long process times
are necessary for a full densification of the porous
preform. Different reactor geometries are developed to
improve the densification. For example, a forced flow
through the porous preform will result in shorter
process times due to higher deposition rates, and
a temperature gradient opposite to the reactant flux in
the porous preform will result in a higher final density.
A combination of these two modifications has resulted
in the development of the ORNL (Oak Ridge Nation-
al Laboratory) CVI process [ 16—18]. These modifica-
tions on the CVI process can reduce the process time
considerably. The principle of a better densification
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using a temperature gradient opposite the mass trans-
fer flux in a porous preform has been discussed in
a paper on the mathematical modelling of the CVI
process using volume heating [19]. This volume heat-
ing (from the inside to the outside) can be induced by
inductive or microwave heating of the preform.

The CVI process using relatively short process
times can be used to modify the internal surface of
a porous preform with only a thin deposit. For
example, a bundle of fibres can be coated with a thin
layer for the protection of the individual fibres, and
each fibre should be coated with a thin chemically
inert deposit without interconnecting the fibres in the
bundle [20]. Furthermore, the CVI process using
short process times can be used to deposit a thin layer
in a porous preform for the modification of ceramic
membranes [21], or for the improvement of the mech-
anical strength of sintered porous metals [22] and
ceramics [23]. This CVI technique using relatively
short process times is promising as a novel synthesis
method for catalyst materials [24].

Mathematical modelling of the process can give
a better understanding of the influence of individual
process parameters on the deposition characteristics
such as final porosity or deposition profiles in the pore
network. The change in pore geometry due to the
formation of a solid in the pores, and as a result the
change in diffusion rate of the reactants in the pores
during the process, should be described by the model,
and correct kinetic equations taken from literature
[25-36] should be implemented in the model, because
the extent of depletion of the diffusing reactants in the
pore network is determined by a combination of diffu-
sion and reaction kinetics.

The importance of reaction kinetics in the CVI
process has been recognized by Middleman [37], and
Sheldon [38]. They have reported theoretical consid-
erations concerning the optimization of the densifica-
tion process by tailoring the chemistry. They have
discussed the influence of a possible gas phase reac-
tion, which supplies the intermediate species for the
heterogencous reaction in the CVI process. According
to their discussion concerning the homogeneous and
heterogeneous reaction rate relative to the diffusion
rate, it is concluded that a slow homogeneous reaction
can improve the densification. However, they have not
considered the influence of the changing pore geo-
metry during the process on the final porosity, and
they have not validated their model with experimental
results.

Usually, a simple first order reaction rate depend-
ence with respect to the gas phase concentration is
assumed to be present. However, it is obvious that this
assumption is often not correct. For example, the
reaction rate of many binary compounds is not first
order with respect to their reactant gas phase concen-
trations. Often, these reaction kinetics can be de-
scribed by an adsorption—reaction mechanism based
on an isothermal Langmuir adsorption behaviour.
Kinetics based on an adsorption—reaction mechanism
has been found for several CVD reactions, e.g. tita-
nium nitride (TiN) [25-27], titanium carbide (TiC)
[28], titanium diboride (TiB,) [29,30], boron



phosphide (BP) [31], boron carbide (B,C,,
x/y €[4, 97) [32], silicon nitride (SisN,) [33, 34], and
silicon carbide (SiC) [35, 36]. The influence of these
different adsorption—reaction mechanisms on the CVI
densification will be discussed. In this paper, it will be
shown that the generally accepted conditions for an
optimal densification, i.e. low pressure and reaction
temperature [6, 15, 39, 40], are only valid for an ICVI
process where the growth rate exhibits a first order
dependence in the reactant gas phase concentration.
Furthermore, the predicted model results are
validated using experimental CVI data for several
binary compounds. The implications of a complex
reaction mechanism on the Thiele modulus, 1.€. a num-
ber which is a measure for the diffusion limitations in
a pore, will be discussed, and this Thiele modulus is
used for the evaluation of the densification as a func-
tion of the process parameters.

2. Review of mathematical models

The analytical modelling of diffusion and deposition
in small tubes has been reported by Van den Brekel et
al. [41]. They presented an analytical solution for
a mass balance in which the diffusion of a species in
a tube in the axial direction and a first order hetero-
genous reaction at the inside of the tube is incorpor-
ated. Tai and Chou [42, 43] presented an analytical
solution for the isothermal and isobaric CVI process
for the densification of porous fibre preforms in which
the diffusion in the radial direction is considered as
well. The analytical solution for the mass balance
presented by Van den Brekel et al. [41] was used by
Rossignol et al. [15] to evaluate their experimental
results on the ICVI of TiC in a fibre preform. How-
ever, the predicted process time for a given densifica-
tion was an order shorter than the observed process
time. This is a consequence of the fact that they have
not included the variation of the pore cross-sectional
area in the model. Naslain et al. [40] did take the
decrease in diffusivity into account by introducing an
incremental calculation in time for the analytical solu-
tion of the mass balance for the ICVI process as
proposed by Rossignol et al. [15]. However, this ap-
proach is only justified if the decrease in deposition
thickness as a function of axial distance is negligible.
Moene et al. [39], Gupte and Tsamopoulos [44], Lin
[21,45], and Fedou et al. [46] have presented a con-
tinuous model for the densification of a cylindrical
pore where the change in pore geometry has been
taken into account. The results on the experimental
validation of such a model for a first order reaction
was in reasonable agreement [46]. Any mismatch be-
tween experiment and mathematical model is ex-
plained in terms of a non-realistic kinetic expression
which was implemented in the models [44,46].
Hitherto, all models used the concept of straight cylin-
drical pores and any deviation in such an idealized
pore geometry was only corrected for the mass trans-
fer by introducing a tortuosity factor. There is an
increasing number of reports on the modelling of mass
transfer in more complex porous networks taking into
account pressure and temperature gradients [47-56].

However, all these models consider only first order
reaction kinetics.

3. The mathematical model

A mathematical description of a CVD process in an
open cylinder of length L and radius r under isother-
mal and isobaric conditions is used to evaluate the
influence of the kinetic expressions for several binary
compounds on the infiltration characteristics. The de-
scription of the mass balance for the mass transport in
a cylinder is complicated because of the changing pore
geometry due to the formation of a solid at the inside
of the cylinder. Therefore, some assumptions have
been made which are common for the modelling of
a CVI process [21, 44, 46, 52].

It is assumed that the diffusion is one dimensional.
This implies that there is no concentration gradient in
the radial direction of the cylinder. This is valid as
long as the length over radius ratio is large. Surface
diffusion is assumed to be small with respect to the
mass transfer in the gas phase. Normal Fick diffusion
is applied which is valid as long as the concentration
of the diffusing species is small. Consequently, any
pressure gradient due to a heterogeneous reaction can
be neglected. Furthermore, a pseudo-steady state ap-
proximation is made. This is justified provided that
the density of the solid deposit is large with respect to
the gas phase [57]. Now, the mass balance of a diffus-
ing species over a differential volume nr2. dx in a cy-
linder as depicted in Fig. 1 can be written as,

d2Ci(x,t) 2m;R(C)) {
dx®> T r(x,t) D(x,t) M

where Ci(x,t) is the concentration of species i, r(x, t)
the pore radius, D.(x,t) the effective diffusion coeffic-
ient at position x and time ¢, and R(C;) the heterogen-
eous reaction rate per unit surface area. This mass
balance describes the mass transport of a reactant
species i if n; is a positive integer equal to the number
of reactant species i necessary for the production of the

1/2L

Figure 1 Schematic drawing of the pore geometry used in the ICVI
model.
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deposit normalized to the number of solid species
formed. Alternately this mass balance describes the
mass transport of a gaseous byproduct if #; is a nega-
tive integer equal to the number of gaseous byproduct
species i produced relative to the number of solids
formed. The mass balance for the deposition of a solid
on the cylinder wall is,

G0 MRE) o

p

where M, is the molecular weight, and p the density of
the deposited material. The boundary conditions for
the mass balances are given by,

dc,0.1)
—5 =0 (3)
L 0
Ci <E, t> = Ci (4)
r(x,0)=7r° 5

where C? is the bulk concentration of species i, and r°
is the initial pore radius. Now, this set of equations can
be solved provided that the diffusion coefficient and
reaction rate are known.

Diffusion: The mass transfer of a species in the pores
is determined by molecular diffusion or Knudsen dif-
fusion depending on the pore radius and mean free
path of the molecules in the gas phase. The effective
diffusion coefficient can be approximated by assuming
it to be equal to the harmonic mean of the molecular
diffusion coefficient and the Knudsen diffusion coeffic-
ient according to Equation (6)

1 1 1
D.(x,t) - F<D_1J * DK(th)> ©

where Dy; is the binary diffusion coefficient in the gas
phase, Dg(x,t) the Knudsen diffusion coefficient at
position x and time ¢ in the pore, and F a correction
factor for the complexity of the pore network, ie. in
this case equal to the tortuosity factor (t). A binary
diffusion coefficient can be determined from the semi-
empirical relation as proposed by Wilke and Lee [58]

_(214M? — 049)1072 T3
- Ps?Qy,

o=, M, ()
where oj; 1s a characteristic length of species 4 and B,
and Qp the collision integral of the Lennard-Jones
potential, M;; the harmonic mean of the molecular
weights of the species i and j, P the pressure, and T the
temperature. The values o5, Qp are tabulated or can
be approximated [58, 597. This relation is based on
the theoretical Chapman-Enskog relation for a bi-
nary diffusion coefficient. A discussion on the calcu-
lation of binary diffusion coefficients at relatively low
pressures is given by Reid et al. [58]. The Knudsen
diffusion coefficient can be determined from the rela-
tion for diffusion in a straight cylindrical pore of

infinite length [59]
T 1/2
)| -— 8
97 r(x,1) < M) @)

i

DK:
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where M; is the molecular weight of the diffusing
species i. The effective diffusion coefficients for species
i are calculated in order to solve the mass balances for
the reactants in the pore. It is assumed that the diffu-
sion coeflicient of a species i with a low concentration
is independent of the presence of other diffusing spe-
cies with a low concentration.

Reaction rate: The reaction rate for binary com-
pounds can often be described by an adsorption—reac-
tion mechanism based on an isothermal Langmuir
adsorption behaviour. The reaction rate expressions
taken from reports on CVD kinetics for several binary
compounds are listed in Table 1.

The concentrations in the reaction rate expressions
in TableI for the synthesis of TiN, TiC, TiB,, and
B,C, are the homogeneous gas phase equilibrium con-
centrations in the reactor, and not necessarily the
input concentrations. These growth rate expressions
describe a reaction mechanism which is determined by
a competitive adsorption of several species and a sub-
sequent reaction at the surface. The growth rate can
exhibit a zero or negative order with respect to the gas
phase concentration. It is assumed that the growth
rate mechanisms responsible for the CVD growth rate
characteristics are also valid for the CVI processes.
Mathematical model calculations have been per-
formed for the synthesis of TiN, TiC, and TiB,. The
experimental data on the formation of TiN and TiC in
small tubes as reported by Van den Brekel et al. [41]
along with our own experimental data on the forma-
tion of TiN and TiB, in sintered porous alumina are
used to validate the importance of the implementation
of correct reaction rate equations in the model.

3.1. Thiele modulus

The use of the Thiele modulus, i.e. a dimensionless
number which is proportional to the square root of
the ratio of the heterogencous reaction over the diffu-
sion rate in a pore is generally accepted as a tool for
the evaluation of the modelling of ICVI processes
[7,37-39, 45, 46, 53]. However, such a number can-
not be used to predict the influence of the changing
pore geometry during the densification. Furthermore,
it is difficult or even impossible to derive a Thiele
modulus when the reaction rate has a complex de-
pendence on more than one reactant. Thus, the Thiele
modulus can only be determined analytically for ICVI
processes at the early stages of the densification pro-
cess. A generalized form for a Thiele modulus can be
derived from Equation 1 [60, 61]

_1

cp 2
AR(C?) <4rDe J R(a) da> (17)

0

(P:

where ¢ is the Thiele modulus, A is the ratio of volume
over surface area perpendicular to the molecular flux,
and o is a dummy variable for integration. This Thiele
modulus is based on the principle that in the case of its
asymptotic solution the concentration of the reactant
deep in the pore has to be zero if the pore is of infinite
length or the reaction rate is large with respect to the
diffusion rate [60, 61]. This Thiele modulus can be



TABLE I Reaction rate expressions for several binary compounds

Gas phase Solid Species in the reactor Ref. Proposed reaction rate
composition (Input reactants) expression (R)*
A B c D
kCi*cd?c
N/Ti » 1 TiN TiCl, N, H, HCl [27] P A 9)
(TiCL,) ) 1+ R0 Vi ke
(K Co)'?
kcg*c,C
Ti/C =1 TiC TiCl, CH, H, Hcl [28] C _avh (10)
(TiCl,) o (1 + KpCp)(1 + K4Cy)
kCAC
B/Ti~2 TiB, TiBr, BHCl, H, 9 (an
(TiCly) (BBrs) o (HKAC
kCAC.
P/B>=1 BP PBr, BBr, H, [31] A5 . 12)
(1 + KaCa + KzCp)?
kcl/z C1/2
B,C, BHCI, CH, H, [32] Boron: —2_~€ (13)
x/y €[4,91 (BCL) (1 + KpCy)
kCy?
Carbon: ——nx-—— 14
UK Gy) (4
) . . kC,Cy
N/Si > 1 SisN, SiH,Cl, NH, [34] — 7 (15)
(1 + KoCs + KgK3p)
kCAC
SiC Sif, CH, [36] AV (16)

(I + KACy + KgCy)

*: K; is the equilibrium adsorption constant for species i, and k is the growth rate constant.
T: Estimated from literature data on the synthesis of TiB, using BCl; and BBr;.

solved for any arbitrary kinetic expression provided it
has a zero reaction rate at an infinitely small reactant
concentration. This condition limits the use of this
generalized form of the Thiele modulus if the reaction
rate is dependent on more than one reactant species.
In this case, a Thiele modulus can be derived only for
a species A if all other species i are in large excess in
the pore with respect to species A [62], hence, the use
of the presented Thiele modulus is only justified if the
following condition is valid throughout the pore.

d <CA(X)>
Cix)) _ dCu(x) (18)
dx T dx

If the growth rate characteristic in the pore is deter-
mined by two different species, which are depleted
considerably, then the amount of deposited material
at a given axial position is determined by the reaction
rate expression and the diffusivity of both species.
However, only one of these two species can be zero at
infinite pore length. This implies that the generalized
Thiele modulus cannot account for the influence of the
diffusivity of both species on the infiltration kinetics.

4. Experimental aspects

4.1. CVI experimental procedure

CVI experiments on TiN and TiB, in tubular sintered
porous alumina substrates have been used to evaluate

the densification. A hot-wall CVD reactor is used for
these experiments. The apparatus for these CVI ex-
periments consists of a quartz tube with a diameter of
49 mm and a conventional gas handling system. This
apparatus was also used for the investigation of the
CVD reaction kinetics of TiN and TiB, [27, 30]. The
experimental standard conditions are summarized in
Table II.

4.2. Numerical solutions
The variables in the presented differential equations
can be made dimensionless,

x* = fo (19)
PR 1) = r(x‘z’t) 20)
CH(x% 1) = E(XC*T” (21)

Now, the mass balance for the transport in the pore
can be written as Equation 22,
d*CF(x*, 1)
d(x*)?

8L2 i R CI* CiO
_ n ( ) 22)

VOCiO T*(X*, t) De(X*a t)

The solution of the differential equation for the
growth rate can be obtained by applying a first-order
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TABLE II Experimental standard conditions for the synthesis of TiN and TiB, in tubular porous alumina substrates

Parameters TiN TiB, Substrate

Crici, (STP) 0.2-1.8 molem ™3 0.134 molem 3 Length 15 mm
Cggs, (STP) - 0.267 molem 3 Outer 15 mm
Cn, (STP) 21-22 molem ~3 diameter

Cy, (STP) 21-22 molem 3 22.1 molem 3 Inner 9 mm
C,, (STP) - 22.1 molem™? diameter

Flow (STP) 0.6-0.8 molem 25! 0.6-0.8 molem 25! r (average)* 2.3 pm
P 1x10° Pa 0.1-110°Pa porosity* 385 %
T 1000-1273 K 823-1073 K f 4

t 3.6-21.6 3.6-28.8 10%s

*: derived from Hg-porosimetry.
*: ie. the tortuosity factor.

Euler approximation

t MRt
r*(x*,(t + -E>> = r¥(x*%t) — —5——= (23)
z % z

where t,, is the process time and z the number of time
steps. For the numerical solution of these equations
the number of slabs in the axial direction, and the
number of time steps was increased until the absolute
change in the integral for the deposit over the axial
distance was less than 0.1 per cent with a doubling of
the number of steps in the axial direction and the
number of time steps. The input in the model of the
geometrical data along with the physical properties of
the gas phase is straightforward. However, the input of
quantitative values for the constants in the growth
rate expressions is difficult, because quantitative data
on the kinetics are scarce. Therefore, some assump-
tions have to be made for each specific chemical sys-
tem. Model predictions have been made for the syn-
thesis of TiN, TiC, and TiB,. The assumptions, which
have to be made with respect to the chemistry of the
process, will be discussed for each chemical system
separately.

4.2.1. Titanium nitride

Titanium nitride can be formed by CVD using TiCl,,
N,, and H,. In general, N, and H, are present in large
excess with respect to TiCly [25-27]. Therefore, it is
assumed that the N, and H, concentrations are inde-
pendent of axial position and time. The growth rate at
a given axial position is a function of the homogene-
ous thermodynamic equilibriom concentration of
TiCl; and HCI [27]. Thus, the differential equation for
the diffusion of HCl and TiCl; has to be solved. In
addition, the equilibrium between TiCl, and TiCl; has
to be recalculated each time before Equation 23 is
solved. The kinetic parameters of the growth rate
expression in Table I can be derived from CVD litera-
ture data [25-27].

4.2.2. Titanium carbide

Titanium carbide can be formed using TiCls, CHy,
and H, [29]. The concentration profiles of the TiCl;
and CH, species in the pore have to be determined in
order to study the ICVI process of TiC. The depletion
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of hydrogen is neglected because of its large excess. It
is assumed that the concentration of HCI is deter-
mined by the gas phase equilibrium between TiCl,
and TiCl;. Furthermore, it is assumed that the surface
coverage of adsorbed HCl on TiC is of the same order
of magnitude as adsorbed TiCl; on TiC. An estimate
for the growth rate constant of the growth rate expres-
sion in Table I has been made from the growth rate
data as reported by Stjernberg et al. [28] and Van den
Brekel et al. [41]. To our knowledge, there are no data
available on the adsorption constants for chloride
species on TiC. Therefore, it is assumed that these
adsorption constants are equal to the adsorption con-
stants for TiCl; and HCI on TiN.

4.2.3. Titanium diboride
Titanium diboride can be formed using TiCl,, BBrj;,
and H, [30]. Similar to the discussion for the synthesis
of TiC the growth rate characteristics in the pore are
determined by the mass transport of the titanium and
boron species in the gas phase. It is assumed that the
concentrations of the adsorbing titanium and boron
species are equal to the input concentrations of TiCl,
and BBr;. The ratio of the growth rate constant over
the adsorption constant for TiBr, of the growth rate
expression in Table 1 at a high surface coverage of
TiBr, is derived from CVD experiments [297. There
are no data available on the adsorption constant of
TiBr, on TiB,. Therefore, it is assumed that this
adsorption constant is of the same order of magnitude
as the adsorption constant of TiCl; on TiN.

Typical model parameters used in the model predic-
tions for the deposition of TiN, TiC, and TiB, in
porous systems are given in Table IIL.

5. Results and discussion

The results of the synthesis of TiN in small tubes as
reported by Van den Brekel et al. [41] can be used to
validate the model. They observed a strong decrease in
reaction rate as a function of the position in the
reactor. This is an indication that there is a consider-
able depletion of reactant in the reactor, and that the
apparent reaction order for the growth rate with re-
spect to the TiCl, input concentration is positive [27].
The relative decrease in deposition thickness with
respect to the deposition thickness at the entrance of



TABLE 111 Typical parameters used for the modelling of the ICVI process for TiN, TiC, and TiB,.

Parameter TiN TiC TiB,

T 0.1-5000 350-1500 25 pm

L/r 10-10000 80,342 1200 -

T 1,4 1 4 -

4 0.09~1 0.09 0.1-1 10° Pa

T 1000-1273 1373 8231073 K

R(x = 0) 0.1-10 5 2.4-4.8 107 % molem™%s¢

the pore as a function of axial distance in the pore was
measured. The experimental results and the model
solutions are presented in Fig. 2. The model predic-
tions are in agreement with the experiments. The de-
crease in the slope of the deposition profile near the
middle of the pore is a consequence of the symmetry
plane in the middle of the cylinder. Furthermore, the
shape of the deposition profile is independent of the
reactant concentration. This can be illustrated by the
Thiele modulus for a first order reaction.

L k 3

o = 5| —F< (24)
2 2r°D, (E O>

23

This Thiele modulus which is a measure for the depos-
ition profile [41] is independent of the concentration.
The presented deposition profile is independent of
time as well provided that the thickness of the deposit
is small with respect to the pore radius.

Any other shape of the deposition profile as a func-
tion of the axial distance relative to the thickness at
the entrance of the pore can never be explained by first
order kinetics. This can be illustrated by the depos-
ition profiles for TiC in small tubes as reported by Van
den Brekel et al. [41]. Under certain experimental
conditions they found near the pore entrance an in-
crease in the slope of the deposition profile for TiC
into the pore. Such a deposition profile is typical for
an adsorption—reaction mechanism [39]. Predicted
TiC deposition profiles assuming first order reaction
kinetics or a growth rate mechanism according to
Equation 10 along with the experimental results are
presented in Fig. 3. The numerical results are in rea-
sonable agreement with the experimental data. How-
ever, some remarks have to be made concerning these
presented numerical solutions of the model. Accurate
growth rate constants for the deposition of TiC could
not be derived from the growth rate data on dense
substrafes as reported by Stjernberg et al. [28], and
Van den Brekel et al. [41], because the degree of
depletion of the reactants in their reactors is unknown.
Consequently, the derived reaction rate constant,
given the assumption that the reactant concentration
near the substrate is equal to the input concentration,
will result in a reaction rate constant which is too low.
Moreover, the deposition profile in the pore is not
independent of the reactant concentration as dis-
cussed for a first order reaction rate dependence.
However, the presented deposition profiles could be
obtained by assuming that the TiCly concentration
was 60 per cent of the input concentration. From this

logl[Relative film thickness]

‘2.0 T T 't
0 0.2 0.4 0.6 0.8 1

Axial distance

Figure 2 Deposition profiles of TiN in small tubes with different
radii. The experimental points represent the relative thickness at
different axial distances from the middle of the tube [41]. The solid
lines are the predicted profiles fitted to the data points represented
by (M) r=14mm, (x)r=055mm, ((}  =025mm and (+)
r = 0.15 mm. The pore length is 0.02 m, the reaction temperature is
1123 K, and the reactor pressure is 9 x 10% Pa.
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Figure 3 Deposition profiles of TiC in small tubes with different
radil. The experimental points represented by the symbols, ( + ) for
¥ = 1.5 mm and (M) for r = 0.35 mm represent the relative thickness
at different axial distances from the middle of the tube [41]. The
solid lines are the predicted profiles using equation {10) and the
dashed lines represent the predicted profiles assuming first order
reaction kinetics. The pore length is 0.12 m, the reaction temper-
ature is 1373 K, and the reactor pressure is 9 x 10° Pa,

discussion it is clear that these presented profiles can
only be used for a qualitative comparison between the
model results and experiments. It can be concluded
that the results of a mathematical model can only be in
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agreement with the experimental results if an accurate
growth rate expression is implemented in such
a model.

Hitherto, the model simulations were applied
for straight cylindrical pores. Often, such a simplified
model is justified, and any complexity in the mass
transfer in the pore network can be approximated by
the calculation of an effective diffusion coefficient
[15,39,45,52]. The correction factor F for the
effective  diffusion coefficient in Equation6 is
dependent on the complexity of the pore network. We
have assumed that F is equal to four, i.e. a common
value for the tortuosity factor for sintered porous
ceramics. Furthermore, it is assumed that F remains
constant during the densification process. To evaluate
the implications of a complex network on the densifi-
cation the volumes of infiltrated TiN and TiB, in
the sintered porous alamina samples can be compared
with the results of the model. The amount of mass
deposited in the pore network can be obtained if it
is assumed that the total mass increase during the
ICVI process equals the sum of the mass increase at
the geometrical outer surface of the substrate and
the mass increase in the pore network [15]. Now,
the volume increase of the deposit in the porous
substrate relative to the initial pore volume can be
determined using,

m, — (1 — €)SM Rt
X = 25
-~ (25

where m;, is the measured mass increase, £ the initial
porosity, S the geometrical surface area, and V the
volume of the porous preform. The calculated versus
the measured TiN and TiB, volumes in the porous
preforms are presented in Figs 4 and 5 in which the
solid lines represent a perfect agreement between
model and experiment. There is only a qualitative
agreement between the measured and predicted
values, because there is an overprediction in the re-
sults with respect to the infiltrated mass. This can be
explained by one of the following cases.

(1) The constants in the kinetic expression used in the
model are not accurate. This is a plausible argument
for the results on TiB,, because the growth rate con-
stants derived for the growth rate expression are prob-
ably too low based on a similar discussion for the
determination of the growth rate constant for TiC.
These growth rate constants along with a reactant
concentration which is too high will result in an over-
prediction of the mass deposited at a given process
time.

(2) The kinetic expression as derived from experi-
ments on precoated substrates or on metal substrates
is not applicable for the growth rate in the CVI pre-
form. For example, it is very well possible that the
nucleation of the solid on the insulator Al,O; is far
more difficult than on metal surfaces. This would
suggest that for relatively large amount of deposits
the predicted volume should be closer to the meas-
ured volume of deposit. The results as presented in
Figs 4 and 5 suggest that this might be one of the
explanations.
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Figure 4 Predicted relative pore volume decrease versus the experi-
mental relative pore volume decrease of TiN in porous sintered
alumina. Solid line represents perfect agreement between experi-
ment and model.
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Figure 5 Predicted relative pore volume decrease versus the experi-
mental relative pore volume decrease of TiB, in porous sintered
alumina. Solid line represents perfect agreement between experi-
ment and model.

(3) Equation 25 is not valid. This equation is based on
a simplified structure of the surface which is assumed
to be flat with holes where the fraction of the surface
area covered by holes should be equal to the porosity.
(4) The additional resistance in the mass transport as
a consequence of the complexity of the pore network
cannot be compensated by the introduction of the
tortuosity factor. For example, if the shape of the
pores is similar to ink-bottles, then the mass transport
is determined by the pore neck radius, and not by the
average pore size, which is used in the model. In
principle, additional complexities or change in the
characteristics of the pore network besides the tor-
tuosity can be incorporated in the correction factor
F in Equation 6. For example, Wakao and Smith [63]
have taken into account the fluctuation in porosity.
However, this is only valid for samples where the
porosity is isotropic. To our knowledge there are no
reports on the change of the mass transfer resistance
with increasing densification in non-isotropic porous
preforms.

It is likely that a combination of the explanations
given above is responsible for the mismatch. A model



using the percolation theory would be more appropri-
ate for these kind of samples. The results are expected
to be less sensitive for the CVI process in fibre pre-
forms using long process times, because the tortuosity
is generally lower, the initial average pore size is lar-
ger, and the initial nucleation has a smaller effect on
the final result.

5.1. Thiele modulus

The Thiele modulus at the initial stage of the process
can be used to obtain conditions for an optimal den-
sification [37, 38]. However, the evolution of the pore
geometry and the final densification might be different
for Thiele moduli of the same value, because the evolu-
tion of the Thiele modulus during the densification
process is dependent on a complex relationship of the
process parameters. Thus, a series of model calcu-
lations have to be executed, which cover the whole
range of variables present in the Thiele modulus for
a given CVI process. Consequently, the results of the
calculations have to be evaluated as a function of the
Thiele modulus. Then, one might conclude that condi-
tions for an optimal densification can be based on
these calculations. The Thiele modulus might be used
also for the evaluation of a CVI process, in which the
process parameters are varied during the process [53].
In this case, the process parameters are changed dur-
ing the process in such a way that the densification can
be improved [13, 53]. It is obvious that mathematical
modelling is vital for the optimization of such a dy-
namic CVI process.

The final residual porosity as a function of a Thiele
modulus for the adsorption~reaction mechanism with
the formation of TiN will be discussed. This Thiele
modulus for the formation of TiN can be obtained
given the assumption that the HCI concentration is
determined by the thermodynamic gas phase equilib-
rium. After substitution of Equation9 into Equa-
tion 17, the Thiele modulus for the deposition of TiN
in a porous preform can be obtained by integration of
equation 17,

f
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where U is Kger/(Ka, Cu,)''% W is Kricy,- Here s* and
s* are the free titanium and nitrogen sites at the
surface of the TiN layer, respectively. The asymptotic
value at low concentration of this Thiele modulus is
similar to Equation 24, because at a low concentration
the apparent reaction order behaviour for growth rate
Equation 9 is one. The residual porosity as a function
of the initial Thiele modulus for the formation of TiN
is presented in Fig. 6. Apparently, this initial Thiele
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Figure 6 Predicted residual porosity versus the calculated Thiele
modulus for the synthesis of TiN. The experimental conditions
summarized in Table ITI are used for the calculations. The data were
taken at; (x) 1000 K, (+) 1123 K and (CJ) 1273 K.

modulus for a complex reaction kinetics, in contrast to
a Thiele modulus for a first order reaction kinetics,
cannot account for differences in densification at dif-
ferent temperatures. A better densification with in-
creasing temperature is obtained at equal Thicle
moduli. This implies that at higher reaction temper-
atures the decrease in mass deposit in the pore is less
sensitive to the increase in mass transfer resistance
during the CVI process. This is a consequence of the
decrease of the adsorption constants which leads to an
increase in the growth rate with increasing temper-
ature. To illustrate this phenomenon a simple hypo-
thetical adsorption—reaction mechanism will be used.
The reaction rate according to a one-component
dissociative adsorption—reaction mechanism can be
expressed as in Equation 29 [39].

Ca

R [
T 0+ KaCa)P

(29)

The growth rate as a function of the concentration at
three arbitrary temperatures is presented in Fig. 7.
With increasing temperature equal growth rates can
only be found with increasing reactant concentrations.
Consequently, at a given process time the growth rate
is less sensitive to a depletion of reactants in the pore
at high temperatures than at low temperatures. This
will result in a better densification of the preform at
higher temperatures at equal Thiele moduli provided
that the growth rate at the pore entrance is kept
constant.

This Thiele modulus cannot unambiguously predict
the densification characteristics. It can be used only to
predict some trends in the densification of porous
preforms. Some of these generalized conditions can be
a good guidance for an optimum densification of the
preform. In general, concordant to the calculations for
deposition of TiN in a pore, it is likely that a residual
porosity of less than one per cent will be obtained if
the initial Thiele modulus is smaller than 5x 1074
This condition is thought to be valid also for any other
adsorption-reaction mechanism [39]. However,
a CVI process with such a small Thiele modulus will
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Figure 7 Growth rate of an hypothetical adsorption-reaction
mechanism as a function of reactant concentration at three different
temperatures.

not be practical, because of the unacceptably long
process times before the final density is obtained.
Therefore, more precise conditions at higher Thicle
moduli should be given.

5.2. Conditions for optimal densification
The CVI process for deposition of carbides, nitride,
and borides in porous preforms as listed in Table 1 are
evaluated, and some generalized conditions for an
optimal densification using acceptable process times
will be given. The formation of TiN and TiC are used
to illustrate the given conditions:

5.2.1. Reactant concentration

Most of the binary compounds can be formed using
a limited range of reactant ratios. The formation of
a single binary phase is determined by thermo-
dynamics and surface kinetics. Thermodynamic equi-
librium calculations can be used to predict the stabil-
ity regions for the single phase binary compounds as
a function of the gas phase composition in the CVD
process. The use of these so-called CVD diagrams is of
course limited, because the thermodynamically stable
phase is not necessarily the observed phase after
a CVD experiment. However, this is a well known and
useful method to predict beforehand whether a single
phase deposition, or a codeposition will be obtained in
the CVD experiments [64].

For example, with an excess of CH, with respect
to TiCl, under certain experimental conditions a
codeposition of carbon and TiC can be found, and
a single phase of TiC will be observed with an excess of
TiCl, with respect to CH, in the gas phase [65]. Thus,
the presence of a large ratio of TiCl, over CH, in the
gas phase will result in the deposition of TiC in a pore,
provided that this condition of an excess of TiCl, with
respect to CH, remains valid throughout the pore.
This is difficult to predict a priori, because the diffus-
ivity of TiCly is less than that of CH4. In general,
a reactant ratio should be chosen which might result
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in a single phase deposit throughout the pore, and
CVD diagrams can be used to verify as to whether
a change in the reactant ratio into the pore will result
in an undesirable codeposition. An advantage of
a high concentration of the titanium species is the
presence of a negative apparent order with respect to
the titanium species concentration in the growth rate
expression for the formation of TiC. Thus, an increase
in the TiCl, concentration will result in a concomitant
decrease in the growth rate at the pore entrance which
will favour the densification as revealed by the calcu-
lations. The concentration of TiCl, can not be in-
creased without limitations, because an increase in the
TiCl, concentration will result in a decrease in the
growth rate of TiC at the pore entrance which in turn
might result in unacceptably long process times before
pore plugging.

This is in contrast to a CVI process in which the
residual porosity is independent of the reactant con-
centration. This is observed for a reaction mechanism
with an apparent first order reaction mechanism with
respect to a species 4, and for which Equation 18 is
valid, for example the deposition of TiN at a low
TiCl, concentration. Moreover, the process time
1s decreased with increasing concentration. Thus,
the concentration should be selected as high as
possible when the growth rate has an apparent first
order dependence. At low reactant concentrations
the reaction mechanisms for the growth rate of
binary compounds have a positive order with respect
to the reactants. Often, Equation 18 is not valid
for the deposition of binary compounds in porous
preforms. Consequently, the densification is not inde-
pendent of the reactant concentrations any more.
Model calculations reveal that for the deposition for
BP, SizNy, and SiC the residual porosity increases
with increasing concentration as long as the denomin-
ator in the growth rate expression is one. Thus, the
reactant concentrations should be chosen as low as
possible if the growth rate has a positive order de-
pendence ( = 1) with respect to more than one reac-
tant concentration.

5.2.2. Reactor pressure

The reactor pressure dependence on the densification
in the CVI process is complicated, because the pres-
sure has a strong influence on the mass transfer in the
gas phase as well as on the growth rate. In principle,
model calculations should be performed for each spe-
cific process in order to be able to optimize the densifi-
cation by tailoring the reactor pressure. However,
some trends about the influence of the reactor pres-
sure on the densification can be given. It will be
assumed that the influence of a change in the reactor
pressure on the CVI process is considered at a con-
stant feed rate of reactant, and that the ratio of these
reactants in the gas phase does not change with
a change in the reactor pressure. This latter assump-
tion is not necessarily valid if the gas phase is quasi-
equilibrated, because there can be a shift in the equi-
librium concentrations with a change in the reactor
pressure. The reactor pressure influence on the growth



rate for the deposition of several binary compounds is
given in Table I'V.

If the denominator equals one in the growth rate
expression then the apparent reaction order with
respect to the reactor pressure is constant throughout
the pore, and a lower reactor pressure will favour the
densification. The apparent reaction order with
respect to the reactor pressure for a typical adsorp-
tion—reaction mechanism will have a complex
dependence on the reactor pressure as illustrated by
the two extreme cases for. the reaction rate expressions
9-16 in Table I'V. The model calculations suggest that
a better densification is obtained for most of the simu-
lations with a decrease in pressure if the apparent
order for the growth rate expression with respect to
the reactor pressure is > 0, and that an increase in
pressure might favour the densification if the apparent
order for the growth rate expression with respect to
the pressure is < 0. However, model calculations
should be performed in order to be able to study to
what extent the residual porosity is changed with
a change in the reactor pressure.

If the mass transport in the gas phase is deter-
mined by Knudsen diffusion then the change in
the residual porosity with a change in the reactor
pressure is the same as for a change in the reactant
concentrations using a constant reactant ratio, be-
cause Knudsen diffusion is independent on the reactor
pressure.

5.2.3. Reaction temperature

The choice of reaction temperature is limited, because
the deposition of a single phase is often found within
a relatively small temperature range. Similar to the
discussion for the concentration, thermodynamic
equilibrium calculations can be used to evaluate the
sclection of the reaction temperature. Morcover, the
temperature region in which the reaction rate expres-
sion 18 valid is often smaller than one might conclude
from the CVD-diagrams. In general, the growth rate
exhibits a strong dependence on the temperature,
whereas the mass transfer in the gas phase has a small
dependence on the temperature. Thus, a change in the
infiltration characteristics is primarily determined by
a change in the growth rate expression.

If the growth rate is determined by an adsorption—
reaction mechanism then the reaction temperature in
combination with the concentration which is present
in the denominator in the growth rate expression,
should be selected as high as possible as discussed
above for the Thiele modulus of TiN. However, nu-
merical model calculations should be executed in or-
der to determine the optimum conditions for the CVI
process if the temperature dependence of the growth
rate constant in the numerator is stronger than the
temperature dependence of the adsorption constants
in the denominator. The smallest residual porosity is
found at the lowest reaction temperature if there is an
apparent positive order for the growth rate. This is the

TABLE 1V The apparent overall order for the growth rate with respect to the reactor pressure for two extreme cases

Solid: TiN TiC TiB, BP B,C, SizNy SiC
Equation: 9 10 11 12 13 14 15 16
Denominator =~ I: 2 5/2 2 2 1 1/2 2 2
Denominator » 1: 0 1/2 0 0 0 —1/2 1 1
TABLE V The influence of the process parameters on the residual porosity and process time for the ICVI process
Growth rate expression Decrease in:
concentration Ca Pressure Temperature
dependence
Residual Process Residual Process Residual Process
porosity time porosity time porosity time
CiCs 0<a<1,b>0,Cp> Cy - - + - + -
a=>b=1/2,Cp=Cy X — + — + _
a=1,b>0,Cg > Cy X — + — + _
a>1,b>0,Cs~Cgy I — + — + _
CZC]I;T c<a+b,KACA>1 - +/_ 0/+ - —-* -
(1 + KoCy + KpCg)°
c=a+b, Kp,Cs>» 1 - + 0/+ X — —
c>a+b KyCy» 1 - + 0/— + _ —

+ : Beneficial for residual porosity or process time.
— : Detrimental for residual porosity or process time.
x: No influence on residual porosity.

0: In some cases influence cannot be predicted a priori, model calculations should be performed.

*: or a similar growth rate expression as listed in Table I.
*: at constant process time.
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reverse with respect to the condition for the reaction
temperature for a typical adsorption—reaction mecha-
nism at high concentrations. The influence of the pro-
cess parameters on the densification for the ICVI
process is summarized in Table V.

Table V can be used as a guideline for the deter-
mination of the optimum of the process parameters
for the ICVI process. From this information it can be
concluded that knowledge of the kinetics of the CYD
growth is very important for the CVI process. Similar
strong dependencies on the differences in kinetic
behaviour can be expected for non-isothermal and
non-isobaric processes.

6. Conclusions

The numerical solutions of a mathematical descrip-
tion of a CVD process in an open cylinder under
isothermal and isobaric conditions are used to evalu-
ate the influence on the infiltration characteristics of
different kinetic expressions for the formation of sev-
eral binary compounds. Experimental results on the
deposition of TiN and TiC in small tubes are used to
validate the importance of the different kinetic expres-
sions for the infiltration characteristics. The depos-
ition profiles as predicted by the model calculations
are in agreement with the experimentally determined
deposition profiles of TiN and TiC in small tubes.
Moreover, it can be concluded that the shape of the
deposition profiles is determined by the heterogeneous
reaction kinetics. There is only a qualitative agree-
ment between the predicted densification and meas-
ured densification for the synthesis of TiN and TiB, in
sintered porous alumina.

If the growth rate in the pore is limited by the mass
transfer of a single species then a Thiele modulus can
be calculated to evaluate the ICVI process. In prin-
ciple, this Thiele modulus is only valid for the initial
stages of the process, because it cannot predict the
influence of the changing pore geometry on the den-
sification. Model calculations reveal that there is
a scattering for the predicted residual porosity as
a function of the Thiele modulus for TiN. Moreover, it
cannot fully account for the changes in densification at
different temperatures. Given these uncertainties it is
likely that a residual porosity of less than one per cent
will be obtained if the Thiele modulus is smaller than
5% 107 *. A decrease in these parameters will increase
the process time provided that for the growth rate the
reaction order in the reactant concentration is posit-
ive. A decrease in the parameters will result in a de-
crease in the residual porosity if for the apparent
reaction order in the reactant concentration the condi-
tion > 1 holds, whereas an increase in residual poros-
ity is found if the overall apparent order in the reactor
pressure is negative.
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