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This study addresses the possibility of identifiing optimal pressure and temperature 
pairs that can be used to give the least processing time during isobaric isothermal chem- 
ical-vapor infiltration (CW) within a window of operating conditions. Optimal pres- 
sure - temperature pairs are determined as the solution of an optimization problem that 
seeks to minimize the processing time predicted by a CVI model under the constraint 
that the maximum density difference in the prefom at the end of the densifcation does 
not exceed a preset limit. Results are presented on the dependence of the optimum 
processing time on the type of structure of the preform, the spec@ations that the final 
product has to conform to, and the kinetics of the chemical reaction. The results show 
that operation at low pressure affects adversely the processing time and that a dramatic 
reduction in the processing time can be achieved by operating in the vicinity of the 
optimal pressure. 

Introduction 
Chemical vapor infiltration (CVI) is a method of ceramic 

or carbon matrix composite fabrication in which chemical va- 
por deposition reactions are employed to deposit the matrix 
material (ceramic or carbon) on the internal surface of a 
porous preform. Compared to other methods of composite 
fabrication, CVI has a number of attractive advantages, 
among which the most important ones are its ability to fabri- 
cate near-net-shape components and deposit a variety of ma- 
trices without damaging the material (usually fibers) used for 
reinforcement, and its flexibility with regard to the number, 
sizes, and shapes of pieces that it can process simultaneously 
(Naslain et al., 1992; Chawla, 1993). However, it suffers from 
the important disadvantage of being a slow and, hence, ex- 
pensive process, a consequence of the fact that relatively low 
deposition rates must be employed in order to achieve densi- 
fication with acceptable density differences between the ex- 
ternal surface and the interior of the preform. 

In its original formulation and as it is currently being im- 
plemented on an industrial scale, CVI is carried out at con- 
stant temperature and constant pressure. Under such condi- 
tions, the main mechanism of transport of the gaseous reac- 
tants in and of the gaseous products out of the preform is 
diffusion, driven by concentration gradients, usually a slow 
process. Several approaches have been taken to increase the 
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rate of transport of gaseous reactants and products in the 
pore space, and, in this way, enable the CVI process to oper- 
ate at conditions yielding higher reaction rates and, hence, 
lower processing times, such as high temperatures. Methods 
investigated along this vein include CVI under conditions of 
forced flow through the preform without or with a tempera- 
ture gradient imposed against the pressure gradient (Stinton 
et al., 19861, CVI under pressure pulsing conditions (Sugiyama 
and Yamamoto, 1989; Sugiyama and Kurisu, 1992; Sotirchos, 
1991, 19931, and CVI in performs heated through volume 
heating methods such as radio frequency (RF) and mi- 
crowave heating (Gupta and Evans, 1993; Devlin et al., 1993; 
Spotz et al., 1993), in which case the temperature tends to 
increase away from the external surface of the heated object 
toward the interior. 

In a theoretical study of the dynamics of chemical vapor 
infiltration, Sotirchos (1991) raised the possibility of using a 
mathematical model of a CVI process to identify optimal 
temperature- and pressure-variation strategies that would 
yield the least processing time for a given set of preform 
characteristics (shape, size, and pore structure) and a given 
deposition reaction. Process optimization is among the most 
frequently studied problems in the chemical industry. A num- 
ber of commercial process-modeling software packages now 
include optimization modules (Biegler, 1992), and a large vol- 
ume of work has been presented in the process-engineering 
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literature over the years on this topic. However no attempt 
has thus far been made to determine optimal operating con- 
ditions for CVI processes. The usual focus of studies dealing 
with the theoretical aspects of chemical vapor infiltration is 
the investigation of the effects of various operational param- 
eters on the behavior of the process, and as a result, readers 
who are primarily interested in the practical aspects of a spe- 
cific CVI application find themselves in the position of hav- 
ing to sift through a large volume of information to find some 
results applicable to their application. 

Sheldon and Chang (1993) and Chang et al. (1994) ad- 
dressed the problem of minimization of processing time in 
CVI at a fixed temperature or pressure. This problem in- 
volves only one degree of freedom (pressure or temperature), 
and therefore, by treating the uniformity constraint 
-whatever it may be-as an equation, one can solve for the 
unknown temperature or pressure, respectively. This parame- 
ter value is optimal in the sense that different values will 
either yield longer reaction times and more uniformity of 
densification than we need or will not satisfy the constraint. 
A constraint based on the initial Thiele modulus (Levenspiel, 
1972) was used by the authors just cited in their calculations. 

In the present work, we examine the optimization of the 
conventional isothermal isobaric chemical-vapor infiltration 
process. We minimize the time required to achieve a pre- 
scribed level of densification in an initially porous preform 
subject to a constraint on the maximum nonuniformity allow- 
able inside the preform at the end of the densification. The 
optimization parameters are the operating pressure and tem- 
perature. Porous preforms are described by either randomly 
overlapping capillaries (for the void space) or randomly over- 
lapping fibers (for the solid phase). The deposition of silicon 
carbide (Sic) via the decomposition of methyltrichlorosilane 
(MTS) is used as the model reaction. 

Mathematical Model 
A detailed mathematical model developed along the lines 

of the multicomponent transport and reaction model given by 
Sotirchos (1991) and Sotirchos and Ofori (1996) is used to 
describe the evolution of densification in time during CVI. 
This model can be applied to any CVI system, no matter how 
complex its chemistry is and how many chemical species it 
involves, since it has been formulated for the general case 
where n species participate in m chemical reactions. The 
model consists of the mass-balance equations for the gases 
and the deposited solid and the equations that describe the 
coupling of fluxes and pressure gradients in the pore space. 
An energy balance is not used, since the problem that is ad- 
dressed is isothermal CVI, and the heat released by the reac- 
tion cannot, by itself, cause significant temperature gradients 
in the preforms. 

The mass balances (continuity equations) for the gaseous 
species, expressed in terms of the partial pressures, pi, are 
written: 

the temperature; and vip is the stoichiometric coefficient of 
species i in reaction p .  R,,, the volumetric reaction rate (per 
unit volume of porous medium) of reaction p ,  is given by 

with R,, being the intrinsic rate of the heterogeneous reac- 
tion (per unit area); R, the rate of the homogeneous reaction 
(per unit volume of gas phase), and S' the accessible internal 
surface area (per unit volume of porous medium). 

The mass balance for the deposited solid expressed in terms 
of the fractional filling of the pore space (conversion), &, has 
the form: 

(3) 

where us is the molar volume of the deposited solid; e0 is the 
initial porosity of the preform: and vsp is the stoichiometric 
coefficient of the solid in reaction p .  The conversion used in 
Eq. 3 is defined as 6 =(q, - E ) / E ~ ,  where E and q, are the 
total and initial porosity of the solid, respectively. 

The dusty-gas model equations (Mason and Malinauskas, 
1983; Sotirchos, 1989) are used to describe the coupling of 
fluxes, partial pressures, and partial-pressure gradients of the 
gas species in the porous structures: 

xjNi-  x iNj  Ni 
+ -, (4) 

9 . 5  ' I  DLi 

where pi  and p are partial pressure of the ith species and 
the total pressure, respectively; x i  is the mole fraction of the 
ith species in the gas mixture; 9; is the effective binary dif- 
fusivity of the ( i , j )  pair; D i i  is the effective Knudsen diffu- 
sivity of the ith species; and Be is the effective permeability. 
The dusty-gas model is strictly valid for homoporous media 
only (i.e., with uniformly sized pores), but it was shown by 
Sotirchos (1989) that it provides an excellent approximation 
for diffusion in heteroporous media as well. The variation of 

D i i ,  ee ,  S', and Be with the conversion is determined 
by the structure of the porous medium. Two parameters that 
depend only on the structure of the porous medium are used 
to determine the variation of the n(n - 1)/2 effective binary 
diffusion coefficients and the n effective Knudsen diffusion 
coefficients with the conversion, S, and S,, respectively. 
These parameters are defined by 

d ( E epi/RT) 
d t  

where r is the radius of the capillary, r* is the reference 
radius, T* and p* are references quantities (1,300 K and 1 
atm, respectively), and other quantities with the superscript * 
are taken at these reference conditions. The dependence of 
S,, S,, S', ee,  and Be on the conversion can be determined 
by experiment or the use of theoretical methods. 

+V.N, = C v iPRup,  
P 

(1) 

where E' is the accessible porosity of the porous medium, N, 
is the molar flux of species i; R is the ideal gas constant; T is 
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Two structure evolution models are used in this investiga- 
tion. The first is a randomly overlapping capillary model that 
assumes that the pore space consists of long capillaries of 
uniform size randomly arranged in space, whereas the other 
views the solid phase of the porous medium as an assemblage 
of uniformly sized fibers arranged without directional prefer- 
ence in space. Expressions for s,, s,, and B e  in the two types 
of structures are given in Table 1. The binary diffusivities and 
viscosities are calculated using the Chapman-Enskog theory 
(Bird et al., 1960), and an estimated mixture viscosity value of 
3 . 7 ~  

The partial pressures of the gases at the external surface of 
the preform are assumed to be maintained constant, that is, 
external mass-transfer limitations are treated as negligible, 
and the conversion of the pore space is taken to be initially 
zero. Since transient effects associated with partial pressure 
changes last for very short times, it makes no difference what 
initial conditions are used for the partial pressures for long- 
term densification experiments. 

The reaction system employed is the deposition of S ic  from 
the decomposition of MTS in the presence of hydrogen. MTS 
is assumed to deposit S i c  according to the overall reaction 

(6) 
“ 2  CH,SiCl, -SiC+3HC1. 

The reaction kinetics given by Brennfleck et al. (1984) are 
employed in this study. We use 

kg/(m-s) at 1,300 K is used for the gas mixture. 

R ,  = wk,, exp( - E/RT )pMTS, (7a) 

with 

k, ,  = 2.290X 10-2kmol/m2~s~atm; E = 120X lo6 J/kmol, 

where o is a multiplicative constant used to vary the reaction 
rate from that given by Brennfleck et al. (1984). In addition 
to irreversible kinetics, a reversible kinetic form is used to 
investigate the effect of reversible kinetics on the optimiza- 
tion of the process, since the deposition of S ic  by the decom- 
position of MTS is known to be inhibited by the formation of 
HCl (Papasouliotis and Sotirchos, 1993; Loumagne, 1993). 
The reversible rate expression is assumed to have the form 

We use ki, = k,, and E’ = E and treat o’ as a parameter. 

Statement of the Optimization Problem 
We seek to determine the optimal temperature and pres- 

sure that would minimize the time required to reach a cer- 
tain conversion at the surface of the preform under the con- 
straint that the center-to-surface conversion ratio at the end 
of the densification run equals a preset value p .  The objec- 
tive function, the time required to raise the surface conver- 
sion from an initial level ts0 to a final level tsf, is defined by 
the expression 

Table 1. Equations for Structural and Transport Properties 
Randomly Overlapping Capillary Structure* 

w 
h(1 -  E )  

r = r ( l n + e o ) )  

E e  = E = E J 1 -  5 j 

7 ) b  = #  = 7)” = 3 

Randomly Overlapping 3-D Fiber Structure 

If E > 0.4, then emax = 1.0, qka, = 1.000, a = 0.661 
If < 0.4, then emax = 0.4, 7$,, = 1.906, a = 0.965 

E,,, = 1.0, q&, = 1.444, a = 0.921** 

*Sotirchos (1987, 1991). 
**Tornadakis and Sotirchos (1993). 

The constraint on the optimization problem, that the center- 
to-surface conversion ratio at the end of the densification 
should equal or be greater than a specified value p, is ex- 
pressed by 

(9) 

A n  alternative way of defining the nonuniformity constraint 
is 

(10) 

where 5 is the preform volume. Note that in all our results, 
the conversion decreases monotonically from the surface to 
the center of the preform, and thus the center-to-surface 
conversion ratio is always smaller than the ratio of the con- 
version at any other spatial position to the conversion at the 
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surface of the preform. In presenting our results, we give the 
time in dimensionless form (T), which is defined as 

where all quantities with the superscript * are reference 
quantities (r,* = 50 pm; T* = 1,300 K; p&Ts,b = 0.1 atm; o* 
= l), and t,, is the time required to fill a pore of radius 50 
p m  when the reaction takes place at the reference condi- 
tions. 

The optimization problem that is defined by Eqs. 8 and 9 
(or Eqs. 8 and 10) can be solved using standard solution 
methods (Beveridge and Schechter, 1970; Ray and Szekely, 
1973; Reklaitis et al., 1983; Pike, 1986). It should be noted 
that if only one operating parameter is allowed to change, 
that is, pressure or temperature, then this problem can be 
solved to determine the value that satisfies the constraint. 
This can always be done if the pressure is fixed and the tem- 
perature is varied, because the temperature affects strongly 
the reaction rate. However, the reverse is not true since the 
pressure affects only the intraparticle diffusion coefficient, 
and even then, only if diffusion occurs in the transition or 
bulk diffusion regime (Sotirchos, 1991). 

In this study we determine pressure and temperature pairs 
( p , T )  that minimize the densification time subject to the con- 
straint defined in Eq. 9. We examine the effect of structural, 
kinetic, and processing parameters on the optimal times and 
conditions (p ,T) .  We also study the effect of the level of 
complexity built into the mathematical model on the optimal 
results. It should be pointed out that since the upper limit of 
the time horizon is now variable-it is the value of the objec- 
tive function-the conversion at the surface, t,, is used as a 
timelike variable instead. The optimization problem was 
solved by using the secant method, in conjunction with the 
complete CVI model, to determine temperature values that 
would satisfy the constraint at a selected pressure. Brent's 
method (Press et al., 1992) was then employed to minimize 
the time with respect to pressure (with each pressure having 
associated with it a temperature satisfying the nonuniformity 
constraint). The CVI model was solved using piecewise poly- 
nomial approximation of the partial pressure and conversion 
profiles, followed by collocation, and numerical differentia- 
tion of the dusty-gas model equations to determine V.Ni. This 
treatment led to a set of algebraic and ordinary differential 
equations, which was solved in time using a Gear-type solver 
(Gear, 1971). More details of the solution method for the 
CVI model are given by Sotirchos (1991). 

Results and Discussion 
Qualitative results for a simple jlu model 

Before we discuss the various results obtained on optimal 
operating conditions and processing times, we present a qual- 
itative discussion of the optimization of isobaric isothermal 
CVI using a simple diffusion flux model of the Fick's law form. 

This qualitative discussion can be followed with greater ease 
by people who are not familiar with the details of transport 
and reaction in porous media, and it also shows that the con- 
clusions reached are valid no matter what the actual kinetics 
of the process are. 

Under isobaric and isothermal conditions and with Fick's 
law used to describe the diffusion of each species in the pore 
space of the preform, the mass balance for the ith species at 
pseudosteady state can be written as 

where x is the vector of mole fractions. Application of the 
Gauss theorem to Eq. 12 for reactant R (v, = - 1) gives 

where x R  is the mole fraction of R ;  Dg(p,T) is the effective 
diffusion coefficient of R ;  p/RT is the concentration; S p  is 
the external surface area of the preform; and the subscript s 
refers to the external surface. 

In order to have insignificant density differences ( p close 
to 11, x in the interior should not be much different from the 
value at the surface, x,. The same would also be the case 
with S', D$p,T), and R,(p,T, x). Using this observation, 
we can solve Eq. 13 for ( R J ,  = S'R,(p,T,x,), and use Eq. 8 
to derive an expression for the final densification time involv- 
ing the product [(p/RT)Dg(p,T)(d"'/d')],. We have for slab 
geometry 

It follows from Eq. 14 that in order to reduce the 
processing t ime we must  increase the  product  
[ (p/RT)Df;(p,T)(d"~/d"l , ,  that is, increase the rate at which 
the reactant enters the preform. This can be done by increas- 
ing the diffusion coefficient, the total concentration in the 
gas phase (or equivalently the pressure), or the mole fraction 
gradient of R.  The extent of nonuniformity of deposition in 
the interior is determined by how far x in the interior is from 
the surface values, x,. This is in turn determined by the gra- 
dient at the surface, (&,/dZ), for the reactant R .  Given the 
composition of the gas phase and the maximum density gra- 
dients that can be tolerated in the final product, (h,/dz), is 
fixed in an average sense; therefore the flux of R at the ex- 
ternal surface, and hence the processing time can be changed 
only by varying the factor Dg(p,T)p/RT. 

The range in which the temperature can be varied is rather 
limited, and besides, the effect of temperature on the effec- 
tive diffusion coefficient is rather small. The pressure, on the 
other hand, can be changed over more than two orders of 
magnitude, and it affects strongly Df;(p,T), especially in the 
high-pressure range where the process is in the bulk-diffu- 
sion regime and molecule-molecule collisions dominate. 
However, the product Dg(p,T)p/RT decreases with decreas- 
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Figure 1. Effect of pressure on De(PIT)p/RT in CaPil- 

lary structures. 
E~ = 0.5; a = 0.01 m; xMTS = 0.1; x H 2  = 0.9; o* = 1.0; p* = 1 

Figure 2. Effect of pressure on De(p,T)p/RT in a capil- 
lary structure at various deposition rates 
(parameters same as in Figure 1). 

atm; T* = 1,300 K; r* = 20 p m .  

ing pressure, and as a result, a decrease in pressure leads to a 
decrease in the flux (see Eq. 12) and an increase in the proc- 
essing time. This effect becomes more pronounced at low 
pressures and for small pore sizes, where D$p,T) becomes 
independent of pressure; as a result, the flux decreases pro- 
portionally to pressure, and the processing time increases in 
inverse proportion to pressure. 

Some results on the variation of the De(p,T)p/RT factor 
with pressure are shown for various pore sizes in Figure 1 for 
MTS diffusing in hydrogen. In all cases the effective diffusiv- 
ity DbTs is calculated using the Bosanquet formula (Pollard 
and Present, 1948) 

(15) 

De( p,T)p/RT values are given in dimensionless form, with 
the value for a capillary structure with a uniform radius of 20 
p m  at 1 atm and 1,300 K used as reference. All curves shown 
in F igure  1 w e r e  cons t ruc ted  by varying t h e  
temperature-decreasing it with increasing pressure-in or- 
der to keep the deposition rate [i.e., exp( - E/RT)pxMTS] 
constant and equal to that at and f (1 atm and 1,300 K). It 
follows from Eqs. 5a, 5b and 15 that De(p,T)p/RT increases 
monotonically with the pressure at constant temperature; 
specifically, it is proportional to pressure in the Knudsen 
regime and independent of it in the ordinary diffusion regime. 
On the other hand, it decreases with the temperature in the 
Knudsen regime (varies proportionally to T-'D) and in- 
creases in the ordinary diffusion regime (varies proportion- 
ally to TV). Since the temperature decreases with the pres- 
sure in Figure 1, a maximum is exhibited by all curves in the 
vicinity of the ordinary diffusion regime. If the effect of tem- 

perature on De(p,T)p/RT were ignored, the maximum 
would obviously be located at the infinite-pressure limit. Since 
the transition from Knudsen to ordinary (bulk) diffusion oc- 
curs at higher pressures with decreasing pore size, the loca- 
tion of the maximum moves toward larger pressures as the 
capillary sue  becomes smaller, and the maximum itself de- 
creases. 

The variation of the quantity De(p,T)p/RT with the pres- 
sure at different deposition rates is shown in Figure 2. The 
deposition rate in each case (each curve) is that obtained at 
the values of temperature and pressure (p,f) associated with 
it. The behavior of the various curves of Figure 2 is qualita- 
tively similar to that discussed earlier for those of Figure 1. 
Figure 3 shows the temperatures that correspond to the pres- 
sures in each of the curves in Figure 2. (The temperatures in 
some of the curves of Figure 3 in the extreme regions of the 
pressure range are unreasonably high or low compared to the 
temperatures used in practice, but they were retained for the 
sake of completeness of the presented results.) It is seen in 
Figure 3 that the temperature increases with increasing de- 
position rate at each pressure for the results shown in Figure 
2. Since the effect of temperature on De(p,T)p/RT changes 
from negative to positive as the dominant mode of diffusion 
changes from Knudsen to bulk, De(p,T)p/RT increases 
with increasing deposition rate at high pressures (bulk-dif- 
fusion regime and upper part of the transition regime) and 
decreases at  low pressures. The  maximum value of 
De(p,T)p/RT occurs at similar pressure values for all depo- 
sition rates, and this is not unexpected considering that the 
pore size is the same in all cases. However, the temperature 
value that corresponds to the maximum (compare Figures 2 
and 3) shows considerable variation with the deposition rate. 

Figure 4 shows the effect of the progress of densification 
on the evolution of the De(p,T)p/RT vs. p relationship at 
fixed deposition rate for a preform with initial capillary size 
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Figure 3. Variation of temperature with pressure at vari- 
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(radius) equal to 50 pm. It is seen that the optimal pressure 
moves toward higher pressures as higher densification levels 
are reached. This is due to the reduction in pore size with 
densification, and it essentially corresponds to the effect seen 
in Figure 1. However, the values of De(p,T)p/RT for large 
values of 6 in Figure 4 are much smaller than those for small 
values of pore size in Figure 1 at the same pressure, because 
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Figure 4. Effect of pressure on De(p,T)p/RT in a capil- 

lary structure at different conversions (param- 
eters same as in Figure 1). 
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P ( a W  
Figure 5. Effect of pressure on D*(p,T)p/RT in fiber 

structures with various pore sizes (parame- 
ters same as in Figure 1). 

in Figure 1 the porosity, and hence the effective diffusivity, is 
much larger. 

The behavior of De(p,T)p/RT with varying pressure in a 
3-D fiber structure is shown in Figures 5 and 6, which are 
equivalent to Figures 1 and 4 for the capillary structure. The 
various curves in Figures 1 and 5 behave similarly, but the 
absolute values of De(p,T)p/RT are larger for the fiber 
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Figure 6. Effect of pressure on D'(p,T)p/RT in a fiber 

structure at varying conversions (parameters 
same as in Figure 1). 
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structure than for the capillary structure. Also, the pressure 600 I I 

at which the maximum occurs is slightly higher in the fiber Capillary Structure: rp50 pm, w=O.1 
structure. The first observation is explained by the fact that 
at a porosity of 0.5 the capillary structure has smaller Knud- 
sen and bulk diffusivities than the fiber structure. The second 
observation reflects the fact that the transition from the bulk 
to the Knudsen regime (with decreasing pressure) depends 
on the relative magnitudes of Di; and D f i  and occurs at 
higher pressures in the fiber structure at intermediate poros- 
ity levels (see Table 1). For the same reason, the region in 
which the curves in Figure 2 intersect each other was found 
to lie at higher pressures in the case of fiber structures (Ofori, 
1996). 

Comparison of Figures 4 and 6-each of these figures 
shows results for different conversions (or equivalently 
porosities)-indicates that for 6 values of 0 and 0.3, the 
curves for the fiber structure (Figure 6) lie above those for 
the capillaries (Figure 4), while the opposite situation pre- 
vails for the higher conversion levels. This difference is the 
result of the different evolution of the tortuosity factors for 
bulk and Knudsen diffusion with the porosity in the two types 
of porous media, capillaries, and fibers (see the equations of 
Table 1). From the results of Figures 4 and 6 one concludes 
that for a given level of densification uniformity (i.e., 
dxMTs/dz), it will be possible to initially employ higher depo- 
sition rates in the fiber structures than in the capillary struc- 
tures at a fixed pressure or at the optimum value. The oppo- 
site would be true at high conversions. 

Minimum processing times and optimal processing 
conditions 

The effect of pressure on D'(p,T)p/RT that was seen in 
Figures 1, 2 and 4 is reflected in the results of Figure 7. This 
figure presents values for the best processing time (in dimen- 
sionless units) that can be achieved at different pressures for 
different values of nonuniformity tolerance in the final prod- 
uct ( p )  in a capillary structure. ( p  = 0.95 means that only 
5% difference in the density between center and surface of 
the preform can be tolerated.) The processing time shown at 
each pressure is that obtained when the temperature is cho- 
sen so that the uniformity criterion of Eq. 9 is satisfied as an 
equality. This may be thought of as the best (locally mini- 
mum) processing time at the given temperature since a lower 
reaction temperature will give longer processing times and 
more uniformity than we are willing to accept, whereas higher 
temperatures will violate the nonuniformity criterion. The 
presented results are for a 2-cm-thick preform having 50-pm 
initial average pore size. It is seen that for all the p values 
shown, the processing time presents a minimum located 
within the range 0.4-0.7 atm pressure, well above the 10-50- 
torr range used in most industrial applications. The optimal 
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Figure 7. Variation of processing time with operating 

pressure in a 50- p m  capillary structure. 
E,, = 0.5; a = 0.01 m; xMTS = 0.1; x H 2  = 0.9; [,, = 0.9; t = 
11,458.~ S. 

changed from 15% to 5%. The predicted processing time is 
also seen to depend strongly on the type of the mathematical 
model, with the simple model, based on the use of Fick's law 
for the diffusion fluxes, predicting much smaller processing 
times than the rigorous multicomponent mathematical model 
that uses the dusty-gas model to describe the interaction of 
pressure gradients and diffusion fluxes in the pore space. This 
difference is mainly due to the fact that the simple model 
does not account for the negative effect of the product gas 
(HCl) on the flux of the gaseous reactant toward the center 
of the preform, and it thus leads to overestimation of the 
diffusion flux and underestimation of the processing time. 

For smaller capillary and fiber sizes (see Figures 1 and 51, 
the optimal pressures are located at much higher pressures 
(even above 1 atm), and the difference between the optimal 
processing time and the best time at the pressures currently 
used in the industry is much larger than that seen in Figure 
7. This observation is particularly important in the densifica- 
tion of carbon matrix composites, where after impregnation 
of the preforms with resin and pryolysis, the average pore 
size becomes much smaller than those between the filaments 
and between the filament bundles in the original preform. 
Figure 8 shows the densification times obtained for a capil- 
lary structure with an initial radius of 20 pm. The minimum 
densification time in Figure 8, for the cases where the dusty- 

processing time is smaller by a factor of 2-3 than the process- 
ing time at 10-torr pressure. 

The results in Figure 7 can be used to derive conclusions 
on the effects of the value of the nonuniformity parameter /3 
and of the detail built into the mathematical model on the 
predicted processing time. As expected, more stringent re- 
quirements on the uniformity of deposition lead to larger 
processing times, with the optimal processing time increasing 
by a factor of about 3 as the nonuniformity tolerance is 

gas model is used, is slightly larger than the minimum time 
for the larger-size pores (Figure 7). The best processing time 
at 10 torr is greater than the optimal time by about a factor 
of 5-6 in Figure 8, and a factor of 2-3 in Figure 7. Another 
observation from Figures 7 and 8 is that the optimal pressure 
increases with decreasing pore, and this is in agreement with 
the results of Figure 1, which show that the pressure where 
the maximum value of factor De(p,T)p/RT occurs decreases 
with the pore size. 
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pressure in a 20-pm capillary structure 
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Figure 9 presents the effect of the final conversion at the 
surface ( tSf) and of the uniformity tolerance ( p )  on the min- 
imum processing time for capillary and fiber structures. We 
saw in Figures 4 and 6 that for a given value of p, higher 
deposition rates or, equivalently, reactant fluxes at the sur- 
face can be tolerated in a fiber structure than in a capillary 
structure at low values of conversion, whereas at high conver- 
sions the opposite is true. Figure 9 shows that the lower 
"acceptab1e"reaction rates at high conversions may offset the 
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Capillary Structure 

- - - - - -Fiber Structure 
-0.1, r0=50 pm 

6 , -  

80- 
- (7,),,, vs. €,,,for p O . 9  

70 - 

10 1 I I I 
0.70 0.75 0.80 0.85 0.W 

L f Y  p 
Figure 9. Effect of final surface densification level and 

nonuniformity parameter on optimal densifi- 
cation times (parameters same as in Figure 7). 
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effect of the initial higher reaction rates in the fiber struc- 
tures at high surface conversions and lead to higher mini- 
mum processing times than those for capillary structures of 
the same characteristic size. By decreasing the value of the 
center-to-surface conversion ratio (uniformity parameter p ), 
the effect of low reaction rates at higher conversions on the 
reaction times diminishes-in as much as high conversions 
are encountered only close to the external surface of the pre- 
form-and as a result, for p smaller than a certain value, the 
minimum processing time for fibers can become smaller than 
that for capillaries, even for large surface conversions. 

Since the internal surface area, S', and the effective mass- 
transport coefficient change differently, in a relative sense, in 
the course of densification, and the process is carried out at 
constant pressure and temperature, the instantaneous center- 
to-surface reaction rate ratio and the center-to-surface con- 
version ratio vary with the conversion at the surface. Results 
on the variation of these two ratios with the surface conver- 
sion for capillary and fiber structures during densification at 
the optimal conditions are shown in Figure 10. It is seen that 
for the fiber structure, both ratios start from a value higher 
than p at conversion zero and decrease monotonically with 
increasing surface conversion, with &/& reaching p at the 
final surface conversion value. This behavior is a conse- 
quence of the fact that mass transport becomes slower rela- 
tive to reaction as densification progresses. (For the simple 
model this is tantamount to saying that the Thiele modulus, 
@' = a2wk,SeRT/D'(p,T), increases with increasing conver- 
sion.) This is also happening in the capillary structure, but we 
see in Figure 10 that &/& and ( R u ) c / ( R u ) s  start from a 
value higher than p at conversion zero, but they both go 
through a minimum in the medium to high conversion region. 

This different behavior is caused by the fact that the inter- 
nal surface area of a unimodal capillary structure drops faster 

4 
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Figure 10. Progress of center-to-surface conversion 

and center-to-surface reaction-rate ratios 
with surface conversion (parameters same 
as in Figure 7). 
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tures with conversion. E,, = 0.5; a = 0.01 m; f = 11,458. T .  

in a relative sense than that of a unimodal fiber structure in 
the high conversion region. The volumetric deposition rate at 
the center-where the conversion is lower and the internal 
surface area higher-can be larger than that at the external 
surface even though the center concentration is lower. TO 
enable the reader to better follow this argument, as well as 
other arguments based on the evolution of the internal sur- 
face area and the relative resistance of mass transport in the 
interior of the preform, we show in Figure 11 the variation of 
the internal surface area, S/S,, and of the effective bulk and 
Knudsen diffusivity parameters, S,/S,, and S,/S,, with the 
conversion. The normalized Thiele modulus, Q2/Q& is equal 
to (S/So)(Sl,/Sl) in the bulk diffusion regime and 
(S/S,XS2,/S2> in the Knudsen regime. The results for the 
3-D fiber structure do not exceed conversions of 0.926 be- 
cause this structure has a percolation threshold of 0.037. 

When the simplified CVI model is employed (see Eq. 12), 
the mole fraction of the reactant for first-order kinetics has 
no effect on the intraparticle concentration profile for a given 
structure and a given set of operating conditions. As a result, 
it does not have any effect on the optimal pressure and tem- 
perature of operation as well. However, since the reaction 
rate is proportional to the mole fraction, the processing time 
at a given set of operating conditions, and hence the mini- 
mum processing time, varies in inverse proportion to it. Re- 
sults of the dependence of minimum processing time and of 
the optimal pressure on the MTS mole fraction at the surface 
(xMTS,+ = xMTS,b in the absence of external diffusion limita- 
tions) are shown in Figure 12. Even though the kinetic ex- 
pression used for the deposition rate is linear with respect to 
MTS, the minimum deposition time does not vary in inverse 
proportion to the mole fraction, and the optimal pressure 
does not stay constant. This behavior is caused by the exist- 
ence of multicomponent interactions among the gaseous 
species in the reaction mixture, which makes the partial pres- 

sure gradient of MTS larger than that predicted by the Ficks 
law model (see Figure 7). 

The effect of these interactions is stronger for larger mole 
fractions, and this is why the minimum processing time in the 
upper part of the mole-fraction range decreases with increas- 
ing mole fraction less than what the inversely proportional 
relationship between processing time and mole fraction pre- 
dicts. For very small mole fractions (PMTS, pHC, pH2 = p ) ,  
the multicomponent interactions can be neglected, and the 
dusty-gas model equations (Eq. 4) give for MTS 

The second term in the lefthand side of Eq. 16 is the contri- 
bution of viscous flow. This term is of the order of phTS-Vp 
is of the order of pMTS-and can be neglected for small pMTS 
values. Therefore, as the limit of zero mole fraction is ap- 
proached, the dusty-gas model becomes identical to the Fick’s 
law model. Thus, for mole fractions below 0.01, the optimal 
pressure tends to level off, and the processing time varies 
almost inversely proportional to the mole fraction. 

The optimal pressure in Figure 12 decreases with increas- 
ing mole fraction because the increasing importance of multi- 
component interactions makes the effective resistance for 
transport of MTS in the pore space to deviate progressively 
from that predicted by the Fick’s law model. Thus, the value 
of the optimal pressure has to be lowered from the optimal 
value for the Fick‘s law model in order to weaken the effects 
of multicomponent interactions and thus satisfy the nonuni- 
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formity criterion. The two pore sizes exhibit the same quali- 
tative behavior. In agreement with the results of Figures 1, 7, 
and 8, both the optimal pressure and the minimum process- 
ing time decrease with increasing pore size, but the effects on 
the latter is much weaker. Equation 9 may be used to explain 
the weak dependence of minimum processing time on the 
pore size. Since the optimal processing conditions are close 
to the bulk-diffusion regime, De(p,T)p/RT is practically in- 
dependent of pore size, whereas the average value of 
(dr,/dz), is determined by the uniformity criterion. 

Kinetic effects on optimal processing conditions 
We now investigate the dependence of the minimum proc- 

essing time and of the optimal pressure and temperature on 
the kinetics of the deposition reaction. The effect of the mag- 
d u d e  of the rate constant, represented by the parameter w 
for an irreversible reaction, is considered first. Processing time 
vs. pressure results are shown in Figure 13 for unimodal cap- 
illary structures with 50-pm initial pore radius. Qualitatively 
similar results are obtained for other pore sizes and for fiber 
structures (Ofori, 1996). The optimal pressure for each w is 
that at the minimum of the corresponding T~ vs. p curve. 
For pressures lower than a certain limit the best processing 
time tends to decrease with increasing rate constant, and the 
opposite behavior is observed at higher pressure. This behav- 
ior is entirely analogous to that seen for the evolution of the 
De(p,T)p/RT vs. p relationship with changing surface rela- 
tivity [i.e., changing p exp (- E/RT)  factor]. Again, the pres- 
sure range where the various curves intersect each other lies 
in the vicinity of the pressure value where the effect of tem- 
perature on the effective resistance for MTS transport in the 
pore space changes from positive to negative. Since the mini- 
mum processing time is found in the high-pressure range (in 
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the bulk-diffusion regime), its value increases with increasing 
reaction-rate constant, but not by a large, relative to the 
change of w, factor. 

The optimal pressure does not change significantly with a 
change in the reaction-rate constant, and this result agrees 
well with the behavior of the pressure corresponding to the 
maximum value of the D'(p,T)p/RT factor in Figure 2. Fig- 
ure 14 shows that the optimal temperature decreases signifi- 
cantly as the preexponential factor of the reaction is varied 
over an interval of two orders of magnitude. Specifically, 
whereas the optimal pressure changes in the 0.62-0.67-atm 
range, the temperature decreases from about 1725 K at w = 
0.01 to 1,100 K at w = 1. The dependence of the optimal 
processing conditions on the reaction-rate constant can be 
explained by considering the effect of temperature on the 
process parameters. If the effect of temperature on the trans- 
port properties is neglected, different ( w , T )  combinations 
yielding the same value of rate constant [i.e., w exp( - E/RTI] 
would produce identical infiltration results. The effect of the 
temperature on the transport properties is rather weak in 
comparison to that on the rate constant, and therefore, as w 
is increased, T decreases in order to keep w exp(- E/RT)  
approximately constant and, thus, satisfy the uniformity crite- 
rion. In the Knudsen regime, a decrease in T leads to an 
increase in the transport properties and, on that account, to a 
decrease in the processing time. The opposite situation is en- 
countered for the processing time in the bulk-diffusion regime 
and for the minimum processing time. 

The results of Figures 1-6 on the variation of the D'(p,T)p 
/RT factor and of the effects of this variation on the optimal 
processing conditions also apply when the reversible rate ex- 
pression given by Eq. %, or in fact, any other rate expression, 
is employed. The uniformity of deposition is again deter- 
mined by the mole fraction gradient at the surface, (du,/dz),. 
However, since the reaction product affects the reaction rate, 
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larger reaction-rate gradients exist in the interior of the pre- 
form for the same value of (dx,/dz), in the case of a re- 
versible reaction. Thus, smaller values of (dw,/dz), and, 
hence, larger values of processing time (see Eq. 14) are 
needed to satisfy the uniformity criterion for reversible kinet- 
ics. The simplified model can be used to obtain an approxi- 
mate quantitative relationship regarding the effects of the re- 
versibility of the reaction on the processing time. It is shown 
in reaction engineering texts (e.g., Levenspiel, 1972) that the 
Thiele modulus of a reversible reaction with first-order kinet- 
ics is given by 

300 I .  .., - 
I 

- Capillary Structure: rp50 pm, 0=0.1 
p=o.9 

250 \ - 

where k{ and k: are the forward and reverse rate constants, 
and subscript P is used to denote quantities referring to the 
gaseous product ( HCI for S ic  deposition). (The first step in 
deriving Eq. 17 is to use Eq. 12 written for the product and 
the reactant to express the product concentration in terms of 
the reactant concentration.) Compared to the Thiele modu- 
lus of the irreversible reaction, (a2kL/Dg), Eq. 17 indicates 
that the net effect of the reversibility of the reaction in the 
simplified model is to increase the effective reaction rate 
constant by the factor 1 + ( k : / k { )  (-- vp/vR) (Dg/DS), which 
becomes 1 + 3( w'/w) (DeMTs/D&) for the rate expression of 
Eq. 7b and the stoichiometry of Eq. 6. We saw in the various 
results that we have presented and discussed thus far that the 
optimum pressure is found close to the bulk-diffusion regime, 
where DRTS/D&,, is practically independent of pres- 
sure, conversion, and temperature, being almost equal to 
%TS,H~/%~CI.H,. 

The preceding observations lead us to conclude that the 
simplified model would predict the same operational condi- 
tions for reversible reaction and irreversible kinetics if pa- 
rameter w in the irreversible problem has the same value as 
factor 

in the reversible case. As w is changed for irreversible kinet- 
ics (see Figures 13 and 14), the temperature decreases, keep- 
ing the w exp( - E/RT,,,) factor and, therefore, the optimal 
processing time, almost constant. For reversible linear kinet- 
ics, it is the factor 

that is kept almost constant, but the optimal processing time 
is still inversely proportional to w exp( - E/RTop,), that is, 
the reaction-rate constant at the external surface. Therefore, 
as w and w' are changed, one expects the minimum process- 
ing time to vary almost proportionally to 
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Figure 15. Variation of processing time with operating 

pressure showing effect of reversibility in a 
50- pm capillary structure (parameters same 
as in Figure 7). 

that is, increase almost linearly with w' for fixed w ,  increase 
slightly with increasing w (see Figures 13 and 14) for fixed 
w'/w, and vary linearly with l/w for fixed w'. The last result 
is expected to hold for strongly reversible reactions (large w' 
values), since in the irreversible case, ( T ~ ) , , , ~ "  increases slightly 
with increasing w. 

Figure 15 presents processing time vs. pressure results for 
various w' values, and Figure 16 shows the variation of the 
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Figure 16. Effect of dimensionless reverse-reaction-rate 

constant on optimal temperature and densifi- 
cation time (parameters same as in Figure 7). 
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optimal temperature and of the minimum processing time 
with wr. The results shown in these figures are in complete 
agreement with the observations made in the previous para- 
graph. The simplified model predicts that the slope of ( T ~ ) ~ ~ ~  

vs. w’ should be equal to 2.5 ( a)&Ts,H,/a>&l,Hz = 0.51, and 
this value compares very well with the average slope of the 

vs. wr curve in Figure 16. The difference is the com- 
bined effect of the multicomponent interactions in the com- 
plete model used to get the results of Figures 15 and 16 and 
the fact that even in the simplified model, the slope is not 
exactly equal to 

w’ LTS .H2 1 + 3 - 7 .  
w DHCI,H, 

In the simplified model, the optimal conditions are deter- 
mined only by the factor 

Comparison of the optimal temperatures of Figure 16 for 
w =0.1 and w‘ between 0 and 0.1, and Figure 14 for w 
between 0.1 and 0.25-recall that a)~Ts,H2/a)&CI,H, = 
0.5-shows that this is approximately the case even for the 
complete model. 

We have employed the same preform size to obtain all the 
results we presented and discussed in this study because the 
effect of u2 on the optimal processing conditions is similar to 
that of w. To prove this we can use the expression for Thiele 
modulus of the reversible reaction (Eq. 17). Increasing u2 by 
a certain factor is equivalent to applying the same relative 
increase to w. In analogy to what happens in the reversible 
reaction case when or is changed, u2w exp(- E/RTopt) re- 
mains approximately constant as u2 is changed. Thus, the 
minimum processing time, which is inversely proportional to 
w exp( - E/RT,,,), varies proportionally to u2. This approxi- 
mate result can also be obtained from Eq. 14 by realizing 
that a given value of /3 fixes the average value of a(dr,/dt),, 
that is, the average mole-fraction gradient of the reactant with 
respect to the dimensionless distance. 

Summary and Concluding Remarks 
In this study we determined optimal pressure and tempera- 

ture pairs ( p , T )  that minimize the time required to densify 
by chemical vapor infiltration (CVI) under isobaric, isother- 
mal conditions a porous preform to a prespecified density 
level at its external surface under the constraint that the uni- 
formity of deposition, measured by the center-to-surface con- 
version ratio, does not fall below a certain value. A general 
mathematical model was used to describe the CVI process. It 
uses the dusty-gas model equations to relate the fluxes of the 
gaseous species to partial pressure and partial-pressure gra- 
dients, with D’Arcy’s law employed to describe viscous flow. 
The structure of the porous medium was represented by ran- 
domly overlapping capillaries (for the void space) or ran- 
domly overlapping fibers (for the solid phase). The deposi- 
tion of S ic  from MTS was used as a model chemical-vapor 
infiltration reaction. 

A simplified CVI model, based on using Fick’s law to de- 
scribe the transport of each species in the pore space, was 
used to obtain some general qualitative results on optimal 
pressures and temperatures in isothermal, isobaric CVI, 
which were comapred with the numerical results obtained us- 
ing the general CVI model for S i c  infiltration. The results 
showed that the optimal pressures for CVI under conditions 
of diffusion-driven transport are much larger than the pres- 
sures that are commonly used in industrial CVI processes, 
lying in the 0.5-0.7-atm range for 50-pm initial pore radius. 
The minimum densification times that can be achieved at the 
optimum pressures can be by almost an order of magnitude 
lower than the best processing times in the 10-50-torr range 
for 10-pm pores. In general, the optimal pressure is located 
close to the bulk-diffusion regime, and as a result, it tends to 
increase with decreasing pore size. The minimum processing 
time increases slightly as the initial pore size is decreased, 
but its difference from the best processing time at low pres- 
sure varies almost linearly with the inverse of the pore size. 

The location of the optimal pressure is affected rather in- 
significantly by the other parameters of the process, but ex- 
actly the opposite situation is observed for the optimal tem- 
perature, Topt. Topt decreases significantly with increasing de- 
position uniformity in the final product, final conversion level 
at the external surface, reverse reaction-rate constant, and 
preform size. As a consequence of the decrease in the opti- 
mal temperature, the minimum processing time increases sig- 
nificantly in all these cases. The optimal temperature also 
decreases with increasing forward reaction-rate constant, but 
in this case, the effect of decreasing temperature is compen- 
sated by that of the increased rate constant, and thus, the 
minimum processing time increases only slightly or even de- 
creases for strongly reversible reactions. The ambient value 
of the mole fraction of the reactant does not affect strongly 
the optimal operating conditions, but, since the reaction rate 
and the rate of mass transport are proportional to it, it has a 
strong influence on the processing time. 

The simplified model was employed to derive an approxi- 
mate relationship for the variation of the minimum process- 
ing time with several of the parameters of the process. These 
relationships were obeyed rather closely by the results of the 
general model, but because of multicomponent interactions 
among the various species in the reacting mixture, the simpli- 
fied model gave much lower processing times. The type of 
the pore structure had significant quantitative effects on the 
predictions of the overall CVI model. Because of smaller dif- 
fusion coefficients at high conversions, fiber structures gave 
larger minimum processing times for higher values of final 
surface conversion than capillary structures of the same ini- 
tial porosity and internal surface area. 

When the pressure or temperature of operation is fixed, 
the problem displays only one degree of freedom, and thus, 
by treating the uniformity criterion as an equality, we can 
solve for the value of the free parameter. One may use these 
results to construct processing time vs. p or processing time 
vs. T curves, and determine the optimal processing condi- 
tions as those corresponding to the minimum of those curves. 
In the processing time vs. p curve, the processing time tends 
to rise sharply only in the Knudsen diffusion regime, whereas 
in the bulk diffusion regime where the minimum processing 
time and the optimal pressure are located, the curve is very 
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flat. This observation, in conjunction with the weak depend- 
ence of the optimal pressure on kinetics, preform size, and 
operating conditions indicates that provided the chemical va- 
por infiltration process is carried out away from the Knudsen 
diffusion regime, the exact value of the operating pressure is 
rather unimportant. There is a whole range of pressure val- 
ues where one can find a temperature of operation that satis- 
fies the nonuniformity criterion and yields processing times 
slightly higher than the minimum processing time. A similar 
argument may be made about the temperature, but in that 
case one does not have a-priori information on which range 
of temperatures yields processing times close to  the minimum 
value. It should be noted that since in most chemical vapor 
deposition reactions, deposition of an acceptable product oc- 
curs only within a window of operating conditions, the opti- 
mum pressure and temperature values predicted for a certain 
preform may lie outside that window. Of course, in such a 
case one should work with the combination of feasible tem- 
perature and pressure values that gives the least difference 
from the minimum processing time, for instance, the highest 
possible pressure if there are no restrictions on temperature. 
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