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n an

, A mathematical model was developed to elucidate the interaction between
'ping transport/reaction processes and the evolution of porosity in chemical vapor infiltration

med with microwave heating (MCVI). The analysis included a set of partial differential

' the equations describing the spatiotemporal variation of gaseous species concentration,
composite temperature, porosity, and stress. Maxwell’s equations were used to determine
the distribution of power dissipated inside the composite. The deposition of silicon
carbide was selected as a model chemical system to explore the general features of

e fi- MCYI. MCYI can provide a f.avorable temperature distril?ution in the composite .

telhi yielding an inside-out deposition pattern, thereby preventing entrapment of accessible

porosity. For this temperature profile, tensile stresses develop at the outer regions and
compressive stresses are found in the composite core. For a given system there exists

a minimum value of the coefficient for heat transfer from the composite-surface, A,
below which accessible porosity is trapped within the composite. Similarly, there exists
a maximum value of the incident microwave energy flux, Iy, above which accessible

, and porosity is trapped within the composite. /o and & can be optimized for a given preform
to achieve complete densification with minimum processing time. Using the technique of

8). pulsed-power, the processing time can be reduced even further without compromising
% and density uniformity. Power dissipation profiles in the composite depend strongly on
Phys. preform thickness, microwave frequency, and relative loss factor.
3).
ol 16,
I. INTRODUCTION come some of the limitations of the isothermal process.
1985). Chemical vapor infiltration (CVI) is considered These include pressure-driven, temperature-gradient, and
s 108, one of the leading techniques for the fabrication of pulsed-pressure CVL. i
amon, fiber-reinforced ceramic composites.'? Interest in these An emerging technique thét may prove Superior
composites stems from their superior fracture toughness,  '© Other CVI methods uses microwave heating. Ad-
6). reliability, durability, and noncatastrophic failure which ~ vantages of this technique include rapid and selective
Auger make them attractive for a wide range of high- heatmg, fast response to cpangeg in power, and' the
s L, temperature applications.3 In CVI, gaseous reactants potential to procl.uce5 6ceramlcs W'lth partlcular.mlcro-
ap. 3 infiltrate a heated porous preform and decompose structural .propert'les. , Sq farZ mlcrow?ve heating has
Films to deposit a solid matrix, thereby filling the porcs.4 been 'aPphed mainly to smtcrmg,.bl'lt it appears to be
Important goals of VCI include uniform densification ~ PTOTMSINg for CVI as well. The distinct feature of CVI
s 143, and short processing time. vath microwave heating is that absorption of power
In traditional CVI, densification is achieved by heat- 18 .achleved throughout the vol.ume of the comppsnte.
82). ing the preform to the appropriate temperature in a This leads to a tegnperature that increases monotgmcally
Phys. furnace. In this isothermal CVI method, reactants are from t.h‘e compo§1te surface toward tt{e centel:. Since the
depleted as they diffuse from the surface of the com- deposition rate is usually a monotonic function of both
3, 696 posite inward, Reactant depletion causes preferential reactant concentration and temperature, reactant deple-
2,87 deposition close to the surface, and the eventual sealing tion is coun'terbalanced by the increasing temperature as
of the external transport conduits. The final result is the gases diffuse toward the composite center. In fact,
Appl- significant porosity entrapment within the composite. In judicious selection of the microwave power can lead

order to minimize reactant depletion, one has to use a
low processing temperature. Such action, however, leads
to long processing times which can reach several weeks.
Several alternative methods have been proposed to over-
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to an inside-out densification of the composite without
residual accessible porosity.

Mathematical models provide a basis for understand-
ing the complex interaction of transport and reaction
processes taking place in CVI. Model predictions can
suggest process improvements, novel reactor config-
urations, and better process control strategies. There
have been several theoretical studies of CVI and some
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examples are given next. A pressure-driven, temperature-
gradient CVI was investigated by Tai and Chou’ using
a two-dimensional model for the deposition of SiC.
Based on a model for forced-flow CVI, Gupte and
Tsamopoulos® concluded that forced flow of reactants
can improve the uniformity of densification. Middleman®
and Sheldon'® showed that proper selection of the system
chemistry may lead to process improvements. Melkote
and Jensen'! used Monte Carlo simulations to describe
the evolution of the structural parameters of the com-
posite. They studied the effect of temperature under
isothermal and temperature-gradient conditions. Pulsed-
pressure CVI was studied by Sotirchos,'? employing a
model to describe the dynamic behavior of the process.

Mathematical modeling can be especially useful for
as yet undeveloped processes such as CVI with micro-
wave heating. The first study of CVI with microwave
heating was reported by Gupta and Evans.!’ These
authors used a very simplified model of the preform
structure (a single pore model) and pseudosteady-state
equations to describe the processing of a SiC composite.
Shortly thereafter, a mathematical model of CVI with
volume heating was proposed by Morell et al.!* In this
investigation, a detailed description of the transport-
reaction processes and of the evolving pore structure
was included. Model results revealed the existence of a
critical value of power density above which entrapment
of otherwise accessible porosity occurs. In a follow-up
study, Morell ef al.'> proposed a novel technique called
pulsed-power volume-heating CVI. In this technique the
power of the volume-heating source (e.g., microwaves)
is modulated according to a prescribed wave form. A
window of operating conditions was identified leading
to substantial improvements in deposit uniformity with
simultaneous reduction in processing time (as compared
to cw operation). These studies, however, assumed thin
samples and, hence, microwave power attenuation was
not considered. Furthermore, the possibility of excessive
stress development in the composite was not examined.

The present study is an extension of our previous
works. A mathematical model is developed to elucidate
the interaction between transport/reaction processes and
the evolution of the porous matrix in microwave chemi-
cal vapor infiltration (MCVI). The analysis includes a set
of equations describing the space and time dependence
of species concentration, temperature, pressure, porosity,
and stress distribution. In addition, Maxwell’s equations
are used to determine the distribution of power dissi-
pated inside the composite. The deposition of silicon
carbide in a silicon carbide fiber preform is selected as
a model chemical system to explore the general features
of MCVL

Results show that MCVI can result in a favorable
temperature profile (with temperature increasing mono-
tonically toward the composite center) that leads to

an inside-out densification pattern. For this temperature
profile, tensile stresses develop at the surface, whereag
compressive stresses are found at the composite core,
In some regions of the parameter space, a standing
wave of dissipated power is established that can affect
the temperature distribution in the composite. Power
pulsing can provide a window of operating conditions for
achieving significant improvement in deposit uniformity
as well as reduction in processing time.

Il. DEVELOPMENT OF THE MATHEMATICAL
MODEL

The system being investigated consists of a free-
standing preform of slab geometry and width 2L as
shown in Fig. 1. The preform length and height are
assumed to be much larger than its width so that a
one-dimensional analysis is applicable. The preform is
composed of cylindrical fibers oriented randomly in
three-dimensional space and resides in an appropriate
microwave cavity. Microwaves are incident symmetri-
cally onto both faces of the preform with the same
uniform power per unit surface area (P,). Gaseous
precursors of known composition and temperature flow
continuously through the cavity keeping a constant
species composition at the preform surface. Gaseous
reactants infiltrate the preform and decompose to deposit
a solid. Deposition continues until complete densification
is achieved. The goal is to calculate the spatial and
temporal variations in temperature, pressure, reactant
and product species concentration, and microwave power
dissipation, stress, and porosity. Ultimately one is
interested in the final density and mechanical properties
of the composite and the total densification time.

CH,SICl,
H 2

E

X

FIG. 1. Schematic of the CVI system with microwave heating. A slab
is heated symmetrically by microwaves traveling in the z-direction.
The electric and magnetic field vectors are also shown.
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A. Microwave heating

To determine the power dissipated in the composite,
&, we consider the propagation of plane waves in the z-
direction incident symmetrically and normal to the sides
of the composite located at z = =L (Fig. 1). The local
electric field is found from Maxwell’s equations, which
for the system of interest reduce into a single phasor
expression as follows'

VZE; — v*E; =0 Q)

in which E; is the spatially dependent electric field.
Quantity 7y is known as the complex propagation con-
stant and is given by

Y = oymoe(—k +ik) =a +if @

where the attenuation and phase factors are given by
Egs. (3) and (4), respectively:

e(y1+ Gy - 1)

& = o HgE\ > )

k’(\/l + (k"/k)? + 1)

B = w\/.U«OGO\ 2 )]

In the above equations, w(= 27 f) is the angular fre-
quency of the applied field, k'(= €'/e€p) is the relative
dielectric constant, and k(= €"/ey = .0 !/€p) is the
relative loss factor. The relative dielectric constant ac-
counts for the polarization of a medium caused by an
applied electric field. The relative loss factor accounts
for the development of currents that lead to the thermal
dissipation of energy.

Invoking appropriate continuity conditions at the
interfaces between ceramic and surrounding medium
(assumed to be free space), one can obtain the following
expression for the electric field, E,:

(e—%z + e‘)’cz)

[(mo + 1) — (o — mc)e~2rL]
~L=sz=<[L

E, = 217, Egel07)

©)

where E, is the amplitude of the incident wave, sub-
scripts zero and ¢ denote free-space and ceramic prop-
erties, respectively. The intrinsic impedance of medium
m can be obtained from

- | H0
Tm \/ colk: — ik") ©)

The power dissipated per unit volume of composite can
then be obtained from

b= -;-weok”(E, -EY) )

For thin samples, Eq. (5) yields a constant value of
the electric field strength in the ceramic, implying that
attenuation of the microwave field is negligible. This
assumption was made in previous analyses of MCVI.1415
In Eq. (7) the relative loss factor k” is a function of
porosity, and perhaps more importantly, it is a function
of temperature (normally k" increases with temperature).
If k" depends strongly on temperature, microwave heat-
ing may be problematic. As the ceramic absorbs energy
and its temperature increases, the loss factor k" increases
as well, and even more energy is absorbed. This feedback
mechanism can lead to thermal runaway.!” The simplest
form of porosity dependence is

K" = (1 — $)k! + pkY ®

where ¢ is the total porosity. The electric field strength
of the incident wave may also be written in terms of the
incident energy flux using the following relation

A e 9
0= 3y b )

B. Thermal stresses and heat transport

During CVI the ceramic composite is subjected to
high temperatures that may lead to the development of
significant thermal stresses. In general, thermal stresses
may be induced by a nonuniform temperature variation
within the medium, differences in thermomechanical
properties in a multicomponent medium, or by direc-
tional variations in the properties of the material. In this
study our purpose is to assess the thermal stresses due
to temperature gradients to assure that crack initiation
does not occur.

To evaluate the stress distribution we consider that
the thickness of the slab is small compared to the lateral
dimensions, the slab faces are free of tractions, and that
the system is symmetric about the midplane. This leads

to a plane stress problem, i.e.,
Oy = Oy = 03 = 0xy =0 (10)

The stresses can then be readily found from the compat-

ibility conditions
arE | 1 [*
Oxx = Oyy =0 = 1= V[z/(; T(t,Z)dZ—T(t,Z)}
(11

whereas the strains are obtained from the stress-strain
relations

1 [t
€x T €y T ar[izj?) T(t,z)dz — To:l (12)
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= ar
2T 177,
L
.Ii_ziy.fo T(t,z)dz + (1 + »)T(t,2) — (1 — V)Toil
(13)
ezy = €x; T Exy =0 (14)

The thermomechanical properties are the coefficient of
thermal expansion, ar, Young’s modulus of elasticity, E,
and Poisson’s ratio, v. These properties are assumed to
be constant. It should be noted that the thermal stress
problem can be solved independently from the tem-
perature distribution. This is because the thermoelastic
dissipation term in the energy balance is negligible. In
Eqgs. (12) and (13), T is a base temperature at which the
strains in the material are zero (here taken as 300 K). We
realize that the above equations apply to a homogeneous
isotropic medium. However, we still use these equations
to obtain an order of magnitude estimate of the stresses
in the composite.

Temperature variations inside the composite are de-
scribed by

aT z
Coor ~ V-V )+ > (N.C,.)

r=1
“V T+ (AHR)=®, (15
i=1

where C¢ and k¢ are the effective heat capacity per
unit volume and effective thermal conductivity of the
fiber-matrix composite, respectively. The first term on
the left-hand side of Eq. (15) is an energy accumulation
term, whereas the second to fourth terms account for
heat conduction, convection, and heat of reaction, re-
spectively. The term on the right-hand side represents the
power dissipated per unit volume of composite [Eq. (7)]
due to microwave heating.

C. Mass transport and chemical reaction

The conservation equation for the rth gaseous
species is given by

$4C

ax,

+V-J, + N-Vx, =

Z vriRt
i=1

where ¢, is the accessible porosity, C is the total
gaseous concentration, and x, and J, are the mole
fraction and the diffusive flux of the rth species, re-
spectively. N is the total molar flux, n® and n® are
the number of gaseous species and chemical reactions
considered in the model, and R; is the rate of the ith
reaction per unit volume of composite.

ZZvr.. (16)

r=1i=

The molar fluxes for a mixture of three gaseous
species, as the one considered in this study, are obtained
from the Dusty Gas model assuming negligible contriby-
tions to the fluxes by surface diffusion, thermal diffusion,
and thermal transpiration,'”

Ji = —ApAnly
.{AI/AZS = x[A(1/Ayn = 1/Ap) + A(1/Ay — 1/AL)]}
[x(Ay ~ Ap) + x(A5 — Ap) + Ay]
(17
Jo = —ApApAy
‘{AZ/ASI — x[A(1/Ay — 1/A3) + A(1/A5 — 1/A)])
[xl(AZJ - A]z) + -xz(Am - AIZ) + Alz]
(18)
where
A, =—Vx Ar 1 - ——-1— ve
r RT r RT s
D¢ Y x,/D¢
s=1
(19
L, t 20
A, D z )

" DeDe Y x,/Df
t=1

The previous equations in conjunction with the constraint
that the sum of the diffusive molar fluxes must be
zero and a corresponding equation for the total flux
constitute a complete set of independent equations for the
molar fluxes.

The spatiotemporal dependence of the accessible
porosity can be obtained from the following equation

2 _ -2 ka, , @1)

in which M and p, are the molecular weight and density
of the deposited solid, respectively. The rate of ith
reaction per unit volume of composite, R;, is given by
R — $4R]; for a homogeneous reaction

! for a heterogeneous reaction

SR @
where R} is the reaction rate per unit volume of gas,
R,; is the reaction rate per unit surface area, and Sy i
the accessible surface area per unit volume of composite.

In order to characterize the process, the averagé
trapped accessible porosity, ?5/”, is introduced as a
measure of deposit nonuniformities. This is given by

Par _ 1 Par 3
a0 Lj (d’Ao)d @
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where ¢a.r represents trapped porosity that can no longer
be infiltrated by the reactant. Such a situation occurs,
for example, when premature sealing of the pores near
the preform surface does not allow reactant to penetrate
deeper into the preform, resulting in trapped porosity.

The governing equations are subject to the following
boundary and initial conditions:

atz=0 Vix =0, VP =0, VT =0
(24)

atz=L Xr ™ Xpp, P=Pb, _‘keVT
=T — T,) + ospé(T* - T}) (25)

att =0 X, = X,0, P =Py,
T = T,, ba = dap (26)

D. Preform structure and model parameters

The transport properties of the multicomponent
gaseous mixture were determined using the Chapman-—
Enskog theory.?’ The mathematical formulation accounts
for the dependence of these properties on temperature,
pressure, composition, and structural changes of the
composite. Thermodynamic properties also account for
temperature variations as well as the two-phase nature
of the system. The variation of the structural parameters
of the preform can be found in the literature.!#?1-22

E. Chemical kinetics

In the present study we considered the deposition
of silicon carbide from the decomposition of methyl-
trichlorosilane (MTS) as a model chemical system.
Although this system has been the subject of several
investigations, there still exists considerable uncer-
tainty about the reaction mechanism and kinetic
parameters.”>? Since our main emphasis was on
microwave heating, simplified chemical Kkinetics was
used, whereby the deposition of SiC was described by
the following overall reaction

CH,SiCl; — SiC + 3HCI 27
The deposition rate is then given by

Ry = xm1sChy exp [—E/(RT)] (28)

TABLEI Physical and transport properties.

where the pre-exponential factor and activation energy
are ky = 2.62 m/s and E; = 120 kJ/mol, respectively.?
In accordance with Eq. (27), three gaseous components
are included in the model, namely, methyltrichloro-
silane, hydrogen chloride, and hydrogen (an inert).
Equation (28) does not include possible etching of SiC
by the HCI by-product. More complicated deposition/
etching kinetics could be readily included in the model
except that kinetic information is unavailable.

F. Numerical method

The method of lines was used to solve the set of
partial differential equations describing the behavior of
the system. The discretization of the spatial derivatives
was accomplished using orthogonal collocation on finite
elements with B-splines basis functions.”® The number
of collocation points was chosen such that the spatial
and temporal variations of the power dissipated within
the composite could be captured. The resulting set of
ordinary differential equations was integrated in time
using a variable-step variable-formula method. The CPU
time needed to obtain the solution varied from 1 to
15 min of CRAY-YMP, dependmg on the parameter
values used.

Hl. RESULTS AND DISCUSSION

The behavior of MCVI is elucidated by studying
the response of the system to changes of several key
parameters. A SiC preform with an initial accessible
porosity of 0.5 is considered. The initial temperature
of the preform and the ambient temperature is 300 K.
Physical and transport properties of the gaseous species
and preform properties are given in Table 1. Basic param-
eter values used for calculations are shown in Table II.
Parametric studies were carried out by varying the value
of one parameter while keeping the other parameters
constant. The basic parameter values were used unless
stated otherwise.

The power dissipated per unit volume within the
composite @ is an important quantity that dictates the
temperature distribution and, hence, the time evolution
of densification. The spatial dependence of ® on the
half-thickness of the preform is shown in Fig. 2. For
small values of L (e.g., 1 mm) the power decreases

Df = 3967 d,T%, m%/s

Df = 34.16Wd,,T°5, m2/s

Dy3 = 6.75 X 107° T'5/(PQy3), m?*/s
= 149.48 g/mol

M; = 2.01 g/mol

D5 = 8.03:24,795, m%/s

Diy = 1.57 X 1072 T'3/(PQy5), m?/s
Dy = 1.42 X 1078 T15/(PQy3), m%/s
M, = 36.46 g/mol

pe =321 g/em®
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TABLE 1. Basic parameter values used for calculations.

Symbol Name Basic value
L Half preform thickness 1 mm
dao Initial accessible porosity 0.5
h Heat-transfer coefficient 329 W/(m2 K)
Py Initial pressure 1 atm
rf Fiber radius 4.0 pm
Ty Ambient temperature 300K
T’ Reference temperature 1000 K
X1b CH;SiCl3 mole fraction 0.1
X2b Hydrogen mole fraction 09
Iy Incident energy flux 1.5 MW/m?
f Frequency 2.45 GHz
K Relative dielectric constant 60
K Relative loss factor 35
k Thermal conductivity of SiC 10 J/(m s K)
%4 Reference thermal conductivity  6.58 X 1072 J/(m s K)
E Young’s modulus of elasticity 400 GPa
v Poisson’s ratio 0.2
ar Coefficient of thermal expansion 5.0 X 1076 K?

monotonically from the center (dimensionless distance
¢ = 0) toward the surface of the composite (dimension-
less distance ¢ = 1). Such spatial variations of power
arise when the ratio of the wavelength of the microwaves
to composite half-thickness A,/L is greater than unity.
In fact, for very small values of L the power density is
nearly constant. An increase in L, however, leads to a
wave pattern of power deposition. This happens when the
wavelength to half-thickness ratio A,/L is about unity
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FIG. 2. Power dissipation as a function of distance within the com-
posite for different half-thicknesses L. Other parameters at their
basic value.
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or smaller. When L is very large there results an almost
exponential decay of dissipated power.

Figure 3 illustrates the dimensionless power dissipa-
tion as a function of position for several values of the loss
factor k. The dimensionless power is defined as @~ =
®L2/(T7k"), where T™ and k" are reference values
for temperature and thermal conductivity (Table II). A
wave-like profile is obtained, and power dissipation
increases with k”. At present, data on the variation of
k' with temperature and frequency are scanty. Such data
are important if more precise predictions are to be made.

Figure 4 shows that the spatial power dissipation
profiles depend strongly on frequency. Conditions were
as in Fig. 3 except that f was set at 31 GHz. The 3-
D plot illustrates that a wave pattern emerges for a loss
factor less than about 12. Larger values of k" lead to sig-
nificant attenuation of the microwaves, and &® becomes
essentially zero in the inner core of the composite (near
¢ = 0). In general, the power dissipation profiles are
described by a combination of exponential and sine-like
factors [see Eq. (5)]. The exponential factors predomi-
nate for large values of k. The power dissipation profiles
affect the temperature distribution in the composite.
When the thermal conductivity of the composite is low, a
wave-like temperature distribution is obtained following
the power dissipation profile. However, for high values
of the thermal conductivity, nonuniformities in power
dissipation are smoothed out.

We now turn to the densification process. It is useful
to consider some results of the isothermal CVI first since
they can provide a basis for comparison. It was found
that at a temperature of 1000 K one can obtain excellent
density uniformity at the expense of long processing
time (=40 h). On the other hand, temperatures higher
than 1300 K resulted in preferential deposition close to

50 T T T T
f = 245 GHz

1=15 MW/m?

40
L=5mm
30

20

10

I
0.4

0

|
0.0 0.2 0.6 1.0

0.8
Dimensionless Distance ()

FIG. 3. Power dissipation as a function of distance within the com-
posite for several values of the relative loss factor k". Other parame-
ters at their basic value.
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300

FIG. 4. Power dissipation as a function of distance within the com-
posite for several values of the relative loss factor k”. Other parame-
ters at their basic value except that f = 31 GHz and L = 5 mm.

the surface of the composite and eventual closure of the
surface pores. Hence, isothermal CVI is constrained to
low operating temperatures.

Figure 5 shows the spatiotemporal variation of the
reduced accessible porosity for MCVI and for the basic
parameter values. Under these conditions, microwave
heating leads to almost constant porosity profiles at the
initial stages of the process. At later times, however,
the porosity is lower at the center and higher at the
surface of the composite; i.e., an inside-out deposition
pattern is obtained. A lower processing time is also
obtained, as compared to isothermal conditions. The

1.0 L = 170 T T T
2
I =15 MW/m
0.8L_ 600 o |
1200  h = 329 W/(m?K)
-]
5:! 0.6 - 2700 T
3 ,
& g4l 5100 —
9000 I
0.2 | 17400 _
48300 I
0.0 1 ] 1 !

0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Distance ({)

FIQ. 5. Time evolution of accessible porosity profiles. Parameters at
their basic value.

underlying factor responsible for this behavior is the
spatial variation of the composite temperature, shown in
Fig. 6. The temperature exhibits a maximum at the center
and decreases monotonically toward the surface of the
composite. Such a temperature profile allows for a deeper
infiltration of reactant within the composite and prevents
the early closure of the surface pores. Similar findings
were reported for volume-heating CVI of carbon, as well
as pulsed-power volume-heating CVL*! It should be
noted that the temperature gradients prevailing within
the fiber-matrix composite depend significantly on the
effective thermal conductivity and its evolution during
the deposition process. In addition, surface cooling of
the composite is necessary in order to achieve enough
temperature gradient for inside-out densification to
occur. This is in contrast to microwave sintering in which
the sample is insulated. Surface cooling can be achieved
by radiation to the cooled microwave cavity walls and
forced gas flow over the sample.

The spatially averaged trapped accessible porosity
and processing time as a function of the heat-transfer co-
efficient are shown in Fig. 7. Trapped accessible porosity
refers to the porosity that otherwise would have been
accessible to the reactants but has been trapped because
of premature pore sealing. The processing time 7yoq is
the time needed for the composite to reach an average
accessible porosity of 10% of its initial value (@ ,/ b0 =
0.1). Increasing the heat-transfer coefficient leads to a
substantial reduction in the trapped accessible porosity.
Actually, there exists a minimum value of A above
which no entrapment of porosity occurs. However, as
h increases, the time required for complete densification
increases as well. It appears that A ~ 330 W/m?-K is
near optimum for the conditions examined. A similar
behavior (not shown) is obtained when the incident
power flux, Iy, is the varying parameter. Increasing I,

1.5 1 T T 1
t=170 s \;\
Q 600 In= 1.5 MW/m
%, 1.3F 1200  h=320 w(m®K)
- \
x 2700
@ 1.2f T
E 5100 |
g 9000 T
— ]
g. 1.0 17400 -
— ]
o 48300
\
0.9 ' 1 ' -

0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Distance ({)

FIG. 6. Time evolution of temperature profiles. Parameters at their
basic value.
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FIG. 7. Variation of the spatially averaged trapped porosity and of
processing time with the heat-transfer coefficient. Other parameters at
their basic value.

reduces 704, but values of Iy exceeding 1.6 MW/m?
would result in the development of trapped accessible
porosity. The relative loss factor also affects the variation
of ¢ 47/ P a0, particularly as the preform size is increased.
When a 1 cm-thick preform (L = 5 mm) is used, k"
values larger than seven would result in an early sealing
of the surface pores, and, hence, a large portion of the
preform would remain undensified.

The stress profiles (¢ = o, = 0y, in dimension-
less units) as a function of time are shown in Fig. 8
for the basic parameter values. One can see the devel-
opment of tensile stresses extending from a dimension-
less position of about 0.6 toward the surface, whereas
compressive stresses develop in the remainder of the
composite. The temperature distribution is accountable

40 I T T I

- 2
a0 1,= 1.5 MW/m

h= 329 W/(m?K) A

| 48300

2700
t=10s

3.0 ] 1 ] i
0.0 0.2 0.4 0.6 08 1.0

Dimensionless Distance(()

FIG. 8. Time evolution of stress profiles. Parameters at their
basic value.

for this behavior, since temperatures below the aver-
age lead to tensile stress and above the average result
in compressive stress. Tensile stresses are larger than
compressive stresses reaching a maximum value of 0.04
dimensionless units located at the surface. At this point
some comments are in order regarding possible crack
initiation and fracture. It is reasonable to assume that the
initial fracture behavior of the composite is determined
primarily by the tensile strength of the fibers. A typical
value for the tensile strength of SiC fibers is 900 MPa,
This value corresponds to a critical dimensionless stress
of 0.36 units. Since the critical stress is significantly
larger than 0.04, no crack initiation is expected for
these conditions. It is important to note that when the
loss factor k” increases sharply with temperature, the
likelihood of obtaining crack initiation due to thermal
stresses is very high. In fact, complete meltdown of
the ceramic may occur in such cases due to thermal
runaway. Special power modulation schemes can be used
to circumvent these problems.!”

The corresponding strain profiles in the zz-direction
as a function of time are illustrated in Fig. 9. These
profiles exhibit a spatial dependence similar to that of the
composite temperature (Fig. 6). The maximum strain is
about 0.61% and occurs at the center of the composite.
The strain increases sharply with time at early times and
decreases thereafter, foliowing the behavior of the com-
posite temperature. At later times the effective thermal
conductivity and heat capacity of the composite increase
because of densification, leading to lower temperatures.
The strains in the xx- and yy-directions are spatially
independent.

To evaluate the impact of power dissipation profiles
on MCVI, Fig. 10 shows the spatiotemporal variations
of the stress for a 10 mm-thick preform and for f =

0.8 T i | !
| =1.5 MW/m?
0.7 |- 0 4
t=10s h=329 Wi(m?K)
« 0.6F —_— T
o
« 050 2700 -
N
w -
0-4 = 48300
0.3 |- -
0.2 L 1 1 _

|
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Distance ({)

FIG. 9. Time evolution of strain profiles in the zz-direction. Parame-
ters at their basic value.
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FIG. 10. Time evolution of stress profiles. Parameters at their basic
value except that f = 31 GHzand L = 5 mm.

31 GHz. Under these conditions @ decreases exponen-
tially toward the center of the composite, resulting (ini-
tially) at higher surface temperature. This is the opposite
temperature distribution from that desired for successful
MCVL The stress profile shows tensile stresses in the
core region and compressive stresses in the remainder
of the composite. At later times, however, the surface
temperature diminishes (not shown) due to the heat
dissipation from the composite surface by convection
and radiation. During that time, the center temperature
increases and eventually becomes higher than the surface
temperature. Consequently, the surface stress changes
from a compressive stress of 0.11 dimensionless units to
a tensile stress of 0.03 units in a period of less than 70 s.
During the same period, the center stress varies from
0.07 to —0.01 units. It should be noted that, although
the temperature eventually attains a minimum at the
surface, these operating conditions will lead to early
closure of the surface pores and entrapment of porosity
in the composite core.

Pulsed-power MCVI

Microwave CVI with pulsed-power has been found
to provide substantial reductions in processing time
without compromising density uniformity.!S In this tech-
nique, the source power is modulated in time with a
specific period and duty cycle. During the low-power
part of the cycle, the temperature of the composite
decreases, reducing the reaction rate and thus allowing
the reactants to diffuse into the composite. This alleviates
diffusional limitations within the composite, minimizing
density nonuniformities. The high-power part of the
Cycle leads to rapid reaction rates, thereby minimizing
the processing time. Pulsed-power simulations showed,

for example, that the entrapment of porosity that devel-
ops for the case with Iy = 1.7 MW/m? (other parame-
ters as shown in Table II) is completely avoided with a
20% reduction in processing time.

IV. SUMMARY AND CONCLUSIONS

The transport, reaction, and thermoelastic phenom-
ena taking place in microwave chemical vapor infiltra-
tion have been investigated using a mathematical model.
A preform of slab geometry consisting of randomly
oriented SiC fibers was studied. MTS in a H, carrier gas
was used as the precursor for the deposition of the SiC
matrix. The model included partial differential equations
to describe the spatial and temporal variations of the
gaseous species composition, composite temperature,
porosity, and stress. Maxwell’s equations provided the
power dissipated in the composite as a function of
several key parameters including preform thickness, loss
factor, and frequency of microwave field.

Model results showed that MCVI can provide a
favorable temperature profile in the composite with tem-
perature increasing from the surface to the center of the
composite. This profile yields an inside-out deposition
pattern, thereby preventing entrapment of accessible
porosity. In addition this temperature profile leads to
tensile stresses at the outer regions and compressive
stresses at the core of the composite. However, the op-
posite stress profile can develop at early times although
this lasts for a very short time. These phenomena are
more pronounced for high frequency and/or large loss
factor k”. For a given preform there exists a minimum
heat-transfer coefficient below which accessible porosity
is trapped within the composite. This underscores the
need to cool the composite surface in order to obtain
a favorable temperature distribution. Similarly, there
exists a maximum /, above which accessible porosity is
trapped within the composite. Iy and A can be optimized
for a given preform to achieve complete densification
with minimum processing time. Using the technique of
pulsed-power, the processing time can be reduced even
further without compromising density uniformity.

Power dissipation profiles depend strongly on pre-
form thickness, microwave frequency, and relative loss
factor. For large values of A,/L, power dissipation de-
creases monotonically from the center toward the surface
of the composite. Smaller values of A,/L result in wave-
like power dissipation profiles. For very small values of
Ap/L, power dissipation decreases exponentially from
the surface toward the center of the composite. Variations
in the composite temperature profiles caused by the
spatial dependence of power dissipation were found to
depend on the thermal conductivity of the composite.
For small values of thermal conductivity, the wave-like
power deposition profiles were reproduced in the tem-
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perature distribution. On the other hand, for large thermal
conductivity the wave-like patterns were smoothed out
in the temperature distribution.

In conclusion, a detailed mathematical model of
MCVI has been presented, including species transport
and reaction, microwave power dissipation, and stress
distribution. At the present time accuracy of the model
predictions is limited by uncertainties in the deposition
kinetics and the lack of information on the dependence
of electromagnetic and thermoelastic properties on tem-
perature and microstructure.

LIST OF SYMBOLS

defined by Eq. (19)

gas concentration, kmol/m?

heat capacity of the rth gaseous species,
kJ/(kmol K)

effective heat capacity of the composite,
kJ/(m® K)

average pore diameter, m

Knudsen diffusion coefficient of the rth
gaseous species, m*/s

binary diffusion coefficient of the r-s
pair, m?/s

electric ficld, V/m

Young’s modulus of elasticity, Pa

activation energy of the ith reaction,
k3/kmol

heat-transfer coefficient, J/(m? s K)

incident energy flux, W/m”

molar flux of the rth species relative to
the molar average velocity,
kmol/(m? s)

relative dielectric constant

relative loss factor

effective thermal conductivity of the
composite, kJ/(m s K)

half preform thickness, m

molecular weight of the rth species,
kg/kmol

total molar flux and molar flux of the rth
species, respectively, kmol/(m? s)

number of gaseous species, reactions,
and solid species, respectively

pressure, atm

microwave energy flux, W/ m?

gas constant, m® atm/(kmol K)

rate of the ith reaction per unit volume
of composite, kmol/(m® s)

accessible surface area per unit volume
of composite, m?/m?

time, s

temperature, K
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Tr
Xr

Greek

«a

ar

B

Y

AH;

Ars

€xx> €yyr €22
€

€p

M
Mo

€
{
]
n

14

Ps

O¢

Txxs Oyys Oz
JsB

reference temperature (1000 K)
mole fraction of the rth species
coordinate, m

attenuation constant, m™

coefficient of thermal expansion, K™

phase factor, m™

complex propagation constant, m™!

heat of the ith reaction, kJ/kmol

defined by Eq. (20), m*/s

strain in the x-, y-, and z-direction

dielectric constant, F/m

dielectric constant of free-space,
(36m)~' X 107° F/m

emissivity

dimensionless distance (=z/L)

intrinsic impedance, ()

tortuosity factor

magnetic permeability of free-space,
47 X 107° H/m

Poisson’s ratio

density of solid, kg/m’

conductivity, ((2m)™*

stress in the x-, y-, z-direction, Pa

Stefan—Boltzmann constant, J/(m? s K)

T10% processing time, s

Vi stoichiometric coefficient for species r
in reaction i

¢, b, dar  total, accessible, and trapped accessible
porosity, respectively

® power dissipation, W/m’

o dimensionless power, ®L2/(T"k")

w angular frequency (=2 f), rad/s

Subscripts

0 initial value, free-space value

b bulk or ambient value

c composite

r(r = 1,2,3) MTS, HC], and H,, respectively

s solid

Superscripts

e effective value

r reference value
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