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ABSTRACT 

A process for the rapid densification of carbonkarbon composites 
has been developed. The method makes use of the direct radio frequency 
heating of three dimensional carbon preforms to establish inverted thermal 
gradients. Rapid densification from the inside-out, of 2.5 cm. diameter 
parts, in as little as 30 hours was demonstrated. A simple model is used to 
predict the initial thermal gradients and is compared to experimental 
measurements. The results are discussed in terms of frequency, part 
dimension and radiative heat loss. 

INTRODUCTION 

Advanced fiber reinforced refractory composites such as carbodcarbon and ceramic 
matrix composites offer many advantages over conventional materials. These include high 
strength, at elevated temperatures, low density, corrosion resistance and good wear 
properties. Carbon/carbon composites have been successfully used in a number of 
important applications for the past 25 years. Despite the maturity of these markets few 
advances in processing methods have been made. One of the established methods of 
carbodcarbon composite manufacturing is chemical vapor infiltration. As is well known, 
the conventional isothermal process with it's reduced pressures, reactant dilution and low 
temperatures is time consuming. These conditions are required to insure a uniform 
infiltration through out the part. Large kilns with hundreds of parts are typically processed 
in a batch fashion taking advantage of economy of scale. Long processing times extending 
to several months are typical. Recent efforts aimed at the development of faster processes 
have had some success. Methods such as forced flow, thermal gradient, pulsed flow and 
various combination of these techniques have been explored( 1). Most of these have been 
applied to ceramic matrix composites. Recently we have reported a microwave assisted CVI 
technique which takes advantage of the volumetric heating effects that are possible with 
microwave heating of ceramic materials(2). Inverted thermal gradients are formed in the 
preform allowing for rapid CVI processing of 3-D parts. The application of this technique 
to carbon materials with radio frequency heating is subject of this paper. 

Advantages in using electromagnetic energy in CVI are the ability to couple energy 
directly into the substrate with the possibility of heating the substrate volumetrically. 
Volumetric heating, together with heat losses at the surfaces due to radiation and 
convection, gives rise to "inverted" thermal gradients. With the internal region of the 



substrate hot, cool reactant gases penetrate inward prior to the onset of the deposition 
reaction. Consequently, deposition can occur from the inside-out. Inside-out densification 
minimizes premature pore closure in outer regions, resulting in a spatially uniform 
composite. Decreases in processing time are also possible. A cold wall reactor will 
minimize unwanted deposition on the walls and fixtures and reduce gas phase nucleation 
thereby saving on reactant costs, minimizing waste production and allowing for higher 
pressure processing. 

Thermal Gradients bv Electromametic Heating. 

The concept for the production of inverted gradients is illustrated in figure 1. 
Ordinary radiant heating results in rapid attenuation of the radiation at the surface. Moving 
down in frequency to the microwave and RF regions of the spectrum the penetration of the 
radiation into the part increases. The magnetic intensity of the electromagnetic wave decays 
exponentially with increasing distance into the part. For induction heating the current 
induced falls off in a similar manner and is characterized as a skin or current depth given by 
the following relation: 

where: 
f is the frequency Hz, 
p magnetic permeability Wm 
(3 is the electrical conductivity Q-1m-1 

Thus the degree of volumetric heating depends on the frequency and electrical conductivity 
of the material. For a carbon fiber preform the electrical conductivity is estimated at 25,000 
Q2-1m-1(3). Using this value the variation in current depth with frequency is shown in 
figure 2. Processing of carbon materials with large dimensions will require frequencies in 
the 10 kHz range. As illustrated the power distribution penetrates the interior resulting in 
volumetric heating. The temperature distribution falls off at the surface due to radiative and 
convective losses leading to an inverted temperature gradient. For the deposition of carbon 
from methane, a difference in temperature of 200OC can reduce the deposition rate by a 
factor of 150 near the exterior surface surface of thr preform resulting in deposition from 
the inside-out. 

Based on the classical heat flow equation (4) for a cylinder of radius a, the 
temperature distribution can be expressed by the following equation : 

w 

P r2 1 X ( k , r / a ) - 1  
2 i c [  a2 k 2 [  Z(k,)  ) e - 8  =- _ _ _  

X(k2r / a)=ber2(k2r/a) + bei2(k2r/a) 
Z(k2)= ber(k2)ber7(k2) + bei(k2)bei’(k2) 

ber and bei are the kelvin functions. 



and: k2=kla 
kl = 4216 
Pa = the total power absorbed w/m2 
8, and 8, = the radial and centerline temperatures 

= thermal conductivity w/m OK 

Equation 2 can be modified to account for heat loss at the surface by defining a 
radiation correction factor PnPp 

where: Pn is net power absorbed after radiation w/m2 

The temperature distribution through the cylindrical preform is given by: 

Figure 3 shows a dimensionless plot of equation 3 for various values of Pa/Pn. For the case 
where no radiation losse occurs, Palpn = 1, the temperature is high near the surface. As 
radiation loss increases the temperature at the surface drops producing an inverted 
temperature gradient. 

The current depth is another important factor in the establishment of thermal 
gradients. For a given material this depends on the frequency of radiation and the part 
dimension. The dimensionless plot in figure 4. shows the effect of varying the ratio d6, on 
predicted thermal profiles. As the current depth increases relative to the radius of the part, 
large thermal gradients result. With the proper choice of frequency, and control of the 
radiative heat loss, thermal gradients can be established. 

EXPERIMENTAL 

A reactor consisting of a simple induction coil operated at 50 kHz is illustrated in 
figure 5. Samples were heated without insulation to temperatures ranging from 1100 to 
1400OC. The preforms used were 3D carbon fiber (30 volume percent fiber, obtained from 
Hitco). These were cut into cylinders approximately 1 inch in diameter by 3 inches in 
length. The matrix was deposited by pyrolysis of methane at pressures ranging from 100 to 
300 torr, with a flow rate of 200 sccm. Temperature gradients were monitored with 
thermocouples inserted in the preform at various radial positions. 

RESULTS 

For the process conditions of 1330OC, 100 torr and 200 sccm of methane the 
evolution of the temperature gradient from the centerline to the surface was monitored. 



Figure 6 shows this variation with time. The initial increase in AT is thought to be caused 
by preferential deposition on the interior of the preform resulting in stronger coupling of the 
electromagnetic radiation to the center of the preform. The process is initially self 
propagating and the total absorbed power required continually decreases. Eventually as 
deposition near the exterior occurs the temperature gradient decreases. Materials have been 
processed to densities in the range of 1.7 g/cc in as little as 30 hours. The matrix shows 
strong sp2 character as indicated by the raman spectra (figure 7), and X-ray diffraction 
results. 

Experiments were undertaken to evaluate the previously described model for the 
prediction of temperature gradients. A preform was infiltrated at 1 lOOOC, 300 torr and 200 
sccm of methane. Temperatures were monitored at three positions; the center of the 
preform, approximately halfway from the center to edge, and near the edge. The total 
power into the part was 6kW. Values for the parameters used in the model are listed in table 
I. 

Table I. Model Parameters 

The total emissive power was estimated according to: E = E O ~ T ~ .  A reasonable 
value of the emmisivity E, for a rough porous carbon surface is 0.9. One difficulty in the 
calculation is determining the correct radiating surface area. The effective radiating surface 
area for a carbon preform will be higher than the geometric area. A good estimate of the 
effect would require an adequate description of the fiber bundle and fiber bundle 
arrangement. Within such a model, view factors for individual fibers in the bundle, and 
individual bundles in the preform would need to be calculated. However, a simple model 
ignoring these details appears to give a reasonable result. Figure 8 describes the 
approximate arrangement of fibers within a bundle and the arrangement of bundles within 
the preform. The cylindrical shape of the fiber within the bundle leads to an increase in 
surface area by a factor of x/2. Similarly, the effective surface area of the preform due to 
the cylindrical shape of the bundle is increased by a factor of x/2. The effective surface area 
of the preform due to both these effects is increased by a total factor of ( ~ / 2 ) ~ ,  over the 
geometric surface area. Using this value, and the total power into the part, the 
corresponding absorbed and net power used in the calculation are obtained. The thermal 
conductivity was taken as effectively the same as that reported for an epoxyigraphite fiber 
composite adjusted for a 30 volume percent fiber loading (4). The results of the 
measurements along with the predicted initial gradients calculated from equation 3 are 
plotted in figure 9. Good agreement between the model predictions and the experimental 
data were obtained. Convective heat transfer coefficients were estimated and found to be 
negligible. 



Ultimately one would like to scale the process for large dimension parts. To 
maintain similar temperature gradients a lower frequency will be required. The results of 
the above experiment allow us to estimate the gradients for larger parts at different 
frequencies. Calculations for 10 kHz frequency on a 10 cm. diameter cylinder are shown in 
figure 10. The predicted temperature gradients are similar to those calculated and measured 
for the 1 inch diameter part at 50 kHz. 

DISCUSSION 

The approach reduces processing times significantly. For example, typical 
carbodcarbon processing can run several months. Consequently, it is necessary to process 
hundreds of parts at time to reduce costs. Manufacturers are often left with many parts in 
inventory waiting for a customer. Furthermore, the large scale batch processes are not 
advantageous to maintaining quality. Variations from batch to batch and within batches can 
lead to low yields and reduced reliability. With short processing times the production rates 
of the batch process can be maintained while processing fewer parts. The ability to produce 
smaller quantities of parts reduces the costs incurred in maintaining large inventories. This 
allows manufacturers to take smaller orders and deliver in a reasonable time, or 
economically manufacture custom parts. Finally, improved quality and yield with the small 
batch process will be possible. For carbodcarbon materials, RF frequencies are required to 
heat the part effectively. This type of technology is commonly used in industrial heating. In 
most large scale processes, like the fabrication of carbodcarbon composites, RF induction 
heating is used to heat a susceptor which than radiates to the part. Using much of the same 
processing equipment the part can be heated directly to produce inverted gradients. 

CONCLUSIONS 

We have demonstrated a thermal gradient process for the rapid densification of 
carbodcarbon composites. High density material can be procduced in a as little as 30 
hours. Initial temperature gradients have been predicted using a simple model and good 
agreement with experimental measurements was observed. The model can be used to 
estimate process conditions for large dimension parts. 
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Figure 1. The effect of volumetric heating 
on the temperature distribution. 
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Figure 3. The effect of radiation loss 
on the temperature distribution. 
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Figure 2. Variation of current depth 
with frequency for carbon fiber preform. 
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current depth on the temperatue distribution. 



3D Carbon 
fiber preform 

Y 
Exhaust 

F 
Qu- 

H r e a c  tor 

Induction 
@ + coils 

Gas 
inlet 

-i 1 

1 

p 
v 

1 
b 
d 

1 

80 - 

60  - 

40 - 

20 - 

00 - 

a o -  

60- 

Figure 5. Schematic of the carbodcarbon 
composite reactor. - 
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Figure 6. The variation in the 
temperature gradient as infiltration 
proceeds. 

Figure 7. Raman spectra of matrix 
material produced by the inverted 
gradient process. 
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Figure 8. Approximate increase in surface area over geometric 
surface area of a carbon preform. 
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Figure 9. Comparison of experimentally 
measured temperaturegradient to model 
calculations for a 3-D carbon preform 
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Figure 10. Predicted temperature 
gradientsfor a 10 cm. diameter carbor 
preform processed at 10 kHz. 


