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EFFECT OF INFILTRATION CONDITIONS ON THE
PROPERTIES OF SiC/NICALON COMPOSITES*

R. A. Lowden, A. J. Caputo, D. P. St%nton,
T. M. Besmann, and M. D. Morris

ABSTRACT

A statistically designed experiment was performed to
evaluate the effects of process variables on fiber-reinforced
SiC composites fabricated by chemical vapor infiltration.
Response surface methodology was applied to study the influence
of temperature, pressure, reactant supply rate, and gas ratios
on the deposition process and the properties of the produced
material. Deposition temperature and total gas flow rates had
inverse effects on density and strength, while the effect of
pressure was statistically insignificant. Low H,:CH38iCl,
ratios evoked a positive response in all dependent variables.

INTRODUCTION

Fiber-reinforced ceramic composites are being developed as potential
candidates for high-temperature structural materials. High-strength
ceramic fibers incorporated into brittle matrices prevent catastrophic
failure by improving fracture toughness through energy dissipation

-3 Ceramic

processes such as fiber pull-out and crack deflection.
composite systems exhibiting improved strength and fracture toughness over
monolithic ceramics have been reported,“~® but many of the conventional
ceramic manufacturing techniques used to produce them tend to mechani-
cally, thermally, or chemically damage the fibers. Procedures have been
developed to fabricate fiber-reinforced ceramic composites by depositing a
matrix within a fibrous structure using relatively low-temperature, low-

7

stress chemical vapor deposition techniques,’ reducing fiber degradation.

*Research sponsored by the U.S. Department of Energy, AR&TD Fossil
Energy Materials Program [DOE/FE AA 15 10 10 0, Work Breakdown Structure
Element ORNL-1(A)] under contract DE-AC05-840R21400 with Martin Marietta
Energy Systems, Inc.

TEngineering Physics and Mathematics Division.



Termed chemical vapor infiltration, the technique has been applied to a
variety of fiber-matrix combinations, which has resulted in material with
favorable mechanical properties, but the process has been dependent on

diffusion and thus involves long processing times.®-1€

An improved
infiltration process, reducing processing times from weeks to hours, has
now been developed combining thermal-gradient and pressure-gradient
approaches.!7-23

A major portion of our early investigations involved the infiltration
of Nicalon® fibrous structures with SiC. Uniform deposition throughout
cloth preforms was achieved utilizing the pyrolysis of methyltrichloro-
silane (MTS or CH;3SiCl,) in the presence of hydrogen with a furnace tem-
perature of ~1475 K and atmospheric pressure. These conditions resulted
in comparatively high-density composites exhibiting high strength and
fracture toughness in completion times of less than 30 h for a 45-mm-diam
x 12.5-mm-thick disk sample.

The purpose of the study reported here was to analyze the combimed
effect of temperature, pressure, gas ratios and total gas flow on the
thermal-gradient, pressure-gradient process as applied to the SiC/Nicalom
system. Infiltration time, strength, and final density were selected as
the initial response variables to be examined. The information obtained
can be used to choose the optimum conditions required to achieve a final
product with the highest density and strength and uniform infiltration in

the shortest time.
STATISTICAL DESIGN

An experiment was statistically designed using response surface
methods to study the effects of temperature, pressure, H,:MTS ratio, and
total gas flow on various properties. Response surface methodology con-
sists of a group of methods used in the empirical study of the relation-
ships between one or more measured responses and a number of input
variables.?">?® The methods were used to determine what sets of experi-
mental variables are required to produce the best combination of strength,

density, and uniform infiltration in the shortest time. The experimental

*Nippon Carbon Company, Tokyo, Japan.



parameters, temperature, pressure, total gas flow, and the volume ratio of
H,:MTS, were statistically combined in a four-dimensional array utilizing
a central composite design.?®

A minimum of 30 experimental sets of conditions were necessary to
provide the required data to evaluate the contributions and interactions
of the four factors. The nominal levels of the four experimental parame-
ters are summarized in Table 1. The region to be explored is defined by
the following minima and maxima; temperatures from 1375 to 1575 K,
pressures from 10 to 100 kPa, total gas flows from 275 to 1100 cm®/min,
and H,:MTS from 10 to 35. The central point was placed at a temperature
of 1475 K, a pressure of 55 kPa, a total gas flow of 550 cm®/min and
Hp:MTS = 20:1. Four runs at the central point verified the reproduci-
bility. Two points were added to assess the response of a higher-

temperature value and of a lower H,:MTS ratio.

EXPERIMENTAL

PROCESSING

The experiments were carried out in a water- jacketed furnace resis-
tively heated using a graphite element. The critical components of the
infiltration apparatus, the water-cooled injector and the graphite holder,

have been described previously.!?-23

A schematic of the system is shown
in Fig. 1. Fibrous preforms are retained within a graphite holder that
contacts a water-cooled metal gas distributor, thus cooling the bottom and
side surfaces of the substrate. The top of the fibrous preform is exposed
to the hot zone of the furnace, creating a steep temperature gradient
across the preform. The reactant gases initially pass into the cooled
area of the preform but do not react because of the low temperature. The
gases continue from the cooled region of the preform into the hotter
regions, where the MIS decomposes and SiC deposits on and around the
fibers to form the matrix. When the top surface becomes coated and is no
longer permeable, the gases flow radially through the substrate to the
preform circumference and exit through the perforated retaining lid.

The gas/vapor flow, pressure, and temperature control systems are

automated to facilitate uninterrupted operation and eliminate daily



Table 1. Summary of experimental input conditions

Experimental design

Temperature Pressure H,:MTS ratio Total flow?
- + + -
+ + - +
+ + + -
- + + +
- - - +
- + - +
0 0 0 0
0 0 * 0
0 0 -- 0
0 + 0 0
+ - + +
0 0 0 0
- - + +
+ + + +
+ 0 0 0
0 0 0 0
+ - + -
0 0 - 0
- - + -
0 0 0 +
+ + - -
++ 0 0 0
+ - - -
0 0 0 0
0 - 0 0
0 0 0 -
- + - -
- 0 - -
+ - - +

Factor levels

Very Very
Factor low (--) Low (-) Median (0) High (+) high (++)
Temperature (K) - 1375 1475 1575 1675
Pressure (KPa) - 10 55 100 -
H, :MTS ratio 5 10 20 35 -
Total flow - 275 550 1100 -

4A11 flows in cm®/min (STP) at 300 K and 100 KPa.
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Fig. 1. Schematic of infiltration system.

cycling. Mass flow controllers™

were used to set and maintain gas flows
and ratios. Methytrichlorosilane was carried to the reactor by a flow of
hydrogen through an evaporator and metered using a vapor source con-
troller.T Pressure control was accomplished using a gas ballast tech-

nique, injecting argon gas into the pump inlet to regulate effective

*Type 1259A, MKS Instruments, Inc., 34 Third Ave., Burlington,
MA 01803.

TSource V, Tylan, 23301 South Wilmington Ave., Carson, CA 90745.



pumping speed.* The corrected optical temperature at the top surface of
the specimen was measured and controlled by a single-wavelength automatic
optical pyrometer? equipped with a time-proportioning controller. A pre-
determined pressure differential across the sample designated complete
infiltration.

Fibrous preforms were fabricated by stacking multiple layers of
plain-weave Nicalon cloth in a 30-60-90° orientation sequence into the
cavity of a graphite holder. The layers were compressed and held in place
by a perforated graphite lid pinned to the holder. The average fiber con-
tent was 41.2 * 0.8 vol %, 52 layers, with sample dimensions of 45 mm in
diameter and 12.5 mm thick. The sizing was then removed from the cloth
through multiple washings in acetone. The preform was precoated with a
thin layer of pyrolytic carbon to protect the fibers from reactants and
products containing chlorine and reduce interfacial bonding to enhance
fiber pull-out.?® The carbon was deposited isothermally by the decom-
position of propylene in argon at 1375 K and 5 kPa.27-%2°

The prepared preform had an average theoretical density of 2.91 #
0.01 g/cm®. The theoretical density is defined as the sum of the products
of volume fraction and reported density of each component of the composite
(fibers, pyrocarbon, and, after infiltration, SiC). The matrix phase was
then deposited from the specified mixtures of H, and MTS at the appro-

priate temperatures and pressures defined by the design.

TESTING

Twelve bend bars [four each from the top, middle, and bottom areas
(Fig. 2)] were prepared from each sample to evaluate each one and also to
determine variations due to location in the sample. The bars were cut
from the samples parallel to the 0-90 orientation of the top layer of
cloth using a diamond saw, and tensile and compression surfaces were
ground parallel to the long axis of the specimen. The average dimensions

of the bars were 2.5 x 3.3 X 45 mm, and all were measured and weighed to

*fype 250B, MKS Instruments, Inc., 34 Third Ave., Burlington,
MA 01803.

TModline 2000, Ircon, Inc., 7301 N. Caldwell Ave., Niles, IL 60648 .
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determine densities. Flexure strengths were measured at room temperature
employing four~point bending methods and using a support span of 25.4 mm,
a loading span of 6.4 mm, and a crosshead speed of 0.51 cm/min. The load
was applied perpendicular to the layers of cloth. Metallographic examina-
tion of polished cross sections taken 5 mm off the centerline provided an

overall view of the infiltrated sample and coating morphologies.

RESULTS

The results of the experiment are summarized in Tables 2 and 3. Only
28 of the 30 runs were completed. Two runs were deleted when it was
recognized that the projected infiltration times were significantly
greater than 8 days. A goal of the temperature-—gradient forced-flow tech-

nique is to decrease processing times.

PROCESSING TIME

The infiltration parameters and resulting completion times for the 28
completed experimental runs are given in Table 2. Three of the four fac-
tors considered, temperature, H,:MIS ratio, and total gas flow rate,
appear to affect infiltration times. Times ranged from 5 h to over
8 days. Examination of the data indicates that time was most effectively
reduced by increasing temperature and total gas flow rate, while pressure
had little influence. Temperature was the most sigunificant variable,
since the majority of the runs processed with a furnace temperature above

1475 K were completed in less than 20 h.

DENSITY

Bulk densities were measured and percentage of theoretical density
values were calculated for each of the specimens obtained from the 28
samples. The average values for the top, middle, and bottom layers are
reported in Table 3. In sowe cases, uninfiltrated bottom sections delami-
nated; thus only 8 of the 12 specimens from a sample were available for
examination. In most instances, the highest densities occurred in the top

positions, although runs 7 and 10 resulted in radial and axial density



Table 2.

Infiltration parameters and resulting processing times

Run Tiﬁﬁj;' Pressure  MTS H, H,:MTS Total  Time
x (KPa) flow? flow? ratio flowd (h)
1 1375 100 8.0 267 35 275 202.7
2 1575 100 100.0 1000 10 1100 5.3
3 1575 100 8.0 267 35 275 49.0
4 1375 100 31.0 1069 35 1100 50.0
5 1375 10 100.0 1000 10 1100 28.0
6 1375 100 100.0 1000 10 1100 32.0
7 1475 55 26.0 524 20 550 43.6
8 1475 55 15.0 535 35 550 39.3
9 1475 55 92.0 458 5 550 12.0
10 1475 100 26.0 524 20 550 34.4
11 1575 10 31.0 1069 35 1100 12.0
12 1475 55 26.0 524 20 550 24.1
13 1375 10 31.0 1069 35 1100 57.8
14 1575 100 31.0 1069 35 1100 16.8
15 1575 55 26.0 524 20 550 21.5
16 1475 55 26.0 524 20 550 26.8
17 1575 10 8.0 267 35 275 72.0
18 1475 55 50.0 500 10 550 46.4
19 1375 10 8.0 267 35 275 0.0
20 1475 55 52.0 1048 20 1100 12.8
21 1575 100 25.0 250 10 275 18.5
22 1675 55 26.0 524 20 550 7.5
23 1575 10 25.0 250 10 275 17.4
24 1475 55 26.0 524 20 550 26.1
25 1475 10 26.0 524 20 550 63.5
26 1475 55 13.0 262 20 275 53.1
27 1375 10 25.0 250 10 275 0.0
28 1375 100 25.0 250 10 275 51.3
29 1375 55 26.0 250 10 275 112.5
30 1575 10 100.0 1000 10 1100 14.1

@A11 flows in em?®/min (STP) at 300 K and 100 KPa.



Table 3. Density and flexure strength resultsé

s Density  Std. Strength  Std. ‘s Density  Std. Strength  Std.

Run  Position (g/cm’) dev. ¥T.D.2 (MPa) dev. Run  Position (g/cm®) dev. %T.D. (Pa) dev.
1 Top 2.53 0.01 86.8 301 32 15 Top 2.48 0.03 85.5 318 30

1 Middle 2.48 0.01 B85.2 294 i3 15 Middle 2.51 0.02 86.5 320 18

1 Bottom 2.28 0.03 78.5 247 5 15 Bottom 2.01 0.03 69.3 120 34

2 Top 2.42 0.01 82.8 265 21 16 Top 2,51 0.01 86.5 351 25

2 Middie 2.32 0.02 79.6 248 15 16 Middle 2.43 0.09 83.9 447 20

3 Top 2.33 0.03 80.90 334 30 16 Bottom 1.84 0.02 63.4 158 23

3 Middle 2.14 0.03 73.6 286 18 17 Top 2.44 0.02 83.5 2356 25

3 Bottom 2.21 .03 75.9 263 45 17 Middle 2.34 0.03 86.1 252 g

4 Top 2.48 0.02 85.5 299 13 17 Bottom 1.80 0.08 61.6 145 49

4 Middle 2.34 0.01 80.8 278 14 18 Top 2.61 0.01 89.9 344 46

5 Top 2.47 0.02 85.1 394 18 18 Hiddie 2.22 0.02 76.86 216 3

5 Middle 2.29 0.01 78.8 306 8 18 Bottom 1.87 0.02 64.4 104 10

5 Bottom 2.03 0.02 70.1 156 10 20 Top 2.53 0.01 86.9 450 12

% Top 2.55 0.02 87.3 359 44 20 Middle 2.43 0.01 83.5 403 25

6 Middle 2.64 0.01 83.3 268 9 20 Bottom 2.11 0.04 72.8 311 13

7 Top 2.52 0.01 856.5 313 11 21 Top 2.52 G.01 87.2 417 18

7 Middle 2.50 0.02 85.9 346 22 21 Middle 2.47 0.02 85.5 406 30

7 Bottom 2.50 0.02 85.8 3835 43 21 Bottom 2.44 0.02 84.4 390 14

8 Top 2.35 0.02 80.9 277 19 22 Top 2.32 0.01 79.5 321 22

g Middie 2.44 0.04 84.3 311 22 22 Middle 2.35 0.01 B8O.8 353 10

8 Bottom 2.57 0.02 88.6 371 i3 22 Bottom 2.27 0.03 77.8 350 24

9 Top 2.53 0.02 7.2 436 4 23 Top 2.58 0.03 88.2 396 30

9 Middlie 2.45 0.01 B4.4 354 11 23 Middle 2.57 0.0% 87.8 354 44

9 Bottom 2.28 0.01 78.5% 311 14 23 Bottom 2.49 0.03 85.4 308 26

10 Top 2.49 0.01 85.6 325 18 24 Top 2.59 0.01 88.8 471 3
10 Middle 2.5% 0.02 86.0 349 14 24 Middle 2.54 0.01 87.1 410 22
10 Bottom 2.49 .02 85.4 343 30 24 Bottom 2.33 ¢.01 80.1 344 7
11 Top 2.29 0.03 78.7 260 14 25 Top 2.43 0.02 84.1 333 i3
11 Middle 2.46 0.02 84.8 345 14 25 Middle 2.24 0.02 77.7 274 10
11 Bottom 2.42 0.02 83.4 348 50 256 Top 2.53 0.02 86.9 274 25
12 Top 2.54 0.02 87.4 324 i8 256 Middle 2.42 0.04 83.1 272 38
12 Middle 2.51 0.01 86.5 410 34 26 Bottom 2.06 0.06 70.8 142 10
12 Bottom 2.390 0.02 79.2 303 6 28 Top 2.62 0.02 90.1 430 10
13 Top 2.49 0.01 86.4 450 16 28 Middle 2.56 0.01 88.0 421 28
13 Middle 2.35 0.05 8l.4 405 24 28 Bottom 2.40 0.06 82.7 478 34
14 Top 2.41 0.02 §3.0 283 27 29 Top 2.64 0.01 90.9 447 46
14 Middle 2.48 0.03 85.3 357 28 29 Middle 2.63 .01 90.6 440 23
14 Bottom 2.05 0.03 70.6 i62 13 29 Bottom 2.56 .01 88.2 422 18
30 Top 2.48 0.03 85.0 343 i3

30 Middie 2.52 9.02 86.5 337 14

30 Bottom 2.27 0.09 7.0 228 19

01

4pverage of four values for each layer.
bpensity of SiC = 3.21 g/em®, Pyc = 2.00 g/em®, and Nicalon = 2.55 g/em®.
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gradients of <1% for an average density of 2.50 g/cm®. Values as high as
2.65 g/cm®, 91.2% of theoretical density, were measured, but the density
frequently decreased toward the bottom (cooled side) of the preform. A
typical polished cross section of a completed composite sample is shown in
Fig. 3.

ROOM- TEMPERATURE FLEXURE STRENGTH

Flexure strengths of the composite specimens were measured by four-
point bending and ranged from 83 to 517 MPa. All specimens exhibited
composite behavior during testing, as demonstrated by fiber pull-out and
by the appearance of the load-crosshead displacement curves (Fig. 4). The
results are reported in Table 3 as the average values across each layer.
Examination of the data reveals a modest positive correlation between den-
sity and strength. A plot of these two values for all specimens tested is
shown in Fig. 5. The correlation coefficient is 0.764, and the
corresponding p value is <0.0001. Although buckling at the compressive
surface and cracking parallel to the tensile surface occur during testing
and thus failure occurs not in simple tension but by a complex combination
of tension, compression, and shear, flexure strengths are adequate to
obtain a relative measure of the strength of the composites fabricated

under different infiltration conditions.
PROCESS RELATIONSHIPS

The experiments were designed to evaluate the effects of controlled
input variables on the infiltration process. In order to predict given
responses across a range of variables, each point must be itself repro-
ducible. Reproducibility within the experimental design was verified by
repeating the central point four times. These are run numbers 7, 12, 16,
and 24 in the sequence (Table 3). Neglecting the bottom locations, exami-
nation of the standard deviations of density and strength within these
four show that the variability within the group was <2% for density and
<15% for strength, making it possible to relate them to the response
variables, time, density achieved, and strength, as a function of the

input parameters, temperature, pressure, H, :MTS ratio, and total gas flow.
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Fig. 5. Plot of room-temperature flexure strength vs density for all
specimens tested.

Using multiple linear regression, an equation relating infiltration
time and the process parameters was derived and shown to be statistically
significant but lacked precision, with an R? of 59%. The precision of the
relationship was considerably improved by utilizing the natural logarithm

of time, resulting in an R? of 82%. The final form of the time equation

is:

1

1n [time (h)] = 12 (1) — 6.8 (£0.8) x 10-? [T (K)]
4.3 (+3.6) x 10°5 [P (kPa)]
3.3 (£0.7) x 10-% [vol ratio (H,:MTS)]

1.4 (£0.2) x 10-* [flow rate (cm®/min)].

-+
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The gradient of this fitted surface at the central point indicates
that infiltration time is decreased not only by increased temperature and
total flow rate but also by reduced H,:MTS ratios. The shortest time,

5.3 b, resulted from a furnace temperature of 1575 K, a pressure of

100 kPa, a total flow of 1100 cm®/min, and an H,:MTS ratio of 10:1. The
conditions for the longest, 202.7 h, were 1375 K, 100 kPa, a total flow
rate of 275 cm®/min, and an H,:MTS ratio of 35:1.

Statistical analysis of the densities as a function of the experi-
mental variables indicated that the only values that could be related with
any accuracy were the top-row averages. The bottom layers were unpredict-
able for many sets of conditions, leading to an R? of <30%. In addition,
first-order linear regression did not fit well, and thus mixed quadratic
terms were added to account for the interactions of the four process
parameters. The equation for top-row average density thus derived has an
R? of 82% and is given in Table 4. Evaluation of the gradient of the

equation at the central point suggests that density is most effectively

Table 4. Relationship for top row average density

Parameter Estimate

Intercept 118 (+18) %
-0.02 (£0.01) %

0.16 (0.16) % /

1.02 (0.61) %

-0.03 (0.02) % /ecm®/min

1.15 (1.30) x 10" % / K KPa

~7.37 {3.47) x 10-* % / K

2.14 (1.45) x 10°% %/K cm®/min

-8.50 {10.2) x 10-* % / KPa

6.40 (3.18) x 10°% % / KPa cm®/min

5.92 (1.11) x 10°% % / cm®/min

/ K
KPa

o e P00 HA O QL O T D

T.D. (%) =118 + (a X T) + {(bxP) + (¢ xR) + (dxF) + (e xTxP)
+ (£XTxR)+ (gxTxF)+ (hxPxR)y+ (L xPxTF)
+ (j xR xF)

temperature (K),

pressure (KPa),

molar ratio of H,/MTS,
total gas flow (cm®/min).

-l R
oo
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increased by reducing temperature, H,:MIS ratio, and total flow rate.
Again, pressure had little influence. This trend is supported by the
facts that runs 28 and 29 produced the highest top-row demsities and that
both of these had temperature, H,:MTS ratio, and total gas flow rate at
their respective lowest values.

The same fitting procedure used to relate density was also used to
correlate flexural strength with the four process parameters. As with
density measurements, the bottom areas yielded the greatest variations and
were deleted during analysis. The relationship for top-row average
strength has an R of 83% but contains high standard errors for individual
estimates due to a combination of possible redundancies in the equation

and the exclusion of undetermined factors.
DISCUSSION

THERMODYNAMICS AND KINETICS

The chemical vapor deposition of SiC from MTS is a relatively simple
process and has been extensively examined.®?-%* Methyltrichlorosilane
contains silicon and carbon in stoichiometric proportions and is a liquid
with a reasonable vapor pressure, making it a good reactant for vapor
deposition. Thermodynamic analyses of the Si-C-H-Cl system (using
SOLGASMIX-PV®5-?7) have been previously reported,®?:%® but an analysis was
made in this study to include conditions bounded by the experimental
design. The thermodynamic analysis was conducted using the EQUILIB com-
puter program of the F¥*A®C*T system.* The equilibria were defined by
specifying temperature, pressure, and the molar ratio of H,:MTS. Three
condensed phases (8i, a-SiC, and B-5iC) and 81 gas species were con-
sidered. Previous investigators have shown that the formation of carbon
is kinetically hindered under the conditions considered; thus it was

omitted in this analysis.37,3?

The results of the thermodynamic calcunla-
tions were used to calculate theoretical deposition efficiencies by
dividing the equilibrium yields by the yield as determined from the molar

quantity of MTS (Figs. 6 and 7).

*EQUILIB, F*A*C*T, W. T. Thompson, Royal Military College of Canada,
and A. D. Pelton and C. W. Bale, Ecole Polytechnique, Montreal.
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PRESSURE

Pressure appeared to have little or no effect on the response
variables. It was originally assumed that reducing the processing pres-
sure would decrease deposition rates and, theréfore, increase infiltration
times due to increased gas velocities and decreased residence times."? At
the reduced pressures considered (55 and 10 kPa), the linear gas veloci-
ties are 1.8 and 12.7 times higher, respectively, than at local atmos-
pheric pressure. This implies greatly reduced residence times of the
gases within the preform. At the central-point total gas flow rate of
550 cm®/min, the residence time is 3.7 x 102, while the residence
times for the reduced pressures are calculated to be 2.0 x 10-2? and
2.9 x 10?7 s, respectively. Thus, these factors should decrease coating
rates, but this was not observed.

Different mechanisms associated with reduced pressure may affect
deposition efficiency. Figure 6 displays the equilibrium deposition effi-
ciency of SiC as a function of H,:MIS ratios at various pressures as pre-
dicted by thermodynamic calculation. The graph indicates an increase in
deposition efficiency with reduced pressure. An isothermal decrease in
pressure shifts equilibrium toward the products SiC and HCl. These com-
bined with higher diffusion rates, also associated with reduced pressure,

could counteract the effects of increased gas velocities.

TEMPERATURE

A plot of predicted deposition rates with respect to gas composition
at the different furnace temperatures used in the statistical study is
shown in Fig. 7. Increasing the furnace temperature increases the deposi-
tion efficiency, and this is reflected in the observed reduction of infil-
tration times at higher temperatures. The average flexure strengths of
the samples processed at 1575 K were lower than those of samples infil-
trated at 1375 and 1475 K. A reduction of strength in the final material
is expected, since Nicalon fibers degrade at elevated temperatures.“!>*?

An increase in achieved density was noted in the respective low-
temperature runs. The decrease in deposition rates at this condition may

allow open porosity in the upper areas to remain for a longer fraction of
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the run time. Reactant gases are thus able to permeate a larger percent-

age of the volume, resulting in more complete and uniform infiltration.?®?®

TOTAL FLOW RATE

In general, the total gas flow had the same contributive effect as
temperature. Time was decreased as the flows were increased, and higher
densities were attained at lower gas flow rates. Early studies of SiC
coatings from chlorosilanes determined that the rate-controlling factor

was the reactant supply rate.3!

High deposition rates occur at high
levels of flow and low ratios of hydrogen to methyltrichlorosilane.

A detrimental effect of high gas flows in the temperature-gradient
pressure-gradient process was the lack of deposition in the bottom layers.
The increased flow rate of gas cools the lower surface and disturbs the
temperature gradient. This is enhanced by the basic principles and
designs present in the gas injection and distribution systems, which cause

the reactant gases and graphite holder to be cooled at the same rate

regardless of deposition conditions.

HYDROGEN:MTS RATIO

In Figs. 6 and 7 it is evident that increasing the ratio of hydrogen
to MTS has a positive effect on the deposition efficiency up to a ratio of
12:1, where leveling occurs. In the series of experimental runs, a
decrease in the ratio resulted in a favorable response with respect to all
three output variables. A decrease in H,:MIS ratio corresponds to an
increase in reactant concentration; thus, lowering the H,:MTS ratio also
decreased the likelihood of codepositing silicon. Codeposition occurs
when the ratio of hydrogen to silicon in the Si-C-H-C1 gas mixture is high

or the reaction is carried out at low temperature.®®

Several investiga-
tions have determined that deposition of single-phase SiC occurs at
H,:Si = 5 or less at a temperature of 1473 K, Si:C = 1, and C1:81i = 3
(ref. 37). Higher-quality material is therefore produced at the lower

ratios.
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CONCLUSIONS

The thermal-gradient pressure-gradient process for the fabrication of
ceramic-fiber-reinforced ceramic-matrix composites was studied in response
to the following experimental variables: temperature, pressure, total gas
flow, and H,:MTS ratio. These parameters influenced achieved density,
flexure strength, and infiltration time. The information obtained has
advanced the progress toward developing an efficient method for producing
high density and high strength composites.

Runs 7 and 10 produced samples with density variations throughout of
less than 1% of the average 86.1% and 85.6% of theoretical, confirming
that uniform infiltration is attainable. The statistical analysis indi-
cated that within the boundaries of the experiment, a temperature of
1473 X, an H,:MIS ratio of less than 10:1, and a total gas flow of
550 cm®/min would result in high strength, density, and uniformity in a
comparatively short processing time. The operating pressure was found to
be statistically insignificant; thus infiltration at atmospheric pressure
simplifies processing. Combining these results and trends, material with
uniform physical properties can be produced.

Multiple linear regression techniques were employed to relate the
response of the process and the properties of the fabricated composite
material to the experimental variables. The relationships of infiltration
time, density, and room-temperature flexure strength to the input
parameters of temperature, pressure, H,:MTS ratio, and total gas flow were
determined. Relatively accurate responses can be calculated from the

predictive equations.
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