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Abstract

An investigation on the deposition of silicon carbide to manufacture silicon carbide tubes
from thermal decomposition of CH3SiCl; in a hydrogen atmosphere is presented. A
thermodynamic analysis is carried out to obtain the optimum conditions for this operation.
A detailed design of the reactors is described. Two critical problems in the operation
of the deposition and the solutions are given. A method of carbon coating-is used to
eliminate the crack induced by the different expansion coefficients of the B-SiC coating
and the graphite substrate. The problem of scaling up is discussed.

1. Introduction

A new class of processes with enormous technological flexibility and
capability, so-called chemical vapor deposition (CVD), was developed and
successfully applied in the last two decades. CVD is a unique way to deposit
solid materials by using surface vapor chemical reactions. Even though the
application of CVD in the electronics industry is extremely successful and
certain technologies seem to be mature, there is still a lot of room for
scientists to do research work in order to develop or improve the technologies
and thereby to promote the application of ceramic materials.

The manufacture of high performance ceramic tubes is very complicated.
Since the techniques and tooling that have been developed to produce these
elements from ‘‘conventional’’ alloys are not easily applicable, several attempts
were made in this field [1-4, 9-12].

Lloyd and Howard [1], from the British Ceramic Research Association,
reported their research on the fabrication and properties of large-diameter
tubes and coatings in pyrolytic silicon carbide. They heated the substrate
by r.f. induction. Silicon carbide deposition was carried out by the thermal
breakdown of methyl trichlorosilane at a surface heated to 1400 °C. It was
pointed out that, due to cooling from the deposition temperature, large
stresses arose in the coatings which often cracked when the restraint of the
substrate was removed. These stresses might be caused partly from the
differences in the thermal expansion between the substrate and the coating
and partly from the expansion differences between silicon carbides of different
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stoichiometries occurring in the bands with excess carbon material. Micro-
cracking in the coating gave mechanical strengths considerably lower than
those predicted from small specimens.

Later, Martin et al. [2] described the application of CVD to produce
tungsten tubing by using electrical heating of the substrate and the reduction
of WFg in a hydrogen atmosphere. Tungsten tubing of high purity might be
made up to 4 ft in length and in various diameters and wall thicknesses. In
the as-deposited form, this product was less costly than tubing produced by
the more conventional routes of arc casting, electron beam melting, and
powder metallurgy, followed by extrusion, drawing and annealing operations.

In order to investigate the application of refractory coatings in fusion
reactor environments, Pierson et al. [3] described an experiment of the
coating of graphite with TiB, by CVD using the H, reduction of BCl; and
TiCl, at 925 °C and 1 atm. They successfully used r.f. induction to heat
their graphite susceptor. The graphite they selected could be reasonably
matched to the thermal expansion of TiB,, and eventually the cracking was
eliminated.

In 1987, Sato and Tachikawa [4] did some research on the deposition
of TiB; onto a mild steel substrate through the hydrogen reduction of TiCl,
and BCl;, and found the optimum deposition conditions to make a deposit
with good composition, hardness and morphology onto a mild steel substrate.
They were as follows: temperature, 900 °C; source gas ratio,
TiCl,:(TiCl, +BCl3) =0.3-0.4, Cl:H=0.17-0.2. The heating used was by a
specially designed electrical heater. Nothing was reported concerning the
possible cracking induced by the mismatching between the TiB, coating and
the mild steel substrate during cooling.

In the Laboratory for Ceramic and Reaction Engineering in the State
University of New York at Buffalo, a series of studies on CVD methods for
the production of thick films have been conducted over a year. The purpose
of the work is to investigate the possibility and the optimum procedure
to manufacture tubing, optical domes and refractory crucibles using CVD
methods.

This paper reports part of the above work. An investigation of the
deposition of silicon carbide tubing from thermal decomposition of industrial
grade CH3SiCl; in a hydrogen atmosphere by using electrical heating is
presented. A thermodynamic calculation was carried out to obtain the optimum
conditions. Details of the reactors are described. Two critical problems in
the operation of the deposition and their solutions are given. Finally, the
feasibility of scaling up is discussed.

2. Theoretical considerations

The use of thermodynamic calculations is extremely valuable in analyzing
the combination of condensed phases that will give the most stable deposit
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during chemical deposition. The comparisons with actual results provide
insights into the reaction mechanisms involved. Even though kinetic factors
may cause deviation from thermodynamic expectation, such calculation
provides at least an approximate basis for further probing by systematic
experimentation.

Thermodynamic calculations, reported in this paper, were conducted
using the NASA code {5] which was based on the minimization of Gibbs
free energy. The specific heat, enthalpy, entropy and the enthalpy of formation
of each species were taken from the JANAF' Thermochemical Tables [6].

The calculation was specific for the CH3SiCl;—H, system; 64 gas species
and four condensed phases (silicon, carbon, a-SiC, B-SiC) were considered.

Figures 1(a)-1({d) show the calculation of the decomposition of CH;SiCl,
in a hydrogen atmosphere at atmospheric pressure. The calculation reveals
the following.

(1) Even if hydrogen does not exist, 8-SiC starts forming at temperatures
as low as 500 K. The molar concentration of SiC increases gradually under
the conditions of Fig. 1(a). As the initial hydrogen concentration increases
(Figs. 1(b)-1(d)), B-SiC will reach its maximum value at 1300 K and stay
at this value with further temperature increase.

(2) Solid carbon appears at lower H, ratios. When the initial hydrogen
increases, solid carbon disappears when the H,-to-CH;SiCl; ratio is larger
than 3.

(3) The solid phases that may appear, according to the equilibrium
calculation, are SiC and carbon. This is a contradiction to the experimental
result, i.e. where in certain cases solid silicon has appeared. From the above
results we can conclude that, for temperatures higher than 1300 K and for
the H,:CH4SiCl; ratio equal to 3—4, the optimum conditions are achieved
for B-SiC deposition.

3. Design of the system

Figure 2 is the schematic of the experimental set-up used to deposit a
silicon carbide thick film. A.c. current at 220 V passes through a Variac in
order to control the power; a transformer is connected with the Variac to
regulate the voltage to the maximum value of 10 V. The electric current
passes through a pair of water-cooled electrodes to heat a graphite tube
which is mounted in a well-sealed reactor as a substrate. Before starting the
experiment, argon is used to purge all gases from the system for 1 h. The
experiment starts with the switching on of the electric heating. When the
graphite substrate is heated to the temperature required, hydrogen is passed
through the reactor. The reactant liquid CH3SiCl; is heated to an assigned
temperature. Finally, hydrogen passes through the reactant container and
brings CH3SiCl; vapor to the reactor. CH3SiCl; decomposes on the graphite
surface in the hydrogen atmosphere by the following chemical reaction:
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Fig. 2. The schematic of the experimental set-up.

CH;8SiCl; — SiC(B) +3HCl

and the resultant g-SiC depdsits on the graphite surface.
During the experimental operations we continuously modified the various
parts of the reactor system. This resulted in the following optimum design.

3.1. Substrate

As shown by the thermodynamic calculations discussed in the last section,
the minimum value of the favorable temperature of the substrate for the
deposition of silicon carbide should be above 1100 °C. In order to simplify
our system, we decided to select a substrate which can also be used as a
heating element. It is well known that the substances which can be used as
the electrical heating elements are copper, nickel alloys, iron-based alloys,
refractory metals such as platinum, molybdenum, tantalum, tungsten, graphite,
silicon carbide and TiB,. Table 1 lists the related properties of the above
substances. Obviously, the operating temperatures of copper, nickel alloys
and iron-based alloys are too low for them to be used as the substrates for
the deposition of silicon carbide tubes; and the refractory metals are too
expensive for this purpose. As far as silicon carbide is concerned, its resistance
is so high that a very high voltage electrical power supply would be required.
Also, it is difficult and expensive to make a silicon carbide substrate with
a suitable shape.
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TABLE 1
Electrical and thermal properties of some possible substrates [13]

Material Operating Resistivity Temperature Linear expansion
temperature at 20 °C coefficient coeflicient
C) (X102 Qm)  of resistivity (X10* °C™H

Copper 350 1.72 0.161

Nickel alloys 1050-1250 108-124 6.24x10°% 0.13

Iron-based alloys 1050-1300 134-145 (4.7-12)x107° 0.11

Refractory metals

(Pt, Mo, Ta, W) 1300-2500 10-20 (2.5-5.9)x 103 0.0646

Graphite 3000 1000 —-2.7x107% 0.03-0.077

Silicon carbide 1600 1.1x10° —2.63x10°* 0.0568

TiB, - - 0.055

Fortunately, the only option — graphite — is a very good substrate for
our purpose. This is because of the following.

(1) It is a material with an operating temperature sufficiently high for
use as a substrate.

(2) Even though its resistance is very high, one can heat it easily to a
temperature high enough for silicon carbide deposition.

(3) Moreover, in comparison with other substances, it is a very cheap
material, so it will make things easy when the scale of this technology is
increased.

(4) The most outstanding characteristic of graphite is its expansion
coefficient which can be chosen to match that of B-SiC. This is extremely
important during the cooling process as discussed in the later part of this

paper.

3.2. Reactor

The reactor is the most important part for this project because it is the
place where CVD proceeds. Three reactors were designed for operations.
The first one is a small quartz tube, place horizontally, with the dimensions
L=11 in, D=1.2 in, Ly=4 in and D,=0.4 in. The second one is a large
quartz tube, also placed horizontally, with the dimensions L=19 in, D=2
in, L,=10.5 in and D,=0.75 in. Finally, a large stainless steel vertical reactor
with a water cooling jacket was used. Its dimensions are L=20 in, D=2
in, L;=12 in and D,=0.75 in, where L and D are the length and diameter
of the reactor respectively; L, and D, are the length and diameter of the
substrate respectively.

Figure 3 shows the layout of the whole system. The advantage of the
quartz tube is that the temperatures at every point on the mandrel can be
measured and the phenomena taking place inside the reactor can be observed.
The advantage of a stainless steel tube is that it is very easy to clean and
very sturdy.
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Fig. 3. A photograph of the vertical CVD reactor system.

The reactor assembly consists of five parts: a water-cooled stainless
steel outer chamber; water-cooled electrodes; seals; observation windows;
and inlet and outlet- lines.

The water-cooled stainless steel outer chamber has a water-cooled coil
on its wall. By adjusting the coil distance, we are able to keep the inside
substrate temperature uniform. We also used differential cooling at different
regions by dividing and bifurcating the coil. The two ends of the reactor
were sealed with a special kind of rubber. This has special significance in
our operation because, during the heating and cooling processes, it can
accommodate the expansion of the electrode and the substrate. The observation
windows were mounted on the wall of the reactor to record the temperatures
through an infrared pyrometer. This observation directly helped us to eliminate
the temperature gradient. Inlet and outlet lines were heated to eliminate any
condensation of the reactants.

3.3. Electrodes

Design of electrodes is an important problem which was realized at the
initial stage of the experiments. This was crucial when the scale of the
experiment was increased. Four types of electrodes were tried, varying from
the air cooled to the water cooled. The one currently in use works perfectly.
It is shown in Fig. 4. The electrode is a water-cooled tube. A stainless steel
tube fitting connects the graphite substrate with the electrode. One side of
this connection is a tight fitting. It acts as a good contact for the electricity
to pass through. Another side of the fitting is a thread, which connects the
electrode. The reason why stainless steel fittings are used is because the
operating temperature of stainless steel is high, up to 1100 °C, as shown
in Table 1 and its thermal conductivity is not as high as that of copper.
Thus the end which connects with the graphite substrate can be held at
high temperature without melting even if its other end is connected with
the water-cooled electrode. The electrical current sometimes reaches 550 A.
This is a very serious condition; however, the electrodes manufactured
according to this design work very well. We have kept very good connection
between the substrate and the electrodes and also maintained uniform
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Fig. 4. Schematic of a recently designed electrode.

temperature distribution on the substrate because the heat loss from the
two ends of the substrate is not very large.

4. Experimental details

The substrate temperature was held between 900 and 1250 °C, and was
measured by an infrared pyrometer. The flow rate of H, could be changed
from 0.2 to 0.4 1 min~*. The CH,SiCl; was evaporated by passing the hydrogen
gas through the evaporator. By controlling the hydrogen flow rate and the
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temperature of the evaporator, the flow rate of CH3SiCl; can be adjusted to
between one-sixteenth and one-third of the hydrogen flow rate. Both the
CH;SiCl; and the hydrogen used are industrial grade (hydrogen, extra dry,
99.950% purity, Linde; CH;3SiCl;, industrial grade 97.000% purity, Aldrich
Chemical). When the temperature of the evaporator is higher than room
temperature, the tubing for the transportation of CH3SiCl; vapor from the
evaporator to the reactor must be heated, and the cooling water for the
water jacket of the reactor must be held at a certain temperature in order
to prevent the condensation of CH;SiCl; which would otherwise block the
tubing or condense in the reactor.

After many test experiments, very thick silicon carbide coating could
be produced on the graphite substrate tubing. The length of the deposition
could reach 25 cm, the diameter varied from 5 mm to 2.5 c¢cm depending
upon the size of the substrate used, and the thickness varied from 20 pum
to 3 mm depending upon the operating time and operating temperature and
reactant flow rates. Figure 5 shows one of the tubes produced in our laboratory.
Two serious problems were discovered, as follows.

The first was cracking. The deposition surface of SiC was fairly smooth.
After grinding, soine microcracks appeared. In Fig. 5, the top part of the
tubing is the surface formed without grinding, the lower part is ground, and
the microcracks are obvious on the ground surface. Figure 6 shows a magnified
picture of these microcracks. There are two kinds of cracking: (1) most of
the cracks are circumferential hair-line cracks; (2) few of them are in the
radial direction. Cracks are, in general, seen in tube areas where the coating
appearance is less regular and often of a slightly darker color.

The second problem relates to the deposition conditions. It is very critical
to find the right conditions for the deposition. Chi et al. [7] carried out a
very careful investigation on the morphologies of SiC deposited by the thermal
decomposition of CH3SiCl;. The morphologies of the deposits were found
to vary with the substrate temperature, chamber pressure and gas composition.
In our case, the pressure is always equal to 1 atm, so the effective parameters
are the substrate temperature and gas composition. As discussed above, the
ratio H,:CH3SiCl; in the experiments is larger than 4, and the temperature

Fig. 5. One of the tubes made at the first stage of the investigation.
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Fig. 6. A magnified photograph of cracked silicon carbide tubing (magnification, X 33).

(b)

Fig. 7. SEM pictures of the surface morphology of the deposited silicon carbide (magnification,
% 100).

lower than 1250 °C, so the operations are in regions of columnar and smooth
deposition. Figure 7 shows a scanning electron microscopy (SEM) photograph
of the deposition which reveals the surface morphologies of the deposited
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silicon carbide. Figure 8 shows typical X-ray diffraction patterns of the
deposition. Almost all the X-ray diffractions show a sharp peak at 20=236°,
and the density is around 97.0% of the theoretical density of silicon carbide.

It is possible to avoid microcracks by coating a carbon film on the
substrate before deposition. A similar operation was carried out for boron
fiber deposition [8]. However, it was very difficult to produce a carbon coating
on graphite at the beginning. More than five methods were tried, but none
of them worked. CVD of CH,—CCl,—C¢Hg to yield an intermediate ‘“‘spongy’’
carbon layer was tried. Since there is a large temperature gradient on the
substrate, this process failed to produce a uniform coating. This temperature
gradient gave a pronounced effect because the carbon is deposited at low
temperature. Active charcoal was dispersed in alcohol and the resultant paste
was coated on the substrate. This process was carried out several times to
achieve a thicker coating. For each coating, the drying process took several
minutes. However, under the operating conditions, this process failed due
to the formation of microcracks when the coating reached a certain thickness.

Eventually we used a cellulose-based glue to paste carbon powders on
the substrate. The main points of this method are: (1) a very thin layer of
carbon powders can be coated every time; immediately after the glue is
dried, the coating must be heated in order to evaporate most of the glue
used; (2) before the graphite substrate with a thick carbon coating is used
for SiC deposition, it must be heated to the temperature for SiC coating in
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Fig. 8. (continued)



230

[72510-7
200~ Z2SIC-@

100

Intensity {(Ave)

.« a4« 3

P S

®) %.0 T eTnete

Al T T IM'} T A T v v v - T v*' ad Al T A v - T T T sl
“.0 2.0 80.0 79.0

1 2s1c-23
I51c-23

latensity WMel}

.,.“1‘1—,y/—TJ—LF=‘—¢.V“..r—’\=.—"‘.., el g Ny

(c) 200 30 .0 Tsee s el 2Tnets

Fig. 8. Typical X-ray diffraction patterns of the deposition (Stoe powder diffraction system):
(a) June 3, 1991; (b) June 4, 1991; (c) November 21, 1990.



231

Fig. 9. A photograph of the graphite substrate, carbon film coating and the deposited silicon
carbide (48% actual size).

Fig. 10. A photograph of deposited silicon carbide with the substrate removed.

an argon atmosphere to evaporate the remainder of the glue. It seems that
this method works perfectly. Not only a thin film of carbon about 5 um but
also a thick film up to 1 mm can be coated. Using graphite tubing with a
thin layer coating of carbon powders, an SiC tubing without microcracks
was produced. When the diameter of the substrate increases, the carbon
layer can be thinner. Figure 9 shows a photograph of a sample of the
deposition. Here the graphite substrate and the carbon film were not removed,
so both can be seen with the deposited silicon carbide. Figure 10 is another
sample of a silicon carbide deposition where the graphite and carbon film
were removed. Figure 11 shows three SEM pictures of silicon carbide
depositions without cracks. Figure 11(a) is one end cross-section of the
sample of Fig. 9. Figure 11(b) is one end of the sample of Fig. 10. Figure
11(c) is an SEM picture of the cylindrical surface of the sample in Fig. 10.
These three pictures give us some idea about the carbon coating method.

5. Scaling up

It seems that, for small substrates, it is very easy to control the gas
composition and the surface temperature on the substrate. However, for
substrates with large diameters and lengths it is very difficult to do so,
because non-uniform deposition and some microcracks are induced. In order
to scale up the system, two problems must be solved: (1) to maintain a
uniform and constant temperature on the whole surface of the substrate;
(2) to maintain a uniform concentration of reactants on the deposition surface.
Using the reactor shown in Fig. 3, solutions to these problems are being

sought.

6. Conclusion

A technology for the deposition of silicon carbide tubing from thermal
decomposition of CH3SiCl; in a hydrogen atmosphere using electrical heating
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(a) (b)

(c)

Fig. 11. SEM pictures of silicon carbide deposition with magnifications of (a) X 13, (b) X23
and (c) X13.

is presented. The thermodynamic calculations give the optimum conditions
for this procedure at atmospheric pressure: the surface deposition temperature
of the substrate should be higher than 1100 °C, and the H,:CH;SiCl; ratio
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should be higher than 4. The detailed structure of the reactors used was
described. Two critical problems in the operation of the deposition and their
solutions were given. A method of carbon coating is used to eliminate the
cracks induced by the different expansion coefficients of SiC coating and
graphite substrate. Problems in scaling up were discussed.
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