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A b s t r a c t  

An investigation on the deposition of silicon carbide to manufacture silicon carbide tubes 
from thermal decomposition of CH3SiC13 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 E-SiC coating 
and the graphite substrate. The problem of scaling up is discussed. 

1. I n t r o d u c t i o n  

A new class  of  p r o c e s s e s  wi th  e n o r m o u s  t echno log ica l  flexibili ty and  
capabi l i ty ,  so-cal led chemica l  v a p o r  depos i t ion  (CVD), was  d e v e l o p e d  and  
success fu l ly  appl ied  in the  las t  two  decades .  CVD is a un ique  way  to depos i t  
sol id mate r ia l s  by  us ing  sur face  v a p o r  chemica l  reac t ions .  Even  t h o u g h  the  
app l i ca t ion  of  CVD in the  e lec t ron ics  indus t ry  is e x t r e m e l y  success fu l  and  
cer ta in  t echno log ies  s e e m  to be  ma tu re ,  the re  is still a lo t  o f  r o o m  for  
sc ien t i s t s  to do r e sea rch  w o r k  in o rder  to  deve lop  or  i m p r o v e  the  t echno log ies  
and  t h e r e b y  to  p r o m o t e  the  app l ica t ion  of  c e r amic  mater ia ls .  

The  m a n u f a c t u r e  of  high p e r f o r m a n c e  ce r amic  t u b e s  is ve ry  compl ica ted .  
Since the  t echn iques  and  tool ing tha t  have  b e e n  d e v e l o p e d  to  p r o d u c e  these  
e l e m e n t s  f r o m  " c o n v e n t i o n a l "  a l loys a re  no t  easi ly  appl icab le ,  severa l  a t t e m p t s  
we re  m a d e  in this  field [1 -4 ,  9 - 1 2 ] .  

Lloyd and  H o w a r d  [1], f r o m  the  Bri t ish Ce ramic  R e s e a r c h  Associa t ion,  
r e p o r t e d  the i r  r e s ea r ch  on the f ab r i ca t ion  and  p r o p e r t i e s  of  l a rge -d iame te r  
t u b e s  and  coa t ings  in pyroly t ic  si l icon carbide .  They  h e a t e d  the  subs t r a t e  
b y  r.f. induct ion.  Silicon carb ide  depos i t ion  was  ca r r i ed  out  by  the  t he rma l  
b r e a k d o w n  of  me thy l  t r ich loros i lane  a t  a su r face  h e a t e d  to  1400  °C. It  was  
p o i n t e d  out  that ,  due to  cool ing  f r o m  the  depos i t ion  t e m p e r a t u r e ,  large 
s t r e s se s  a rose  in the  coa t ings  which  of ten  c r a c k e d  w h e n  the  res t ra in t  o f  the  
s u b s t r a t e  was  r emoved .  These  s t r e s se s  migh t  be  c a u s e d  pa r t ly  f r o m  the  
d i f fe rences  in the  t he rm a l  e x p a n s i o n  b e t w e e n  the  subs t r a t e  and  the  coa t ing  
and  pa r t l y  f r o m  the  e x p a n s i o n  d i f fe rences  b e t w e e n  si l icon ca rb ides  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 WF6 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 TiB2 by CVD using the H2 reduction of BC13 and 
TIC14 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 TiB2, and eventually the cracking was 
eliminated. 

In 1987, Sato and Tachikawa [4] did some research on the deposition 
of TiB2 onto a mild steel substrate through the hydrogen reduction of TIC14 
and BC13, 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, 
TiCla:(TiC14+BC13)=0.3-0.4, ChH=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 TiB2 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 CHsSiC18 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. Theoret i ca l  cons iderat ions  

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 Thermochemica l  Tables [6]. 

The calculation was specific for the CH3SiC13-H2 system; 64 gas species 
and four condensed phases (silicon, carbon, a-SiC, fl-SiC) were considered. 

Figures 1 (a ) - I  (d) show the calculation of the decomposition of CH3SiCI3 
in a hydrogen atmosphere at atmospheric pressure. The calculation reveals 
the following. 

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

(2) Solid carbon appears at lower H2 ratios. When the initial hydrogen 
increases, solid carbon disappears when the H2-to-CH3SiCI3 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 H2:CH3SiC13 ratio equal to 3-4, the optimum conditions are achieved 
for fl-SiC deposition. 

3. Design o f  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 coimected 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 CHaSiC13 is heated to an assigned 
temperature. Finally, hydrogen passes through the reactant container and 
brings CHsSiC13 vapor to the reactor. CH3SiC18 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. 

CHaSiCIa ) SiC(fl) + 3HC1 

and the resultant fl-SiC deposits 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 TiB2. 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 coefficient 
(°C) (× I0 s ft m) of resistivity (× 10 4 °C -I) 

Copper 350 1.72 0.161 
Nickel alloys 1050-1250 108-124 6.24 × 10 -5 0.13 
Iron-based alloys 1050-1300 134-145 (4.7-12) × 10 -5 0.11 
Refractory metals 

(Pt, Mo, Ta, W) 1300-2500 10-20 (2.5-5.9)× 10 -3 0.0646 
Graphite 3000 1000 - 2.7 × 10- 4 0.03-0.077 
Silicon carbide 1600 1.1 × 105 -2 .63×  10 -a 0.0568 
TiB~. - - 0.055 

For tuna te ly ,  the  only  op t ion  -- g raph i te  -- is a ve ry  g o o d  s u b s t r a t e  fo r  
our  p u r p o s e .  This  is b e c a u s e  of  the  following. 

(1) It  is a ma te r i a l  wi th  an  ope ra t ing  t e m p e r a t u r e  sufficiently high for  
use  as  a subs t ra te .  

(2) E v e n  t h o u g h  its r e s i s t ance  is ve ry  high, one  can  hea t  it easi ly  to  a 
t e m p e r a t u r e  h igh  e n o u g h  for  si l icon carb ide  deposi t ion.  

(3) Moreover ,  in c o m p a r i s o n  with  o the r  subs tances ,  it is a v e r y  c h e a p  
mater ia l ,  so  it will m a k e  th ings  ea sy  w h e n  the  scale  of  this  t e c h n o l o g y  is 
inc reased .  

(4) The  m o s t  ou t s t and ing  charac te r i s t i c  o f  g raphi te  is its e x p a n s i o n  
coeff ic ient  which  can  be  chos en  to  m a t c h  tha t  of  fl-SiC. This  is e x t r e m e l y  
i m p o r t a n t  d t m n g  the  cool ing p r o c e s s  as  d i scussed  in the  la ter  p a r t  o f  th is  
pape r .  

3.2. Reactor 
The r e a c t o r  is the  m o s t  i m p o r t a n t  pa r t  for  this  p ro jec t  b e c a u s e  it is the  

p l ace  w h e r e  CVD p r o c e e d s .  Three  r eac to r s  were  des igned  for  ope ra t ions .  
The  first  one  is a smal l  quar tz  tube ,  p lace  horizontal ly,  with the  d i m e n s i o n s  
L =  11 in, D= 1.2 in, Ls=4 in and D~=0.4 in. The  s econd  one  is a l a rge  
quar tz  tube ,  a l so  p l aced  horizontal ly,  with the  d imens ions  L = 1 9  in, D = 2  
in, L ,=  10.5 in and  D~-- 0 .75  in. Finally, a large s ta inless  steel  ver t ica l  r e a c t o r  
wi th  a w a t e r  coo l ing  j a c k e t  was  used.  I ts  d imens ions  are  L = 20 in, D -  2 
in, L~= 12 in and  D , = 0 . 7 5  in, whe re  L and  D are the  length  and  d i a m e t e r  
o f  the  r e a c t o r  respec t ive ly ;  Ls and  D ,  a re  the  length and  d i a m e t e r  o f  the  
subs t r a t e  respec t ive ly .  

F igure  3 shows  the  layout  of  the  whole  sys tem.  The  a d v a n t a g e  o f  the  
quar tz  t u b e  is tha t  the  t e m p e r a t u r e s  a t  every  po in t  on  the  m a n d r e l  can  be  
m e a s u r e d  and  the  p h e n o m e n a  tak ing  p lace  inside the  r e a c t o r  can  be  obse rved .  
The  a d v a n t a g e  of  a s ta inless  s teel  t ube  is tha t  it is ve ry  ea sy  to  c lean  and  
ve ry  s turdy.  
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Fig. 3. A photograph of the vertical CVD reactor system. 

The r e a c t o r  a s s em b l y  cons is t s  of  five par ts :  a wa t e r - coo l ed  s ta inless  
s teel  ou t e r  chamber ;  wa t e r - coo l ed  e lec t rodes ;  seals;  obse rva t ion  windows;  
and  inlet  and  out le t - l ines .  

The  wa te r - coo l ed  s ta inless  steel  ou te r  c h a m b e r  has  a wa t e r - coo l ed  coil 
on its wall. By adjus t ing the  coil dis tance,  we  are  able  to  k e e p  the  inside 
subs t ra t e  t e m p e r a t u r e  uni form.  We  also used  differential  cool ing  at  different  
r eg ions  by  dividing and  b i furca t ing  the  coil. The  two ends  of  the  r e a c t o r  
we re  sea led  with  a spec ia l  kind of  rubber .  This has  specia l  s ignif icance in 
ou r  ope ra t i on  because ,  dur ing the  hea t ing  and  cool ing p roces se s ,  it can 
a c c o m m o d a t e  the  e x p a n s i o n  of  the e l ec t rode  and  the subs t ra te .  The  obse rva t ion  
windows  were  m o u n t e d  on the  wall  o f  the r e a c t o r  to r e co rd  the  t e m p e r a t u r e s  
t h rou gh  an  inf rared  p y r o m e t e r .  This  obse rva t ion  direct ly  he lped  us  to e l iminate  
the  t e m p e r a t u r e  gradient .  In le t  and  out le t  l ines were  hea t ed  to  e l imina te  any  
condensa t i on  of  the reac tan ts .  

3.3. Electrodes 
Design of  e l ec t rodes  is an  impor t an t  p r o b l e m  which  was  real ized a t  the 

initial s tage  of  the  exper imen t s .  This was  crucial  w h e n  the  scale  of  the  
e x p e r i m e n t  was  increased .  Fou r  t ypes  of  e l ec t rodes  were  tried, va ry ing  f r o m  
the  air coo led  to  the  wa te r  cooled.  The one  cur ren t ly  in use  w o r k s  perfect ly .  
It  is shown  in Fig. 4. The  e lec t rode  is a wa te r - coo led  tube.  A s ta in less  s teel  
tube  fit t ing c o n n e c t s  the  g raph i te  subs t ra te  with the  e lec t rode .  One side of  
this  connec t i on  is a t ight  fitting. I t  ac ts  as a good  con t ac t  fo r  the  e lect r ic i ty  
to pa s s  th rough .  Ano the r  s ide of  the  fitting is a th read ,  which  c o n n e c t s  the 
e lec t rode .  The  r ea s on  w h y  s ta inless  s teel  fi t t ings a re  used  is b e c a u s e  the 
ope ra t ing  t e m p e r a t u r e  of  s ta in less  s teel  is high, up to 1100  °C, as  shown  
in Table  1 and its t he rm a l  conduc t iv i ty  is no t  as  high as t ha t  of  copper .  
Thus  the  end  which  c o n n e c t s  with the  g raph i te  subs t r a t e  can  b e  he ld  at 
high t e m p e r a t u r e  wi thou t  mel t ing  even  if its o the r  end  is c o n n e c t e d  with 
the  wa te r - coo l ed  e lec t rode .  The  electr ical  cu r ren t  s o m e t i m e s  r e a c h e s  550  A. 
This  is a ve ry  se r ious  condi t ion;  however ,  the  e l ec t rodes  m a n u f a c t u r e d  
acco rd ing  to  this  des ign  work  ve ry  well. We  have  k e p t  ve ry  g o o d  connec t i on  
b e t w e e n  the  subs t r a t e  and  the  e lec t rodes  and  also ma in ta ined  un i fo rm 
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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. Exper imenta l  detai l s  

The substrate temperature was held between 900 and 1250 °C, and was 
measured by an infrared pyrometer. The flow rate of  H2 could be changed 
from 0.2 to 0.41 rain-i.  The CHaSiC13 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 CHaSiCIa can be adjusted to 
between one-sixteenth and one-third of the hydrogen flow rate. Both the 
CHaSiCI~ and the hydrogen used are industrial grade (hydrogen, extra dry, 
99.950% purity, Linde; CHsSiCI~, industrial grade 97.000% purity, Aldrich 
Chemical). When the temperature  of  the evaporator is higher than room 
temperature,  the tubing for the transportation of CH3SiCla 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 CH3SiC13 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 cm depending 
upon the size of the substrate used, and the thickness varied from 20 ~tm 
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, some 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 
decomposi t ion of CHaSiCla. 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 H2:CH3SiCla 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). 

% 

2 

\ 

(a) (b) 

Fig. 7. SEM pictures of the surface morphology of the deposited silicon carbide (magnification, 
x 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= 36 °, 
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 CH4-CC14-C~H 6 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 

i ZSIC-22 ZSIC-22 
75 , 

I i 

5 0 -  

! 
c 

J 

Fig. 8. (continued) 
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Fig. 8. Typical X-ray diffraction patterns of the deposition (Stoe powder diffraction system): 
(a) June 3, 1991; Co) June 4, 1991; (c) November 21, 1990. 
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Fig. 9. A photograph of the graphite substrate, carbon film coating and the deposited silicon 
carbide (489/0 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 gm 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 1 l (a)  is one end cross-section of the 
sample of Fig. 9. Figure l l ( b )  is one end of the sample of Fig. 10. Figure 
l l ( 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. Scal ing 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 concentrat ion of reactants on the deposition surface. 
Using the reactor  shown in Fig. 3, solutions to these problems are being 
sought. 

6. Conc lus ion  

A technology for the deposition of silicon carbide tubing from h e m a l  
decomposit ion of CHsSiCI3 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) × 13, Co) 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 H2:CHsSiC18 ratio 
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s h o u l d  be  h i g h e r  t h a n  4. T h e  de t a i l ed  s t r u c t u r e  of  the  r e a c t o r s  u s e d  w a s  

d e s c r i b e d .  Two  cr i t i ca l  p r o b l e m s  in  the  o p e r a t i o n  of  t he  d e p o s i t i o n  a n d  t he i r  

s o l u t i o n s  w e r e  g iven .  A m e t h o d  of  c a r b o n  c o a t i n g  is  u s e d  to  e l i m i n a t e  the  
c r a c k s  i n d u c e d  b y  t he  d i f f e ren t  e x p a n s i o n  coef f ic ien t s  o f  SiC c o a t i n g  a n d  
g r a p h i t e  s u b s t r a t e .  P r o b l e m s  in  s c a l i n g  up  were  d i s c u s s e d .  
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