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Description 

This  invention  relates  to  producing  a  three- 
dimensional  random  weave  of  thin  ceramic  tubes. 

Although  many  filamentary  materials  are  known 
for  their  utility  as  thermal  insulators,  there  is  still  need 
for  higher  efficiency  systems  and  lower  cost  fabrica- 
tion  procedures.  Today's  tiles  used  in  the  American 
Space  Shuttle,  for  example,  are  produced  in  a  costly 
process  from  melt-spun  filaments  of  Si02.  To  produce 
the  desired  tile  with  controlled  volume  fraction,  the 
Si02  filaments  are  chopped  up,  randomized,  placed 
in  a  mold  and  partially  sintered  under  pressure  at  ele- 
vated  temperatures.  The  sintering  process  is  de- 
signed  to  achieve  a  specific  volume  fraction  of  inter- 
woven  filaments  that  are  firmly  bonded  at  points  of 
contact  in  a  random  array.  Such  an  open  structure 
has  high  thermal  impedance  coupled  with  modest 
structural  strength,  which  makes  it  ideal  for  shuttle 
tiles  and  other  insulating  purposes  where  thermal  in- 
sulation  for  a  transitory  period  is  required. 

CHEMICAL  ABSTRACTS  107  :  82733f,  p.  308, 
1  987  &  JP-A-62  1  24  909  disclose  the  manufacture  of 
ceramic  tube,  in  which  a  cylindrical  substrate  is  coat- 
ed  with  a  ceramic  vapor  deposition,  and  the  cylindri- 
cal  substrate  is  removed  by  burning  or  dissolving  to 
form  the  required  ceramic  tube. 

In  CHEMICAL  ABSTRACTS  106  :  142876w,  p. 
292,  1987  &  JP-A-62  04  997,  an  article  having  a  plur- 
ality  of  ceramic  webs  between  an  upper  and  a  lower 
ceramic  surface  layer  is  prepared  by  chemical  vapor 
deposition  of  a  ceramic  material  on  a  graphite  pattern, 
removing  part  of  the  ceramic  layer,  and  burning  out 
the  pattern.  SiC,  Si3N4  and  Al203  articles  have  been 
prepared  by  this  method. 

According  to  the  present  invention  there  is  pro- 
vided  a  method  for  producing  a  three-dimensional 
random  weave  of  thin  ceramic  tubes,  which  method 
comprises:  contacting  a  metallic  catalyst  for  growing 
multi-directional  carbon  fibers  with  one  or  more  gas- 
eous  hydrocarbons  in  a  mold  at  a  temperature  suffi- 
cient  to  form  filamentary  carbon  and  insufficient  to 
cause  the  pyrolytic  deposition  of  carbon,  depositing  a 
conformal  coating  consisting  of  a  ceramic  or  ceramic 
forming  material  on  the  carbon  fibers,  and  heating 
the  coated  fibers  in  an  oxygen  containing  atmosphere 
for  a  time  sufficient  to  volatilize,  by  oxidation,  all  or 
substantially  all  of  the  carbon,  to  form  the  ceramic 
tubes. 

The  method  disclosed  herein  results  in  the  pro- 
duction  of  ceramic  filamentary  micro-tubular  materi- 
als.  The  method  is  an  entirely  fluid-phase  method  for 
producing  such  interwoven  ceramic  filamentary  tub- 
ular  materials.  The  process  depends  for  its  success 
on  the  ability  to  generate  a  three-dimensional  random 
weave  of  ceramic  tubes,  for  example  with  diameters 
in  the  range  of  about  .01  to  2.0  microns,  by  forming 
carbon  filaments  by  the  catalytic  decomposition  of 

the  hydrocarbon  feed,  before  coating  the  filaments 
with  the  ceramic  coating  and  then  oxidizing  the  coat- 
ed  filaments  to  remove  the  carbon  core,  leaving  be- 
hind  hollow  ceramic  micro-tubular  filaments.  The  cer- 

5  amic  micro-tubular  materials  may  be  free-standing 
porous  structures  and  may  have  a  variety  of  uses  as 
thermal  insulators,  catalyst  supports,  superconduc- 
tor  supports,  filters  or  as  reinforcements  for  compo- 
sites. 

10  The  metallic  catalyst  can  be  in  finely  divided  form 
and  the  catalyst  contacted  with  the  hydrocarbon  (s)  in 
said  mold  at  a  temperature  from  the  dissociation  tem- 
perature  of  the  hydrocarbon  to  about  900°C.  The  con- 
formal  ceramic  coating  can  be  deposited  to  a  thick- 

15  ness  of  from  about  0.01  (micron)  to  about  0.5 
(micron)  on  the  carbon  fibers. 

Different  techniques  are  possible  for  depositing 
the  conformal  coating,  e.g.  chemical  vapor  deposi- 
tion,  electroplating  or  electro-less  deposition. 

20  A  second  conformal  coating  may  be  deposited  on 
the  ceramic  tubes  after  volatilizing  the  carbon.  This 
second  coating  can  be  carbon,  a  metal,  a  ceramic 
compound  or  mixture  thereof. 

According  to  a  development,  a  liquid  matrix  ma- 
25  terial  such  as  a  polymer,  elastomer,  epoxy  resin,  met- 

al,  alloy  or  ceramic,  can  be  introduced  tothe  mold  and 
converted  to  a  solid  after  the  volatilization  step.  The 
resulting  structure  may  have  at  least  one  section  with 
a  thickness  of  less  than  one  millimeter. 

30  The  metallic  catalyst  can  be  contacted  with  a  C2 
hydrocarbon  gas  in  the  mold  and  the  temperature  at 
which  the  contacting  takes  place  may  be  from  about 
450°C  to  750°C. 

A  preferred  way  of  putting  the  present  invention 
35  into  effect  to  produce  an  insulating  material  compar- 

able  with  that  mentioned  above  for  producing  today's 
Shuttle  tiles  would  involve  growing  an  interwoven  net- 
work  of  carbon  substrate  filaments  within  a  shaped 
mold,  formed  in  the  shape  of  a  shuttle  tile,  coating  the 

40  filaments  with  a  Si  containing  deposit  by  chemical  va- 
por  deposition  (CVD),  followed  by  oxidation  to  elimin- 
ate  the  carbon  filament  core.  The  volume  fraction  as 
well  as  the  bridging  of  the  filaments  is  easily  control- 
led  by  this  method  as  discussed  in  copending  Euro- 

45  pean  patent  application  89313564.0  EP-A-0433507, 
filed  22nd  December,  1989.  An  added  advantage  of 
this  process,  in  addition  to  its  low-cost,  is  the  ability 
to  produce  ultra-fine,  less  than  1  micron  in  diameter 
hollow  filaments,  with  controlled  diameter  and  wall 

so  thickness.  For  the  same  volume  fraction,  such  hollow 
structures  should  be  even  more  effective  in  impeding 
heat  transfer,  while  sacrificing  little  in  structural 
strength. 

The  novel  material  to  be  described  in  more  detail 
55  hereinbelow  may  also  find  utility  as  a  potential  re- 

placement  for  environmentally  hazardous  asbestos  in 
insulating  materials  employed  in  the  construction  in- 
dustry.  The  micro-tubular  material  mimics  the  struc- 
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ture  of  asbestos,  i.e.,  it  is  in  the  form  of  thin-walled 
hollow  tubular  filaments. 

Catalyst  supports  are  generally  ceramic  materi- 
als  such  as  silicon  dioxide  or  aluminum  oxide  pre- 
pared  with  high  surface  areas  in  the  form  of  pellets. 
The  novel  material  disclosed  herein,  if  grown  in  the 
shape  of  a  brick  as  forthe  shuttle  tile,  can  also  be  em- 
ployed  to  construct  a  very  high  and  controllable  sur- 
face-area  catalyst  support  bed  of  predetermined  di- 
mensions  by  stacking  the  bricks.  Such  a  porous  body, 
now  of  macroscopic  dimensions,  can  now  be  loaded 
with  catalyst  particles  by  known  methods,  for  exam- 
ple,  liquid  infiltration. 

Exactly  the  same  concept  can  also  be  exploited 
to  fabricate  a  fixed  bed  for  simple  filtration  purposes, 
for  example  to  remove  dust  particles  from  the  air,  or 
for  more  sophisticated  chemical  separations  when 
the  surfaces  of  the  filamentary  networks  have  been 
appropriately  pretreated,  e.g.,  to  give  a  chemically  ab- 
sorptive  surface. 

By  the  fabrication  method  disclosed  herein  it  is 
also  possible  to  entirely  fabricate  ultra-fine  compo- 
sites  that  are  reinforced  with  a  three-dimensional, 
tubular  network.  This  has  very  broad  implications  for 
the  design  of  advanced  high  specific  strength  compo- 
site  structures.  In  the  design  of  such  composites  for 
structural  applications,  thin-walled  tubes  are  prefer- 
red  reinforcing,  or  load-bearing  elements.  This  is  be- 
cause  tubes  make  better  use  of  the  intrinsic  structural 
strength  of  materials  than  rods  of  the  same  dimen- 
sions.  In  engineering  practice,  tubular  elements  are 
frequently  linked  together  to  form  a  three- 
dimensional  structure  of  great  strength  and  flexibility, 
e.g.,  as  in  a  geodesic  dome.  In  nature,  similar  engin- 
eering  principles  are  exploited,  but  with  the  added 
complication  thatthe  hollow,  or  cellular  structures  are 
themselves  composites  of  intricate  design.  Networks 
of  cellulose  fibers  provide  much  of  the  reinforcement 
in  natural  composites,  e.g.,  trees,  grasses,  bamboos. 
Although  many  attempts  have  been  made  to  mimic 
such  natural  composite  designs,  so  far  these  efforts 
have  met  with  little  success,  primarily  because  of  the 
difficulty  of  making  hollow  filaments  with  appropriate- 
ly  small  dimensions. 

By  the  present  method,  almost  any  desired  fila- 
ment-filler  matrix  combination  can  be  produced  by 
utilizing  chemical  vapor  deposition  (CVD)  to  modify 
the  surface  properties  of  the  filamentary  micro-tubu- 
lar  material.  Infiltration  of  filler  matrix  materials  can  be 
achieved  by  adaptation  of  existing  materials  technol- 
ogies. 

Yet  another  application  for  these  porous  struc- 
tures  is  as  substrates  for  the  recently  discovered  thin 
superconducting  oxide  layers.  These  could  be  applied 
by  sol-gel  techniques,  i.e.,  dipping  and  draining,  or  by 
more  advanced  techniques  such  as  by  CVD  from  mul- 
tiple  sources.  After  deposition  on  the  surface  of  the 
filaments  either  an  annealing  treatment  below  the 

melting  point,  or  a  brief  melting  operation  may  be  nec- 
essary  to  coarsen  the  grain  structure  of  the  super- 
conducting  phase.  It  is  known  that  an  alumina  sub- 

5  strate  is  ideal  forthis  purpose,  in  that  good  wetting  be- 
tween  the  alumina  and  the  high  Technitium  (Tc)  su- 
perconducting  oxides  occurs,  without  significant 
chemical  degradation  if  the  exposure  time  is  brief.  It 
is  understood  that  all  processing  steps  be  carried  out 

10  in  an  oxygen-rich  environment  in  orderto  maintain  the 
desired  stoichiometry  of  such  superconducting  phas- 
es.  After  coating  the  filaments  with  the  desired  thick- 
ness  of  the  superconducting  phase,  the  structure 
may  be  infiltrated  with  a  polymer  to  achieve  the  de- 

ls  sired  flexibility  and  strength  for  structural  applica- 
tions  such  as  filament  windings  for  energy  storage 
and  transmission. 

It  is  clear  from  these  examples  that  there  are 
many  uses  for  such  novel  materials  comprised  of  in- 

20  terwoven  networks  of  ceramic  hollow  filaments, 
whether  coated  or  not.  Other  applications  not  listed 
can  be  envisioned  which  are  obvious  to  those  skilled 
in  the  art. 

Fora  better  understanding  of  the  invention  and  to 
25  show  how  the  same  may  be  carried  into  effect,  refer- 

ence  will  now  be  made,  by  way  of  example,  to  the  ac- 
companying  drawings,  wherein  :- 

Figure  1  shows  a  cross-sectional  view  of  a  typical 
reactor  for  forming  the  present  ceramic  micro-tubular 

30  material.  There  is  shown  a  reactor  (1)  which  may  be 
a  metal,  glass  or  ceramic  material  of  a  shape  selected 
to  provide  the  desired  three-dimensional  configura- 
tion  of  the  ceramic  micro-tubular  material  containing 
a  catalyst  (2)  for  forming  carbon  fibers.  Conduit  3  is 

35  for  introducing  reactants  into  the  reactor.  Hydrocar- 
bon  for  forming  the  carbon  fibers  is  introduced 
through  conduit  4,  a  volatile  ceramic  precursor  is  in- 
troduced  through  conduit  5  and  oxygen  or  oxygen 
containing  gas  is  introduced  through  conduit  6.  A  ma- 

40  trix  material  may  be  added  through  conduit  7.  Gases 
may  be  removed  from  the  reactor  through  conduit  8. 
The  conduits  are  fitted  with  valves  (9)  to  control  or 
stop  the  flow  of  the  various  materials  into  or  from  the 
reactor. 

45  Figure  2  is  a  photomicrograph  of  a  ceramic  micro- 
tubular  material  as  shown  by  scanning  electron  micro- 
scopy.  The  Figure  shows  an  entangled  weave  of  cer- 
amic  tubes.  The  letter  A  indicates  one  such  tube. 

Figure  3  is  a  photomicrograph  of  a  ceramic  micro- 
50  tubular  material  at  a  higher  magnification  than  Figure 

2.  The  letter  A  indicates  an  end  of  a  ceramic  tube  hav- 
ing  an  outside  diameter  of  about  1  (1  micron)  and 
a  wall  thickness  of  about  0.1  (0.1  micron). 

The  present  invention  provides  for  novel  ceramic 
55  filamentary  micro-tubular  materials  and  a  versatile 

process  for  making  such  materials  entirely  from  the 
gas  phase  with  minimal  handling.  The  process  relies 
on  the  rapid  catalytic  growth  of  carbon  filaments  at 
temperatures  typically  less  than  about  1000°C  from 

3 
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gas-phase  precursors  as  described  in  the  aforesaid 
European  patent  application  89313564.0.  An  exam- 
ple  is  the  catalytic  growth  of  thin  filaments  of  carbon 
from  gaseous  hydrocarbon,  e.g.  ethane  at  700°C  us- 
ing  metal  alloy  catalysts.  When  specific  metal  alloy 
catalysts  are  employed,  as  disclosed  in  the  above  Eu- 
ropean  application  and  as  described  hereinbelow,  it  is 
in  the  nature  of  the  growth  process  that  the  filaments 
intertwine  to  form  a  three-dimensional  random 
weave  (self-woven)  network,  which  has  some  struc- 
tural  strength  as  a  free-standing  form.  By  appropriate 
choice  of  catalyst  particles,  filaments  as  small  as 
about  0.01  urn  (0.01  micron)  in  diameter  can  be  pro- 
duced. 

As  disclosed  in  European  patent  application 
89313564.0,  carbon  filaments  may  be  catalytically 
grown  at  temperatures  typically  less  than  about 
1000°C  from  gas-phase  precursors.  An  example  is 
the  catalytic  growth  of  thin  filaments  of  carbon  from 
gaseous  hydrocarbons,  e.g.,  ethane  at  700°C.  The 
performance  of  the  process  involves  rapid  catalytic 
growth  of  carbon  filaments  which  eventually  expand 
to  fill  the  available  space  in  the  shaped  mold.  Fur- 
thermore,  it  is  in  the  nature  of  the  growth  process  that 
the  filaments  intertwine  to  form  a  three-dimensional 
random  weave  (self-woven  network),  which  has 
some  structural  integrity  as  a  free-standing  form.  By 
appropriate  choice  of  catalyst  particles,  filaments  as 
small  as  0.01  urn  (0.01  micron)  in  diametercan  be  pro- 
duced. 

The  carbon  filaments  can  be  grown  catalytically 
at  elevated  temperatures  using  hydrocarbon  gases 
and  a  metal  alloy  catalyst.  The  carbon  filaments  range 
in  diameter  from  0.01  urn  (0.01  micron)  to  about  2 
(2  microns),  may  be  several  hundred  microns  long 
and  are  grown  in  a  randomly  intertwined  network  at 
a  volume  density  ranging  from  about  2%  to  about 
20%. 

In  more  detail,  a  filamentary  carbon  network  can 
be  formed  in-situ  within  a  mold  by  catalytic  decompo- 
sition  of  the  hydrocarbon  feed,  utilizing  metal  alloy 
catalyst  particles  that  are  applied  to  the  walls  of  the 
mold.  The  seeded  mold  is  placed  into  a  furnace  or 
heated  externally  to  the  desired  temperature  and  a 
hydrocarbon  gas  is  allowed  to  flow  through  the  mold. 
The  filamentary  network  is  permitted  to  grow  until  the 
mold  cavity  is  filled  with  the  desired  volume  fraction 
of  filaments.  The  natural  tendency  of  the  random 
weave  of  filaments  uniformly  to  fill  the  available 
space  in  the  mold  ensures  faithful  replication  of  the 
internal  surface  features  of  the  mold. 

The  catalysts  disclosed  herein  enable  a  rapid, 
voluminous  growth  to  be  produced  that  tends  to  fill 
available  space. 

It  has  been  discovered  that  two  classes  of  metal 
alloy  systems  yield  such  space-filling  growths.  Both 
classes  are  distinguished  by  metal  combinations  that 
form  a  series  of  solid  solutions  over  their  whole  com- 

position  range  and  are  a  combination  of  a  transition 
metal  which  is  known  to  be  a  relatively  good  catalyst 
for  filamentous  carbon  growth  and  one  which  shows 

5  no  catalytic  activity  whatever,  or  one  which  is  a  poor 
catalyst. 

The  preferred  alloy  system  of  the  first  type  is 
based  on  the  system  Ni/Cu,  an  example  of  a  Group 
VIII  metal,  Ni,  that  is  known  to  be  a  catalyst  for  fila- 

10  mentous  carbon  formation,  and  a  Group  IB  metal,  Cu, 
that  is  not  a  catalyst  forf  ilamentous  carbon  formation. 
Ni  and  Cu  form  a  series  of  solid  solutions  over  their 
whole  composition  range.  A  preferred  composition 
range  for  the  purposes  of  this  process  is  from  about 

15  20  wt%  Ni  to  about  90  wt%  Ni,  with  the  range  from 
about  40  wt%  Ni  to  about  80  wt%  being  more  prefer- 
red. 

When  Ni  is  used  as  a  catalyst  for  the  formation 
of  filamentous  carbon  from  ethane  or  ethylene,  the  f  i- 

20  laments  tend  to  be  relatively  short  with  an  aspect  ratio 
of  about  less  than  10  and  the  Ni  catalyst  particle  is 
found  at  the  tip  of  the  filament.  The  Ni  tends  to  be- 
come  deactivated  relatively  quickly,  most  likely  by  be- 
ing  coated  with  a  layer  of  carbon  restricting  furtherac- 

25  cess  of  the  hydrocarbon  molecules.  This  results  in  a 
relatively  inefficient  process  and  relatively  small 
yields  of  carbon  per  gram  of  catalyst  and  very  little  in- 
tergrowth  of  the  filaments.  Unexpectedly  when  Cu  is 
added  to  the  Ni,  the  alloy  catalyst  forms  very  long  f  i- 

30  laments  with  aspect  ratios  generally  greater  than 
about  200.  The  actual  aspect  ratio  is  not  known  defi- 
nitively  because  it  is  difficult  to  find  the  ends  of  any 
one  particular  filament  in  the  intertwined  network. 

Filaments  grown  from  Ni/Cu  alloys  are  further 
35  distinguished  from  those  grown  from  Ni  by  the  loca- 

tion  of  the  catalyst  particle  within  the  filament.  Rather 
than  being  at  the  tip  of  the  filament,  the  catalyst  par- 
ticle  is  predominantly  found  at  the  midpoint  of  two  fi- 
laments.  Thus  a  single  catalyst  particle  is  found  to 

40  grow  two  carbon  filaments  in  opposite  directions.  The 
two  filaments  are  believed  to  grow  simultaneously. 
We  have  also  observed  instances  of  a  single  Ni/Cu 
particle  growing  as  many  as  six  carbon  filaments, 
suggestive  of  the  six  faces  of  a  cube,  all  active  for  the 

45  growth  of  a  carbon  filament.  This  extraordinary  multi- 
directional  growth  is  believed  to  be  responsible  for 
the  remarkably  rapid  and  space-filling  tendency  of  fi- 
lamentary  carbon  growths  from  the  Ni/Cu  systems. 

Other  combinations  of  Group  VIM-IB  solid  solu- 
50  tion  metal  alloys  such  as  Ni/Au,  Co/Au,  Fe/Au  and 

Co/Cu  also  show  significantly  enhanced  catalytic  ac- 
tivity  over  the  pure  Group  VIII  metal  and  the  alloy  sys- 
tems  produce  predominantly  bi-directional  carbon  fi- 
lament  growths.  As  in  the  case  of  the  Ni/Cu  system, 

55  these  alloys  are  combinations  of  known  catalysts  for 
filamentous  carbon  formation,  namely  Ni,  Fe  and  Co, 
and  a  non-catalyst,  namely  Cu  and  Au. 

A  preferred  example  of  the  second  class  of  metal 
alloy  catalyst  is  the  Ni/Pd  system.  Ni  and  Pd  also  form 

4 
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a  series  of  solid  solutions  over  their  whole  composi- 
tion  range.  Whereas  Ni  is  a  relatively  active  catalyst 
for  filamentary  carbon  growth,  Pd  is  a  relatively  poor 
catalyst.  When  an  alloy  of  Ni/Pd  of  about  50/50  wt% 
is  used  with  ethane  or  ethylene,  an  almost  "explo- 
sive"  type  of  filamentary  carbon  growth  is  obtained. 
Like  the  Group  VIM-IB  combinations  described  above, 
the  carbon  growth  tends  to  fill  all  available  space,  but 
at  a  much  more  rapid  rate,  in  minutes  rather  than  in 
tens  of  minutes.  The  carbon  filaments  are  also  found 
to  be  predominantly  bi-directional,  i.e.,  at  least  two 
carbon  filaments  grow  from  a  single  catalyst  particle. 
Because  of  the  very  rapid  space-filling  growth  with 
this  catalyst  system,  the  carbon  growth  tends  to  be  of 
a  very  low  volume  density,  typically  about  2  vol  % 
rather  than  the  more  common  5  to  about  10  vol  % 
within  the  Ni/Cu  system.  Another  distinguishing  fea- 
ture  of  this  type  of  growth  is  that  it  tends  to  be 
"sponge-like"  with  some  resiliency  reminding  one  of 
sponge-rubber. 

The  unexpected  beneficial  nature  of  the  addition 
of  Pd  to  Ni  has  also  been  observed  with  another 
Group  VIII  base  metal/Pd  combination  which  forms  a 
solid  solution,  namely  Co/Pd.  In  this  case  also,  the  al- 
loy  system  shows  significantly  highercatalytic  activity 
for  carbon  growth  than  the  non-noble  Group  VIM  met- 
al,  the  carbon  filaments  are  predominantly  bi-direc- 
tional  and  the  carbon  growth  has  some  resiliency  and 
tends  to  fill  available  space. 

The  preferred  form  of  the  catalyst  is  a  fine  pow- 
der,  although  bulk  forms  such  as  rolled  sheet  or  thin 
films  may  also  be  employed.  There  appears  to  be  an 
appoximate  one-to-one  correspondence  between 
the  size  of  the  catalyst  particle  and  the  diameter  of 
the  carbon  filament  and  generally  carbon  filaments 
with  diameters  less  than  about  1  urn  (micron)  are  pre- 
ferred.  Surprisingly  even  when  bulk  material  or  pow- 
der  significantly  larger  than  1  urn  (1  micron),  up  to  40 
microns  for  example,  is  used,  the  alloy  disintegrates 
during  the  filamentary  carbon  growth  process  such 
that  particles  ranging  in  size  from  about  0.01  urn  (0.01 
micron)  to  about  2p.m  (2  microns)  are  generated.  The 
process  responsible  for  this  advantageous  disinte- 
gration  is  believed  to  be  similar  to  one  known  as  "met- 
al  dusting". 

For  some  applications  it  may  be  preferred  to  man- 
ufacture  approximately  monodisperse  carbon  fila- 
ments,  i.e.,  filaments  with  substantially  the  same  di- 
ameter.  In  this  case  it  is  clearly  advantageous  to  start 
with  alloy  catalyst  particles  that  are  all  substantially 
of  the  same  diameter  and  of  a  size  substantially  equal 
to  the  desired  diameter  of  the  carbon  filaments.  Such 
alloy  powders  could  be  produced  by  aerosol  produc- 
tion  from  the  melt  or  by  thermal  evaporation  at  rela- 
tively  high  pressures  such  that  a  metal  "smoke"  is 
generated,  or  by  pyrolysis  of  a  volatile  organo-metallic 
precursor. 

Alloy  particles  may  also  be  synthesized  in-situ  in 

a  mold  if  desired.  Such  well-known  techniques  as 
evaporating  an  aqueous  solution  of  the  salts  in  Ni  and 
Cu,  e.g.  nitrates,  chlorides,  etc.,  followed  by  calcining 

5  to  the  metal  oxides  and  then  reducing  the  oxides  to 
the  metal  alloy  by  heating  in  hydrogen,  may  also  be 
employed.  The  concentration  of  the  metal  salts  is  ad- 
justed  such  that  the  desired  alloy  composition  is  ob- 
tained.  The  walls  of  a  mold  could  thus  be  seeded  with 

10  the  desired  metal  alloy  catalyst  by  wetting  the  walls 
with  the  starting  aqueous  solution  and  forming  the 
metal  alloy  particles  in-situ.  Another  technique  that 
may  be  employed  is  to  deposit  films  of  the  constitu- 
ents  metals  onto  the  walls  of  the  mold  by  electroplat- 

15  ing  or  electro-less  plating,  for  example,  and  then  heat- 
ing  the  deposited  films  to  form  the  alloy  by  interdiffu- 
sion.  When  the  hydrocarbon  gas  is  introduced  into 
the  mold,  the  film  will  disintegrate  during  the  filamen- 
tary  carbon  growth  process. 

20  Minor  impurities  in  the  metal  catalyst  do  not  ap- 
pear  to  have  significant  effects.  Thus,  Monel  powder 
of  nominal  70  wt%  Ni  and  30  wt%  Cu  compositions 
with  less  than  about  1  wt%  each  of  Mn  and  Fe  as  im- 
purities  has  been  found  to  be  as  useful  as  nominally 

25  pure  Ni/Cu  alloys.  Ni/Cu  sheet  of  nominal  55  wt%  and 
45  wt%  Cu  composition  with  minor  amounts  of  Mn 
and  Fe  has  also  been  found  to  be  an  effective  catalyst 
for  filamentary  carbon  growth. 

It  has  been  found  that  one  gram  of  Ni/Cu  alloy 
30  catalyst  can  generate  at  least  1  00  g  of  filamentary 

carbon  before  the  catalyst  particles  become  inactive. 
The  actual  catalyst  loading  of  a  mold  can  therefore  be 
adjusted  such  that  the  desired  volume  density  is  ach- 
ieved.  The  metal  alloy  particles  can  at  least  in  part  be 

35  leached  out  of  the  carbon  filamentary  network  with 
acids  if  so  desired. 

Hydrocarbon  gases  may  be  converted  to  a  form 
of  carbon  by  thermal  pyrolysis  alone.  This  carbon 
may  be  either  in  particulate  form,  commonly  known 

40  as  soot,  formed  by  gas  phase  nucleation  and  prac- 
tised  in  the  manufacture  of  carbon  black,  or  in  thin 
film,  pyrolytic  form  when  hydrocarbons  are  decom- 
posed  at  very  high  temperatures,  generally  above 
about  900°C.  The  latter  is  essentially  an  example  of 

45  a  process  more  commonly  known  as  chemical  vapor 
deposition. 

Catalytic  filamentary  carbon  growth  requires 
contact  between  a  metal  catalyst  particle  at  elevated 
temperatures  and  a  carbon-bearing  gas.  Although  va- 

50  rious  hydrocarbon  gases  can  be  used,  ethylene  or 
ethane  are  preferred.  Formation  of  soot  or  pyrolytic 
carbon  reduces  the  overall  efficiency  of  the  process 
and  may  interfere  as  well  with  the  catalytic  activity  of 
the  metal  catalyst  particles,  and  is  therefore  avoided 

55  in  the  practice  of  this  process. 
It  has  been  proposed  that  carbon  source  gases 

that  undergo  an  exothermic  decomposition  reaction 
to  elemental  carbon  are  required  for  filamentary  car- 
bon  growth.  Thus  gases  such  as  CO,  acetylene,  ethy- 

5 
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lene  and  butadiene  readily  form  filamentous  carbon, 
whereas  gases  such  as  methane  should  not.  Fila- 
mentous  carbon  growth  from  methane  is  believed  to 
require  the  thermal  conversion  of  the  methane  to  less 
stable  molecules  prior  to  catalytic  conversion  to  car- 
bon. 

For  the  purposes  of  this  process,  the  hydrocar- 
bon  gases  are  chosen  such  that  they  form  insignifi- 
cant  amounts  of  soot  or  pyrolytic  carbon  under  the 
processing  conditions,  i.e.,  they  will  decompose  to 
carbon  only  in  the  presence  of  the  metal  alloy  cata- 
lyst.  Ethylene  is  preferred  in  the  temperature  range 
550°  to  650°C,  while  ethane  is  preferred  in  the  tem- 
perature  range  650°  to  750°C. 

Ethane  and  ethylene,  two  of  the  preferred  hydro- 
carbon  source  gases,  are  readily  available  and  rela- 
tively  inexpensive.  Ethane  requires  somewhat  higher 
temperatures  for  filamentous  carbon  growth  than 
does  ethylene.  The  reason  for  this  is  believed  to  be 
that  the  ethane  first  needs  to  be  converted  to  ethy- 
lene  by  pyrolysis  before  the  metal  alloy  catalyst  can 
form  filamentous  carbon. 

Benzene  is  relatively  expensive  and  carcinogen- 
ic,  while  CO  is  also  highly  toxic.  Methane  is  found  to 
require  very  high  reaction  temperatures,  above  about 
900°C,  for  any  filamentary  carbon  growth  to  occur 
with  the  alloy  catalysts  disclosed  herein.  Underthese 
conditions,  pyrolytic  carbon  deposition  also  takes 
place  which  tends  to  coat  the  catalyst  particles  with 
a  layer  of  carbon  and  render  them  inactive  relatively 
quickly. 

Acetylene  will  form  filamentary  carbon  with 
Ni/Cu  alloy  catalysts  at  temperatures  as  low  as 
300°C.  Pure  acetylene,  however,  has  a  tendency  to 
readily  form  soot  due  to  pyrolysis  at  temperatures  as 
low  as  about  450°C. 

The  purity  of  the  feed  gases  does  not  appear  to 
be  a  critical  factor.  So-called  "chemically  pure" 
grades,  approximately  98%  purity,  of  ethane  and 
ethylene  have  been  used  successfully  without  further 
purification.  Although  it  is  likely  that  some  impurities 
such  as  hydrogen  sulfide  may  poison  the  alloy  cata- 
lysts,  this  is  now  known  at  the  present  time.  Although 
nominally  pure  ethane  and  ethylene  are  preferred, 
mixtures  of  these  two  gases,  as  well  as  mixtures  with 
inert  gases  such  as  nitrogen  or  argon  may  also  be  em- 
ployed.  It  has  also  been  found  that  the  deliberate  ad- 
dition  of  hydrogen  in  the  range  from  about  1  0  vol%  to 
about  90  vol%  prolongs  the  time  that  a  Ni/Cu  catalyst 
remains  active.  It  is  speculated  that  the  hydrogen 
keeps  the  catalyst  particles  relatively  free  of  deposit- 
ed  carbon  films. 

Under  the  preferred  conditions,  as  much  as  80 
mole%  of  the  ethylene  or  ethane  being  fed  to  the  re- 
actor  has  been  converted  to  carbon  in  the  form  of  car- 
bon  filaments.  The  by-products  of  this  decomposition 
have  been  analyzed  by  gas  chromatography  and 
found  to  be  primarily  hydrogen,  with  some  methane, 

as  well  as  smaller  amounts  of  simple  saturated  hydro- 
carbon  molecules  such  as  propane  and  butane. 

Any  unreacted  feed  gas  may  be  partially  recy- 
5  cled,  i.e.,  mixed  with  pure  feed  gas  to  make  the  proc- 

ess  even  more  efficient.  The  effluent  gas  stream  from 
the  reactor  may  also  be  used  as  the  source  of  hydro- 
gen  if  that  is  desired  during  the  filamentary  growth. 

The  temperature  range  available  for  the  fabrica- 
10  tion  of  the  carbon  filaments  with  the  preferred  cata- 

lyst  systems,  i.e.,  Ni/Cu  or  Ni/Pd,  is  from  about  300°C 
to  about  800°C  and  is  determined  primarily  by  the  hy- 
drocarbon  gas  used.  At  lower  temperatures  the  rates 
of  carbon  growth  are  not  sufficiently  rapid,  while  at 

15  higher  temperatures,  the  catalyst  particles  tend  to  be- 
come  coated  with  a  carbon  coating  rendering  them  in- 
active. 

It  has  been  shown  that,  for  Ni/Cu  and  acetylene, 
temperatures  as  low  as  300°C  may  be  used.  Forethy- 

20  lene  the  temperature  may  range  from  about  500°C  to 
650°C.  For  ethane,  the  temperature  may  range  from 
about  650°C  to  about  800°C.  In  the  latter  case  it  is  be- 
lieved  that  the  ethane  needs  to  be  pyrolyzed  or  ther- 
mally  converted  to  ethylene  before  it  can  be  catalyti- 

25  cally  converted  to  filamentary  carbon.  Thus,  one  can 
envisage  preheating  the  ethane  to  the  required  tem- 
perature  and  then  letting  it  contact  the  catalyst  at  a 
lower  temperature. 

Although  the  carbon  filament  fabrication  process 
30  disclosed  hereinabove  has  been  practised  in  an  iso- 

thermal  mode,  there  may  be  advantages  to  growing 
the  filaments  at  different  temperatures  in  order  to 
control  how  quickly  and  uniformly  the  filamentary 
network  fills  up  a  mold. 

35  Flow  rates  are  chosen  to  optimize  the  growth  rate 
of  the  carbon  filaments  and  are  better  defined  in 
terms  of  residence  or  contact  time.  A  typical  contact 
time  is  of  the  order  of  20  sec,  although  shorter  as  well 
as  longer  contact  times  have  been  used  successfully. 

40  The  actual  flow  rate  used  will  depend  on  the  volume 
of  the  mold  (or  reactor)  and  the  processing  tempera- 
ture  and  is  adjusted  to  achieve  the  desired  residence 
time.  Very  short  residence  times  result  in  relatively  in- 
efficient  use  of  the  hydrocarbon  gas. 

45  Although  the  process  has  been  practised  only  at 
ambient  atmospheric  pressure,  the  catalytic  filamen- 
tary  carbon  can  be  synthesized  at  pressures  below 
and  above  atmospheric  pressure  as  well. 

Having  described  in  detail  different  ways  of  fab- 
50  ricating  the  filamentary  carbon,  in  the  first  step  of  the 

present  process,  a  filamentary  carbon  network  is 
formed  in-situ  within  a  reactor  by  the  catalytic  decom- 
position  of  a  hydrocarbon  feed,  utilizing  metal  alloy 
catalyst  particles  that  are  applied  to  the  walls  of  the 

55  reactor.  The  seeded  reactor  is  placed  into  a  furnace 
or  heated  externally  to  the  desired  temperature  and 
a  hydrocarbon  gas  is  allowed  to  flow  through  the  re- 
actor.  The  filamentary  network  is  permitted  to  grow 
until  the  reactor  cavity  is  filled  with  the  desired  vol- 

6 
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ume  fraction  of  filaments.  After  growth,  the  carbon  fi- 
laments  are  converted  to  tubular  ceramic  filaments  by 
first  coating  them  with  a  ceramic  or  ceramic  forming 
material  by  chemical  vapor  deposition,  electro  depos- 
ition  and  electro-less  deposition  and  then  exposing 
them  to  an  oxidizing  atmosphere  at  elevated  temper- 
ature  such  that  the  carbon  filaments  are  oxidized  and 
removed  as  carbon  monoxide  or  carbon  dioxide.  This 
process  may  be  carried  out  within  the  same  reactor 
described  above  without  any  need  for  handling  the  fi- 
lamentary  network.  Thus  the  carbon  network  may  be 
coated  with  a  layer  of  Si02,  for  example,  applied  by 
CVD  using  tetraethoxysilane  which  results  in  a  shape 
conformal  coating,  covering  all  exposed  surfaces  of 
the  carbon  filaments.  Hexamethyldisilazane  (HMDS) 
may  be  used  to  lay  down  a  SiCxNy  overlay  coating. 
The  coated  network  is  then  exposed  to  an  oxidizing 
environment  such  as  air  at  about  900°C  for  sufficient 
time  to  completely  oxidize  the  carbon  filamentary 
core,  leaving  behind  a  network  of  tubular  Si02  fila- 
ments  of  a  diameter  controlled  by  the  diameter  of  the 
carbon  filaments.  In  the  case  of  the  HMDS  derived 
coating,  the  SiCxNy  coating  layer  is  oxidized  to  Si02. 

The  resulting  material  now  consists  of  an  inter- 
woven  network  of  tubular  Si02  filaments,  which  is  a 
faithful  replica  of  the  original  carbon  network.  To  fa- 
cilitate  gasification  of  the  carbon,  it  is  preferable  that 
a  relatively  thin  layer  (less  than  about  0.20  (0.20 
microns))  of  the  coating  material  be  applied,  since  ox- 
idation  of  the  carbon  filaments  can  take  place  via  dif- 
fusion  through  the  very  thin  oxide  coating. 

The  ceramic  tubular  materials  may  be  modified 
by  coating  them  with  another  material  using  chemical 
vapor  deposition  (CVD),  i.e.,  after  the  oxidation  step 
above,  another  coating  may  be  applied  to  the  fila- 
ments.  The  CVD  coating  may  be  applied  by  passing 
an  appropriate  volatile  precursor  through  the  tubular 
network  inside  the  reactor  at  an  appropriate  temper- 
ature,  as  is  well-known  to  those  skilled  in  the  art,  of 
chemical  vapor  deposition  and  infiltration.  Any  de- 
sired  thickness  of  a  shape  conforming  coating  of  a 
ceramic,  metal  or  carbon  may  be  applied  to  the  net- 
work  of  tubular  ceramic  filaments. 

In  order  to  achieve  a  net-shape  composite  struc- 
ture,  the  carbon  filament  growth  process  is  carried 
out  in  a  shaped  mold.  The  subsequent  CVD  and  oxi- 
dation  steps  of  the  process  are  carried  out  within  the 
same  mold.  The  resulting  ceramic  tubular  structure 
may  then  be  made  into  a  composite  by  infiltration  of 
a  matrix  material.  The  matrix  material  is  introduced 
into  the  mold  as  a  liquid,  and  allowed  to  fill  the  avail- 
able  space  between  the  filaments,  thereby  forming 
the  shaped  composite  structure.  The  resulting  shap- 
ed  composite  part,  manufactured  without  any  tradi- 
tional  handling,  is  removed  from  the  mold,  and  the 
mold  is  recycled.  The  matrix  material  (infiltrate)  may 
be  a  polymer,  elastomer,  metal,  alloy  ora  ceramic  and 
is  used  in  a  liquid  state  during  infiltration  of  the  fila- 

mentary  network.  In  ceramic  matrix  systems,  Sol-gel 
technology  provides  a  basis  for  effective  infiltration 
and  densif  ication  of  the  ceramic  network.  Polymer  in- 

5  filtration  may  also  be  achieved  by  an  in-situ  process 
where  the  monomer  is  allowed  to  polymerize  inside 
the  mold. 

Although  the  examples  given  utilize  Si  containing 
coatings  on  the  carbon  filaments,  which  results  in  mi- 

10  cro-tubular  materials  of  Si02,  it  is  clear  that  other  cer- 
amic  compositions  may  also  be  produced  by  the  fab- 
rication  method  disclosed  herein.  For  example,  an 
aluminum  oxide  coated  filamentary  carbon  growth 
would  provide  a  micro-tubular  ceramic  material  of  alu- 

15  minum  oxide  after  removal  of  the  carbon  core  by  ox- 
idation.  The  filamentary  carbon  may  also  be  coated 
with  a  thin  metal  layer,  e.g.,  aluminum,  which  during 
the  oxidation  step  will  be  transformed  into  the  corre- 
sponding  ceramic  oxide.  The  coating  material  is  chos- 

20  en  either  so  as  to  be  stable  during  the  oxidation  step 
or  such  that  it  will  itself  be  transformed  into  an  oxida- 
tion  stable  ceramic  material  during  the  oxidation  step. 

EXAMPLES 
25 

Example  1 

(A)  Ni/Cu  alloy  powder  (70/30  wt.%)  was  placed 
into  a  2.5  cm  diameter,  15  cm  long  quartz  reactor 

30  inside  a  90  cm  long  furnace  and  heated  to  700°C 
under  Argon  flowing  at  200  cm3/min  (200  cc/min). 
At  temperature,  the  Ar  was  replaced  by  flowing 
ethane  at  100  cm3/min  (100  cc/min).  After  two 
hours,  the  ethane  was  purged  with  Arand  the  re- 

35  actor  cooled  down.  The  growth  of  filamentary 
carbon  could  be  observed  through  an  optical  win- 
dow  at  the  exit  of  the  quartz  reactor.  The  filamen- 
tary  carbon  filled  the  quartz  reactor. 
(B)  The  filamentary  carbon  growth  from  (A) 

40  above  was  further  treated  by  coating  it  with  a 
CVD  coating  of  SiCxNy  derived  from  the  pyrolysis 
of  hexamethyldisilazane  (HMDS).  The  reactor 
was  reheated  to  700°C  under  flowing  Argon  at 
200  cm3/min  (200  cc/min).  At  temperature,  the  Ar- 

45  gon  flow  was  reduced  to  1  00  cc/min  and  saturat- 
ed  with  HMDS  vapor  by  bubbling  the  Argon 
through  a  reservoir  of  liquid  HMDS  kept  at  room 
temperature.  The  CVD  coating  (or  infiltration) 
was  carried  out  for  3  hours.  Scanning  electron  mi- 

50  croscope  (SEM)  and  X-ray  examination  of  a  sam- 
ple  of  the  carbon  filaments  after  this  HMDS  ex- 
posure  showed  that  the  carbon  filaments  were 
coated  with  a  conformal  Si  containing  layer  (SiCx. 
Ny)  approximately  0.2  urn  (0.2  microns)  thick. 

55  (C)  The  CVD  coated  filamentary  carbon  network 
from  (B)  was  reheated  to  900°C  in  air  for  three 
hours  at  a  flow  rate  of  100  cm3/min  (100  cc/min). 
After  the  air  exposure,  the  filamentary  growth 
was  found  to  be  white  in  appearance  and  SEM  ex- 
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amination  revealed  that  tubular  filaments  of  Si02 
resulted.  An  example  of  this  material  is  shown  in 
Figure  2.  The  carbon  filaments  have  been  volatil- 
ized  by  oxidation,  and  the  SiCxNy  coating  has 
been  oxidized  to  Si02,  leaving  behind  micro-tub- 
ular  filaments  of  silicon  dioxide. 

Example  2 

Example  1  was  repeated  except  that  the  HMDS 
in  step  (B)  was  replaced  by  Tetraethyoxysilane  and 
the  temperature  was  lowered  to  550°C  during  the 
CVD  coating  step  (infiltration).  This  precursor  is 
known  to  deposit  Si02  coatings.  After  the  oxidation 
step,  SEM  examination  verified  that  tubular  filaments 
of  silicon  dioxide  had  formed  as  in  Example  1. 

Claims 

6.  A  method  according  to  any  preceding  claim, 
wherein  a  liquid  matrix  material  is  introduced  to 
the  mold  and  converted  to  a  solid  after  the  vola- 

5  tilization  step. 

7.  A  method  according  to  claim  6,  wherein  the  ma- 
trix  material  is  a  polymer,  elastomer,  epoxy  resin, 
metal,  alloy  or  ceramic. 

10 
8.  A  method  according  to  claim  6  or  7,  wherein  the 

resulting  structure  has  at  least  one  section  with 
a  thickness  of  less  than  one  millimeter. 

15  9.  A  method  according  to  any  preceding  claim, 
wherein  the  metallic  catalyst  is  contacted  with  a 
C2  hydrocarbon  gas  in  said  mold  and  the  temper- 
ature  at  which  the  contacting  takes  place  is  from 
about  450°C  to  750°C. 

20 

1.  A  method  for  producing  a  three-dimensional  ran- 
dom  weave  of  thin  ceramic  tubes,  which  method 
comprises:  contacting  a  metallic  catalyst  for 
growing  multi-directional  carbon  fibers  with  one 
or  more  gaseous  hydrocarbons  in  a  mold  at  a 
temperature  sufficient  to  form  filamentary  car- 
bon  and  insufficient  to  cause  the  pyrolytic  depos- 
ition  of  carbon,  depositing  a  conformal  coating 
consisting  of  a  ceramic  or  ceramic  forming  mate- 
rial  on  the  carbon  fibers,  and  heating  the  coated 
fibers  in  an  oxygen  containing  atmosphere  for  a 
time  sufficient  to  volatilize,  by  oxidation,  all  or 
substantially  all  of  the  carbon,  to  form  the  ceram- 
ic  tubes. 

2.  A  method  according  to  claim  1  ,  wherein  said  met- 
allic  catalyst  is  in  finely  divided  form  and  the  cat- 
alyst  is  contacted  with  the  hydrocarbon(s)  in  said 
mold  at  a  temperature  from  the  dissociation  tem- 
perature  of  the  hydrocarbon  to  about  900°C,  and 
wherein  the  conformal  ceramic  coating  is  depos- 
ited  to  a  thickness  of  from  about  0.01  urn  (0.01  mi- 
cron)  to  about  0.5  urn  (0.5  micron)  on  the  carbon 
fibers. 

3.  A  method  according  to  claim  1  or  2,  wherein  the 
conformal  coating  is  deposited  by  chemical  vapor 
deposition,  electroplating  or  electro-less  deposi- 
tion. 

4.  A  method  according  to  claim  1  ,  2  or  3,  wherein  a 
second  conformal  coating  is  deposited  on  the 
ceramic  tubes  after  volatilizing  the  carbon. 

5.  A  method  according  to  claim  4,  wherein  the  sec- 
ond  conformal  coating  is  carbon,  a  metal,  a  cer- 
amic  compound  or  mixture  thereof. 

Patentanspruche 

1.  Verfahren  zur  Herstellung  eines  dreidimensiona- 
25  len  Zufallsgewebes  aus  dunnen  Keramikrohren, 

bei  dem  ein  Metallkatalysator  zum  Zuchten  von 
Kohlenstoffasern  in  mehrere  Richtungen  mit  ei- 
nem  oder  mehreren  gasformigen  Kohlenwasser- 
stoffen  in  einer  Form  bei  einer  Temperatur,  die 

30  ausreicht,  urn  fadenformigen  Kohlenstoff  zu  bil- 
den,  und  nicht  ausreicht,  urn  die  pyrolytische  Ab- 
setzung  von  Kohlenstoff  zu  verursachen,  kontak- 
tiert  wird,  eine  aus  Keramik  oder  keramikbilden- 
dem  Material  bestehende  konturgetreue  Be- 

35  schichtung  auf  den  Kohlenstoffasern  aufge- 
bracht  wird  und  die  beschichteten  Fasern  in  einer 
sauerstoffhaltigen  Atmosphare  fur  eine  ausrei- 
chende  Zeit  erhitzt  werden,  urn  durch  Oxidation 
den  gesamten  oder  im  wesentlichen  den  gesam- 

40  ten  Kohlenstoff  zu  verfluchtigen,  urn  die  Kera- 
mikrohren  zu  bilden. 

2.  Verfahren  nach  Anspruch  1,  bei  dem  der  Metall- 
katalysator  in  feinteiliger  Form  vorliegt,  der  Kata- 

45  lysator  mit  dem  Kohlenwasserstoff  bzw.  den  Koh- 
lenwasserstoffen  in  der  Form  bei  einer  Tempera- 
tur  von  der  Dissoziationstemperatur  des  Kohlen- 
wasserstoff  bis  etwa  900°C  kontaktiert  wird  und 
die  konturgetreue  Keramikbeschichtung  mit  einer 

so  Dicke  von  etwa  0,01  bis  etwa  0,5  auf  die 
Kohlenstoffasern  aufgebracht  wird. 

3.  Verfahren  nach  Anspruch  1  oder  2,  bei  dem  die 
konturgetreue  Beschichtung  durch  CVD-Verfah- 

55  ren  (Abscheiden  aus  der  Gasphase),  Elektroplat- 
tierung  oder  stromlose  Aufbringung  aufgebracht 
wird. 

4.  Verfahren  nach  Anspruch  1  ,  2  oder  3,  bei  dem  ei- 
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ne  zweite  konturgetreue  Beschichtung  auf  den 
Keramikrohren  aufgebracht  wird,  nachdem  der 
Kohlenstoff  verf  luchtigt  wurde. 

5.  Verfahren  nach  Anspruch  4,  bei  dem  die  zweite 
konturgetreue  Beschichtung  Kohlenstoff,  ein  Me- 
tall,  eine  Keramikverbindung  oder  eine  Mischung 
daraus  ist. 

6.  Verfahren  nach  einem  der  vorhergehenden  An- 
spruche,  bei  dem  ein  flussiges  Matrixmaterial  in 
die  Form  eingebracht  wird  und  nach  der  Ver- 
fluchtigungsstufe  in  einen  Feststoff  uberfuhrt 
wird. 

7.  Verfahren  nach  Anspruch  6,  bei  dem  das  Matrix- 
material  ein  Polymer,  Elastomer,  Epoxyharz,  Me- 
tall,  eine  Legierung  oder  Keramik  ist. 

8.  Verfahren  nach  Anspruch  6  oder  7,  bei  dem  die 
resultierende  Struktur  mindestens  einen  Ab- 
schnitt  mit  einer  Dicke  von  weniger  als  einem  Mil- 
limeter  aufweist. 

9.  Verfahren  nach  einem  der  vorhergehenden  An- 
spruche,  bei  dem  der  Metallkatalysator  mit  einem 
C2-Kohlenwasserstoffgas  in  der  Form  kontaktiert 
wird  und  die  Temperatur,  bei  derdas  Kontaktieren 
stattf  indet,  etwa  450°C  bis  750°C  betragt. 

Revendications 

1  .  Precede  de  production  d'une  trame  tridimension- 
nelle  aleatoire  de  fins  tubes  ceramiques,  ce  pro- 
cede  comprenant  les  stades  suivants  :  on  met  en 
contact  un  catalyseur  metallique  pourfaire  croitre 
des  fibres  de  carbone  multidirectionnelles  avec 
un  ou  plusieurs  hydrocarbures  gazeux  dans  un 
moule  a  une  temperature  suffisante  pour  former 
du  carbone  f  ilamentaire  et  insuff  isante  pour  pro- 
voquer  le  depot  pyrolytique  du  carbone,  on  depo- 
se  un  revetement  conforme  constitue  d'un  mate- 
riau  ceramique  ou  d'un  materiau  formateurde  ce- 
ramique  sur  les  fibres  de  carbone  et  on  chauffe 
les  fibres  revetues  dans  une  atmosphere  conte- 
nant  de  I'oxygene  pendant  une  periode  de  temps 
suffisante  pour  volatiliser  paroxydation  la  total  ite 
ou  la  presque  totalite  du  carbone  afin  de  former 
les  tubes  ceramiques. 

pose  sur  une  epaisseur  d'environ  0,01  microme- 
tre  a  environ  0,5  micrometre. 

5  3.  Procede  selon  la  revendication  1  ou  2,  dans  le- 
quel  le  revetement  conforme  est  depose  par  de- 
pot  en  phase  de  vapeur  chimique,  electrodeposi- 
tion  ou  depot  electroless. 

10  4.  Procede  selon  la  revendication  1  ,  2  ou  3,  dans  le- 
quel  un  second  revetement  conforme  est  depose 
sur  les  tubes  ceramiques  apres  volatilisation  du 
carbone. 

15  5.  Procede  selon  la  revendication  4,  dans  lequel  le 
second  revetement  conforme  est  constitue  de 
carbone,  d'un  metal,  d'un  compose  ceramique  ou 
de  leurs  melanges. 

20  6.  Procede  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  une  matrice  liqui- 
de  est  introduite  dans  le  moule  et  convertie  en  so- 
nde  apres  le  stade  de  volatilisation. 

25  7.  Procede  selon  la  revendication  6,  dans  lequel  le 
materiau  de  la  matrice  est  un  polymere,  un  elas- 
tomere,  une  resine  epoxy,  un  metal,  un  alliage  ou 
une  ceramique. 

30  8.  Procede  selon  la  revendication  6  ou  7,  dans  le- 
quel  la  structure  obtenue  a  au  moins  une  section 
d'une  epaisseur  de  moins  d'un  millimetre. 

9.  Procede  selon  I'une  quelconque  des  revendica- 
35  tions  precedentes,  dans  lequel  le  catalyseur  me- 

tallique  est  mis  en  contact  avec  un  hydrocarbure 
gazeux  en  C2  dans  ledit  moule  et  la  temperature 
a  laquelle  la  mise  en  contact  se  fait  est  d'environ 
450°C  a  750°C. 

40 

45 

2.  Procede  selon  la  revendication  1  ,  dans  lequel  le- 
dit  catalyseur  metallique  se  presents  sous  forme 
finement  divisee  et  le  catalyseur  est  mis  en  55 
contact  avec  le  ou  les  hydrocarbures  dans  ledit 
moule  a  une  temperature  allantde  la  temperature 
de  dissociation  de  I'hydrocarbure  a  900°C  envi- 
ron,  et  le  revetement  ceramique  conforme  est  de- 
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