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Description 

This  invention  relates  to  a  sintered  silicon  carbide/graphite/carbon  composite  ceramic  body,  to  a  raw 
batch  for  use  in  making  such  a  body,  and  to  a  process  for  making  such  a  body.  It  particularly  relates  to 

5  pressureless-sintered,  substantially  homogeneous  silicon  carbide/graphite/carbon  composite  ceramic 
bodies,  and  more  particularly,  to  those  which  have  a  very  fine  grain  polycrystalline  microstructure,  and  to  a 
process  for  pressureless  sintering  of  a  composite  cermaic  body  having  a  fine  grain  microstructure  which 
process  is  relatively  insensitive  to  sintering  temperature  and  time  in  regard  to  the  effect  of  these  on  the 
grain  size  or  growth  of  grain  size.  The  microstructure  of  composites  according  to  the  invention  is  relatively 

w  unaffected  upon  subsequent  exposure  to  the  temperatures  near  to  sintering  temperature  as  compared  to 
that  of  known  pressureless  sintered  silicon  carbide/carbon  bodies. 

The  chemical  and  physical  properties  of  silicon  carbide  make  it  an  excellent  material  for  high 
temperature  structural  applications.  These  desirable  properties  include  good  oxidation  resistance  and 
corrosion  resistance,  high  heat  transfer  coefficient  compared  to  metals,  low  expansion  coefficient 

15  compared  to  metals,  high  resistance  to  thermal  shock  and  high  strength  at  an  elevated  temperature. 
It  is,  therefore,  believed  desirable  to  enable  the  production  of  silicon  carbide/graphite/carbon 

composite  ceramic  bodies  having  a  density  which  is  a  high  percentage  of  the  theoretical  density  and 
suitable  for  engineering  material  uses,  such  as  for  example,  high  temperature  applications  involving 
relatively  moving  parts  made  to  close  dimensional  tolerances.  Silicon  carbide  has  been  identified  as  a 

20  preferred  material  for  such  applications  (for  example,  refer  to  US  —  A  —  4,312,954).  Silicon  carbide/gra- 
phite/carbon  composite  cermaic  bodies  according  to  the  present  invention  may,  in  some  instances  be  even 
more  advantageously  employed  than  substantially  pure  silicon  carbide  bodies  because  these  composite 
bodies  in  certain  embodiments  have  a  very  fine  grain  microstructure  that  is  easy  to  obtain  on  a  repetitive 
basis  because  the  raw  batch  and  process  used  in  the  manufacture  of  such  composite  bodies  is  relatively 

25  undemanding  of  exact  temperature/time  control  during  sintering.  It  is  believed  that  certain  embodiments 
will  exhibit  greater  resistance  to  thermal  shock  and  can  withstand  greater  temperature  differentials  than 
known  sintered  silicon  carbides.  Some  embodiments  provide  a  self-lubricating  characteristic  which  may  be 
advantageously  employed,  for  example,  in  mechanical  seals.  Other  factors  being  equal,  an  ultrafine 
polycrystalline  grain  structure  is  desirable  because  it  increases  strength  and  resistance  to  mechanical 

30  shock  loading,  which  properties  depend  upon  the  largest  flaw  present  in  a  particular  sintered  ceramic  body 
of  a  given  material.  The  electrical  conductivity  of  certain  embodiments  of  the  invention  enables  electrical 
discharge  machining  of  these  bodies  as  well  as  other  electrical  applications.  This  represents  a  significant 
advance  in  that  sintered  silicon  carbide  bodies  previously  were  machined  using  expensive  diamond  tools 
which  caused  damage  to  the  surface  of  the  body  being  machined  resulting  in  lower  rupture  resistance.  The 

35  fracture  toughness  of  certain  embodiments  exceeds  that  of  known  pressureless-sintered  silicon  carbide 
having  a  density  that  is  a  similar  percentage  of  its  theoretical  density. 

Composite  bodies  of  silicon  carbide/graphite  have  heretofore  been  produced  by  reaction  bonding  (also 
known  as  reaction  sintering)  and  hot  pressing.  Reaction  sintering  involves  use  of  silicon  impregnants  to 
upgrade  the  density  of  silicon  carbide  through  reaction  with  excess  carbon  in  the  substrate.  Reaction 

40  sintering  is  useful  for  many  applications  but  is  undesirable  where  excess  silicon  exuding  from  the  silicon 
carbide  body  would  be  detrimental  (e.g.  high  temperatures  in  excess  of  1400°C).  Hot  pressing  (the 
production  of  high  density  silicon  carbide/graphite  composite  ceramic  bodies  by  simultaneous  application 
of  heat  and  pressure)  is  impractical  for  complex  shapes  because  the  pressure  required  (typically  greater 
than  6.9  MPa  1000  psig)  deforms  the  body.  Also  difficulty  may  be  encountered  in  removing  the  hot  pressed 

45  part  from  its  complex  mold. 
Typical  of  known  methods  for  producing  composite  bodies  of  silicon  carbide/graphite  are  US  —  A  — 

2,527,829  to  Leitten  et  al  in  which  a  coarse  silicon  carbide  is  mixed  with  flaked  graphite  and  a  binder  which 
melts  in  the  temperature  range  of  1  093—  1260°C  (2000—  2300°F).  This  mixture  is  compacted  into  a  briquette, 
held  together  by  the  binder.  US  —  A  —  2,907,972  to  Schildhauer  et  al  describes  the  production  of  a  silicon 

so  carbide/silicon  refractory  by  reaction  sintering  of  silicon  carbide/carbon  with  silicon.  US  —  A  —  4,019,913  to 
Weaver  et  al  describes  siliconizing  a  silicon  carbide/graphite  mixture  at  a  temperature  greater  than  2000°C 
to  convert  the  graphite  into  silicon  carbide  and  produce  a  single  phase  silicon  carbide  body. 
US  —  A—  4,154,787  to  W.  G.  Brown  describes  the  production  of  a  siliconized  silicon  carbide/carbon  body 
particularly  useful  for  seal  rings  containing  free  silicon  which  is  produced  by  reaction  bonding  of  a  silicon 

55  carbide/carbon  mixture  by  infiltration  of  silicon.  US  —  A  —  4,312,954;  4,124,667;  4,346,049;  4,179,299; 
4,135,938;  4,172,109;  4,123,286;  4,135,937;  4,144,207;  4,207,226;  4,237,085  disclose  silicon  carbide 
compositions  that  may  contain,  in  some  instances  up  to  5  percent  carbon  in  the  final  sintered  silicon 
carbide  product  and,  in  other  instances,  up  to  6  percent  uncombined  carbon  in  the  final  sintered  product.  A 
body  formed  according  to  US—  A—  4,135,937  and  4,135,938  may  contain  up  to  15  percent  additional  carbon 

so  (beyond  that  in  the  original  particulate  silicon  carbide)  derived  from  graphite  or  carbonized  organic 
composition.  In  US  —  A  —  4,135,938  it  is  stated  that  it  is  believed  that  most  of  the  additional  carbon  is 
chemically  combined  with  the  silicon  carbide  and  additive  compound  (for  example,  BP,  BN,  or  AIB2).  Thus, 
none  of  these  patents  disclose  a  fine  grained  sintered  silicon  carbide/graphite/carbon  composite  ceramic 
body.  The  carbon  contained  in  the  resulting  product  according  to  any  of  these  patents  remains 

S5  predominately  in  a  form  other  than  graphite  in  the  final  sintered  body. 
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US  —  A—  4,179,299  and  4,346,049  teach  the  inherent  advantages  of  and  disclose  a  sintered  alpha, 
non-cubic  crystalline  silicon  carbide  ceramic  body  having  a  predominately  equiaxed  microstructure;  in 
other  words,  more  than  50  percent  of  the  microstructure  is  such  that  the  ratio  of  the  maximum  dimension 
of  the  grains  of  the  crystal  microstructure  to  the  minimum  dimension  of  the  grains  of  the  crystal 

5  microstructure  is  less  than  3  to  1.  These  patents  may  also  be  referred  to  for  their  teaching  as  to  the  effect  on 
crystal  size  of  sintering  temperature  and  time  in  substantially  pure  silicon  carbide  bodies  containing  about 
2  percent  by  weight  of  carbon.  These  references  show  that  it  is  difficult  to  achieve  the  desired  fine  grain 
size,  equiaxed  microstructure  unless  close  control  over  the  process  is  maintained,  particularly  as  regards 
the  sintering  temperature.  This  same  problem  and  goal  in  the  manufacture  of  dense  shaped  articles  of 

10  alpha  silicon  carbide  is  addressed  in  US—  A—  4,230,497  to  Schwetz  et  al,  who  dislcoses  use  of  an 
aluminium  sintering  aid  to  mitigate  the  need  to  maintain  an  exact  sintering  temperature. 

US  —  A—  3,165,864  to  Schulze  describes  a  hot-pressed  silicon  carbide/graphite  composite  body  having 
an  exposed  surface  of  high  modulus  ceramic  and  an  interior  of  low  modulus  formed  substantially  of 
graphite.  The  composition  gradually  changes  from  an  outer  layer  of  siliconized  silicon  carbide  to  a 

15  substantially  pure  graphite  inner  layer. 
This  invention  seeks  to  provide  a  sintered  silicon  carbide/graphite/carbon  composite  ceramic  body 

having  a  continuous  phase  of  sintered  silicon  carbide,  a  graphite  phase  and,  an  uncombined,  non-graphitic 
carbon  phase  substantially  homogeneously  dispersed  throughout  the  silicon  carbide  matrix. 
"Uncombined"  as  used  herein  means  not  chemically  combined,  for  example,  as  with  silicon  to  form  silicon 

20  carbide. 
Further,  this  invention  seeks  to  provide  such  a  body  from  starting  materials  which  may  include  alpha 

phase  non-cubic  crystalline  silicon  carbide,  amorphous  silicon  carbide  or  beta  silicon  carbide  is  more 
thermodynamicaily  stable  than  other  forms  and  at  this  time  is  much  cheaper.  Alpha-phase  non-cubic 
crystalline  silicon  carbide  is  also  much  more  readily  obtainable  than  either  amorphous  or  beta  cubic  silicon 

25  carbide. 
This  invention  also  seeks  to  provide  a  raw  batch  and  a  process  including  pressureless  sintering  for  the 

production  of  such  sintered  silicon  carbide/graphite/carbon  composite  ceramic  bodies. 
In  this  abstract,  specification  and  claims,  unless  otherwise  indicated,  all  quantities,  proportions  and 

ratios  are  stated  on  a  weight  basis. 
30  According  to  a  first  aspect  of  the  present  invention  there  is  provided  a  pressureless-sintered  silicon 

carbide/graphite/carbon  composite  ceramic  body  consisting  essentially  of: 
a)  from  1  to  48  percent  by  weight  of  graphitic  carbon  having  an  average  grain  size  not  in  excess  of  8 

microns  and  from  0.5  to  5.0  percent  by  weight  of  amorphous  carbon,  with  the  body  having  a  total 
uncombined  carbon  content  of  from  1.5  to  49  percent  by  weight; 

35  b)  an  effective  amount  of  a  sintering  aid;  and 
c)  a  balance  of  silicon  carbide;  wherein 
d)  the  composite  body  has  a  homogeneous  fine  grain  microstructure  of  silicon  carbide  grains  and 

graphite  grains  with  at  least  50  percent  of  its  silicon  carbide  grains  on  an  area  basis  having  a  size  not 
exceeding  8  microns  and  an  aspect  ratio  less  than  3,  the  body  having  a  density  of  at  least  75  percent  of  its 

40  theoretical  density  based  on  the  law  of  mixtures. 

According  to  another  aspect  of  the  present  invention,  there  is  provided  a  process  for  producing  a 
sintered  silicon  carbide/graphite/carbon  composite  ceramic  body  comprising  the  steps  of: 

a.  forming  a  homogeneous  mixture  comprising: 
1  .  from  1  to  48  percent  by  weight  of  graphite  powder  having  an  average  particle  size  not  in  excess  of  8 

45  microns  and  a  surface  area  of  at  least  5  square  meters  per  gram; 
2.  a  carbon-containing  additive  selected  from  amorphous  carbon,  a  solvent  soluble,  organic  material, 

or  a  mixture  thereof,  in  an  amount  of  between  0.5  and  5  percent  by  weight  of  the  mixture,  which  material 
can  be  coked  at  temperatures  below  1000°C  to  form  amorphous  carbon; 

3.  from  0.1  5  to  15  percent  by  weight  of  a  sintering  aid  selected  from  aluminium,  beryllium,  boron,  or  a 
50  mixture,  compound,  or  mixture  of  compounds  thereof,  said  sintering  aid  containing  from  0.1  5  to  5  percent 

by  weight  in  total  of  aluminium,  boron  and  beryllium; 
4.  up  to  25  percent  by  weight  of  an  organic  temporary  binder;  and 
5.  a  balance  of  silicon  carbide  powder  having  a  surface  area  of  at  least  about  5  square  meters  per  gram; 
b.  shaping  the  dry  mixture  in  such  a  way  as  to  produce  a  shaped  body  having  a  denisty  of  at  least  45 

55  percent  of  its  theoretical  density;  and 
c.  firing  the  shaped  body  in  the  absence  of  any  substantial  externally  applied  pressure  under 

conditions  of  time  and  temperature  in  an  atmosphere  inert  to  silicon  carbide  or  in  a  vacuum  at  a 
temperature  of  between  1900CC  and  2300°C  such  as  to  form  a  sintered  body  having  a  homogeneous  fine 
grain  microstructure  with  at  least  50  percent  of  its  silicon  carbide  grains  on  an  area  basis  having  a  size  not 

so  exceeding  8  microns  and  an  aspect  ratio  less  than  3,  with  graphite  grains  distributed  substantially 
homogeneously  throughout  a  matrix  of  silicon  carbide. 

According  to  another  aspect  of  the  present  invention,  there  is  provided  a  sintered  silicon, 
carbide/graphite/carbon  composite  ceramic  body  consisting  essentially  of: 

a)  from  1  to  48  percent  by  weight  of  graphitic  carbon  having  an  average  grain  size  not  in  excess  of  8 

3 
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microns  and  from  0.5  to  5.0  percent  by  weight  of  amorphous  carbon,  with  the  body  having  a  total 
uncombined  carbon  content  of  from  1.5  to  49  percent  by  weight; 

b)  an  effective  amount  of  a  sintering  aid;  and 
c)  a  balance  of  silicon  carbide; 

s  d)  the  composite  body  having  a  homogeneous  fine  grain  microstructure  of  silicon  carbide  grains  and 
graphite  grains  with  at  least  50  percent  of  its  silicon  carbide  grains  on  an  area  basis  having  a  size  not 
exceeding  8  microns  and  an  aspect  ratio  less  than  3,  the  body  having  a  density  of  at  least  75  percent  of  its 
theoretical  density  based  on  the  law  of  mixtures,  produced  by  pressureless  sintering,  at  a  temperature  of 
from  1900°C  to  2300°C,  a  pre-shaped  object  having  a  density  before  pressureless  sintering  of  at  least  45 

w  percent  of  its  theoretical  density,  the  pre-shaped  object  comprising: 
i.  from  1  to  48  percent  by  weight  graphite  having  a  surface  area  of  at  least  5  square  meters/gram  and  an 

average  particle  size  not  exceeding  8  microns; 
ii.  from  0.67  to  17  percent  by  weight  of  an  organic  solvent-soluble,  organic  material,  which  can  be 

coked  to  provide  uncombined  carbon,  said  organic  material  having  a  carbon  yield  of  from  0.5  to  5  percent 
is  by  weight  of  the  object; 

iii.  from  0.15  to  15  percent  by  weight  of  a  sintering  aid  selected  from  boron,  aluminium,  beryllium,  or  a 
mixture,  compound  or  mixture  of  compounds  thereof,  said  sintering  aid  containing  from  0.15  to  5  percent 
by  weight  in  total  of  boron,  aluminium  and  beryllium; 

iv.  from  0  percent  to  25  percent  by  weight  of  a  temporary  binder;  and 
20  v.  a  balance  of  silicon  carbide  preferably  having  a  surface  area  of  from  5  to  100  square  meters/gram. 

According  to  another  aspect  of  the  present  invention,  there  is  provided  a  raw  batch  for  producing  a 
substantially  homogeneous,  pressureless-sintered  silicon  carbide/graphite/carbon  composite  ceramic 
body,  comprising: 

a.  from  1  .0  to  48  percent  by  weight  graphite,  having  an  average  particle  size  not  in  excess  of  8  microns 
25  and  a  surface  area  of  at  least  5  square  meters/gram; 

b.  a  carbon-containing  additive  selected  from  amorphous  carbon,  a  solvent-soluble,  organic  material 
or  a  mixture  thereof,  in  an  amount  between  0.5  and  5  percent  by  weight  of  the  batch,  which  material  can  be 
coked  at  temperatures  below  1000°C  to  form  amorphous  carbon; 

c.  from  0.15  to  15  percent  by  weight  of  a  sintering  aid  selected  from  aluminium,  beryllium,  boron  or  a 
30  mixture  compound  or  mixture  of  compounds  thereof,  said  sintering  aid  containing  from  0.15  to  5  percent 

by  weight  in  total  of  boron,  aluminium  and  beryllium; 
d.  from  0  to  25  percent  by  weight  of  a  temporary  binder;  and 
e.  the  balance  being  silicon  carbide  preferably  having  a  surface  area  of  from  5  to  100  square 

meters/gram. 
35  The  present  invention  will  now  be  described  by  way  of  example,  with  reference  to  the  accompanying 

drawings,  in  which: 
Figure  1  is  a  flow  chart  depicting  a  preferred  embodiment  of  a  process  according  to  the  present 

invention  for  the  manufacture  of  sintered  silicon  carbide/graphite/carbon  composite  ceramic  bodies  of  the 
present  invention.  Dashed  lines  depict  variations  of  processes  according  to  the  present  invention. 

40  Figures  2,  4,  6,  8  10  —  14  and  16  —  23  show  at  a  magnification  of  500  times,  microstructures  resulting 
from  sintering  at  2150°C  for  30  minutes  in  argon  of  bodies  having,  by  calculation  and  formulation, 
compositions  as  given  in  Table  I  below. 

Figures  3,  5,  7,  9  and  15  show  at  a  magnification  of  500  times,  microstructure  of  compositions  as  given 
in  Table  I  below  resulting  from  sintering  at  2150°G  for  30  minutes  in  argon  followed  by  cooling  to  ambient 

45  and  subsequently  heating  to  and  maintaining  at  2150°C  for  one  hour  in  argon. 
The  theoretical  density  of  silicon  carbide  is  3.21  kg/dm3.  The  theoretical  density  of  graphite  is  2.25 

kg/dm3.  The  theoretical  density  of  carbon  is  2.25  kg/dm3.  The  minimum  density  for  sintered  silicon 
carbide/graphite/carbon  composite  ceramic  bodies  according  to  the  present  invention  corresponds  to 
about  75  percent  of  its  theoretical  density.  As  used  herein,  the  value  of  its  theoretical  density,  as  it  applies  to 

so  a  composite,  is  computed  according  to  the  law  of  mixtures  which  assumes  that  no  solid  solutions  exist  for 
purposes  of  the  computation.  To  assure  a  proper  understanding  of  the  theoretical  density  as  the  term  is 
employed  herein,  the  following  example  is  provided.  The  theoretical  density  of  a  composite  comprising  3 
percent  graphite,  0.4  percent  B4C,  2  percent  uncombined  carbon  in  a  form  other  than  graphite,  and  94.6 
percent  silicon  carbide  is  3.135  kg/dm3.  The  theoretical  density  for  B4C  is  2.51  kg/dm3;  the  theoretical 

55  density  is  the  reciprocal  of  the  sum  of  the  volume  fractions  of  the  constituent  components.  Thus,  for  this 
example  it  is 

1/(0.03/2.25+0.004/2.51+0.2/2.25+.94/3.21)=1/(.31665)=3.135  kg/dm3. 

Similarly  computed,  the  theoretical  density  for  a  composite  comprising  8  weight  percent  graphite,  5  weight 
percent  Be,  2  percent  uncombined  C  in  a  form  other  than  graphite  and  85  percent  silicon  carbide  is  2.97 
kg/dm3.  More  highly  preferred  for  some  applications  is  a  density  which  corresponds  to  at  least  80  percent 
of  its  theoretical  density  and  for  other  applications  a  density  which  is  at  least  90  percent  of  its  theoretical 
density.  Higher  density  is  generally  desired  where  a  low  porosity  and  high  modulus  are  desired. 
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1.  Starting  components  or  ingredients 
A.  Silicon  carbide  powder 

The  silicon  carbide  starting  material  can  be  obtained  from  any  of  a  variety  of  sources.  Vapour  phase 
reactive  material  is  produced  in  fine  particle  size  and  can  be  used  if  desired.  Larger  material  can  be 

5  ball-milled  until  sufficient  amounts  of  fine  silicon  carbide  are  obtained  and  the  proper  size  of  silicon  carbide 
can  be  selected  from  the  ball-milled  product  by  conventional  means,  such  as  water  sedimentation. 

The  crystalline  habit  of  the  silicon  carbide  starting  material  is  not  believed  to  be  critical.  Alpha, 
non-cubic  silicon  carbide  is  more  readily  available  than  beta  silicon  carbide,  lower  in  price  and  more 
thermodynamically  stable  and,  therefore,  the  preferred  starting  material.  It  is  acceptable,  however,  to  use 

10  silicon  carbide  that  has  been  made  by  a  process  which  produces  mixtures  of  alpha  and  beta  silicon  carbide, 
and,  thus,  the  next  most  preferred  silicon  carbide  is  that  which  is  predominately  alpha,  non-cubic 
crystalline  silicon  carbide.  It  is  also  possible  to  utilize  high  purity  beta  silicon  carbide  powder,  but  such 
material  is  not  preferred  because  of  its  high  expense  in  the  requisite  high  purity  form. 

Preferably,  the  silicon  carbide  material  is  relatively  free  of  materials  such  as  silicon,  silicon  dioxide  and 
15  oxygen  which  may  interfere  with  the  sintering  operation.  To  ensure  this,  the  silicon  carbide  material  be 

treated  prior  to  its  use  in  processes  according  to  the  invention  or  the  manufacture  of  articles  according  to 
the  invention  with  acid  (such  as  hydrofluoric  and/or  nitric  acids,  particularly  mixtures  of  hydrofluoric  and 
nitric  acids)  to  remove  extraneous  materials  such  as  silicon,  silicon  dioxide  and  oxygen  which  may 
interfere  with  the  sintering  operation. 

20  The  silicon  carbide  powder  must  be  of  fine  particle  size.  Suitable  silicon  carbide  powders  have 
maximum  particle  size  of  8  microns  or  less,  and  preferably  submicron  size  particles  predominate.  It  is 
difficult,  however,  to  obtain  accurate  particle  size  distributions  for  silicon  carbide  powders  having  a  particle 
size  of  much  less  than  1  micron,  and  so  the  surface  area  of  the  silicon  carbide  particle  is  a  more  relevant 
characteristic  in  determining  suitable  material. 

25  Accordingly,  the  preferred  silicon  carbide  particles  for  use  in  the  process  of  the  present  invention  to 
produce  sintered  composite  ceramic  bodies  of  the  present  invention  are  specified  as  having  from  5  to  100 
square  meters/gram  surface  area.  Within  this  range,  it  is  more  preferred  that  the  surface  area  of  the  silicon 
carbide  particles  range  between  5  and  50  square  meters/gram  and  within  this  range  surface  areas  between 
7  and  15  square  meters/gram  have  been  found  to  be  easily  obtainable  and  quite  useful  for  producing 

30  sintered  composite  ceramic  bodies  of  the  present  invention. 
The  silicon  carbide  powder  may  contain  minor  amounts  of  impurities  such  as  graphite,  aluminium, 

boron  or  free  silicon  without  deleterious  effect;  generally,  a  purity  of  greater  than  95  percent  is  required 
and  a  higher  purity  is  desired.  Acceptably  pure  silicon  carbide  powder  is  described  in  US  —  A  —  4,123,286  to 
Coppola  et  al.  Commercially  available  silicon  carbide  powder  usually  contains  some  uncombined  carbon  in 

35  the  form  of  graphite,  typically  from  one-half  percent  and  up  to  2  percent.  The  total  graphite  present  should 
be  adjusted  accordingly  to  maintain  the  limits  herein  set  forth.  The  amount  of  free  silicon  should  be  such 
that  the  raw  batch  does  not  contain  more  than  about  one  percent  of  free  silicon. 

The  silicon  carbide  powder  may  be  doped  with  a  sintering  aid  prior  to  its  use  in  the  invention.  In  this 
event,  the  amount  of  sintering  aid  subsequently  added  is  accordingly  adjusted  downward  or  altogether 

40-  eliminated.  Pre-doping  of  the  silicon  carbide  powder  may  be  accomplished  by  adding  a  sintering  aid  during 
formation  of  the  silicon  carbide  powder.  The  silicon  carbide  powder  may  also  be  doped  after  its  formation 
by  heating  in  the  presence  of  a  sintering  aid. 

45  B.  Graphite  powder 
The  graphite  starting  material  can  be  obtained  from  any  of  a  variety  of  sources.  Larger  material  can  be 

ball-milled  until  sufficient  amounts  of  fine  graphite  powder  are  obtained  and  the  proper  size  of  graphite  can 
be  selected  from  the  ball-milled  product  by  conventional  means.  A  suitable  graphite  powder  is  known  as 
Dixon  Airspun  Graphite  available  from  Joseph  Dixon  Crucible  Company  of  Jersey  City,  new  Jersey.  This 

50  product  may  be  further  reduced  in  particle  size  by  processing  it  in  a  vibro-energy  mill  such  as  that  available 
from  SWECO  for  four  hours  using  silicon  carbide  media  in  heptane.  An  especially  preferred  graphite  is 
available  from  Lonza  Incorporated,  Fairlawn,  New  Jersey  under  the  name  Lonza  graphite  grade  KS  2.5.  This 
powder  has  an  average  available  particle  size  of  about  2.5  microns  and  a  surface  area  exceeding  about  20 
square  meters/gram  as  determined  by  using  nitrogen  at  77°K  as  the  adsorbate.  Its  hydrophyllic  (that  is, 

55  easily  wet  with  water  when  compared  to  other  available  graphites)  nature  facilitates  processing.  Suitable 
graphite  powders  have  an  average  particle  size  not  in  excess  of  8  microns,  preferably  not  in  excess  of  5 
microns,  and  more  particularly  from  2  to  4  microns,  and  most  preferably  less  than  2  microns.  It  is  difficult, 
however,  to  obtain  accurate  particle  size  distributions  for  graphite  powders  in  the  particle  size  range  of 
interest,  and  so  the  surface  area  of  the  graphite  particle  is  considered  the  more  relevant  characteristic  in 

so  determining  suitable  material.  Accordingly,  suitable  graphite  particles  are  specified  as  having  a  surface 
area  of  at  least  5  square  meters/gram,  more  preferably  at  least  18  square  meters/gram  and  most  preferably 
at  least  22  square  meters/gram,  but  not  exceeding  100  square  meters/gram.  The  graphite  powder  should  be 
at  least  of  95  percent  purity  and  should  not  contain  impurities  as  mentioned  above  with  respect  to  the  SiC 
powder  which  may  interfere  with  sintering.  Less  desired  are  graphite  materials  containing  carbon  in  other 

65  forms  because  these  will  result  in  a  higher  total  carbon  content  for  a  given  graphite  content,  thereby 
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lowering  the  desirable  properties  of  the  resulting  composite  silicon  carbide/graphite/carbon  ceramic  body 
that  are  derived  from  graphite. 

C.  Sintering  aid 
5  Materials  which  react  with  the  silicon  carbide  ceramic  material  at  sintering  temperatures  to  form  a 

sintered  product  are  utilized  as  sintering  aids.  Materials  suitable  for  sintering  aids  are  selected  from  boron, 
aluminium,  beryllium,  or  a  mixture,  compound  or  mixture  of  compounds  thereof  in  the  immediate 
presence  of  amorphous  carbon.  Nitrides  and  carbides  of  aluminium,  boron  and  beryllium,  as  well  as 
compounds  of  these  such  as  aluminium  diboride,  are  particularly  useful  as  sintering  aids. 

10  The  amount  of  sintering  aid  to  be  employed  is  best  considered  in  relationship  to  the  amount  of  silicon 
carbide  present.  The  amount  of  sintering  aid  expressed  as  a  molar  ratio  of  the  amount  of  elemental 
aluminium,  boron  or  beryllium  present  relative  to  silicon  carbide  powder  should  be  from  0.006  to  0.20. 
These  amounts  of  sintering  aid  when  expressed  in  terms  of  percent  of  the  weight  of  the  raw  batch  are  from 
0.15  to  15  percent  by  weight  of  the  raw  batch  ingredients.  Thus,  sintering  aid  should  be  present  in  a 

15  quantity  sufficient  to  provide  from  0.15  to  5.0  percent  by  weight  of  silicon  carbide  of  elemental  aluminium, 
boron  or  beryllium  and  preferably  at  least  0.30  percent.  When  the  sintering  aid  is  present  in  an  amount 
sufficient  to  yield  greater  than  3  percent  of  weight  of  elemental  aluminim,  boron  or  beryllium,  no  further 
advantage  has  been  identified  regarding  densification  of  the  silicon  carbide  matrix,  and  thus  the  excess 
sintering  aid  may  be  present  in  the  final  product  as  a  distinct  crystalline  phase.  Conversely,  when  less  than 

20  0.15  percent  by  weight  of  elemental  aluminium,  boron  or  beryllium  is  provided  based  on  the  weight  of 
silicon  carbide  present,  the  desired  densification  of  the  silicon  carbide/graphite  composite  to  at  least  75 
percent  of  its  theoretical  density  does  not  reliably  occur  when  sintering  is  conducted  in  the  absence  of 
externally  applied  pressure.  The  best  results  with  regard  to  densification  are  obtained  with  boron  carbide 
(BXC,  x  being  from  2  to  8)  as  a  sintering  aid  in  quantities  that  result  in  sintered  articles  having  a  content  of 

25  from  0.3  to  3.0  percent  by  weight  of  boron.  When  boron  is  used,  the  optimum  level  in  the  sintered  article  is 
believed  to  be  about  0.5  weight  percent  (2  mole  percent).  When  aluminium  is  used,  the  optimum  level  is 
believed  to  be  about  1.0  percent. 

It  has  not  been  found  necessary  to  increase  the  amount  of  sintering  to  counteract  absorption  by  the 
graphite  powder. 

30  Boron  and  boron  carbide  are  a  particularly  preferred  sintering  aid.  Of  these  boron  carbide  is  most 
preferred  due  to  its  lower  cost  and  greater  availability.  Boron  carbide  is  essentially  a  non-stochiometric 
material  and  various  boron  carbide  materials  having  a  molar  ratio  of  boron  to  carbide  between  8  to  1  and  2 
to  1  have  been  reported.  It  is  generally  preferred  to  use  boron  carbide  as  the  boron  source  and  particularly  a 
form  of  boron  which  is  called  "solid  state  reacted  boron  carbide"  having  a  molar  ratio  of  boron  to  carbon 

35  between  3.5  to  1  and  4.1  to  1.  Such  a  solid  state  reacted  boron  carbide  can  be  produced  in  accordance  with 
the  process  of  US  —  A  —  3,379,647  to  P.  A.  Smudski.  Boron  carbides  having  a  molar  ratio  of  boron  to  carbide 
even  greater  than  4.1  to  1  are  quite  desirable,  but  these  materials  are  relatively  less  available  and 
considerably  more  expensive  and  are,  therefore,  not  preferred.  The  boron  source  can  be  crystalline  of 
non-crystalline  and  preferably  is  particulate  and  of  a  size  less  than  30  microns.  Within  this  limitation,  it  is 

40  preferred  that  the  source  be  of  a  size  ranging  from  0.1  to  10  microns  to  facilitate  forming  a  homogeneous 
mixture  with  the  other  component  ingredients. 

D.  Carbon 
45  As  previously  mentioned,  carbon  also  needs  to  be  present  in  an  amorphous  form  in  specified  quantity 

in  the  common  cement  of  sintering  to  yield  highest  densification.  When  it  is  desired  to  provide  a  mixture 
which  can  be  sintered  without  pressure  to  greater  than  96  percent  of  its  theoretical  density,  it  is  present  in 
an  amount  from  0.5  up  to  5  percent  by  weight  of  the  batch.  This  amorphous  carbon  is  best  provided  by  use 
of  an  organic  solvent-soluble,  organic  material  which  can  be  coked  at  temperatures  below  about  1000°C  to 

so  form  amorphous  carbon.  Particularly  preferred  materials  are  phenolic  resins  and  coal  tar  pitch  which  have 
char  yields  of  from  40  to  60  percent,  respectively,  although  any  solvent-soluble  organic  material,  which  can 
be  coked  to  provide  amorphous  uncombined  carbon  having  a  carbon  content  of  from  25  to  75  percent  by 
weight  is  acceptable.  From  0.67  to  17  percent  by  weight  of  such  an  organic  solvent-soluble  organic  material 
is  employed  in  the  raw  batch.  It  is  preferred  that  the  organic  material  have  a  char  yield  of  from  33  to  50 

55  percent  by  weight,  and  more  particularly  from  40  to  45  percent  by  weight.  The  most  preferred  amount  of 
carbonized  organic  material  in  the  sintered  composite  ceramic  body  is  believed  to  be  about  2  percent  by 
weight  and,  thus,  the  optimum  raw  batch  should  contain  about  5  percent  by  weight  of  an  organic 
solvent-soluble  organic  material  having  a  char  yield  between  40  and  45  percent  by  weight.  Particularly 
useful  are  B-stage  resole  phenolic  resins.  Also  useful,  for  example,  are  thermosetting  resins,  such  as  epoxy 

6o  resins  and  phenol-formaldehyde  resins  of  the  Novolac  type.  A  particularly  good  carbon  source  material  is  a 
polyphenylene  resin  which  provides  a  char  yield  up  to  80  percent.  Polyphehylene  resins  are  available  from 
Hercules,  Incorporated,  Wilmington,  Delaware.  Highly  suitable  resins  are  Plyophen""  90  —  151,  a 
phenol-formaldehyde  product  available  from  Reichold  Chemicals,  Inc.,  White  Plains,  New  York  and  Resin 
8121,  a  B-stage  resole  phenolic  resin  available  from  Varcum  Chemical  Company,  Niagara  Falls,  New  York. 

65  Thermoplastic  resins  are  not  generally  useful  as  primary  sources  of  amorphous  carbon  because  of 
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their  relatively  low  char  yields.  Additionally,  such  materials  volatilize  at  Dakmg  temperatures  ot  tne  present 
invention  and,  as  a  result,  contribute  little,  if  any,  of  the  required  amorphous  carbon. 

The  necessary  amorphous  carbon  may  be  supplied,  in  whole  or  in  part,  to  the  mixture  in  the  form  of 
particulate  carbon  black,  for  example  acetylene  black,  advantageously  having  a  surface  area  of  between  10 

5  and  400  square  meters/gram.  The  use  of  carbon  black  is,  however,  not  preferred  due  to  handling 
inconvenience  and  greater  difficulty  in  forming  a  homogeneous  sinterable  powder  mix.  A  solvent  or 
temporary  binder  is  helpful  when  forming  sinterable  powders  using  carbon  black  as  the  source  of 
amorphous  carbon. 

10  E.  Temporary  binder 
The  raw  batch  may  contain  optionally  a  temporary  binder  to  facilitate  the  formation  of  a  shaped  green 

body  from  the  raw  batch  which  is  to  be  thereafter  sintered.  The  temporary  binder  may  be  employed  up  to 
25  percent  by  weight  of  the  batch.  Suitable  temporary  binders  include  polyethylene  glycols,  polyvinyl 
alcohols,  coal  tar  pitches,  long  chain  fatty  materials,  such  as  oleic  acid,  metallic  stearates,  polyolefins  and 

is  mineral  oils,  sugars,  starches,  alginates  and  polymethyl  phenylenes.  It  is  to  be  noted  that  the  temporary 
binder,  when  present,  may  contribute  to  the  quantity  of  carbon  char  (amorphous  carbon)  present  in  the 
batch,  and  so  the  total  carbon  present  in  a  form  other  than  graphite  should  be  adjusted  accordingly  to 
maintain  the  limits  herein  set  forth.  An  eminently  suitable  temporary  binder  is  polyvinyl  alcohol  having 
associated  therewith  from  5  to  15  parts  by  weight  of  water  per  part  of  polyvinyl  alcohol  as  a  temporary 

20  binder  vehicle.  In  particular,  it  is  preferred  to  use  about  10  parts  by  weight  polyvinyl  alcohol  plus  90  parts  by 
weight  of  water  as  a  temporary  binder  vehicle. 

2.  Preparing  the  raw  batch 
A.  Mixing 

25  The  process  for  producing  a  sintered  silicon  carbide/graphite/carbon  composite  ceramic  body 
according  to  the  present  invention  is  illustrated  schematically  in  Figure  1.  The  process  preferably  begins 
with  mixing  together  of  the  ingredients  of  the  raw  batch,  namely  from  1  to  48  percent  by  weight  graphite, 
from  0.67  to  17  percent  by  weight  of  organic  material  which  can  be  coked  to  yield  amorphous  carbon;  from 
0.15  to  15  percent  by  weight  of  a  sintering  aid;  and  optionally  up  to  25  percent  by  weight  of  a  temporary 

30  binder,  with  the  balance  being  silicon  carbide  powder.  The  amount  of  free  silicon  in  the  raw  batch  should 
not  exceed  about  one  percent.  If  a  temporary  binder,  such  as  a  polyvinyl  alcohol  including  a  quantity  of 
water  is  employed,  the  first  mixing  step  preferably  includes  stirring  the  powdered  materials  (silicon 
carbide,  graphite,  organic  material  and  sintering  aid)  together  with  the  temporary  binder  and  temporary 
binder  vehicle  prior  to  adding  an  organic  solvent  in  which  the  organic  material  is  soluble.  In  any  event,  after 

35  the  organic  solvent  is  added,  the  raw  batch  and  organic  solvent  should  be  stirred  in  such  a  way  as  to 
disperse  the  organic  solvent-soluble,  organic  material  which  can  be  coked  through  the  silicon  carbide  of 
the  raw  batch  suitably  for  at  least  5  minutes  and  preferably  about  15  minutes.  Alternatively,  the  ingredients 
may  be  dispersed  by  milling  in  a  conventional  ball-mill  or  processing  in  a  vibro-energy  mill.  Milling  times 
up  to  4  hours  may  have  been  employed  without  any  negative  effect  on  sintering  (percent  of  its  theoretical 

40  density  obtained).  However,  excessive  milling  may  reduce  the  graphitic  nature  and  should  be  avoided. 
When  a  temporary  binder  is  not  employed,  the  mixing  or  milling  may  be  conducted  in  the  presence  of  an 
organic  solvent  such  as  acetone  or  heptane. 

Following  this  mixing  step,  the  mixture  is  dried  in  conventional  manner  by  any  suitable  technique  such 
as  passing  a  quantity  of  drying  gas,  such  as  nitrogen,  through  or  near  the  stirred  mixture  or  by  pan  or  spray 

45  drying  of  the  mixture. 
Following  this  drying  step,  the  dried  mixture  is  preferably  screened  so  that  it  will  pass  a  40  mesh  and 

preferably  a  60  to  80  mesh  sieve  (U.S:  Standard). 
When  the  carbon-containing  additive  or  source  is  amorphous  carbon,  the  mixing  is  preferably  carried 

out  in  the  presence  of  a  temporary  binder  that  is  advantageously  first  dissolved  in  an  organic  solvent  such 
so  as  acetone  or  an  aliphatic  alcohol  or  alkane  containing  up  to  7  carbon  atoms. 

The  graphite  powder  may,  optionally,  be  added  subsequent  to  the  formation  of  a  pre-mix  which  itself  is 
formed  by  mixing  together  silicon  carbide,  amorphous  carbon  source,  sintering  aid,  organic  solvent  and 
optionally  temporary  binder.  The  organic  solvent  is  normally  dried  subsequent  to  formation  of  the  pre-mix. 
The  pre-mix  is  then  broken  up  so  it  will  pass  a  40  mesh  and  preferably  a  60—80  mesh  U.S.  Standard  sieve.  If 

55  the  pre-mix  is  not  sufficiently  broken  up,  upon  shaping  the  resulting  shaped  body  will  not  be  sufficiently 
compacted  and  voids  will  result.  Also,  the  graphite  may  not  be  homogeneously  distributed  throughout  the 
silicon  carbide  matrix.  The  graphite  may  be  added  prior  to  drying  the  pre-mix.  When  the  graphite  is  added 
to  the  previously  dried  pre-mix,  an  organic  solvent  may  also  be  added  to  facilitate  formation  of  a 
homogeneous  mixture.  The  solvent  is  removed  prior  to  shaping  in  the  manner  previously  described. 

6o  The  sintering  aid  can  also  be  added  by  using  pre-doped  silicon  carbide  powder,  pre-doped  graphite 
powder,  or  by  introducing  it  into  the  resin,  which  is  to  be  charred  to  form  amorphous  carbon,  or  into  a 
plasticizer  ortempgary  organic  binder.  This  sintering  aid  can  also  be  introduced  by  firing  of  the  body  being 
sintered  within  a  graphite  container  that  has  been  saturated  with  the  sintering  aid  by  previous  exposure  to 
the  sintering  aid  at  or  about  the  temperature  of  sintering.  This  sintering  aid  may  also  be  introduced  during 

65  sintering  in  the  form  of  a  gas.  Combinations  of  these  techniques  may  be  employed. 
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The  level  of  sintering  aid  provided  within  the  body  being  sintered  may  be  maintained  by  assuring  that 
the  partial  pressure  of  the  sintering  aid  in  the  sintering  atmosphere  is  equal  to  or  greater  than  that  within 
the  body  being  sintered.  A  practical  way  to  accomplish  this  to  enclose  the  body  being  sintered  within  a 
sealed  container  which  is  impervious  to  the  aluminium,  boron  or  beryllium  of  the  sintering  aid  at  the 

5  sintering  temperature  and  which  has  a  volume  approximating  the  size  of  the  body  being  sintered.  Alternate 
ways  of  introducing  and  maintaining  an  effective  amount  of  sintering  aid  are  described  in  US  —  A  —  Nos. 
4,172,109  and  4,080,415  now  Reissue  No.  30,386. 

B.  Shaping 
10  Following  the  drying  and  sieving  steps,  the  dried  mixture  is  shaped  in  such  a  way  as  to  produce  a 

shaped  body  preferably  having  a  density  of  at  least  45  percent  of  its  theoretical  density  and  preferably 
between  50  and  65  percent  of  its  theoretical  density.  This  shaping  can  be  accomplished  by  any  of  a  variety 
of  techniques  which  are  in  themselves  known,  for  example  by  extrusion,  injection  molding,  transfer 
molding,  casting,  cold  pressing,  isostatic  pressing  or  by  compression.  When  compression  is  used,  suitable 

is  pressures  are  between  55  and  172  MPa  (8,000  and  25,000  psi),  and  preferred  pressures  are  between  103 
and  138  MPa  (15,000  and  20,000  psi). 

When  a  temporary  binder  is  present,  the  temporary  binder  may  be  cured  by  heating  the  shaped  body 
at  an  appropriate  temperature  below  coking  temperature  for  an  appropriate  time.  This  results  in  improved 
strength  of  the  shaped  bmdy  and  thereby  facilitates  machining  of  the  shaped  body,  if  necessary,  to  attain 

20  the  desired  shape.  For  example,  when  the  temporary  binder  is  polyvinyl  alcohol,  it  may  be  cured  by  heating 
the  shaped  body  at  a  temperature  of  from  90°C  to  150°C  for  from  1  to  2  hours.  The  shaped  body  may  be 
easily  machined,  if  desired,  at  this  time. 

C.  Sintering 
25  The  shaped  body  is  then  fired  to  accomplish  the  densification  necessary  to  produce  a  sintered  silicon 

carbide/graphite/carbon  composite  ceramic  body  according  to  the  invention.  Firing  generally  takes  place 
for  from  20  to  180  minutes  at  temperatures  of  from  1900  to  2300°C.  Lower  temperatures  are  generally 
inoperable  and  higher  temperatures  cause  sublimation  of  the  silicon  carbide  material.  The  firing  step  can 
be  carried  out  in  a  batch  furnace  or  in  a  tube  furfuce  wherein  the  shaped  body  is  passed  through  the  hot 

30  zone  of  the  tube  furnace  to  give  it  a  desired  residence  time  at  the  desired  temperature.  The  details  of  such  a 
tube  furnace  are  known  in  the  prior  art  and  are  described,  for  example,  in  US  —  A  —  3,689,220  to  P.  A. 
Smudski.  Firing  is  carried  on  in  the  absence  of  any  externally  applied  pressure  save  that  which  may  occur 
due  to  the  presence  of  a  gas  at  a  pressure  up  to  about  one  atmosphere.  Such  a  firing  or  sintering  process  is 
referred  to  as  being  "pressureless".  During  pressureless  sintering,  the  object  being  sintered  is  surrounded, 

35  usually  in  an  inert  container  such  as  a  graphite  crucible,  in  a  vacuum  or  in  up  to  about  one  atmosphere  of 
pressure  of  an  inert  gas,  a  reducing  gas  or  nitrogen.  Suitable  reducing  gases  include  hydrogen  and  carbon 
monoxide.  Inert  gases  include  the  rare  gases  such  as  argon,  helium  and  neon.  The  gases  in  which  the 
sintering  operation  can  be  carried  out  thus  include  argon,  helium,  hydrogen,  neon,  nitrogen  and  mixtures 
thereof.  Nitrogen,  when  utilized,  enters  into  reaction  in  a  minor  way  with  the  silicon  carbide  raw  material. 

40  The  use  of  nitrogen  raises  the  necessary  temperature  for  sintering  by  about  200°C  in  comparison  with 
processes  utilizing  inert  gases  such  as  argon,  helium  or  neon.  A  nitrogen  atmosphere  is  not  recommended 
in  combination  with  an  aluminium  sintering  aid  because  high  density  is  not  easily  achieved.  The  firing  can 
also  be  carried  out  under  vacuum  which,  for  purposes  of  this  application,  is  defined  as  being  133  Pa  (1  mm 
of  mercury)  or  less. 

45  Although  the  sintering  process  is  not  fully  understood,  it  is  believed  that  the  driving  force  is  the  surface 
energy  of  the  silicon  carbide  which  decreases  as  a  result  of  surface  area  decreasing  as  the  fine  particles 
weld  together  during  firing.  A  pressureless-sintered  body  is  one  in  which  the  sintering  process  is  effected  in 
the  absence  of  any  externally  applied  pressure  save  that  which  may  occur  due  to  the  presence  of  a  gas  at  a 
pressure  up  to  about  one  atmosphere. 

so  The  presence  of  a  continuous  phase  of  silicon  carbide  in  composite  bodies  according  to  the  invention 
is  evidenced  by  shrinkage  of  several  volume  percent  which  occurs  during  initial  firing  of  a  pre-shaped 
object  at  sintering  conditions.  The  amount  of  shrinkage  decreases  as  the  amount  of  graphite  added 
increases.  When  a  continuous  silicon  carbide  phase  is  not  formed,  as,  for  example,  when  too  much 
graphite  is  present,  such  shrinkage  does  not  occur  upon  firing  under  sintering  conditions.  The  absence  of  a 

55  continuous  silicon  carbide  phase  will  also  be  evidenced  by  a  composite  body  having  a  very  low  resistance 
to  rupture. 

The  resulting  sintering  composite  body  may,  and  typically  will,  exhibit  some  open  porosity. 
As  used  herein,  "open  porosity"  means  that  which  is  determined  by  water  saturation  (ASTM  C20  —  74). 
Various  aspects  of  the  invention  will  now  be  illustrated  with  several  examples. 

60 
Examples  1  —  20 

Silicon  carbide  powder  having  a  specific  surface  area  of  8  —  12  square  meters/gram,  graphite  powder 
known  as  KS  2.5  from  LONZA  having  a  specific  surface  area  of  20  square  meters/gram,  a  sintering  aid  as 
indicated  in  Table  I,  and  Plyophen""  90  —  151  phenol-formaldehyde  resin  available  from  Reichold  Chemicals 

65  Inc.  or  Varcum  8121  Resin  available  from  Varcum  Chemical  Company,  Niagara  Falls,  New  York,  a  division 

8 
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of  Reichold  Chemicals  Inc.,  were  mixed  together  and  milled  for  4  hours  utilizing  a  Dan-mill  having  a  plastics 
vessel  containing  silicon  carbide  grinding  media  in  acetone  or  heptane.  The  milled  mixture  was  dried  and 
thereafter  sieved  through  an  80  mesh  U.S.  standard  sieve.  At  the  end  of  the  drying  step  there  was  only  a 
faint  trace  of  solvent  smell  and  the  material  was  dry  to  the  touch.  A  portion  of  the  dry  raw  batch  powder 

5  was  compressed  at  103  MPa  (15,000  psi)  to  achieve  a  green  density  above  50  percent.  After  pressing  into  a 
shaped  body,  the  shaped  body  was  placed  on  a  graphite  setter  tile.  The  shaped  body  was  fed  into  a 
previously  used  tube  furnace  having  a  hot  zone  maintained  at  the  temperature  indicated  in  Table  I  at  a  rate 
of  from  6.4  to  12.7  mm  (i  to  £  inches)  per  minute  so  that  the  required  time  to  traverse  the  hot  zone  of  the 
furnace  was  as  given  in  the  later  tables.  The  sintering  atmosphere,  whether  an  inert  gas  at  pressure 

w  specified  or  in  a  vacuum  was  as  indicated  in  Table  I.  After  sintering,  the  densified  body  was  held  for  about 
20  minutes  in  a  cooling  chamber  to  avoid  thermal  shock.  After  the  sintered  body  had  cooled,  its  physical 
and  mechanical  properties  were  observed  to  be  as  indicated  in  Table  II. 
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Particulate  carbon  black  known  as  Raven  1255  available  from  Cities  Service,  Columbian  Chemical 
Division,  Waltham,  Massachusetts,  was  used  in  the  preparation  of  Sample  number  17. 

Samples  1  —  20  were  prepared  in  substantially  identical  manner  and  show  the  effect  of  varying  the  type 
and  amount  of  various  ingredients.  Sintering  conditions  were  as  nearly  identical  as  possible  to  achieve 

5  with  presently  available  equipment  which  consisted  of  an  electrical  resistance  heated  tube  furnace  as 
described  in  US—  A—  3,689,220. 

Samples  1  —  7  demonstrate  the  influence  of  various  amounts  of  graphite  while  maintaining  constant 
the  amount  and  type  of  amorphous  carbon  source  resin  and  the  amount  and  type  of  sintering  aid.  When 
the  microstructures  of  these  as  shown  in  Figures  2  —  9  are  compared  with  one  another  and  with  sample  12 

jo  as  shown  in  Figures  14  and  15,  it  is  seen  that  inclusion  of  the  graphite  powder  in  combination  with  resin 
carbon  source  in  the  raw  batch  results  in  a  finer  microstructure.  Also,  when  Samples  1  —  4  as  shown  in 
Figures  3,  5,  7  and  9  are  compared  to  sample  12  as  shown  in  Figure  15  after  reheating  and  maintaining 
them  at  2150°C  for  one  hour  in  argon,  it  is  observed  that  less  grain  growth  occurs  in  those  samples 
containing  the  addition  of  graphite  powder  as  well  as  resin  carbon  source. 

15  Examples  8—11  were  prepared  in  a  fashion  identical  to  that  of  Examples  1—7,  respectively,  and 
demonstrate  the  influence  of  varying  the  level  of  B4C  sintering  aid  at  a  constant  carbon  source  resin  and 
constant  graphite  powder  level.  As  shown  in  Figures  10  —  13  respectively,  increasing  the  level  of  sintering 
aid  so  as  to  provide  boron  in  amounts  from  0.5  to  10.0  weight  percent  has  very  little  influence  on  the  grain 
size  and  aspect  ratio  of  the  resulting  microstructure. 

20  Samples  12  —  15  and  17  demonstrate  the  influence  of  varying  the  amount  of  carbon  source  resin  and 
graphite  or  other  carbon  source  while  maintaining  total  carbon  content  at  two  percent  and  at  constant 
sintering  aid  type  and  amount.  As  shown  in  Figures  14—18  respectively,  and  in  Table  II  the  grain  size  and 
aspect  ratio  was  not  greatly  influenced  at  these  low  total  carbon  levels;  however,  the  inclusion  of  graphite 
in  each  instance  lowered  the  average  grain  size.  As  shown  in  Figure  20  and  Table  II,  the  use  of  non-graphite 

25  particulate  carbon  source  alone  resulted  in  an  obviously  coarser  microstructure. 
The  influence  of  the  type  of  carbon  added  to  the  raw  batch  at  a  higher  total  carbon  content  is 

demonstrated  by  Samples  2  and  16.  Samples  2  and  16  were  prepared  in  identical  fashion  and  have  the 
same  5  percent  total  carbon  level  but  in  different  forms  due  to  variation  of  the  raw  batch.  Sample  2  was 
prepared  using  a  combination  of  carbon  source  resin  and  graphite  whereas  Example  16  was  prepared 

30  using  only  carbon  source  resin.  The  resulting  sintered  bodies  exhibit  significantly  different  microstructures. 
The  microstructure  obtained  at  identical  firing  conditions  for  Sample  2  (Figure  4)  is  much  finer  than  that 
obtained  for  Sample  16  (Figure  19).  Even  after  reheating  and  maintaining  at  2150°C  in  argon  for  one  hour, 
Sample  2  exhibits  a  microstructure  that  is  finer  (Figure  5)  than  that  of  Sample  16. 

Samples  4,  1  8  and  1  9  have  the  same  total  carbon  level  and  demonstrate  the  combined  influence  of  the 
35  type  and  amount  of  sintering  aid  as  well  as  that  of  carbon  from  resin  as  contrasted  with  carbon  from 

graphite.  A  comparison  of  Figures  8—9  with  Figure  21  indicates  that  AIB2  at  two  weight  percent  (net  B 
content  of  0.84)  yields  a  much  coarser  structure  than  B4C  at  0.64  weight  percent  (weight  fraction  of  B  in  B4C 
is  0.78).  A  comparison  of  Figures  18  and  19  indicates  that  a  mixture  of  carbon  from  resin  source  and 
graphite  yields  a  finer  microstructure  than  use  of  carbon  from  resin  alone  at  the  same  total  carbon  level  and 

40  the  same  level  of  AIB2,  although  the  effect  is  greatly  diminished  compared  to  the  result  when  B4C  is  used. 
Samples  3  and  8,  differ  only  slightly  in  the  amount  of  graphite  powder  used.  This  one-half  percent 

difference  at  a  nominal  graphite  level  of  5  percent  is  not  considered  to  be  significant.  The  differences 
observed  for  the  resulting  sintered  composite  bodies  are  believed  primarily  due  to  processing  differences 
that  are  not  easily  controlled,  particularly  the  mixing  and  sintering  steps,  and  therefore  represent  variations 

45  which  may  occur.  As  indicated  in  Table  II,  the  average  grain  size  and  average  aspect  ratio  for  samples  3  and 
8  are  similar.  The  difference  in  appearance  of  the  photomicrographs  Figures  6  and  7  is  due  to  differences  in 
preparation  of  the  samples  for  microscopy  (e.g.  how  they  were  polished,  whether  or  not  they  were 
thermally  etched).  Close  examination  reveals  that  a  similar  microstructure  exists,  although  the  thermal  etch 
technique  used  for  Figure  6  gives  a  first  glance  impression  of  a  much  finer  microstructure  due  to  more 

so  markings  on  individual  grains. 
A  comparison  of  the  results  obtained  with  respect  to  samples  12  and  20  (Figures  14—15  and  23 

respectively)  indicates  that  changing  the  amount  of  B4C  sintering  aid  from  0.5  to  5.0  percent  does  not 
significantly  change  the  resulting  microstructure. 

Electrical  resistivity  of  samples  1—20  was  measured  on  bars  of  the  same  size  and  configuration 
55  51x6.4x3.2  mm  (2x1/4x1/8  inches)  with  metallized  ends.  The  results  given  in  Table  II  indicate  the  small 

graphite  additions  to  the  raw  batch  greatly  influence  the  resistivity  of  the  sintered  product.  It  is  unexpected 
that  relatively  small  increases  in  the  amount  of  added  graphite  would  effect  large  decreases  in  electrical 
resistivity  as  demonstrated  by  samples  1  —  5  and  that  the  relationship  is  clearly  non-linear.  Increasing  the 
amount  of  sintering  aid  at  a  constant  graphite  level  also  reduces  resistivity,  although  much  less 

60  dramatically  than  increasing  graphite  level  (Samples  8  —  11). 
Because  of  laboratory  measurement  of  electrical  resistivity  is  greatly  influenced  by  the  quality  of  the 

junctions  of  the  metallic  conductors  to  the  samples,  this  method  of  determining  electrical  resistivity  is  not 
deemed  to  be  as  accurate  as  a  determination  based  on  the  ability  to  electrical-discharge  machine  a  sample 
of  a  sintered  article. 

65  Attempts  were  made  to  electrical-discharge  machine  Sample  Nos.  1  and  8  —  12.  The  results  are 

11 



EP  0  145  496  B1 

reported  in  Table  II.  The  reason  for  the  poor  performance  of  sample  8  is  unknown  in  view  of  sample  1 
providing  fair  performance.  The  comparative  performance  of  samples  12  and  15  establishes  that  graphite 
aids  in  rendering  sintered  silicon  electrical-discharge  machinable,  whilst  the  use  of  a  resin  carbon  source  in 
combination  with  graphite,  for  example.  Sample  1,  yields  a  composite  product  that  may  be  electrical- 

5  discharge  machined  while  also  having  a  very  fine  grain  microstructure,  high  denisty  and  MOR. 
The  fracture  toughness  of  samples  1  —  4  and  8  exceeds  that  of  sample  12. 
Sonic  modulus  (determined  by  an  ultrasonic  method)  decreases  with  increasing  graphite  amount  as 

indicated  upon  comparison  of  samples  1  —  6. 
"Grain  size",  as  the  term  is  used  herein,  means  the  maximum  length  straight  line  that  can  be  contained 

70  within  the  borders  of  a  grain  as  it  appears  on  plane  surface  of  a  polished  specimen  or  a  photomicrograph  of 
such  a  specimen. 

"Average  grain  size",  as  the  term  is  used  herein,  means  the  arithmetic  mean  grain  size  of  those  grains 
observed  on  microscopic  examination  of  a  photomicrograph  of  a  polished  specimen  of  interest.  Average 
grain  size  as  reported  in  Table  II  was  determined  by  the  following  linear  intercept  procedure. 

15  A  standard  of  known  length  is  placed  on  a  photomicrograph  of  the  sample.  The  number  of  grains 
intercepted  by  the  reference  edge  of  the  standard  is  determined.  The  length  of  the  standard  is  divided  by 
the  number  of  grains.  This  quotient  is  then  divided  by  the  magnification  to  yield  directly  the  average  grain 
size  in  microns.  A  plurality  of  lines  are  used  and  averaged  to  neutralize  any  directionality. 

"Aspect  ratio",  as  the  term  is  used  herein,  means  the  ratio  of  the  maximum  lineal  dimension  of  a  grain 
20  of  the  crystal  microstructure  to  the  minimum  lineal  dimension  of  a  grain  of  the  crystal  microstructure.  A 

spherical  grain  would  have  an  aspect  ratio  of  1.  The  product  of  the  present  invention  is  characterized  in  part 
by  its  silicon  carbide  matrix  being  formed  predominately  of  grains  that  have  an  aspect  ratio  of  less  than  3. 

"Average  aspect  ratio"  as  reported  in  Table  II  was  determined  by  dividing  the  photomicrograph  format 
into  an  eight  by  ten  matrix  of  equally-sized  squares.  Random  numbers  were  then  generated  for  these 

25  squares  and  employed  to  choose  five  squares.  A  template  of  the  size  of  the  photomicrograph  was  provided 
with  this  matrix.  For  each  chosen  square,  a  circle  of  the  maximum  size  capable  of  fitting  within  one  square 
was  cut  resulting  in  a  template  having  five  equal-sized  randomly  chosen  holes.  The  template  was  placed  on 
each  photomicrograph  and  each  of  the  exposed  areas  examined  under  magnification.  For  each  of  the  five 
circles,  the  worst  case  grain  which  extended  into  or  was  contained  within  was  singled  out  and  its  aspect 

30  ratio  determined.  For  each  of  the  five  circles,  a  typical  grain  exclusive  of  the  worst  grain  was  selected  and 
its  aspect  ratio  determined.  The  results  reported  in  Table  II  represent  the  average  of  the  five  worst  case 
grains  and  five  typical  grains  selected  for  each  sample's  photomicrograph.  Thus,  the  values  given  are 
weighted  toward  the  worst  case  for  each  sample.  "Average  aspect  ratio"  is  not  to  be  confused  with  or 
substituted  for  "aspect  ratio"  in  interpreting  the  following  claims. 

35  Modulus  of  Rupture  (MOR)  was  determined  using  a  four-point  bending  technique  employing  a  long 
span  of  38.1  mm  (1j  inches)  and  a  short  span  of  12.7  mm  (£  inch)  (ASTM  C651—  70).  The  test  bars  were 
51x6.4x12.7  mm  (2x1/4x1/8  inches). 

Examples  21  —  28 
40  Samples  21  —  25  were  prepared  in  substantially  identical  manner  and  again  show  the  effect  of  varying 

the  level  of  graphite  powder  in  the  raw  batch.  The  ingredients  of  the  type  and  amount  given  in  Table  III 
were  mixed  by  milling  them  for  four  hours  in  a  ball-mill  having  a  plastics  vessel  containing  silicon  carbide 
grinding  media  in  acetone.  The  green  bodies  were  formed  by  pressing  them  at  103  MPa  (15,000  psi)  and 
thereafter  sintered  in  a  tube  furnace  under  the  conditions  indicated  in  Table  III. 
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TABLE  III 

Sample  No. 
5  1  1  1  1  1  1  1 

21  22  23  24  25  26  27  28 

SiC 
amount  (%)  97.6  96.6  95.6  94.6  89.6  97.6  94.6  89.6 

Graphite 
amount  (%)  0  1.0  2.0  3.0  8.0  0  3.0  8.0 

15 
Carbon  (amorphous) 

amount  (%)  2.0  2.0  2.0  2.0  2.0  2.0  2.0  2.0 
from  Varcum  8121  resin 

Total  carbon  amount  (%)  2.0  3.0  4.0  5.0  10.0  2.0  5.0  10.0 
20 

Sintering  aid 
net  amount  (%)  boron  0.4  0.4  0.4  0.4  0.4  0.4  0.4  0.4 
type  B4C  B4C  B4C  B4C  B4C  B4C  B4C  B4C 

25  Theoretical  density  (kg/dm3)  3.175  3.161  3.148  3.135  3.071  3.175  3.135  3.071 

Green  density  (kg/dm3)  1.777  1.776  1.774  1.776  1.770  1.77  1.76  1.72 
%  of  theoretical  56  56  56.3  56.7  57.6  57.7  56.1  56.0 

30  Cured  density  (kg/dm3)  3.074  3.044  3.016  2.979  2.563  3.052  2.799  2.510 
%  of  theoretical  96.8  96.3  95.8  95.0  83.5  96.1  89.3  81.7 

Cured  porosity  (%)  0.04  .92  1.68  2.00  14.7  1.69  9.93  17.6 

35  Sintering  temperature  (°C)  2050  2050  2050  2050  2050  2050  2050  2050 

Sintering  time  (minutes)  120  120  120  120  120  120  120  120 

Sintering  atmosphere  Ar  Ar  Ar  Ar  Ar  Ar  Ar  Ar 
40  at  1  atm.  pressure 

Samples  26,  27  and  28  were  prepared  in  a  fashion  identical  to  that  of  Samples  21,  24  and  25 
respectively,  except  that  the  powders  prior  to  addition  of  the  carbon  source  resin  were  milled  for  four  hours 

45  in  heptane  utilizing  silicon  carbide  media  in  a  Sweco  vibro-energy  mill.  Thereafter,  the  milled  powders 
were  dried  at  room  temperature.  Thereafter,  the  carbon  source  in  the  form  of  Varcum  8121  resin  was  added 
to  the  mixture  which  was  then  milled  for  1  hour  utilizing  silicon  carbide  media  in  a  ball-mill  having  a 
plastics  vessel  mill.  After  milling,  the  raw  batch  was  dried  at  room  temperature  and  sieved  through  an  80 
mesh  U.S.  standard  sieve  and  thereafter  pressed  into  shaped  bodies  in  a  manner  identical  to  that  employed 

so  for  Samples  21  to  25.  The  result  was  a  reduction  in  the  percentage  of  theoretical  density  obtained  after 
sintering,  particularly  at  higher  levels  of  graphite.  A  corresponding  increase  in  open  porosity  was  also 
observed.  This  demonstrates  that  pre-milling  of  the  silicon  carbide  and  graphite  powder  and  sintering  aid  is 
not  necessary  prior  to  the  addition  of  the  carbon  resin  source. 

Circular  mechanical  seals  were  prepared  having  compositions  corresponding  "to  those  of  sample 
55  numbers  1,3  and  12.  These  were  of  25.4  mm  diameter  and  were  tested  using  water  at  a  pressure  of  138  KPa 

at  a  temperature  of  26°C.  A  spring  was  employed  to  apply  a  load  of  55.6  N  to  the  opposed  seal  faces.  The 
values  reported  in  Table  IV  are  for  6  meters  per  minute  sliding  velocity  which  corresponds  to  a  driven  shaft 
speed  of  4500  revolutions  per  minute  with  the  rotating  face  and  stationary  face  each  being  of  the  same 
material  within  any  experiment.  The  data  given  in  Table  IV  show  that  seals  of  silicon  carbide/graphite/ 

so  carbon  composite  have  a  shorter  break-in  period  than  a  seal  that  is  not  of  such  a  composite.  Break-in  period 
is  the  time  required  for  the  power  dissipation  level  to  equilibrate  at  its  lowest  value. 

65 
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TABLE  IV 

Composition  Pre-run  After  Maximum 
corresp.  surface  run  power  Break-in 

5  to  sample  finish  surface  dissipation  period 
number  (microns)  (microns)  (watts)  (hours) 

12  2.75  0.5  43  12 

to  1  3.75  1.5  40  7.8 

3  3.25  1.5  43  3.4—7.4 

In  Table  V,  the  performance  of  a  mechanical  seal  in  which  both  parts  are  of  a  composition 
15  corresponding  to  sample  number  12  is  compared  to  a  mechanical  seal  in  which  one  part  is  a  composition 

corresponding  to  sample  number  12  and  the  other  part  is  of  a  composition  corresponding  to  sample 
number  8.  Seals  of  25.4  mm  diameter  were  used.  The  operating  conditions  were  as  follows:  water  at  26°C 
and  at  pressure  of  138KPa  spring  load  of  55.6  N.  The  power  dissipation  value  observed  for  operating  a  seal 
in  which  both  parts  were  of  a  composition  corresponding  to  sample  number  12  was  arbitrarily  given  a 

20  value  of  1  .0.  The  values  reported  for  the  other  tests  are  presented  as  a  ratio  to  this  control.  The  data  clearly 
shows  a  lower  level  of  power  dissipation  at  sliding  velocities  of  2,  4  and  6  m/sec  when  one  of  the  seal  parts 
is  a  composite  according  to  the  invention. 

TABLE  V 
25 

Composition  Relative  power  dissipated  at 
part/part  2  m/sec.  4  m/sec.  6  m/sec. 

12/12  1.0  2.1  3.7 
30 

12/8  0.6  1.5  2.2 

In  Table  VI,  the  values  observed  for  static  or  start-up  friction  seals  of  various  compositions  are  given. 
These  values  are  believed  to  be  of  interest  with  respect  to  anticipated  service  conditions  in  which  attempts 

35  are  made  to  dry  start  a  previously  operated  pump.  The  graphite-containing  composites  provide  lower 
resistance  to  dry  start-up  than  pressureless  sintered  silicon  carbide  not  containing  added  graphite.  The 
values  presented  in  Table  VI  were  obtained  using  a  velocity  of  0.8  m/sec. 

TABLE  VI 
40 

Composition 
equivalent  to  sample 

part/part  Start-up  friction  coefficient 

45  12/12  0.165 

1/1  0.145 

3/3  0.159 
50 

Start-up  friction  of  samples  according  to  invention  was  lower. 

Claims 
55 

1.  A  pressureless-sintered  silicon  carbide/graphite/carbon  composite  ceramic  body  essentially  free  of 
uncombined  silicon  consisting  essentially  of: 

a)  from  1  to  48  percent  by  weight  of  graphitic  elemental  carbon  having  an  average  grain  size  not  in 
excess  of  8  microns  (urn)  and  from  0.5  to  5.0  percent  by  weight  of  amorphous  carbon,  with  the  body  having 

60  a  total  uncombined  carbon  content  of  from  1.5  to  49  percent  by  weight; 
b)  an  effective  amount  of  a  sintering  aid;  and 
c)  a  balance  of  silicon  carbide;  the  composite  body  has  a  homogeneous  fine  grain  microstructure  of 

silicon  carbide  grains  and  graphite  grains  with  at  least  50  percent  of  its  silicon  carbide  grains  on  an  area 
basis  having  a  size  not  exceeding  8  microns  (um)  and  an  aspect  ratio  of  less  than  3,  the  body  having  a 

S5  density  of  at  least  75  percent  of  its  theoretical  density  based  on  the  law  of  mixtures. 

18 
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2.  A  body  as  claimed  in  claim  1  having  from  1  to  13  percent  by  weight  of  graphitic  carbon  and  naving  a 
total  uncombined  carbon  content  of  from  1.5  to  15  percent  by  weight;  and  of  the  sintering  aid  from  0.15  to  5 
percent  by  weight  in  total  of  boron,  aluminium  or  beryllium  in  elemental  or  compound  form. 

3.  A  body  as  claimed  in  claim  1  or  claim  2  having  a  microstructure  in  which  the  average  size  of  the 
5  graphite  grains  does  not  exceed  that  of  the  silicon  carbide  grains. 

4.  A  body  as  claimed  in  claim  3  having  a  microstructure  in  which  the  average  size  of  the  graphite  grains 
is  about  equal  to  the  average  size  of  the  silicon  carbide  grains. 

5.  A  body  as  claimed  in  any  one  of  claims  1  to  4  having  a  microstructure  in  which  the  average  size  of  the 
graphite  grains  is  5  microns  (urn)  or  less  and  the  average  size  of  the  silicon  carbide  grains  is  5  microns  (urn) 

10  or  less. 
6.  A  body  as  claimed  in  any  one  of  the  preceding  claims  in  which  the  graphite  grains  have  a  maximum 

size  of  about  5  microns  (urn)  and  an  average  size  of  from  2  to  4  microns  (urn). 
7.  A  body  as  claimed  in  any  one  of  the  preceding  claims  having  a  density  of  at  least  80  percent  of  its 

theoretical  density. 
is  8.  A  body  as  claimed  in  claim  7  having  a  density  of  at  least  90  percent  of  its  theoretical  density. 

9.  A  body  as  claimed  in  any  one  of  the  preceding  claims  having  a  microstructure  with  at  least  75 
percent  of  its  silicon  carbide  grains  on  an  area  basis  having  a  size  not  exceeding  5  microns  (urn). 

10.  A  body  as  claimed  in  claim  9  having  a  microstructure  with  at  least  75  percent  of  its  silicon  carbide 
grains  on  an  area  basis  having  a  size  between  2  and  4  microns  (urn). 

20  1  1  .  A  body  as  claimed  in  claim  1  0  having  a  microstructure  with  at  least  90  percent  of  its  silicon  carbide 
grains  on  an  area  basis  having  a  size  between  2  and  5  microns  (pm). 

12.  A  body  as  claimed  in  any  one  of  the  preceding  claims,  wherein  the  silicon  carbide  is  predominately 
alpha,  non-cubic  crystalline  silicon  carbide. 

.13.  A  body  as  claimed  in  any  one  of  the  preceding  claims  containing  at  least  1  percent  by  weight  of 
25  uncombined  carbon  in  a  form  other  than  graphite. 

14.  A  body  as  claimed  in  any  one  of  the  preceding  claims,  wherein  the  total  uncombined  carbon 
content  is  not  less  than  2.0  but  not  in  excess  of  10.0  percent  by  weight,  the  body  containing  from  0.5  to  2.0 
percent  by  weight  of  uncombined  carbon  derived  from  the  in  situ  carbonization  of  an  organic  material. 

15.  A  process  for  producing  a  sintered  silicon  carbide/graphite/carbon  composite  ceramic  body 
30  comprising  the  steps  of: 

a.  forming  a  homogeneous  mixture  comprising: 
1.  from  1  to  48  percent  by  weight  of  graphite  powder  having  an  average  particle  size  not  in  excess  of  8 

microns  (pm)  and  a  surface  area  of  at  least  5  square  meters  per  gram; 
2.  a  carbon-containing  additive  selected  from  amorphous  carbon,  a  solvent-soluble,  organic  material 

35  or  a  mixture  thereof,  in  an  amount  of  between  0.5  and  5  percent  by  weight  of  the  mixture,  which  material 
can  be  coked  at  temperatures  below  1000°C  to  form  amorphous  carbon; 

3.  from  0.15  to  15  percent  by  weight  of  a  sintering  aid  selected  from  aluminium,  beryllium,  boron  or  a 
mixture,  compound  or  mixture  of  compounds  thererof,  said  sintering  aid  containing  from  0.15  to  5  percent 
by  weight  in  total  of.  aluminium,  boron  and  beryllium; 

40  4.  up  to  25  percent  by  weight  of  a  temporary  binder;  and 
5.  a  balance  of  silicon  carbide  powder  having  a  surface  area  of  at  least  about  5  square  meters  per  gram; 
b.  shaping  the  dry  mixture  in  such  a  way  as  to  produce  a  shaped  body  having  a  density  of  at  least  45 

percent  of  its  theoretical  density;  and 
c.  firing  the  shaped  body  in  the  absence  of  any  substantial  externally  applied  pressure  under 

45  conditions  of  time  and  temperature  in  an  atmosphere  inert  to  silicon  carbide  or  in  a  vacuum  at  a 
temperature  of  between  1900°C  and  2300°C  such  as  to  form  a  sintered  body  having  a  homogeneous  fine 
grain  microstructure  with  at  least  50  percent  of  its  silicon  carbide  grains  on  an  area  basis  having  a  size  not 
exceeding  8  microns  (pm)  and  an  aspect  ratio  of  less  than  3,  with  graphite  grains  distributed  substantially 
homogeneously  throughout  a  matrix  of  silicon  carbide. 

5o  16.  A  process  as  claimed  in  claim  15,  wherein  from  0.67  to  17  percent  by  weight  of  the  solvent-soluble, 
organic  material  having  a  carbon  content  of  from  25  to  75  percent  by  weight  of  the  organic  material  is 
employed  in  forming  the  homogeneous  mixture. 

17.  A  process  as  claimed  in  claim  15  or  claim  16,  wherein  the  silicon  carbide  is  predominately  alpha, 
non-cubic  crystalline  silicon  carbide. 

55  18.  A  process  as  claimed  in  any  one  of  claims  1  5  to  17,  wherein  the  body  is  fired  for  a  time  varying  from 
10  to  180  minutes;  and  said  atmosphere  is  a  vacuum  or  up  to  one  atmosphere  of  pressure  of  a  gas  selected 
from  nitrogen,  argon,  helium,  neon  or  a  mixture  thereof. 

19.  A  process  as  claimed  in  claim  18,  wherein  the  shaped  body  is  fired  for  from  20  to  180  minutes  at  a 
temperature  of  from  2100°C  to  2300°C. 

60  20.  A  process  as  claimed  in  claim  19,  wherein  the  gas  is  approximately  one  atmosphere's  pressure  of 
argon,  helium  or  neon,  and  wherein  the  temperature  is  from  2050  to  2200°C. 

21  .  A  process  as  claimed  in  any  one  of  claims  1  5  to  1  8,  wherein  the  level  of  sintering  aid  provided  in  the 
body  being  sintered  is  maintained  by  enclosing  the  body  being  sintered  within  a  sealed  container  which  is 
impervious  to  the  aluminium,  boron  or  beryllium  of  the  sintering  aid  at  the  sintering  temperature  and 

55  which  has  a  volume  approximately  equal  to  the  size  of  the  body  being  sintered. 
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22.  A  process  as  claimed  in  any  one  of  claims  15  to  18,  wherein  the  level  of  aluminium,  boron  or 
beryllium  to  be  derived  from  the  sintering  aid  and  retained  in  the  body  being  sintered  is  maintained  by 
containing  the  body  being  sintered  within  a  graphite  container,  which  container  has  been  saturated  with 
the  sintering  aid  or  elemental  aluminium,  beryllium  or  boron  by  previous  exposure  to  the  sintering  aid  or 

5  aluminium,  beryllium  or  boron  at  or  about  the  temperature  of  sintering. 
23.  A  process  as  claimed  in  any  one  of  claims  15  to  22,  wherein  the  homogeneous  mixture  is  formed 

by: 
a.  dissolving  the  organic  material  which  can  be  coked  in  a  solvent;  and 
b.  mixing  the  solution  so  formed  with  the  remaining  components;  and 

10  c.  drying  the  mixture  prior  to  shaping. 
24.  A  process  as  claimed  in  claim  23,  wherein  the  homogeneous  mixture  is  formed  by  the  steps  of: 
a.  forming  a  homogeneous  pre-mix  by  mixing  together  the  silicon  carbide,  the  organic  material,  the 

sintering  aid,  the  temporary  binder  and  the  organic  material,  the  mixing  being  done  in  such  a  way  as  to 
disperse  the  organic  material  through  the  silicon  carbide  powder  and  coat  the  silicon  carbide  powder 

is  therewith; 
b.  drying  the  pre-mix  in  such  a  way  as  to  evaporate  the  solvent  from  the  pre-mix; 
c.  breaking  up  the  dried  pre-mix  so  that  it  will  pass  a  40  mesh  U.S.  standard  sieve;  and 
d.  adding  the  graphite  powder  to  the  pre-mix  in  an  amount  sufficient  to  bring  the  parts  by  weight  of 

graphite  in  the  resulting  mixture  in  the  range  of  from  1  to  48  parts  and  mixing  the  graphite  powder  and  the 
20  pre-mix  in  such  a  way  as  to  disperse  the  graphite  powder  substantially  homogeneously  throughout  the 

resulting  mixture. 
25.  A  process  as  claimed  in  claim  24,  wherein  the  pre-mix  comprises  from  0.3  to  5  parts  by  weight  of 

BXC  containing  from  0.3  to  3.0  percent  by  weight  boron,  x  being  from  2  to  8. 
26.  A  process  as  claimed  in  any  one  of  claims  15  to  25,  wherein  the  temporary  binder  is  used  in  an 

25  amount  of  from  4  to  14  percent. 
27.  A  process  as  claimed  in  any  one  of  claims  15  to  26,  wherein  the  temporary  binder  is  curable;  and 

wherein  the  process  includes  the  step  of  curing  the  temporary  binder  after  shaping  of  the  dried  mixture  but 
prior  to  firing  of  the  shaped  body. 

28.  A  process  as  claimed  in  claim  27,  wherein  the  temporary  binder  is  a  polyvinyl  alcohol  and  the 
30  curing  is  accomplished  by  heating  the  shaped  body  at  a  temperature  of  from  90°C  to  150°C  for  from  1  to  2 

hours. 
29.  A  raw  batch  for  producing  a  substantially  homogeneous,  pressureless  sintered  silicon  carbide/gra- 

phite/carbon  composite  ceramic  body,  comprising: 
a.  from  1.0  to  48  percent  by  weight  graphite,  having  an  average  particle  size  not  in  excess  of  8  microns 

35  (pm)  and  a  surface  area  of  at  least  5  square  meters/gram; 
b.  a  carbon-containing  additive  selected  from  amorphous  carbon,  a  solvent-soluble,  organic  material 

or  a  mixture  thereof,  in  an  amount  of  between  0.5  and  5  percent  by  weight  of  the  batch  which  material  can 
be  coked  at  temperatures  below  about  1000°C  to  form  amorphous  carbon; 

c.  from  0.15  to  15  percent  by  weight  of  a  sintering  aid  selected  from  aluminium,  beryllium,  boron  or  a 
40  mixture,  compound,  or  mixture  of  compounds  thereof,  said  sintering  aid  containing  from  0.15  to  5  percent 

by  weight  in  total  of  boron,  aluminium  and  beryllium; 
d.  from  0  to  25  percent  by  weight  of  a  temporary  binder;  and 
e.  a  balance  of  silicon  carbide  powder  having  a  surface  area  of  at  least  about  5  square  meters  per  gram. 
30.  A  raw  batch  as  claimed  in  claim  28,  wherein  the  silicon  carbide  has  a  surface  area  of  from  5  to  100 

45  square  meters/gram. 
31.  A  raw  batch  as  claimed  in  claim  29  or  claim  30,  wherein  the  silicon  carbide  is  predominately  alpha, 

non-cubic  crystalline  silicon  carbide. 
32.  A  raw  batch  as  claimed  in  any  one  of  claims  29  to  31,  wherein  the  average  particle  size  of  the 

graphite  does  not  exceed  5  microns  (pm). 
so  33.  A  raw  batch  as  claimed  in  any  one  of  claims  29  to  32,  wherein  the  graphite  is  hydrophyllic  in  nature 

and  has  a  surface  area  of  between  5  and  50  square  meters/gram. 
34.  A  raw  batch  as  claimed  in  any  one  of  claims  29  to  33,  containing  from  0.67  to  17  percent  by  weight 

of  the  organic  material,  wherein  the  material  has  a  carbon  content  of  from  25  to  75  percent  by  weight. 
35.  A  raw  batch  as  claimed  in  any  one  of  claims  29  to  34,  wherein  the  organic  material  is  a  phenolic 

55  resin  or  a  coal  tar  pitch,  has  a  carbon  content  of  between  40  and  45  percent  by  weight,  and  is  present  in  an 
amount  of  5  percent. 

36.  A  raw  batch  as  claimed  in  any  one  of  claims  29  to  35,  wherein  the  boron  carbide  is  present  in  an 
amount  of  about  0.4  percent,  calculated  as  B4C. 

37.  A  raw  batch  as  claimed  in  any  one  of  claims  29  to  36,  wherein  the  temporary  binder  is  selected  from 
60  a  polyethylene  glycol,  a  polyvinyl  alcohol,  a  coal  tar  pitch,  a  long  chain  fatty  material,  a  metallic  stearate,  a 

sugar,  a  starch,  an  alginate  or  a  polymethyl  phenylene. 
38.  A  raw  batch  as  claimed  in  claim  29  consisting  essentially  of: 
i.  from  1.0  to  13  percent  of  graphite  having  an  average  particle  size  of  about  2.5  microns  (pm); 

s5  ii.  a  carbon-containing  additive  consisting  of  a  phenol-formaldehyde  resin  or  a  phenolic  resin; 
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iii.  B4C  in  an  amount  sufficient  to  provide  from  0.3  to  3  percent  by  weight  ot  boron  in  tne  sintered  body; 
ind 

iv.  silicon  carbide  that  is  predominately  alpha,  non-cubic  crystalline  silicon  carbide, 

'atentanspruche 

1.  Drucklos  gesinterter  Siliciumcarbid/Graphit/Kohlenstoff  -  Verbundkeramikkorper,  der  im 
vesentlichen  frei  von  ungebundenem  Silicium  ist,  im  wesentlichen  bestehend  aus 

a)  1  bis  48  Gew.-%  graphitischem  elementarem  Kohlenstoff  mit  einer  durchschnittlichen  KomgrofSe 
ton  nicht  mehr  als  8  Mikron  (pm)  und  0,5  bis  5,0  Gew.-%  amorphem  Kohlenstoff,  wobei  der  Korper 
nsgesamt  einen  Gehalt  an  ungebundenem  Kohlenstoff  von  1,5  bis  49  Gew.-%  aufweist; 

b)  einer  wirksamen  Menge  eines  Sinterhilfsmittels;  und 
c)  Siiiciumcarbid  bis  zum  Ausgleich;  der  Verbundkorper  weist  eine  homogene  Feinkorn-Mikrostruktur 

Jer  Siliciumcarbidkorner  und  der  Graphitkorner  mit  wenigstens  50%  Siliciumcarbidkornern  mit  einer 
lachenbezogenen  GrolSe  von  nicht  mehr  als  8  Mikron  (pm)  und  einem  Langenverhaltnis  von  weniger  als  3 
iui,  wobei  der  Korper  eine  Dichte  von  wenigstens  75%  seiner  auf  dem  Mischungsgesetz  beruhenden 
heoretischen  Dichte  hat. 

2.  Korper,  wie  in  Anspruch  1  beansprucht,  mit  1  bis  13  Gew.-%  graphitischem  Kohlenstoff  und  einem 
jesamtgehalt  an  nicht  kombiniertem  Kohlenstoff  von  1,5  bis  15  Gew.-%;  und  insgesamt  0,15  bis  5  Gew.-% 
3or,  Aluminium  Oder  Beryllium  in  elementarer  Oder  Verbindungsform  als  Sinterhilfsmittel. 

3.  Korper,  wie  in  Anspruch  1  oder  Anspruch  2  beansprucht,  mit  einer  Mikrostruktur,  worin  die 
DurchschnittsgrolSe  der  Graphitkorner  die  der  Siliciumcarbidkdrper  nicht  ubersteigt. 

4.  Korper,  wie  in  Anspruch  3  beansprucht,  mit  einer  Mikrostruktur,  worin  die  DurchschnittsgrolSe  der 
3raphitk6rner  in  etwa  der  DurchschnittsgrolSe  der  Siliciumcarbidkorner  gleichkommt. 

5.  Korper,  wie  in  einem  der  Anspruche  1  bis  4  beansprucht,  mit  einer  Mikrostruktur,  worin  die 
DurchschnittsgroBe  der  Graphitkorner  5  Mikron  (pm)  oder  weniger  betragt  und  die  DurchschnittsgrolSe  der 
Siliciumcarbidkorner  5  Mikron  (pm)  oder  weniger  betragt. 

6.  Korper,  wie  in  einem  der  vorstehenden  Anspruche  beansprucht,  worin  die  Graphitkorner  eine 
naximale  GrolSe  von  etwa  5  Mikron  (pm)  und  eine  durchschnittliche  GrolSe  von  2  bis  4  Mikron  (pm) 
aufweisen. 

7.  Korper,  wie  in  einem  der  vorstehenden  Anspruche  beansprucht,  mit  einer  Dichte  von  wenistens  80% 
seiner  theoretischen  Dichte. 

8.  Korper,  wie  in  Anspruch  7  beansprucht,  mit  einer  Dichte  von  wenigstens  90%  seiner  theoretischen 
Dichte. 

9.  Korper,  wie  in  einem  der  vorstehenden  Anspruche  beansprucht  mit  einer  Mikrostruktur  mit 
wenigstens  75%  Siliciumcarbidkorpern  mit  einer  flachenbezogenen  GrolSe  von  nicht  mehr  als  5  Mikron 
(pm). 

10.  Korper,  wie  in  Anspruch  9  beansprucht,  mit  einer  Mikrostruktur  mit  wenigstens  75% 
Siliciumcarbidkorner  mit  einer  flachenbezogenen  GrolSe  zwischen  2  und  4  Mikron  (pm). 

11.  Korper,  wie  in  Anspruch  10  beansprucht,  mit  einer  Mikrostruktur  mit  wenigstens  90% 
Siliciumcarbidkornern  mit  einer  flachenbezogenen  GrolSe  zwischen  2  und  5  Mikron  (pm). 

12.  Korper,  wie  in  einem  der  vorstehenden  Anspruche  beansprucht,  worin  das  Siiiciumcarbid 
vorherrschend  nicht-kubisches  kristallines  alpha-Siliciumcarbid  ist. 

13.  Korper,  wie  in  einem  der  vorstehenden  Anspruche  beansprucht,  mit  wenigstens  1  Gew.-%  nicht 
kombiniertem  Kohlenstoff  in  anderer  Form  als  Graphit. 

14.  Korper,  wie  in  einem  der  vorstehenden  Anspruche  beansprucht,  worin  der  Gesamtgehalt  an  nicht 
kombiniertem  Kohlenstoff  nicht  weniger  als  2,0,  jedoch  nicht  mehr  als  10,0  Gew.-%  betragt,  wobei  der 
Korper  0,5  bis  2,0  Gew.-%  aus  der  in  situ  Carbonisierung  eines  organischen  Materials  abgeleiteten 
ungebundenen  Kohlenstoff  enthalt. 

15.  Verfahren  zur  Herstellung  eines  gesinterten  Siliciumcarbid/Graphit/Kohlenstoff  -  Verbundkeramik- 
korpers,  welches  die  Schritte  umfalSt 

a.  Bilden  einer  homogenen  Mischung,  welche  umfalSt 
1.1  bis  48  Gew.-%  Graphitpulver  mit  einer  durchschnittlichen  TeilchengroBe  von  nicht  mehr  als  8 

Mikron  (pm)  und  einer  Oberflache  von  wenigstens  5  m2/g; 
2.  einen  kohlenstoffhaitigen  Zusatz,  ausgewahlt  aus  amorphem  Kohlenstoff,  einem  Ldsungsmittel- 

loslichen  organischen  Material  oder  einer  Mischung  derselben  in  einer  Menge  ziwschen  0,5  und  5  Gew.-% 
der  Mischung,  welches  Material  bei  Temperaturen  unterhalb  1000°C  unter  Bildung  von  amorphem 
Kohwenstoff  verkokt  werden  kann; 

3.  0,15  bis  15  Gew.-%  eines  Sinterhilfsmittels,  ausgewahlt  aus  Aluminium,  Beryllium,  Bor  oder  einer 
Mischung,  Verbindung  oder  Mischung  von  Verbindungen  davon,  wobei  das  Sinterhilfsmittel  insgesamt 
0,15  bis  5  Gew.-%  Aluminium,  Bor  und  Beryllium  enthalt; 

4.  Bis  zu  25  Gew.-%  eines  zeitweiligen  Bindemittels;  und 
5.  Siliciumcarbidpulver  mit  einer  Oberflache  von  wenigstens  etwa  5m2/g  bis  zum  Ausgleich; 
b.  Formen  der  trockenen  Mischung  auf  eine  Weise,  dafS  ein  Formkorper  mit  einer  Dichte  von 

wenigstens  45%  seiner  theoretischen  Dichte  gebiidet  wird;  und 

21 



EP  0 1 4 5   496  B1 

c.  Brennen  des  Formkdrpers  in  Abwesenheit  jeglichen  wesentlichen  von  auBen  angewendeten  Drucks 
unter  Zeit-  und  Temperaturbedingungen  in  einer  fur  Siiiciumcarbid  inerten  Atmosphare  oder  im  Vakuum 
bei  einer  Temperatur  zwischen  1900°C  und  2300°C,  daS  ein  gesinterter  Korper  mit  einer  homogenen 
Feinkorn-Mikrostruktur  mit  wenigstens  50%  Siliciumcarbidkornern  mit  einer  flachenbezogenen  GroBe  von 

5  nicht  mehr  als  8  Mikron  (pm)  und  einem  Langenverhaltnis  von  weniger  als  3  und  mit  einer 
Siliciumcarbidmatrix  im  wesentlichen  homogen  verteilten  Graphitkorper  gebildet  wird. 

16.  Verfahren,  wie  in  Anspruch  15  beansprucht,  worin  0,67  bis  17  Gew.-%  Ldsungsmittel-ldsliches, 
organisches  Material  mit  einem  Kohlenstoffgehalt  von  25  bis  75  Gew.-%  des  organischen  Materials  zur 
Bildung  der  homogenen  Mischung  verwandt  wird. 

w  17.  Verfahren,  wie  in  Anspruch  15  oder  Anspruch  16  beansprucht,  worin  das  Siiiciumcarbid 
vorherrschend  nicht-kubisches  kristallines  alpha-Siliciumcarbid  ist. 

18.  Verfahren,  wie  in  einem  der  Anspruche  15  bis  17  beansprucht,  worin  der  Korper  uber  eine  Zeit,  die 
von  10  bis  180  Minuten  variiert,  gebrannt  wird;  und  wobei  die  Atmosphare  ein  Vakuum  oder  ein  aus 
Stickstoff,  Argon,  Helium,  Neon  oder  einer  Mischung  davon  ausgewahltes  Gas  bis  zu  einem  Druck  von 

is  einer  Atmosphare  ist. 
19.  Verfahren,  wie  in  Anspruch  18  beansprucht,  worin  der  Formkorper  20  bis  180  Minuten  bei  einer 

Temperatur  von  2100°C  bis  2300°C  gebrannt  wird. 
20.  Verfahren,  wie  in  Anspruch  19  beansprucht,  worin  das  Gas  Argon,  Helium  oder  Neon  von  ungefahr 

Atmospharendruck  ist  und  worin  die  Temperatur  2050°C  bis  2200°C  betragt. 
20  21.  Verfahren,  wie  in  einem  der  Anspruche  15  bis  18  beansprucht,  worin  der  im  zu  sinternden  Korper 

bereitgestellte  Gehalt  in  Sinterhilfsmittel  durch  EinschlieBen  des  zu  sinternden  Korpers  innerhalb  eines 
verschlossenen  Behalters,  der  fur  das  Aluminium,  Bor  oder  Beryllium  des  Sinterhilfsmittels  bei  der 
Sintertemperatur  undurchlassig  ist  und  der  ein  Volumen  hat,  das  ungefahr  der  GroBe  des  zu  sinternden 
Korpers  gleichkommt,  aufrechterhalten  wird. 

25  22.  Verfahren,  wie  in  einem  der  Anspruche  15  bis  18  beansprucht,  worin  der  vom  Sinterhilfsmittel 
abgeleitete  und  in  dem  zu  sinternden  Korper  zuruckzuhaltende  Gehalt  an  Aluminium,  Bor  oder  Beryllium 
durch  EinschlieBen  des  zu  sinternden  Korpers  innerhalb  eines  Graphitbehalters  aufrechterhalten  wird, 
welcher  Behalter  mit  dem  Sinterhilfsmittel  oder  elementarem  Aluminium,  Beryllium  oder  Bor  gesattigt 
worden  ist,  indem  er  zuvor  dem  Sinterhilfsmittel  oder  dem  Aluminium,  Beryllium  oder  Bor  bei  der  oder 

30  etwa  bei  der  Sintertemperatur  ausgesetzt  worden  ist. 
23.  Verfahren,  wie  in  einem  der  Anspruche  15  bis  22  beansprucht,  worin  die  homogene  Mischung 

gebildet  wird  durch: 
a.  Auflosen  des  organischen  Materials,  das  verkokt  werden  kann,  in  einem  Losungsmittel;  und 
b.  Mischen  der  so  gebildeten  Ldsung  mit  den  verbleibenden  Komponenten;  und 

35  c.  Trocknen  der  Mischung  vor  dem  Formen. 
24.  Verfahren,  wie  in  Anspruch  23  beansprucht,  worin  die  homogene  Mischung  durch  die  Schritte 

gebildet  wird: 
a.  Bilden  einer  homogenen  Vormischung  durch  Zusammenmischen  des  Siliciumcarbids,  des 

organischen  Materials,  des  Sinterhilfsmittels,  des  zeitweiiigen  Bindemittels  und  des  organischen  Materials, 
40  wobei  das  Mischen  so  erfolgt,  daB  das  organische  Material  durch  das  Siliciumcarbidpulver  dispergiert  und 

das  Siliciumcarbidpulver  damit  beschichtet  wird; 
b.  Trocknen  der  Vormischung  auf  eine  Weise,  daB  das  Losungsmittel  aus  der  Vormischung  verdampft 

wird; 
c.  Brechen  der  getrockneten  Vormischung,  so  daS  sie  durch  ein  40  mesh-US-Standardsieb  fallt;  und 

45  d.  Zugeben  des  Graphitpulvers  zur  Vormischung  in  einer  Menge,  die  ausreicht,  die  Gewichtsteile  an 
Graphit  in  der  resultierenden  Mischung  in  den  Bereich  von  1  bis  48  Teilen  zu  bringen,  und  Mischen  des 
Graphitpulvers  und  der  Vormischung  auf  eine  Weise,  daS  das  Graphitpulver  im  wesentlichen  homogen  in 
der  resultierenden  Mischung  dispergiert  wird. 

25.  Verfahren,  wie  in  Anspruch  24  beansprucht,  worin  die  Vormischung  0,3  bis  5  Gew.-Teile  BXC  mit  0,3 
so  bis  3,0  Gew.-%  Bor  umfaSt,  wobei  x  2  bis  8  ist. 

26.  Verfahren,  wie  in  einem  der  Anspruche  15  bis  25  beansprucht,  worin  das  zeitweilige  Bindemittel  in 
einer  Menge  von  4  bis  14%  verwandt  wird. 

27.  Verfahren,  wie  in  einem  der  Anspruche  15  bis  26  beansprucht,  worin  das  zeitweilige  Bindemittel 
aushartbar  ist;  und  worin  das  Verfahren  den  Schritt  des  Aushartens  des  zeitweiiigen  Bindemittels  nach  der 

55  Formgebung  der  getrockneten  Mischung  jedoch  vor  dem  Brennen  des  Formkdrpers,  einschlieBt. 
28.  Verfahren,  wie  in  Anspruch  27  beansprucht,  worin  das  zeitweilige  Bindemittel  ein  Polyvinylalkohol 

ist  und  das  Ausharten  durch  Erhitzen  des  Formkdrpers  auf  eine  Temperatur  von  90°C  bis  1  50°C  uber  1  bis  2 
Stunden  bewirkt  wird. 

6o  29.  Rohmischung  zur  Herstellung  eines  im  wesentlichen  homogenen,  drucklos  gesinterten  Silicium- 
carbid/Graphit/Kohlenstoff  -  Verbundkeramikkdrpers,  welche  umfaBt 

a.  1,0  bis  48  Gew.-%  Graphit  mit  einer  durchschnittlichen  TeilchengroBe  von  nicht  mehr  als  8  Mikron 
(pm)  und  einer  Oberflache  von  wenigstens  5  m2/g; 

b.  einen  kohlenstoffhaltigen  Zusatz,  ausgewahlt  aus  amorphem  Kohlenstoff,  einen  Ldsungsmittel- 
65  Idslichen  organischen  Material  oder  einer  Mischung  davon  in  einer  Menge  zwischen  0,5  und  5  Gew.-%  der 
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Mischung,  welches  Material  bei  Temperaturen  unterhalb  von  etwa  1  Outre,  unter  Bildung  von  amorpnem 
Kohlenstoff  verkokt  werden  kann; 

c.  0,15  bis  15  Gew.-%  eines  Sinterhilfsmittels,  ausgewahlt  aus  Aluminium,  Beryllium,  Bor  oder  einer 
Mischung,  Verbindung  oder  Mischung  von  Verbindungen  davon,  wobei  das  Sinterhilfsmittel  insgesamt 

5  0,15  bis  15  Gew.-%  Bor,  Aluminium  und  Beryllium  enthalt; 
d.  0  bis  25  Gew.-%  eines  zeitweiiigen  Bindemittels;  und 
e.  Siliciumcarbidpulver  mit  einer  Oberflache  von  wenigstens  etwa  5  m2/g  bis  zum  Ausgleich. 
30.  Rohmischung,  wie  in  Anspruch  28  beansprucht,  worin  das  Siiiciumcarbid  eine  Oberflache  von  5  bis 

100  m2/g  aufweist. 
to  31.  Rohmischung,  wie  in  Anspruch  29  oder  Anspruch  30  beansprucht,  worin  das  Siiiciumcarbid 

vorherrschend  nicht-kubisches  kristaliines  alpha-Siliciumcarbid  ist. 
32.  Rohmischung,  wie  in  einem  der  Anspruch  29  bis  31  beansprucht,  worin  die  durchschnittliche 

TeilchengroGe  des  Graphits  5  Mikron  (pm)  nicht  iibersteigt. 
33.  Rohmischung,  wie  in  .  einem  der  Anspruche  29  bis  32  beansprucht,  worin  der  Graphit 

75  wasserbindend  ist  und  eine  Oberflache  zwischen  5  und  50  m2/g  aufweist. 
34.  Rohmischung,  wie  in  einem  der  Anspruche  29  bis  33  beansprucht,  enthaltend  0,67  bis  17  Gew.-% 

"  des  organischen  Materials,  worin  das  Material  einen  Kohlenstoffgehalt  von  25  bis  75  Gew.-%  hat. 
35.  Rohmischung,  wie  in  einem  der  Anspruche  29  bis  35  beansprucht,  worin  das  organischen  Material 

ein  Phenolharz  oder  ein  Steinkohlenteer-Pech  ist,  einen  Kohlenstoffgehalt  zwischen  40  und  45  Gew.-% 
20  aufweist  und  in  einer  Menge  von  5%  vorhanden  ist. 

36.  Rohmischung,  wie  in  einem  der  Anspruche  29  bis  35  beansprucht,  worin  das  Borcarbid  in  einer 
Menge  von  etwa  0,4%,  berechnet  als  B4C,  vorhanden  ist. 

37.  Rohmischung,  wie  in  einem  der  Anspruche  29  bis  36  beansprucht,  worin  das  zeitweilige 
Bindemittel  aus  Polyethylenglycol,  einem  Polyvinylalkohol,  Steinkohlenteer-Pech,  einem  langkettigen 

25  Fettsaurematerial,  einem  metailischen  Stearat,  einem  Zucker,  einer  Starke,  einem  Alginat  oder  einem 
Polymethylphenylen  ausgewahlt  wird. 

38.  Rohmischung,  wie  in  Anspruch  29  beansprucht,  im  wesentlichen  bestehend  aus 
i.  1,0  bis  13%  Graphit  mit  einer  durchschnittlichen  TeilchengroBe  von  etwa  2,5  Mikron  (pm); 
ii.  einem  kohlenstoffhaltigen  Zusatz,  bestehend  aus  einem  Phenolformaldehydharz  oder  einem 

30  phenoiischen  Harz; 
iii.  B4C  in  einer  Menge,  die  ausreicht,  0,3  bis  3  Gew.-%  Bor  im  gesinterten  Korper  bereitzustellen;  und 
iv.  Siiiciumcarbid,  das  vorherrschend  nicht-kubisches  kristaliines  alpha-Siliciumcarbid  ist. 

Revendications 
35 

1.  Corps  ceramique  composite,  fritte  sans  pression  en  carbure  de  silicium/graphite/carbone, 
essentiellement  exempt  de  silicium  non  combine  comprenant  essentiellement: 

a)  de  1  a  48%  en  poids  de  carbone  elementaire  graphitique  ayant  une  granulomere  moyenne  ne 
depassant  pas  8  microns  (pm)  de  0,5  a  5,0%  en  poids  de  carbone  amorphe,  le  corps  ayant  une  teneur  en 

40  carbone  non  combine  totale  de  1,5  a  49%  en  poids. 
b)  une  quantite  efficace  d'un  auxiliaire  de  frittage  et, 
c)  un  solde  de  carbure  de  silicium;  le  corps  composite  possedant  une  microstructure  granulaire  fine  et 

homogene  de  grains  de  carbure  de  silicium  et  de  grains  de  graphite  avec  au  moins  50%  de  ses  grains  de 
carbure  de  silicium  sur  une  base  de  surface  ayant  une  dimension  qui  ne  depasse  pas  8  microns  (pm)  et  un 

45  allogement  ne  depassant  pas  3,  le  corps  ayant  une  densite  d'au  moins  75%  de  sa  densite  theorique  basee 
sur  la  loi  des  melanges. 

2.  Corps  selon  la  revendication  1  ayant  de  1  a  13%  en  poids  de  carbone  graphitique  et  comportant  une 
teneur  totale  en  carbone  non  combine  de  1  ,5  a  1  5%  en  poids  et  une  teneur  en  auxiliaire  de  frittage  de  0,1  5  a 
5%  en  poids  du  total  de  bore,  aluminium  de  bayllium  sous  forme  elementaire  ou  composee. 

so  3.  Corps  selon  la  revendication  1  ou  la  revendication  2  comportant  une  microstructure  dans  laquelle  la 
dimension  moyenne  des  grains  de  graphite  n'excede  pas  celle  des  grains  de  carbure  de  silicium. 

4.  Corps  selon  la  revendication  3  presentant  une  microstructure  dans  laquelle  la  dimension  moyenne 
des  grains  de  graphite  est  sensiblement  egale  a  la  dimension  moyenne  des  grains  de  carbure  de  silicium. 

5.  Corps  selon  I'une  quelconque  des  revendications  1  a  4  comportant  une  microstructure  dans  laquelle 
55  la  dimension  moyenne  des  grains  de  graphite  est  de  5  microns  (pm)  ou  moins  et  la  dimension  moyenne 

des  grains  de  carbure  de  silicium  est  de  5  microns  (pm)  ou  moins. 
6.  Corps  selon  I'une  quelconque  des  revendications  precedentes  dans  lequel  les  grains  de  graphite 

possedent  une  dimension  maximale  de  I'ordre  de  5  microns  (pm)  et  une  dimension  moyenne  de  2  a  4 
microns  (pm). 

60  7.  Corps  selon  I'une  quelconque  des  revendications  precedentes  ayant  une  densite  d'au  moins  80  h  de 
sa  densite  theorique.  ,  ,  . 8.  Corps  selon  la  revendication  7  ayant  une  densite  d'au  moins  90%  de  sa  densite  theorique. 

9.  Corps  selon  I'une  quelconque  des  revendications  precedentes  presentant  une  microstructure  avec 
au  moins  75%  de  ses  grains  de  carbure  de  silicium  sur  une  base  de  surface  ayant  une  dimension  qui 

65  n'excede  pas  5  microns  (pm). 
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10.  Corps  selon  la  revendication  9  comportant  une  microstructure  avec  au  moins  75%  de  ses  grains  de 
carbure  de  silicium  sur  une  base  de  surface  ayant  une  dimension  comprise  entre  2  et  4  microns  (pm). 

11.  Corps  selon  la  revendication  10  ayant  une  microstructure  avec  au  moins  90%  de  ses  grains  de 
carbure  de  silicium  sur  une  base  de  surface  presentant  une  dimension  comprise  entre  2  et  5  microns  (pm). 

5  12.  Corps  selon  I'une  quelconque  des  revendications  precedentes  dans  lequel  le  carbure  de  silicium  est 
en  predominance  du  carbure  de  silicium  alpha,  cristallin  non  cubique. 

13.  Corps  selon  I'une  quelconque  des  revendications  precedentes,  contenant  au  moins  1%  en  poids  de 
carbone  non  combine  sous  une  forme  autre  que  le  graphite. 

14.  Corps  selon  I'une  quelconque  des  revendications  precedentes  dans  lequel  la  teneur  totale  en 
w  carbone  non  combine  n'est  pas  inferieure  a  2,0  mais  ne  depasse  pas  10,0%  en  poids,  le  corps  contenant  de 

0,5  a  2,0%  en  poids  de  carbone  non  combine  derive  de  la  condensation  in  situ  d'un  materiau  organique. 
15.  Procede  pour  la  production  d'un  corps  ceramique  composite  en  carbure  de  silicium/graphite/ 

carbone  fritte  comprenant  les  stades  suivants: 
a)  formation  d'un  melange  homogene  comprenant: 

is  1.  de  1  a  48%  en  poids  de  poudre  de  graphite  presentant  une  granulomere  moyenne  ne  depassant 
pas  8  microns  (pm)  et  une  aire  de  surface  d'au  moins  5  m2  par  gramme 

2.  Un  additif  contenant  un  carbone  choisi  parmi  un  carbone  amorphe,  une  matiere  organique  soluble 
dans  un  solvant  ou  un  melange  de  ces  constituants,  un  une  quantite  comprise  entre  0,5  et  5%  en  poids  de 
melanges,  cette  matiere  pouvant  etre  cockef  iee  a  des  temperatures  inferieures  a  1  .000°C  de  maniere  former 

20  du  carbone  amorphe. 
3.  de  0,15  a  15%  en  poids  d'un  auxiliaire  de  frittage  choisi  parmi  I'aluminium,  le  beryllium,  le  bore  ou 

un  melange,  compose  ou  melange  de  composes  de  ces  corps,  ledit  auxiliaire  de  frittage  contenant  de  0,1  5  a 
5%  un  poids  au  total  d'aluminium  et  de  bore  et  de  beryllium. 

4.  jusqu'a  25%  en  poids  d'un  liant  temporaire  et 
25  5.  le  solde  en  poudre  de  carbure  de  silicium  ayant  une  aire  de  surface  d'au  mions  5  m2  gramme. 

b)  conformer  le  melange  sec  de  facon  a  produire  un  corps  faconne  ayant  une  densite  d'au  moins  45% 
de  sa  densite  theorique  et 

c)  cuire  le  corps  faconne  en  I'absence  de  toute  pression  appliquee  exterieurement,  dans  des  conditions 
de  duree,  de  temperature  dans  une  atmosphere  inerte  pour  le  carbure  de  silicium,  ou  sous  vide  a  une 

30  temperature  comprise  entre  1  .900°C  et  2.300°C,  afin  de  former  un  corps  fritte  possedant  une  microstructure 
de  grains  fins  homogenes  avec  au  moins  50%  de  ses  grains  de  carbure  de  silicium  sur  une  base  de  surfaces 
ayant  une  dimension  qui  ne  depasse  pas  8  microns  (pm)  et  un  allongement  superieur  a  3,  avec  des  grains 
de  graphite  distribues  de  maniere  sensiblement  homogene  dans  toute  une  matrice  de  carbure  de  silicium. 

16.  Procede  selon  la  revendication  15,  dans  lequel  de  0,67  a  17%  en  poids  de  la  matiere  organique, 
35  soluble  dans  un  solvant  ayant  une  teneur  en  carbone  de  25  a  75%  en  poids  par  rapport  a  la  matiere 

organique  est  utilise  pour  former  le  melange  homogene. 
17.  Procede  selon  la  revendication  15  ou  la  revendication  16  dans  lequel  le  carbure  de  silicium  est  en 

predominance  du  carbure  de  silicium  cristallin  alpha  non  cubique. 
18.  Procede  selon  I'une  quelconque  des  revendications  15  a  17  dans  lequel  le  corps  est  cuit  pendant 

40  une  duree  variant  de  10  a  180  minutes  et  ladite  atmosphere  est  un  vide  ou  un  gaz,  sous  une  pression 
pouvant  alter  jusqu'a  une  atmosphere,  choisi  parmi  I'azote,  I'argon,  I'heiium,  le  neon  ou  un  melange  de  ces 
gaz. 

19.  Procede  selon  la  revendication  18  dans  lequel  le  corps  faconne  est  soumis  a  une  cuisson  pendant 
une  duree  de  20  a  180  minutes  a  une  temperature  de  i'ordre  de  2.100°C  a  2.300°C. 

45  20.  Procede  selon  la  revendication  19,  dans  lequel  le  gaz  est  approximativement  sous  une  pression 
d'une  atmosphere  d'argon,  d'helium  ou  de  neon  et  selon  lequel  la  temperature  est  de  2.050°C  a  2.200°C. 

21.  Procede  selon  I'une  quelconque  des  revendications  15  a  18  dans  lequel  le  niveau  de  ['auxiliaire  de 
frittage  prevu  dans  le  corps  en  cours  de  frittage  est  maintenu  en  enfermant  le  corps  en  cours  de  frittage 
dans  un  conteneur  scelle  qui  est  impermeable  a  I'aluminium,  au  bore  ou  au  beryllium  de  I'auxilaire  de 

so  frittage  a  la  temperature  de  frittage  et  qui  possede  un  volume  sensiblement  egal  a  la  dimension  du  corps  en 
cours  de  frittage. 

22.  Procede  selon  I'une  quelconque  des  revendications  15  a  18  dans  lequel  le  niveau  de  I'aluminium, 
du  bore  ou  du  beryllium  devant  etre  derive  de  I'auxiliaire  de  frittage  et  retenu  dans  le  corps  en  cours  de 
frittage,  est  maintenu  en  enfermant  le  corps  en  cours  de  frittage  dans  un  conteneur  en  graphite,  ce 

55  conteneur  ayant  ete  sature  par  I'auxiliaire  de  frittage  ou  du  bore,  du  beryllium  ou  de  I'aiuminium 
elementaire,  par  exposition  prealabie  a  I'auxilaire  de  frittage  ou  de  I'aluminium,  du  beryllium  ou  du  bore  a 
la  temperature  de  frittage  ou  sensiblement  a  la  temperature  de  frittage. 

23.  Procede  selon  I'une  quelconque  des  revendications  15  a  22  dans  lequel  le  melange  homogene  est 
forme  par: 

so  a)  dissolution  dans  un  solvant  de  la  matiere  organique  qui  peut  etre  cockefiee 
b)  melange  de  solution  ainsi  forme  avec  les  composants  restant  et 
c)  sechange  du  melange  avant  conformation 
24.  Procede  selon  la  revendication  23  selon  lequel  le  melange  homogene  est  forme  par  les  etapes 

consistant  a: 
65  a)  former  un  pre-melange  homogene  en  meiangeant  ensemble  le  carbure  de  silicium,  la  matiere 
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organique,  I'auxiliaire  de  frittage,  le  liant  temporaire,  le  melange  etant  realise  ae  maniere  que  la  matiere 
organique  se  depose  au  travers  de  la  poudre  de  carbure  de  silicium  et  recouvre  cette  poudre. 

b)  secher  le  pre-melange  afin  d'evaporer  le  solvant  a  partir  de  ce  pre-melange, 
c)  broyer  le  pre-melange  seche  de  maniere  qu'il  traverse  un  tamis  standard  U.S.  de  40  mailles  et 

5  d)  ajouter  la  poudre  de  graphite  du  pre-melange  selon  une  quantite  suffisante  pour  amener  les  parties 
en  poids  du  graphite  dans  le  melange  resultant  dans  un  domaine  allant  de  1  a  48  parties  en  melangeant  la 
poudre  de  graphite  et  le  pre-melange  de  maniere  a  disperser  la  poudre  de  graphite,  de  fagon  senisblement 
homogene,  dans  tout  le  melange  resultant. 

25.  Procede  selon  la  revendication  24  dans  lequel  le  pre-melange  comprend  de  0,3  a  5  parties  en  poids 
to  de  BXC  contenant  de  0,3  a  3,0%  en  poids  de  bore,  x  etant  compris  entre  2  et  8. 

26.  Procede  selon  I'une  quelconque  des  revendications  15  a  25  selon  lequel  le  liant  temporaire  est 
utilise  en  une  quantite  allant  de  4  a  14%. 

27.  Procede  selon  I'une  quelconque  des  revendications  15  a  26  dans  lequel  le  liant  temporaire  est 
durcissabie  et  selon  lequel  le  procede  comporte  une  etape  de  durcissement  du  liant  temporaire  apres 

75  conformation  du  melange  seche  mais  avant  la  cuisson  du  corps  faconne. 
28.  Procede  selon  la  revendication  27  dans  lequel  le  liant  temporaire  est  un  alcool  polyvinylique  et  le 

durcissement  est  realise  en  chauffant  le  corps  faconne  a  une  temperature  de  90°C  a  150°C  pendant  1  a  2 
heures. 

29.  Charge  primaire  pour  la  production  d'un  corps  ceramique  composite  homogene  en  carbure  de 
20  silicium/graphite/carbone  fritte  sans  pression  comprenant: 

a)  de  1,0  a  48%  en  poids  de  graphite,  presentant  une  granulomere  moyenne  ne  depassant  pas  8 
microns  (pm)  et  une  aire  de  surface  d'au  moins  5  m2/gramme 

b)  un  additif  contenant  du  carbone  choisi  parmi  le  carbone  amorphe,  une  matiere  organique  soluble 
dans  un  solvant  ou  un  melange  de  ces  constituants,  en  une  quantite  comprise  entre  0,5  a  5%  en  poids  de  la 

25  charge,  ce  materiau  pouvant  etre  cockefie  a  des  temperatures  inferieures  a  environ  1.000°C  de  maniere  a 
former  du  carbone  amorphe. 

c)  de  0,15  a  15%  en  poids  d'un  auxiliaire  de  frittage  choisi  parmi  I'aluminium,  le  beryllium,  le  bore  ou 
un  melange,  compose  ou  un  melange  de  tels  composes,  ledit  auxiliaire  de  frittage  contenant  de  0,15  a  5% 
en  poids  au  total  de  bore,  d'aluminium  et  de  beryllium 

so  d)  de  0  u  25%  en  poids  d'un  liant  temporaire  et 
e)  le  solde  en  poudre  de  carbure  de  silicium  presentant  une  aire  de  surface  d'au  moins  5  m  /gramme. 
30.  Charge  primaire  selon  la  revendication  28  dans  laquelle  le  carbure  de  silicium  presente  une  aire  de 

surface  de  5  a  100  m2/gcamme. 
31.  Charge  primaire  selon  la  revendication  29  ou  30  dans  laquelle  le  carbure  de  silicium  est  en 

35  predominance  du  carbure  de  silicium  cristallin  alpha  non  cubique. 
32.  Charge  primaire  selon  I'une  quelconque  des  revendications  25  a  31  dans  laquelle  la  dimension 

moyenne  des  particules  du  graphite  ne  depasse  pas  5  microns  (pm). 
33.  Charge  primaire  selon  I'une  quelconque  des  revendications  29  a  32  dans  laquelle  le  graphite  est  de 

nature  hydrophile  et  il  possede  une  aire  de  surface  comprise  entre  5  et  50  m2  par  gramme. 
40  34.  Charge  primaire  selon  I'une  quelconque  des  revendications  29  a  33  contenant  de  0,67  a  17%  en 

poids  de  la  matiere  organique,  dans  laquelle  la  matiere  possede  une  teneur  en  carbone  de  25  a  75%  en 
poids. 

35.  Charge  primaire  selon  I'une  quelconque  des  revendications  29  a  34  dans  laquelle  la  matiere 
organique  est  une  resine  phenolique  ou  un  brai  de  goudron  de  houilles,  elle  presente  une  teneur  en 

45  carbone  comprise  entre  40  et  45%  en  poids  et  elle  est  presente  selon  une  quantite  de  5%. 
36.  Charge  primaire  selon  I'une  quelconque  des  revendications  29  a  35  dans  laquelle  le  carbure  de  bore 

est  present  en  une  quantite  de  I'ordre  de  0,4%,  calculee  en  tant  que  B4C. 
37.  Charge  primaire  selon  I'une  quelconque  des  revendications  29  a  36  dans  laquelle  le  liant 

temporaire  est  choisi  parmi  ie  polyethylene  glycol,  un  alcool  polyvinylique,  un  brai  de  goudron  de  houille, 
so  une  matiere  grasse  a  chatne  longue,  un  stearate  metallique,  un  sucre,  un  amidon,  un  aglenate  ou  un 

polymethylphenylene. 
38.  Charge  primaire  selon  la  revendication  29  comprenant  essentiellement: 
i.  de  1,0  a  13%  de  graphite  presentant  une  granulomere  moyenne  de  I'ordre  de  2,5  Micron  (pm) 
ii.  un  additif  contenant  du  carbone  comprenant  une  resine  phenolformaldehyde  ou  une  resine 

55  p h e n o l i q u e . .   , iii.  B4C  en  une  quantite  suffisante  de  maniere  a  fournir  de  0,3  a  3%  en  poids  de  bore  dans  le  corps  fritte 
et 

iv.  du  carbure  de  silicium  qui  est  de  fagon  predominate  du  carbure  de  silicium  alpha  cristallin  non 
cubique. 

so 
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