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THE CVI-PROCESSING OF CERAMIC MATRIX COMPOSITES 
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Europarc, 3, Avenue Leonard de Vinci, F-33600 Pessac, France 

Resume - I,es ceramiques peuvent , dans  d e s  c o n d i t i o n s  p a r  t i c u l i e r e s  , e t r e  dkpos6es 
b p a r t i r  de  p r e c u r s e u r s  gazeux au  s e i n  d e  s u b s t r a t s  poreux. Ce proc6d6, des igne  
p a r  i n f i l t r a t i o n  chimique e n  phase  vapeur  (CVI) e s t  p a r t i c u l i e r e m e n t  i n d i q u e  pour 
l ' e l a b o r a t i o n  d e s  mater iaux composites b m a t r i c e  ceramique (CMC). Le rempl issage 
d 'un  pore  p a r  CV1 r e s u l t e  d e  deux phenomenes : ( i )  une r e a c t i o n  d e  s u r f a c e  e t  (ii) 
un t r a n s f e r t  de  masse d e s  r e a c t i f s  e t  d e s  p r o d u i t s  dans  l a  phase  gazeuse .  En CV1 
i so the rme / i soba re ,  l e s  t r a n s f e r t s  de  masse se f o n t  uniquement p a r  d i f f u s i o n .  I1 e n  
r e s u l t e  que l a  CV1 d o i t  &tre condu i t e  basse  t empera tu re  e t  p r e s s i o n  r e d u i t e  pour 
donner un d6pBt homogene e n  Bpa i s seu r  l e  l o n g  d e s  p o r e s .  En CV1 f o r c 6 e ,  les 
t r a n s f e r t s  d e  masse se f o n t  p a r  convexion f o r c e e  due a un g r a d i e n t  d e  p r e s s i o n .  De 
p l u s  un g r a d i e n t  i n v e r s e  d e  temperature  est app l ique .  I1 e n  r e s u l t e  une v i t e s s e  d e  
dBp6t beaucoup p l u s  &levee .  La f a i s a b i l i t e  du procede CV1 e s t  e t a b l i e  pour 
d i v e r s e s  m a t r i c e s  i n c l u a n t  l e  carbone e t  S i c .  

A b s t r a c t  - Under s p e c i f i c  c o n d i t i o n s ,  ceramics  can be  d e p o s i t e d  from gaseous 
p r e c u r s o r s  w i t h i n  porous s u b s t r a t e s .  T h i s  t echn ique ,  r e f e r r e d  t o  a s  chemical vapor 
i n f i l t r a t i o n  (CVI) is p a r t i c u l a r l y  s u i t e d  t o  t h e  p r e p a r a t i o n  o f  ceramic  ma t r ix  
composi tes  (CMC). Pore  f i l l i n g  by CV1 r e s u l t s  from two s imul t aneous  phenomena : 
(i)  a s u r f a c e  r e a c t i o n  and ( i i )  mass t r a n s f e r s  o f  t h e  r e a c t a n t s  and p roduc t s  i n  
t h e  gas  phase .  I n  i s o t h e r m a l / i s o b a r i c  CVI, mass t r a n s f e r s  o c c u r  on ly  by d i f f u s i o n .  
A s  a  r e s u l t .  ICVI h a s  t o  be  performed a t  low t empera tu res  and under  reduced 
p r e s s u r e s  i n  o r d e r  t o  l e a d  t o  a  d e p o s i t  homogeneous i n  t h i c k n e s s  a long  t h e  po res .  
I n  forced-CVI, mass t r a n s f e r s  a r e  by fo rced  convec t ion  due t o  a p r e s s u r e  g r a d i e n t .  
Moreover, an i n v e r s e  thermal  g r a d i e n t  i s  a p p l i e d  r e s u l t i n g  b o t h  i n  a  much h ighe r  
d e p o s i t i o n  r a t e .  The f e a s i b i l i t y  o f  t h e  CV1 p rocess  i s  e s t a b l i s h e d  f o r  a  number of  
ceramic  m a t r i c e s  i n c l u d i n g  carbon and S i c .  

1 - INTRODUCTION 
Ceramic m a t e r i a l s  a r e  known f o r  t h e i r  r e f r a c t o r y  c h a r a c t e r ,  t h e i r  mechanical p r o p e r t i e s  
( s t i f f n e s s ,  s t r e n g t h ,  wear r e s i s t a n c e )  bo th  a t  ambient and high t empera tu res ,  t h e i r  low 
d e n s i t y  and,  i n  many c a s e s ,  t h e i r  r e s i s t a n c e  t o  s e v e r e  chemical  environments ( e . g .  
oxydiz ing atmospheres a t  h igh  t empera tu res ) .  They a r e  a l r e a d y  widely  used i n  many f i e l d s .  
e.g. a s  c o a t i n g s  r e s i s t a n t  t o  wear or /and oxydat ion.  On t h e  o t h e r  hand, t h e i r  u se  a s  
primary s t r u c t u r a l  parLs ,  e . g .  i n  advanced r ec ip rocaLing  eng ines  o r  gas  t u r b i n e s ,  has  
been l i m i t e d  up t o  now by t h e i r  b r i t t l e  c h a r a c t e r .  I t  has  been e s t a b l i s h e d ,  r a t h e r  
r e c e n t l y  t h a t  t h e  toughness  and r e l i a b i l i t y  o f  s t r u c t u r a l  ceramics  ( e . g .  SiC,  Si3N4, 
Si02-based g la s s -ce ramics ,  o x i d e s )  can be  d r a m a t i c a l l y  improved by a p p l y i n g  t o  ceramics  
t h e  concep t  o f  f i b e r - r e i n f o r c e m e n t .  A s  a  m a t t e r  o f  f a c t ,  ceramic  m a t r i x  composi tes  (CMC) 
may e x h i b i t  toughness  comparable t o  t h a t  o f  l i g h t  a e r o n a u t i c a l  a l l o y s  ( i . e .  K I ~  v a l u e s  o f  
t he  o r d e r  o f  30-50 MPa m$) when they  a r e  c o r r e c t l y  p rocessed  / l - 4 / .  

The p r o c e s s i n g  o f  s t r u c t u r a l  ce ramics  is known t o  be  a  d i f f i c u l t  s u b j e c t  i n  m a t e r i a l s  
eng inee r ing .  On t h e  one hand, c e r a n i c  m a t e r i a l s  a r e  c h a r a c t e r i z e d  by a  mechanical 
Sehavior  which is  ve ry  s e n s i t i v e  t o  d e f e c t s  even o f  ve ry  sma l l  s i z e  ( i . e .  o f  t h e  o r d e r  o f  
a  few pm and even l e s s )  and t h u s ,  should  be  processed ve ry  c a r e f u l l y .  On t h e  o t h e r  hand, 
ceramics  a r e  v e r y  r e f r a c t o r y  m a t e r i a l s  (me l t ing  p o i n t s  o f t e n  h i g h e r  than  2 5 0 o 0 c ) ,  a  
f e a t u r e  which p r e c l u d e s  t h e i r  p r o c e s s i n g  and forming i n  t h e  molten s t a t e .  Fur thermore ,  
they u s u a l l y  do n o t  e x h i b i t  any p l a s t i c i t y  a t  low o r  medium tempera tu res  ( a l though  
s u p e r p l a s t i c  ceramics  have been r e c e n t l y  ment ioned) .  Thus,  many ceramics  ( e . g .  c o v a l e n t  
S i c ,  Si3N4. B4C) can be  s i n t e r e d  o n l y  a t  h igh  t empera tu res  o r / and  wi th  s i n t e r i n g  a i d s .  
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The main i n t e r e s t  of  t h e  chemical vapor processing rou tes  l i e s  i n  the  f a c t  t h a t  they 
allow t h e  depos i t ion  of  ceramics a t  medium and even low temperatures, depending on the 
nature of  t h e  a c t i v a t i o n  mechanisms ( t y p i c a l l y  1 0 0 0 ' ~  f o r  thermally ac t iva ted ,  .CVD and 
3 0 0 - 5 0 0 ~ ~  f o r  plasma a s s i s t e d  CVD), whatever t h e  melt ing p o i n t  and thermal s t a b i l i t y  of 
t h e  mate r ia l s .  Therefore,  t h e  CVD of  ceramics can be performed on a v a r i e t y  of  s u b s t r a t e s  
including those with a l imi ted  thermal s t a b i l i t y  (e .g.  e l e c t r o n i c  components, thermally 
t r e a t e d  s t e e l s  and a l l o y s ,  g l a s s e s ,  e t c . . . ) .  Moreover, s i n c e  i n  CVD the  s t a r t i n g  
mate r ia l s  a r e  gaseous s p e c i e s ,  another  advantage of  t h e  chemical vapor processing rou tes  
l i e s  i n  t h e  f a c t  t h a t  they may r e s u l t  i n  very pure ceramics (gas and l i q u i d s  a r e  e a s i l y  
obtained with a high degree of p u r i t y ) .  F i n a l l y ,  CVD-processing may lead  t o  s o l i d s  with 
f i n e  gra in  microstructures  and thus with good mechanical p r o p e r t i e s .  

The advantages which have been mentioned above expla in  why chemical vapor deposi t ion has 
been among t h e  f i r s t  processing rou tes  s e l e c t e d  f o r  t h e  p repara t ion  of CMC / 5 , 6 / .  A s  a 
matter  o f  f a c t ,  ceramic f i b e r s ,  e . g .  carbon o r  Sic-based f i b e r s ,  a r e  very s t rong  and 
s t i f f  but  : ( i )  t h e i r  diameter is  very small ( i . e .  of the  o rder  of 10 pm and of ten  l e s s )  
and ( i i )  they a r e  very s e n s i t i v e  t o  environmental e f f e c t s  (e .g .  t o  sur face  defec t s  
r e s u l t i n g  from handling, t o  temperature and t o  oxydat ion) .  Obviously, t ak ing  i n t o  account 
t h e  na ture  of ceramic f i b e r s ,  CMC should be prepared according t o  s o f t  processing rou tes  
a requirement which precludes t h e  use of high temperatures ( e . g .  s i n t e r i n g )  and abrasive 
processes (e .g.  p r e s s i n g ) .  

One of the  o b j e c t i v e s  of t h e  p resen t  con t r ibu t ion  is t o  show t h a t  t h e  so-ca l led  chemical 
vapor i n f i l t r a t i o n  (CVI) process ,  which is d i r e c t l y  derived from CVD, is  well  s u i t e d  t o  
t h e  s p e c i f i c  requirements of  the e labora t ion  of CMC. Inasmuch a s  the  s t a r t i n g  mate r ia l  i s  
usual ly here a porous preform made of  woven f i b e r s ,  another  o b j e c t i v e  of the  present  
con t r ibu t ion  is t o  show how the  depos i t ion  parameters commonly used i n  CVD have t o  be 
modified t o  favor  in-depth deposi t ion ( i . e .  t h e  deposi t ion i n  the  pore network of the  
s u b s t r n t e )  over e x t e r n a l  sur face  coa t ing  i n  o rder  t o  lead t o  a f u l l y  dens i f ied  mater ial .  
Finnl ly,  some information on the p r a c t i c a l  aspec t s  of CVI, the main proper t i es  of CVI-  
processed CMC and examples of  app l ica t ion  w i l l  be given. 

2 - BASIS OF THE CVI-PROCESS 

2 .1  - Def in i t ion  
C V 1  i s  a processing technique according t o  which a s o l i d  (e .g .  a ceramic mate r ia l )  i s  
deposi ted,  within t h e  pore network of  a heated s u b s t r a t e ,  from a chemical reac t ion  taking 
place between gaseous spec ies  which flow ( e i t h e r  by d i f f u s i o n  o r  convection) i n  the  
pores. C V 1  can be i n  p r i n c i p l e  appl ied t o  any given porous s u b s t r a t e  a s  long  a s  : (i) the 
pores a r e  interconnected and l a r g e  enough i n  diameter and ( i i )  t h e  s u b s t r a t e  is  s t a b l e  
thermally and chemically under t h e  C V 1  condit ions.  The aim i n  C V 1  i s  usua l ly  t o  densify 
a s  completely a s  poss ib le ,  t h e  s u b s t r a t e  b u t  t h e  process  can a l s o  be stopped a t  any 
desired s t a t e  of  d e n s i f i c a t i o n  /7/. 

To understand t h e  s p e c i f i c  requirements of  t h e  CVI-processing of porous s u b s t r a t e s ,  i t  
may be usefu l  f i r s t  t o  r e c a l l  b r i e f l y  some of the  f e a t u r e s  of CVD i t s e l f .  

2.2 - Basis  of  CVD 
Tn CVD, o s o l i d  ( e . g .  a ccmmic) is formed a s  t h e  r e s u l t  of  a chemical reac t ion  taking 
place between gaseous source spec ies  ( t h e  p r e c u r s o r ) ,  the  o t h e r  products of  the  reac t ion  
being gaseous under t h e  CVD condit ions.  Table I g ives  a few examples of  o v e r a l l  chemical 
reac t ions  commonly used f o r  t h e  depos i t ion  o f  ceramics. A s  a matter  of  f a c t ,  a v a r i e t y  of 
source spec ies  a r e  a v a i l a b l e  f o r  most covalent  and iono-covalent ceramics. Halides a r e  
o f t e n  s e l e c t e d ,  f o r  economical cons idera t ions ,  bu t  organometal l ic  spec ies  a r e  used a s  
well .  On t h e  con t ra ry ,  CVD is  no t  well s u i t e d  t o  t h e  formation of  i o n i c  oxides (e .g.  CaO 
o r  M@) f o r  l ack  of source spec ies  (e .g.  a l k a l i n e  e a r t h  ch lor ides  a r e  gaseous only a t  
high temperatures) .  



Table I : Examples of o v e r a l l  chemical reac t ions  commonly used f o r  the 
formation o f  ceramics by CVD/CVI 

BF3 ( o r  BC13) (g) + NH3(g) -. BNls) + 3HF(or 

The chemical reac t ion  which leads  t o  t h e  deposi t ion of t h e  s o l i d  is usua l ly  not  a s  simple 
as those given i n  t a b l e  I : (i)  intermediates  and by-products a r e  o f t e n  formed and (ii) 
reac t ions  a r e  o f t e n  l imi ted .  Therefore,  t h e  depos i t ion  of  a given ceramic may be the 
r e s u l t  of  a very complex heterogeneous chemical reac t ion .  A computerized thermodynamic 
approach is  f requent ly  used t o  der ive  t h e  main f e a t u r e s  of a given CVD system, i . e .  the 
na ture  and r e l a t i v e  amounts of t h e  gaseous and condensed spec ies  p resen t  a t  equilibrium 
and thus t h e  t h e o r e t i c a l  y i e l d s ,  a s  a funct ion of t h e  CVD-parameters (temperature, 
pressure and feed gas  composition), assuming t h a t  equi l ibr ium is reached i n  the  CVD 
furnace (which is  no t  necessar i ly  the  c a s e ) .  An example of such a t reatment  i s  given i n  
f i g .  1 f o r  t h e  CVD of  S i c  from CH3SiC13/H2 mixtures /5/ whereas many o t h e r s  a r e  ava i lab le  
from l i t e r a t u r e  /8-IQ/. It c l e a r l y  appears from f i g .  1 t h a t  t h e  d e p o s i t ,  f o r  a given 
temperature and pressure ,  is e i t h e r  a s i n g l e  phase o r  a mixture of two phases 
(codeposi ts)  depending on t h e  i n i t i a l  composition (a = [H2]/[CH3SiC13] r a t i o ) .  Moreover, 
a number of gaseous by-products a r e  formed (e.g. s i l i c o n  sub-chlorides,  hydrocarbons, 
s i l a n e s )  which lower t h e  y i e l d  i n  s o l i d  /15/. 

A s  shown i n  f i g .  2a t h e  mechanism according t o  which a s o l i d  i s  deposi ted on a s u b s t r a t e  
is complex and c o n s i s t s  of a t  l e a s t  t h r e e  s t e p s  : ( i )  t h e  source spec ies  d i f f u s e  through 
a boundary l a y e r  surrounding t h e  s u b s t r a t e ,  (2)  t h e  source s p e c i e s  a f t e r  adsorpt ion on 
the subsLraLe r e a c t  among Lhemsclvcs t o  g ive  r i s c  t o  thc  s o l i d  and t o  ndsorbcd gascous 
reac t ion  products and f i n a l l y  ( 3 )  t h e  l a t t e r  a f t e r  being desorbed from the  s u b s t r a t e  
d i f f u s e s  through t h e  boundary layer .  Therefore, t h e  deposi t ion r a t e  may be cont ro l led  
e i t h e r  by mass t r a n s f e r  phenomena ( s t e p s  ( 1 )  and ( 3 ) )  o r  by the  k i n e t i c s  of  sur face  
phenomena ( s t e p  ( 2 ) ) .  Since these two d i f f e r e n t  phenomena do not  obey t h e  same laws with 
respec t  t o  temperature, p ressure  and gas flow, a t r a n s i t i o n  between a domain where 
deposi t ion is  ra te -cont ro l led  by sur face  phenomenon k i n e t i c s  t o  a domain where i t  i s  
ra te -cont ro l led  by mass t r a n s f e r  is o f t e n  observed on t h e  V = f (X)  curves (where V is  the 
deposi t ion r a t e  and X one of t h e  CVD-parmeters): An example of  such a t r a n s i t i o n  is  
given i n  f i g .  3 f o r  t h e  depos i t ion  of QC f r o a  BC13-CH4-Hz /16/.  

The chemical reac t ion  g iv ing  r i s e  t o  the deposi t ion of' the  s o l i d  s l~ould  be a c t i v a t e d .  I n  
most cases  and p a r t i c u l a r l y  when t h e  s u b s t r a t e  i s  s t a b l e  enough, the a c t i v a t i o n  i s  
obtained by hea t ing  t h e  s u b s t r a t e  t o  a high enough temperature, i . e .  800-1200'~ f o r  most 
inorganic source s p e c i e s  and even much lower temperatures (e .g.  4 0 0 - 7 0 0 ~ ~ )  when 
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Fig.  1 : CH3SiC13/H2 CVD/CVI system. Calculated thermodynamic y i e l d s  f o r  t h e  s o l i d  
phases ,  as a func t ion  o f  a = [H2]/[MTS] f o r  va r ious  temperatures  from /15/ 
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Fig. 2 : The d i f f e r e n t  s t e p s  i n  CVD ( a )  and C V 1  (b)  



Fig. 3 : Thermal v a r i a t i o n s  of t h e  depos i t ion  r a t e  of B4C from BC13-CH4-Hz showing a 
t r a n s i t i o n  from a mass t r a n s f e r  r a t e  con t ro l led  regime t o  a regime r a t e  
con t ro l led  by sur face  reac t ion  k i n e t i c s  1161 

organometallic p recursors  a r e  used. For s p e c i f i c  app l ica t ions ,  o t h e r  kinds of ac t iva t ion  
may be pre fe r red  ( a s  i n  plasma a s s i s t e d  CVD) / 7 / .  

The microstructure of t h e  depos i t  depends mainly on the  na ture  of  the  s u b s t r a t e  (which 
may cont ro l  t h e  i n i t i a l  nucleat ion mechanism) and t h e  CVD-conditions ( p a r t i c u l a r l y  the 
supersa tura t ion) .  Facet ted depos i t s ,  well-developed columnar d e p o s i t s ,  a s  wel l  a s  f i n e  
g r a i n  microstructures  a r e  common, t h e  l a t t e r  being the  most i n t e r e s t i n g  a s  f a r  a s  
mechanical p r o p e r t i e s  a r e  concerned / 7 / .  

2.3 - Fundamentals of t h e  CVI-process 

2.3.1- Isothezmal/ isobaric  CV1 (ICVI) 
The depos i t ion  o f  a s o l i d  on t h e  wal l  of  a pore with a view t o  f i l l ,  a s  completely a s  
poss ib le ,  t h a t  pore is still more complex and appears t o  be p o s s i b l e  only under s p e c i f i c  
deposi t ion condit ions.  I n  i so thermal / i sobar ic  C V 1  (no temperature/pressure g rad ien ts  
along t h e  p o r e ) ,  t h e  gaseous r e a c t a n t s  and products a r e  t ranspor ted  along t h e  pore only 
by d i f f u s i o n  due t o  concentrat ion grad ien ts  between the  en t rance  and the  bottom of the  
pore. Thus, a s  shown i n  f ig .2b,  two new s t e p s  must be added t o  the  t h r e e  s t e p s  already 
mentioned f o r  CVD : ( i )  a f t e r  having d i f fused  through the e x t e r n a l  boundary l a y e r  ( s t e p  
1) the  r e a c t a n t s  must d i f f u s e  along t h e  pore l eng th  ( s t e p  4 )  i n  o rder  t o  reach any point  
of t h e  inner  sur face  of the  pore where t h e  chemical reac t ion  g iv ing  r i s e  t o  the  s o l i d -  
depos i t  takes place  ( s t e p  2)  and ( i i )  the  gaseous by-products r e s u l t i n g  from the  
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deposi t ion reac t ion  must d i f f u s e  i n  the  opposi te  d i r e c t i o n ,  f i r s t  along the  pore length 
towards t h e  pore entrance ( s t e p  5) and f i n a l l y  ac ross  the  ex te rna l  boundary l a y e r  ( s t e p  
3) /17/. 

From the  above discussion of  the  k i n e t i c s  of  CVD i t  seems q u i t e  obvious t h a t  C V 1  should 
be performed under condit ions where t h e  deposi t ion process is  ra te - l imi ted  by sur face  
phenomenon k i n e t i c s  ( s t e p  2 )  and not  by mass t r a n s f e r  of  t h e  reactants /products  by 
d i f fus ion  i n  t h e  vapor phase ( s t e p s  1 ,  3 ,  4 and 5 ) .  I f  t h i s  condit ion is  not  f u l f i l l e d ,  
the  deposi t ion on t h e  e x t e r n a l  sur face  of t h e  s u b s t r a t e  and near  the  pore entrance w i l l  
be favored with respec t  t o  t h a t  t ak ing  place on t h e  pore i n n e r  sur face  f a r  from t h e  pore 
entrance,  r e s u l t i n g  i n  an e a r l y  s e a l i n g  of t h e  pore (which could be no longer  d e n s i f i e d ) .  
Therefore,  it is  imperative t h a t  I C V I  be performed a t  low temperatures and pressures .  
Unfortunately, under such condit ions : ( i )  t h e  thermodynamic y i e l d  i n  s o l i d  is  o f t e n  low 
f o r  many common CVD systems and ( i i )  t h e  depos i t ion  r a t e  is slow / 8 ,  17/ .  

The f i l l i n g  of  a pore by I C V I  involves two competing phenomena : (i) t h e  mass t r a n s f e r s  
of t h e  gaseous spec ies  along t h e  pore,  governed by d i f f u s i o n ,  which feed the  reac t ion  
s i t e s  of t h e  pore wall  with r e a c t a n t s  and conversely evacuate t h e  gaseous products ( s t e p s  
4 and 5) and ( i i )  t h e  sur face  reac t ion  which absorbs t h e  former and r e l e a s e s  the  l a t t e r  
( s t e p  2 ) .  The r e s u l t  of  t h e  competition can be assessed by considering dimensionless 
numbers which involve the  k i n e t i c  constant  of t h e  sur face  reac t ion  ks, an e f f e c t i v e  
d i f fus ion  c o e f f i c i e n t  De and a parameter represen ta t ive  of t h e  pore geometry ( e . g .  i ts 
rad ius  R o r  the  L ~ / R  r a t i o  where L is the  pore l e n g t h ) / 6 ,  19-21/. Two approaches w i l l  be 
discussed assuming : ( i )  a f i r s t  o rder  reac t ion ,  e .g .  t h a t  of formation of S i c  from 
CH3SiC13 mixed with hydrogen and, (ii) a pore of  c y l i n d r i c a l  geometry. 

I n  the  approach proposed by Van den Breckel e t  a l .  /18/ f o r  t h e  CVD of  ceramics within 
c y l i n d r i c a l  tubes of  small  diameters ( i . e .  0 . 1  <d< 1 mm) and then extended by J . Y .  
Rossignol e t  a l .  /8/ t o  porous f i b e r  preforms with pores of much smaller  diameters (1 <d< 
500 pm), the  dimensionless number which has been se lec ted  is the  Sherwood number Sh 
(which is  independent of  both the  reac t ion  order  and concentrat ions i n  the  gas phase, f o r  
a f i r s t  o rder  r e a c t i o n )  : 

where ks and D, depend on t h e  depos i t ion  condi t ions ,  a s  follows : 

with ko : frequency f a c t o r ,  E : a c t i v a t i o n  energy and R* : t h e  p e r f e c t  gas  constant .  
Generally speaking, t h e  expression which has t o  be used f o r  De should inc lude  both the  
Fick d i f f u s i o n  c o e f f i c i e n t  DF and t h e  Knudsen d i f f u s i o n  c o e f f i c i e n t  DK, which can be 
combined according t o  the  following equation : 

For pores of r a t h e r  l a r g e  diameters ,  Knudsen d i f f u s i o n  can be neglected with respect  t o  
Fick d i f f u s i o n  and D,, which i s  equal t o  DF i n  a f i r s t  approximation, is  known t o  depend 
on both T and P f o r  a given gaseous spec ies ,  according t o  t h e  following equation : 

where Do i s  a constant  and 1.5 < m <  2. I n  such a case ,  by combining equat ions ( 1 ) .  ( 2 )  and 
( 4 ) .  the  Sherwood number can be r e w r i t t e n ,  a s  a funct ion of  P,  T and R ,  a s  follows : 

Sh - . P . exp (-E/R*T) 
- Do Tm 

The absolute  va lue  of Sh governs the  morphology of the  depos i t  i n  the pore. Small values 
of Sh, which correspond t o  experiments performed a t  low T and P f o r  a pore of given 



radius R, y i e l d  more uniform depos i t s  along t h e  pore l eng th  /18/. 

On the  o t h e r  hand, f o r  pores  of small  diameters ( t y p i c a l l y ,  2R < 10pm) Knudsen dif,fusion 
can no longer  be neglected ( i t  can even be t h e  only mass t r a n s f e r  mechanism f o r  pore of 
very small d iameters ) .  Under such condit ions,  both DF and DK must be taken i n t o  account 
and equation ( 3 )  must be used f o r  the  ca lcu la t ion  of D,, DK being given according t o  the 
k i n e t i c  theory of  gases  by : 

f o r  a gaseous spec ies  of molar mass M i n  a pore of  rad ius  R .  It  i s  worthy of note  t h a t  DK 
does not depend on t h e  t o t a l  pressure P. A s  a r e s u l t ,  the  expression f o r  Sh is more 
complex than (5) b u t ,  genera l ly  speaking, t h e  conclusions drawn above remain v a l i d  ( a t  
l e a s t  a t  a high enough t o t a l  p ressure ) .  

I n  o rder  t o  i l l u s t r a t e  the  e f f e c t  of T, P and R on t h e  depos i t  p r o f i l e  i n  a c y l i n d r i c a l  
pore, a c a l c u l a t i o n  has been done, on t h e  b a s i s  of  t h e  Van den Breckel/Rossignol model 
/8 ,  18/ f o r  a symmetrical s t r a i g h t  pore open a t  both ends,  of  l eng th  L = 1 0  mm, a c t i n g  a s  
s u b s t r a t e  f o r  t h e  depos i t ion  of S i c  from CH3SiC13/H2 precursor  /22/ .  The ca lcu la t ion  was 
done according t o  an incremental procedure t o  take i n t o  account t h e  f a c t  t h a t  the  pore 
entrance rad ius  regu la r ly  decreases vs  time i n  a I C V I  experiment f i n a l l y  becoming n i l  
when the  pore is  sea led  by the  depos i t .  whereas i n  the  o r i g i n a l  Van den Brekel model /18/ 
t h e  depos i t  thickness  i s  assumed t o  remain small with respec t  t o  t h e  pore rad ius .  For the 
i t e r a t i o n  s t e p  i, the  rad ius  of  the  pore a t  a depth z ( t h e  o r i g i n  being the  pore 
en t rance) ,  i .e. r ( i ,  z ) ,  i s  obtained by s u b t r a c t i n g  t h e  thickness  of s o l i d  G ( i ,  z ) )  
ca lcu la ted  according t o  t h e  Van den Breke l ' s  model from t h a t  ca lcu la ted  f o r  t h e  s t e p  i - l ,  
i . e .  r ( i - l ,  z )  : 

where from /18/ : 

with G(i,O) a s  t h e  thickness  of s o l i d  deposi ted a t  z = 0 f o r  s t e p  i i n  a pore assumed, i n  
a f i r s t  approximation, t o  be c y l i n d r i c a l  and of rad ius  R ( i ) .  The i t e r a t i o n  procedure is 
stopped a t  s t e p  p ,  when t h e  pore is s e a l e d ,  a t  i ts  entrances.  by t h e  d e p o s i t ,  i . e .  when 
r ( p . 0 )  = 0 o r  e ( p .  0 )  = R .  The k i n e t i c  d a t a  f o r  the  CH3SiC1 /H2 system were taken from 
Schoch e t  a l .  231. DK was ca lcu la ted  according t o  equat ion ( 3 6 )  and found t o  be equal t o  
DK = 7.95 RTsmi-l  f o r  t h e  CH3SiCl3 molecule whereas Dp was c a l c u l a t e d ,  f o r  t h e  CH3SiC13- 
H2 mixtures, according t o  an equation of  type ( 4 )  , DF = 5.59 1 0 - 5 ( ~ )  3 / 2 ( ~ ) - 1  cm2. S-l 
/24/ .  The depos i t  p r o f i l e s  a r e  shown i n  f ig .4  and 5 f o r  various values of t h e  pore 
diameter (100 and lpm), temperature (800 ; 900 ; 1000 and 1 1 0 0 ' ~ )  and t o t a l  pressure (2  ; 
20 and 100 kPa) .  

A s  expected, t h e  r e s u l t s  of  t h e  c a l c u l a t i o n  show t h a t  the  thickness  homogeneity of the 
depos i t  i s  e x c e l l e n t  when temperature and t o t a l  p ressure  a r e  low enough ( e . g .  T = 800 - 
9 0 0 ' ~  and P = 2 - 20 kPa) a t  l e a s t  when t h e  pore diameter is  l a r g e  (2R = 100 pm), i . e .  
f o r  low Sherwood numbers (equat ion ( 5 ) ) .  On the  con t ra ry ,  r a i s i n g  both T and P tends t o  
favor deposi t ion near  t h e  pore entrance.  This  f e a t u r e  is s t i l l  more evident  f o r  pores of 
small diameters  ( f i g .  4b and 5b) .  A s  an  example, almost no depos i t ion  occurs i n  a pore of 
1 pm i n  diameter beyond L/10 from pore entrance,  f o r  T = 1 0 0 0 ' ~  and P = 20 kPa ( f i g  4b) .  
Lowering temperature t o  8 0 0 ~ ~  only s l i g h t l y  improves the depos i t  p r o f i l e  ( f i g .  4b)  
whereas lowering t o t a l  p ressure  t o  2 kPa has no e f f e c t  (inasmuch a s  mass t r a n s f e r s  a r e  
thought t o  be a l ready  l i m i t e d  by Knudsen d i f f u s i o n  a t  20 kPa) ( f i g .  5b) .  

I n  a somewhat d i f f e r e n t  approach based on t h e  common f e a t u r e s  t h a t  e x i s t  between I C V I  and 
heterogeneous gas  c a t a l y s i s  within a porous ca ta lys t . ,  F i t z e r  and h i s  coworkers have 
chosen t o  use another  dimensionless number, the  second Damkohler number Da11 ( o r  Thiele  
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Fig. 4 : Computed in-pore deposit thickness profiles for various deposition temperatures 
and two pore diameters (i.e. 2R = 100 pm and 2R = lpm) 
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pore diameters ( i . e .  2R = 100 pm and 2R = 1 pm) 
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number G) defined a s  fol lows f o r  a f i r s t  o rder  reac t ion  /6,  19-21, 251 : 

and which is, @S a mat te r  of  f a c t ,  c l o s e l y  r e l a t e d  t o  t h e  Sherwood number a s  emphasized 
by Fedou e t  a l .  /22/. F i t z e r  e t  a l .  def ined an e f f e c t i v e n e s s  f a c t o r  r\ (which plays a r o l e  
s i m i l a r  t o  t h e  G ( i . z ) / G ( i . o )  r a t i o  i n  the  preceeding model) a s  t h e  r a t i o  between the  r a t e  
of in-pore depos i t ion  and t h a t  of  ex te rna l  sur face  depos i t ion .  The rt f a c t o r  i s  r e l a t e d  t o  
the  dimensionless numbers by : 

q : tanh ~ a ; $  . tanh O 
D ~ I I  G 

I theoretical -1 

I 

800 900 ("C) 1000 
impregnation temperature 

Fig.  6 : The model of  F i t z e r  e t  a l .  : ( a )  v a r i a t i o n s  of t h e  e f f e c t i v e n e s s  f a c t o r  a s  a 
func t ion  of  the  Thie le  number ; ( b ) , V a r i a t i o n s  of  t h e  maximum depth of 
impregnation a s  a funct ion of  t h e  impregnation temperature /26/ 

The v a r i a t i o n s  of  q a s  a funct ion of  O = ~ a ~ ~ f  a r e  shown i n  f i g .  6a. I n  o rder  t o  favor  
in-pore depos i t ion .  q should be a s  c l o s e  a s  poss ib le  t o  un i ty .  The curve shows t h a t  t h i s  
condit ion,  expressed a s  0.95 <q < 1, is f u l f i l l e d  when ~ a ~ ~ 3  < 0.4. When combined with 
equation (g), t h i s  condit ion def ines  a maximum depth f o r  impregnation. L, max : 

L max < 0.4 RD, 3 [ 2k.I 

The authors  have ca lcu la ted  L max f o r  ( i )  model c y l i n d r i c a l  pores  (c losed  a t  one end) of 
l a r g e  diameters  (0.4 < R < 1  m m )  and ( i i )  porous graphi tes  with mean pore diameters ranging 
from 1 t o  20 pm, f i l l e d  by ICVI with S i c  deposi ted from CH3SiC13/H2 under condit ions 
corresponding t o  t h e  regime ra te - l imi ted  by sur face  reac t ion .  The r e s u l t s  of t h e i r  
c a l c u l a t i o n s  a s  well a s  t h e i r  experimental d a t a  a r e  shown i n  f i g .  6b f o r  pores of  small 
diameters /26/.  L max appears t o  increase  when temperature decreases and pore diameter 
increases ,  a f e a t u r e  which is i n  agreement with t h e  Van den Breckel/Rossignol model, a s  
discussed above. 



2.3.2 - Forced flow/thermal g r a d i e n t  CV1 (FCVI) 

In  CVI, t h e  mass t r a n s f e r s  of  r e a c t a n t s  and products along the  pore a r e  due only t o  
d i f fus ion  with t h e  r e s u l t  t h a t  deposi t ion should be performed a t  low temperature and 
pressure i n  o rder  t o  ob ta in  a depos i t  uniform i n  thickness  along t h e  pore. Under such 
condit ions,  t h e  r a t e  of i n f i l t r a t i o n  is necessar i ly  slow. 

An a l t e r n a t i v e  process ,  r e f e r r e d  t o  a s  FCVI, has  been worked ou t  by Caputo e t  a l .  f o r  the 
i n f i l t r a t i o n  of S i c  and Si3N4 matr ices  i n  d i f f e r e n t  porous media, i n  which the  mass 
t r a n s f e r s  a r e  by forced convection r e s u l t i n g  from a pressure g rad ien t  /27-29/. A s  shown 
schematically i n  f i g .  7 ,  t h e  reac tan ts  a r e  forced t o  flow along the  pore under a high 
pressure (P1 = 100 t o  200 kPa) while t h e  products (and t h e  unreacted spec ies )  a r e  
evacuated a t  a lower p ressure  P2. Moreover, s i n c e  t h e  gas phase is  depleted i n  reac tan ts  
a s  i t  flows i n  t h e  pore (due t o  t h e  chemical reac t ion  tak ing  p lace  on the  pore w a l l ) ,  an 
inverse  thermal g r a d i e n t  is  appl ied along the  pore. Since a s  discussed above, the  sur face  
phenomena g iv ing  r i s e  t o  t h e  depos i t  a r e  thermally a c t i v a t e d  (equat ion ( 2 ) ) .  the  e f f e c t  
of t h e  temperature increase  may compensate, under optimized condi t ions ,  t h a t  of the  gas 
phase dep le t ion  i n  r e a c t a n t s .  

The competing e f f e c t s  of t h e  forced gas flow and thermal g rad ien t  on the  depos i t  p r o f i l e  
have been j u s t i f i e d  t h e o r e t i c a l l y ,  by S t a r r ,  f o r  random s h o r t  f i b e r  preforms i n f i l t r a t e d  
with S i c  deposi ted from CH3SiC13/H2 precursor ,  assuming a f i r s t  o rder  reac t ion  /30/ .  When 
T1 = T2 = 1 2 0 0 ' ~  (no thermal g r a d i e n t ) ,  deposi t ion i s  l imi ted  t o  .the v i c i n i t y  of the  
preform sur face  through which t h e  reac tan ts  a r e  i n j e c t e d ,  due t o  a very rap id  deplet ion 
of the  gas phaseo in  r e a c t a n t s .  Furthermore, the depos i t  profi1.e a s  shown i n  f i g .  8, is 
s i m i l a r  t o  t h a t  ca lcu la ted  f o r  T = 1 1 0 0 ~ ~  according t o  the Van den Breckel/Hossignol 
model ( f i g .  4. 5 ) .  On the  con t ra ry ,  when T1 i s  lowered t o  ~ O O ' C ,  t h e  depos i t  takes place 
near t h e  opposi te  sur face  of t h e  preform (maintained a t  1 2 0 0 ~ ~ )  s i n c e  t h e  gas phase 
deplet ion i s  now very l imi ted .  F ina l ly .  a depos i t  of  almost uniform thickness  is  obtained 
when T1 is adjusted t o  about 1 0 0 0 ~ ~ .  

One of t h e  main advantage of  t h e  FCVI process  l i e s  i n  the  f a c t  t h a t  the  i n f i l t r a t i o n  time 
necessary t o  reach a given s t a t e  of  d e n s i f i c a t i o n  f o r  a given porous s u b s t r a t e  is  reduced 
by one order  o f  magnitude with respec t  t o  t h a t  required i n  I C V I  due t o  ( i)  f a s t e r  mass 
t r a n s f e r s  ( forced convection) and ( i i )  higher  depos i t ion  temperatures ( l i m i t e d  only by 
t h e  s t a b i l i t y  o f  the  preforms). On t h e  o ther  hand, t h e  FCVI process  has a l s o  important 
drawbacks which w i l l  be discussed i n  t h e  next  sec t ion .  

3 - PRACTICAL ASPECTS OF THE CV1 PROCESS 

3.1 - Preforms 

I n  t h e  C V 1  processing of  CMC, one of t h e  important s t a r t i n g  mate r ia l s  is t h e  f ib rous  
preform ( t h e  o t h e r  being t h e  gaseous precursor  of t h e  matr ix)  s i n c e  i ts  na ture  d i r e c t l y  
governs : ( i )  t h e  volume f r a c t i o n s  of f i b e r  and matrix i n  the composite a s  well a s  (ii) 
the f i b e r  o r i e n t a t i o n  and degree of anisotropy.  The f i b e r s  a v a i l a b l e  f o r  the 
reinforcement of  ceramic matr ices  a r e  l i m i t e d  t o  carbon and S i c  -o r  Al2O3- based f i b e r s .  
From a mechanical and thermal s t a b i l i t y  po in t  of  view. the  b e s t  a r e  t h e  former bu t ,  
unfortunately,  the use of  carbon f i b e r s  a t  high Lemperaturcs is l i m i  tcd Lo aLmospheres 
which do not contain oxygen unless  a p r o t e c t i v e  coa t ing ,  such a s  S i c ,  has been deposited 
on t h e  f i b e r  s u r f a c e  (e .g .  by CVD) /31/ .  I n  the  preform, t h e  f i b e r s  a r e  e i t h e r  s h o r t  
(chopped f i b e r s  o r  whiskers) o r  continuous (woven o r  non-woven). 

A very important parameter of  the  preform is  i ts  poros i ty .  On t h e  b a s i s  of t h e  discussion 
presented i n  s e c t i o n  2,  t h e  poros i ty  of t h e  preform should obviously be made of open 
interconnected pores  of l a r g e  enough diameters ( i . e .  ranging between a few pm and a few 
100 pm). I n  o rder  t o  allow an easy diffusion/f low of t h e  gaseous precursor ,  the  pore 
spectrum of t h e  preform must contain a high enough percentage of  pores  of l a r g e  
diameters. 

Short  f i b e r  preforms can be made according t o  the  s l u r r y  molding process  /29/. Chopped 
f i b e r s  ( o r  whiskers) a r e  f i r s t  suspended i n  a l i q u i d  containing a binder  (e .g .  a 
polycarbosi lane f o r  a S i c  mat r ix ) .  The s l u r r y  is  then vacuum f i l t e r e d  to  form a d i sk  ( o r  
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7 : The CV1 p r o c e s s  : ( a )  t h e  temperature  and p r e s s u r e  g r a d i e n t s  a l o n g  t h e  po re  ; 
( b )  t h e  expe r imen ta l  set up  ( schemat i c )  /27-29/ 
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Fig.  8 : The model o f  S t a r r  : d e p o s i t i o n  p r o f i l e s  f o r  v a r i o u s  v a l u e s  o f  T1 (T2 be ing  
e q u a l  t o  1200'~) /30/  



any o ther  given shape) which, a f t e r  p ress ing  ( i n  d i e s  o r  between p l a t e s )  and s i n t e r i n g ,  
r e s u l t s  i n  a preform with a f i b e r  volume f r a c t i o n  ranging between 15-25 5. F e l t s  a r e  a l s o  
ava i lab le  on t h e  market f o r  mostcommon ceramic f i b e r s .  

2D-preforms, made of a s tack  of  f a b r i c s ,  a r e  t h e  most commonly used f ib rous  preforms due 
t o  : ( i )  t h e i r  high f i b e r  volume f r a c t i o n s  ( i . e .  t y p i c a l l y  40-45 5 ) .  ( i i )  t h e i r  pore 
s p e c t r a  very well s u i t e d  t o  C V 1  and ( i i i )  t h e i r  easy prepara t ion .  I n  t h e  so-ca l led  dry 
preforms, t h e  f a b r i c s  a r e  pressed toge ther  with a ceramic t o o l  (which is  withdrawn a f t e r  
the f i r s t  CV1 t rea tment ) .  I n  consol idated preforms, t h e  f a b r i c s  a r e  bonded toge ther  with 
an organic o r  organometal l ic  binder  (e.g. a polycarbosi lane)  t h a t  a f t e r  pyro lys i s  w i l l  
y i e l d  a small  amount of  a ceramic matr ix,  p r i o r  t o  the  CVI-treatment. More complex nD 
preforms (with n > 2 ,  n being the  number of f i b e r  o r i e n t a t i o n s )  can be prepared according 
t o  a s i m i l a r  procedure /3. 29, 32/. 

F ina l ly ,  ID-preforms a r e  made from al igned f i b e r  tows (maintained toge ther ,  a s  s a i d  
above, e i t h e r  with a ceramic t o o l  o r  with a b inder ) .  Their  main advantage l i e s  i n  the  
f a c t  t h a t  still higher  f i b e r  volume f r a c t i o n s  can be achieved ( e . g .  50-60 X ) .  On the 
o ther  hand, i n  such preforms, the  pores a r e  e s s e n t i a l l y  u n i d i r e c t i o n a l  and d i f f i c u l t  t o  
densify.  Cross p l y  preforms a r e  made according t o  the same processing technique. 

3.2 - Dens i f ica t ion  of  t h e  preform by ICVI 

In  ICVI, t h e  preforms a r e  s e t  i n  a hot  wal l  isothermal  depos i t ion  chamber fed with a flow 
of t h e  gaseous precursor  ( s e e  t a b l e  I )  under a reduced pressure  whose value depends on 
the pore spectrum of the  preform and na ture  of  t h e  precursor  /32/.  A s  d iscussed i n  
s e c t i o n  2 ,  too high a temperature and a p ressure  rap id ly  r e s u l t  i n  an e a r l y  pore sea l ing .  
Therefore, t h e  depos i t ion  parameters should be con t ro l led  very c a r e f u l l y  during t h e  whole 
i n f i l t r a t i o n  process .  Table I1 gives  t h e  CVI-parameters f o r  some ceramic matr ices  f o r  
l ab-sca le  apparatus  (most porous s u b s t r a t e s  a r e  2D preforms). The unreacted source 
spec ies  and the  gaseous reac t ion  products a r e  pumped through t r a p s  (most of these  spec ies  
being cor ros ive  when h a l i d e  precursors  a r e  used) .  

Table 11 : Deposition parameters f o r  the  I C V I  o r  FCVI of ceramic matr ices  i n  
porous s u b s t r a t e s .  

Matrix Precursor  Temperature 
( OC) 

Pressure 
(@a)  

10 - 100 
3 

1 - 5 

1 - 5  

1 - 5  

2 - 3  

1 - 5  

1 100 - 200 
l 

l l - 

Precursor  
Composition 

H2 : MTS = 5 - 10 
- 

BC13 : H2 = 1 
BC13 : CH4 = 4 

H2 : CH4 = 10 

H2 : C02 = 1 

H2 : C02 = 1 

H2 : MTS = l 0  

C V I -  type 
and reference 

I C V I  /g/ 

I C V I  1331 

I C V I  /34/ 

FCVI /27, 281 

FCVI /28/ 



JOURNAL DE PHYSIQUE 

Fig. 9 : Kine t ics  of  d e n s i f i c a t i o n  of  a porous 2D-C-C preform by B4C shown on a semi- 
logari thmic s c a l e  (Mo : maximum mass of  B4C corresponding t o  a t o t a l  f i l l i n g  of 
t h e  poros i ty  ; MP : mass of  B4C deposi ted i n  t h e  pores  ; MS : mass of  B4C 
deposi ted on t h e  e x t e r n a l  s u r f a c e ) .  I n s e r t  : k i n e t i c s  of  d e n s i f i c a t i o n  shown on 
an a r i thmet ic  s c a l e  /16/ 

A s  d iscussed i n  s e c t i o n  2 and shown i n  f i g .  9 ( i n s e r t ) ,  t h e  r a t e  of i n f i l t r a t i o n  i n  ICVI 
is slow /16, I T / .  Furthermore, i t  decreases regu la r ly  a s  t h e  i n f i l t r a t i o n  proceeds ( t h e  
pores becoming narrower, mass t r a n s f e r s  by d i f f u s i o n ,  f o r  given T, P, a r e  more and more 
d i f f i c u l t ) .  When t h e  i n f i l t r a t i o n  parameters a r e  properly optimized, t h e  i n i t i a l  open 
poros i ty  can be almost t o t a l l y  f i l l e d  with t h e  ceramic d e p o s i t  (down t o  a r e s i d u a l  
poros i ty  of  5-10 ,%) without sur face  machining. However, i n  o rder  t o  reduce the  
i n f i l t r a t i o n  dura t ion ,  it may be  pre fe rab le  f o r  economical cons idera t ions  t o  re-open t h e  
pores o r  en la rge  t h e  pore entrances by sur face  machining o f  the  preforms. A s e a l i n g  of 
the  pores  is e a s i l y  i d e n t i f i e d  from a semi log-plot  of  the  v a r i a t i o n s  of  the  res idua l  
porosi ty  v s  time (dev ia t ion  from a s t r a i g h t  l i n e ) .  

Even under optimized i n f i l t r a t i o n  condit ions,  t h e  thickness  o f  t h e  ceramic matrix 
deposited i n  t h e  pores  is usua l ly  higher  near  t h e  e x t e r n a l  s u r f a c e  of  t h e  preforms than 
i n  the  core (due t o  t h e  dep le t ion  of  t h e  gas  phase i n  source s p e c i e s ,  a s  discussed i n  
s e c t i o n  2 ) .  Therefore,  t h e r e  is u s u a l l y  ( i )  a d e n s i t y  g r a d i e n t  i n  CMC obtained by CV1 
( t h e  d e n s i t y  being h igher  near  t h e  e x t e r n a l  sur face)  and ( i i )  some r e s i d u a l  poros i ty .  

The na ture  o f  t h e  mat r ix  obtained by CV1 can be  e a s i l y  modified by changing t h a t  of  t h e  
precursor  i n j e c t e d  i n  t h e  i n f i l t r a t i o n  chamber. A s  an example, t h e  in te rphase  mate r ia l ,  
i . e .  pyrocarbon o r  hex-BN (used t o  con t ro l  t h e  f iber-matr ix bonding and p r o t e c t  the 
f i b e r s  a g a i n s t  t h e  notch e f f e c t  a r i s i n g  from t h e  microcracking of  t h e  matr ix,  when t h e  
composite is loaded at" a high enough s t r e s s )  is deposi ted f i r s t  a s  a t h i n  l a y e r  (from 
hydrocarbon o r  BF3 ( o r  BC13)/NH3 precursors ) .  Then the  ceramic matr ix i t s e l f  is  deposi ted 
by changing t h e  precursor  (e .g.  CH3SiC13/H2 f o r  S i c ) .  F ina l ly  a coa t ing  (deposi ted under 
CVD condit ions)  may be appl ied t o  improve t h e  r e s i s t a n c e  of  t h e  composite with respec t  t o  



the  environmental e f f e c t s .  

F ina l ly ,  an important advantage of  the  I C V I  processing of  CMC l i e s  i n  t h e  f a c t  t h a t  a 
l a r g e  number o f  preforms even o f  complex shapes can be t r e a t e d  simultaneously i n  t h e  same 
i n f i l t r a t i o n  chamber ( t h e  number being l imi ted  only by space cons idera t ions) .  This 
advantage compensates t h e  low i n f i l t r a t i o n  r a t e s  due t o  mass t r a n s f e r s  by d i f f u s i o n .  

3.3 - Dens i f ica t ion  o f  the  preform by FCVI 

A s  shown schematical ly  i n  f i g .  7b, i n  FCVI each preform has t o  be s e t  i n  a s p e c i f i c  
holder  i n  o rder  t o  generate  t h e  thermal g rad ien t  and t o  fo rce  t h e  feed gas t o  flow i n  t h e  
pore network under pressure.  A t  t h e  beginning of  a run,  t h e  r e a c t a n t s  flow both a x i a l l y  
and r a d i a l l y  i n  t h e  preform. However. t h e  upper s u r f a c e  of  t h e  preform becomes rap id ly  
coated due t o  t h e  high T2 temperature value ( t y p i c a l l y  1 1 0 0 - 1 2 0 0 ~ ~  f o r  S i c  deposi ted from 
CHjSiC13/H2). Therefore,  under such condit ions t h e  feed gas must flow r a d i a l l y  t o  t h e  
void around t h e  preform and escape through ho les  i n  t h e  r e t a i n i n g  r ing .  Moreover, s ince  
i n  t h e  p a r t i c u l a r  case  of  S i c  t h e  deposi ted matrix is a good hea t  conductor, the  hot 
region of t h e  preform a t  T2 moves from t h e  top  toward t h e  bottom and circumference /27- 
29/. 

The pressure  which has t o  be appl ied t o  fo rce  t h e  feed gas t o  flow across  t h e  preform 
depends on t h e  pore geometry and spectrum. P1 values of  t h e  o rder  of  100-200 kPa a r e  
reported f o r  t h e  i n f i l t r a t i o n  of say 2D-Sic (Nicalon) preforms by S i c  deposi ted from 
ClI3SiC13/H2 /27-29/. 

The main advantage of  FCVI is t o  shor ten ,  by one o r d e r  of magnitude, the  d e n s i f i c a t i o n  
durat ion f o r  a given preform with respec t  t o  ICVI, due t o  ( i )  higher  deposi t ion 
temperatures and ( i i )  f a s t e r  mass t r a n s f e r s  of t h e  r e a c t a n t s  and products by forced 
convection. However, t h e  increase  i n  deposi t ion temperature may be l i m i t e d  by t h e  thermal 
s t a b i l i t y  of  t h e  f i b e r s .  This  is  t y p i c a l l y  t h e  case  f o r  t h e  ex-polycarbosilane f i b e r s  
(e.g. Nicalon f i b e r s )  whose microstructure begins t o  coarsen a t  1100'~ (with a lowering 
of t h e  f a i l u r e  s t r e n g t h ) .  Under such condi t ions ,  t h e  only advantage of the  FCVI process 
is r e l a t e d  t o  f a s t e r  mass t r a n s f e r s  of  t h e  gaseous spec ies  r e s u l t i n g  from forced 
convection. 

4 - M A I N  PROPERTIES AND APPLICATIONS OF CVI-PROCESSED CMC 

The main i n t e r e s t  of  f i b e r  reinforced ceramics l i e s  i n  t h e i r  n o n - b r i t t l e  mechanical 
behavior and improved r e l i a b i l i t y  with respec t  t o  t h e i r  unreinforced counte rpar t s ,  a s  
shown i n  f i g .  10 /3. 4, 28, 35/. However. t h i s  n o n - b r i t t l e  charac te r  is observed only f o r  
well-processed mate r ia l s ,  i.e. when : ( i )  t h e  f i b e r s  a r e  n o t  damaged during t h e  composite 
processing, ( i i )  t h e  f i b e r s  are only weakly bonded t o  t h e  matr ix through a s o f t  
in te rphase  (e.g. a t h i n  l a y e r  of pyrocarbon o r  hex-BN) and ( i i i )  both t h e  f i b e r s  and 
t h e i r  in te rphases  a r e  p ro tec ted  a g a i n s t  environmental e f f e c t s  e.g. by p r o t e c t i v e  
coat ings.  Under such condit ions.  f ib rous  ceramic matr ix composites : ( i )  obey a non 
l i n e a r  s t r e s s - s t r a i n  law ( f i g .  10a) and ( i i )  e x h i b i t  both a high r e s i s t a n c e  t o  crack 
propagation and a high f a i l u r e  energy ( f i g .  lob  and 10c) due t o  d i f f e r e n t  damaging 
mechanisms (e.g. matr ix microcracking, f iber-matr ix debonding and f r i c t i o n ,  f i b e r  p u l l  
ou t )  which absorb energy. It is  worthy o f  no te  t h a t  the  processing requirements mentioned 
above a r e  p e r f e c t l y  f u l f i l l e d  by t h e  C V 1  technique. 

Although t h e  f e a s i b i l i t y  of  t h e  CVI-process has been es tab l i shed  f o r  d i f f e r e n t  matr ices ,  
the only mate r ia l s  which a r e  produced on an i n d u s t r i a l  b a s i s  a r e  carbon-carbon, on t h e  
one hand, and C-Sic o r  Sic-Sic  on the  o t h e r  hand. A s  f a r  a s  we know. most of them a r e  
processed according t o  t h e  I C V I  process. t h e  low i n f i l t r a t i o n  r a t e s  being compensated by 
t h e  f a c t  t h a t  l a r g e  numbers o f  p a r t s  can be simultaneously t r e a t e d ,  a s  discussed i n  
s e c t i o n  2 and 3.  Carbon-carbon p a r t s  a r e  used i n  rocket  engines,  h e a t  s h i e l d s ,  brake 
d i sks  and p r o s t h e t i c  devices .  Sic-based composites a r e  used i n  gas tu rb ines ,  reusable 
thermal p ro tec t ions  and more genera l ly  speaking f o r  s t r u c t u r a l  p a r t s  used a t  high 
temperatures and under atmospheres containing oxygen. 
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Fig. 10 : The non-brittle behavior of Sic-Sic fibrous composites at room temperature : 
(a) stress-strain curve in tension / 3 / ,  (b) resistance to crack propagation /4 /  
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Fig. 10 : (c) stress-strain curve in 3 point-bending /27, 28/ 
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