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Composites for high temperatures 

E .  F i t z e r  

I n s t i t u t  f i i r  Chemische Technik,  U n i v e r s i t P t  Kar l s ruhe ,  7500 Kar l s ruhe ,  FRG 

Abs t r ac t  - The paper  w i l l  t r e a t  m a t e r i a l s  which a r e  r e i n f o r c e d  by f i b r e s ,  
so-ca l led  f i b r e  r e i n f o r c e d  composites.  Such t a i l o r a b l e  composites are con- 
s i d e r e d  a s  t h e  most promising cand ida te s  i n  f u t u r e  materials development, 
e s p e c i a l l y  f o r  a p p l i c a t i o n  a t  e l eva ted  and up t o  h i g h e s t  t empera tures .  
The t e r m  h igh  tempera tures  i n  t h e  sense  of t h e  p r e s e n t  paper i s  under- 
s tood  s t a r t i n g  from t h e  tempera ture  range above t h e  a p p l i c a b i l i t y  of 
epoxies  t h a t  means above 500 K up t o  more than  2500 K.  
The paper  cons ide r s  t h e  f i b r e  m a t e r i a l s  commercially a v a i l a b l e  today ,  and 
i n  development on t h e  one hand and t h e  ma t r ix  m a t e r i a l s  s u i t a b l e  f o r  com- 
b i n a t i o n  wi th  t h e  va r ious  f i b r e  types  on t h e  o t h e r .  
A s  compat ib le  h igh  tempera ture  mat r ix  m a t e r i a l s  f o r  carbon f i b r e s  only  t o  
h igh  tempera ture  polymers and carbon i t s e l f  can be  used. 
A l l  o t h e r  h igh  tempera ture  ma t r ix  m a t e r i a l s  need d i f f u s i o n  and r e a c t i o n  
b a r r i e r s  sur rounding  t h e  carbon f i b r e s .  The s t a t u s  of prepara t ior .  o t  d i f -  
f u s i o n  b a r r i e r s ,  t h e i r  i n f luence  on t h e  b a s i c  carbon f i b r e  p r o p e r t i e s  and 
t h e  l i m i t a t i o n s  i n  a p p l i c a t i o n  tempera ture  because of l i m i t e d  b a r r i e r  
f u n c t i o n  w i l l  be d i scussed .  
Spec ia l  a t t e n t i o n  w i l l  be  drawn t o  a l t e r n a t i v e  f i b r e s  which can be  used 
i n  me ta l s ,  g l a s s e s ,  c a r b i d e s  and ox ides  due t o  t h e i r  lower r e a c t i v i t y  from 
t h e  chemical v iewpoin t .  The i r  d i sadvantage  i s  a lower h e a t  r e s i s t i v i t y  
and most of them have a l s o  lower va lues  f o r  mechanical p r o p e r t i e s .  
F i n a l l y  t h e  p o s s i b i l i t y  t o  develop f i b r e  r e i n f o r c e d  composites from 
b r i t t l e  ma t r ix  wi th  n o n - b r i t t l e  re inforcement  f i b r e s  i s  p re sen ted  a s  an 
a l t e r n a t i v e  cha l l enge  f o r  h igh  tempera ture  m a t e r i a l .  

1, STATE AND HISTORY OF 'HIGH PERFORMANCE COMPOSITES' 

Composites a r e  m a t e r i a l s  composed of a t  l eas t  two d i f f e r e n t  s o l i d s ,  which e x i s t  as s e p a r a t e  
phases  i n  t h e  f i n a l  m a t e r i a l .  The kind  and d i s t r i b u t i o n  of t h e  d i f f e r e n t  phases  c o n t r o l  t h e  
p r o p e r t i e s  of t h e  composites.  

"Advanced composites" o r  so -ca l l ed  "high performance composites" a r e  mostly based on r e in -  
forcement by cont inuous  f i b r e s .  Rare ly  s h o r t  f i b r e s  and whiskers  a r e  used f o r  t h i s  p u p  
pose .  The b e s t  re inforcement  i s  ob ta ined  by t h e  use  of cont inuous  f i b r e s  wi th  a volume 
f r a c t i o n  above 50 u s u a l l y  60 % and s t r i c t l y  c o n t r o l l e d  geometric arrangement of t h e  f i b r e s  
wi th in  t h e  composite ( " t a i l o r e d  m a t e r i a l " ) .  The s p e c i a l  ca se  of f i b r e  arrangement i n  one 
d i r e c t i 0 n . i . s  easy t o  unders tand  and o f f e r s  t h e  p o s s i b i l i t y  f o r  p r e c a l c u l a t i o n  of t h e  s t r e n g t h  
and s t i f f n e s s  of t h e  composites u s ing  t h e  r u l e  of mix tu re  ( r e f . 1 ) .  The d i sadvan tage  of such 
u n i d i r e c t i o n a l  r e i n f o r c e d  (UD) composites i s  t h e  s t r o n g  dependence of t h e  composite proper- 
t i e s  on t h e  f i b r e  d i r e c t i o n .  In  p r a c t i c a l  a p p l i c a t i o n  two dimensional re inforcement  i s  
app l i ed  wi th  f i b r e  arrangement i n  d i f f e r e n t  d i r ec t ions .The  re inforcement  by s h o r t  f i b r e s  o r  
whiskers and i s o t r o p i c  d i s t r i b u t i o n  of t h e  f i b r e s  l e a d  t o  a re inforcement  e f f e c t  of 1 / 6  
of t he  p r e c a l c u l a t e d  v a l u e s  us ing  t h e  r u l e  of mixture ,  however i n  a l l  d i r e c t i o n s ( i s o t r o p i c  
composi tes ) .  

The enormeous p rogres s  i n  development of new m a t e r i a l s  du r ing  t h e  l a s t  two decades i s  de- 
s c r ibed  a s  "Revolution i n  Mate r i a l s "  ( r e f . 2 )  and i s  based on t h e  re inforcement  of h igh  per -  
formance .polymers mainly epoxy the rmose t t ing  r e s i n s  wi th  t h i n  h igh  modulus f i b r e s ,  r e s u l -  
t i n g  i n  an  u l t r a  l i g h t  composite material of h igh  s t r e n g t h  and s t i f f n e s s  and s u p e r i o r  che- 
mica l  and f a t i g u e  behaviour .  F i r s t  time i t  became r e a l i z a b l e  n o t  on ly  t o  s u b s t i t u t e  b u t  
a l s o  t o  su rpass  convent iona l  me ta l s  by polymer m a t e r i a l s  i n  l i g h t  weight a p p l i c a t i o n .  

This paper is ded ica t ed  t o  P ro f .  Dr. Helmut Ddrfel, BASF Ludwigshafen, on t h e  occas ion  of 
his 60th b i r thday .  
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The s t o r y  of t h i s  r e v o l u t i o n  s t a r t e d  by t h e  i n i t i a t i v e  of t h e  US a i r f o r c e  t o  r e p l a c e  metals 
by boron f i b r e s  r e i n f o r c e d  polymers i n  m i l i t a r y  a i r c r a f t s  a n d m i s s i l e s  i n  t h e  S i x t i e s .  I n  
1968 carbon i n d u s t r y  demonstrated C-fibre p r o p e r t i e s  s i m i l a r  t o  t h a t  of boron f i b r e s ,  and i n  
t h e  beginning  of t h e  Seven t i e s  t h e  Japanese  and B r i t i s h  p rocess  t o  f a b r i c a t e  carbon f i b r e s  
economically from PAN h a s  opened the  p r a c t i c a l  a p p l i c a t i o n  of carbon f i b r e  r e i n f o r c e d  poly- 
mers. 
End of t h e  Seven t i e s  PAN based carbon f i b r e s  were app l i ed  i n  m i l i t a r y  a i r c r a f t s .  The most 
s p e c t a c u l a r  a p p l i c a t i o n  was t h a t  i n  t h e  space  s h u t t l e  f o r  t h e  load ing  room doors .  Only due t o  
t h i s  m a t e r i a l  t h e  space s h u t t l e  p r o j e c t  was r e a l i z a b l e  a t  t h a t  t i m e  ( r e f . 3 ) .  

I n  t h e  E i g h t i e s ,  t h i s  new m a t e r i a l  was used i n  commercial a i r c r a f t s  a l r e a d y .  It i s  a p p l i e d  f o r  
t h e  v e r t i c a l  s t a b i l i z e r  i n  t h e  a i r b u s  A 310, a t  t h e  moment t h e  l a r g e s t  p a r t  of i n d u s t r i a l l y  
produced carbon f i b r e  r e i n f o r c e d  composites.  The p r e s e n t  world wide u s e  of carbon f i b r e s  i s  
i n  t h e  o rde r  of 5.000 t o  10.000 tons  pe r  y e a r  w i th  a s t r o n g l y  i n c r e a s i n g  tendency. The ex- 
pec ted  broad a p p l i c a t i o n  i n  s u r f a c e  t r a n s p o r t a t i o n  such a s  r a i lways  and c a r s ,  i n  machinery,  
i n  p i p e l i n e s  and a p p a r a t e s ,  i n  s p o r t i n g  goods a s  w e l l  as i n  b u i l d i n g  m a t e r i a l s  was desc r ibed  
i n  more d e t a i l  l a s t  y e a r  h e r e  i n  Rome dur ing  t h e  European Conference on Thermophysical Pro- 
p e r t i e s  ( r e f . 4 ) .  Most e x c i t i n g  f o r  t h i s  material i s  t h e  low energy need f o r  raw m a t e r i a l  pre- 
p a r a t i o n  i n  f a b r i c a t i o n  as compared wi th  h igh  energy consumption by convent iona l  m a t e r i a l s .  

There i s ,  however, one seve re  l i m i t a t i o n  f o r  a p p l i c a t i o n  of carbon f i b r e  r e i n f o r c e d  polymers,  
t h a t  i s  t h e  l i m i t a t i o n  i n  tempera ture  caused by t h e  s o f t e n i n g  o r  thermal decomposition of t h e  
polymers. The h igh  t e m p e r a t u r e r e s i s t i v i t y  of t h e  carbon f i b r e  i s  n o t  used  by f a r  i n  combi- 
n a t i o n  wi th  epoxy. For so lv ing  t h e  f u t u r e  problems i n  ae rospace  and energy f i e l d ,  i n  indu- 
s t r i a l i z a t i o n  i n  gene ra l  and e s p e c i a l l y  f o r  h igh  technology,  composites f o r  h igh  tempera tures  
a r e  needed. 

2. THE NEED FOR HIGH TEMPERATURE COMPOSITES 

One can u s e  t h e  term "High Temperature' '  f o r  t h e  tempera ture  range  above t h a t  of t h e  usua l  
upper a p p l i c a t i o n  tempera tures  of t h e  r e s p e c t i v e  material group. I n  t h e  c a s e  of advanced com- 
p o s i t e s  t h e  h igh  tempera ture  range  i s  above 500 K ,  where carbon f i b r e  r e i n f o r c e d  epoxy can 
n o t  b e  used anymore ( r e f  .5).  

One h a s  t o  a sk ,  however, what i s  t h e  need f o r  advanced f i b r e  r e i n f o r c e d  composite m a t e r i a l s  
f o r  a p p l i c a t i o n  a t  h igh  tempera tures  ? 
convent iona l  m a t e r i a l  types  f o r  h igh  tempera tures  such as me ta l s  and ceramics ? L e t  us con- 
s i d e r  a s  example t h e  materials r e q u e s t  of ae rospace  technology,  n o t  only because  it demon- 
s t r a t e s  most impress ive ly  t h e  need f o r  l i g h t  weight h igh  tempera ture  materials, bu t  a l s o  be- 
cause  t h i s  f i e l d  i s  most e x c i t i n g  f o r  f u t u r e  world wide t r a n s p o r t a t i o n  and energy consump- 
t i o n  and thus  i s  a s u b s t a n t i a l  p recond i t ion  f o r  t h e  f u t u r e  t echno log ica l  age and t h e  human 
c i v i l i z a t i o n  i n  g e n e r a l .  

In  supersonic  a i r c r a f t s ,  f o r  i n s t a n c e ,  t h e  s u r f a c e  tempera ture  can a r i s e  up t o  500 'C,  t h a t  
i s  a tempera ture  range  where no today ' s  r e s i n s  f o r  f i b r e  r e i n f o r c e d  composites can wi ths t and .  
In t h e  space  s h u t t l e  w i th  s u r f a c e  tempera tures  above 1000 "C dur ing  t h e  pe r iod  of e n t e r i n g  
t h e  e a r t h  atmosphere,  t h i s  h e a t  a t t a c k  problem was so lved  by t h e  u s e  of thermal i n s o l a t i o n  
b r i c k s .  On t h e  t i pcone  and i n  t h e  edges of t h e  wings,  however, t h e  tempera tures  a r o s e  up t o  
1500 "C. Here only carbon/carbon composites were a p p l i c a b l e .  The a d d i t i o n a l  problem a r i s i n g  
f o r  t h i s  a p p l i c a t i o n  i s  t h e  a t t a c k  by t h e  oxygene i n  t h e  atmosphere and carbon m a t e r i a l s  wi th-  
o u t  s u r f a c e  c o a t i n g s  are n o t  r e s i s t a n t  a g a i n s t  o x i d a t i o n  a t  t hose  tempera tures .  

The most e x c i t i n g  f u t u r e  p r o j e c t  i s  t h e  Or i en t  Express ( r e f . 6 )  o r  t h e  ana logous  B r i t i s h  pro- 
j e c t  HOTOL, f l y i n g  v e h i c l e s  which should s t a r t  and l and  i n  a i r  f i e l d s  as commercial a i r p l a n e s ,  
b u t  should travel i n  an  a l t i t u d e  of 27 km, t hus  reducing  t h e  f l i g h t  t ime from America t o  Asia 

m a t e r i a l  problem i s  n o t  so lved  by f a r .  Obviously,  one w i l l  u s e  metals f o r  t h e  o u t e r  s u r f a c e  
and f o r  t he t ipcone  and t h e  edges carbon composites coa ted  by ceramics .  

The m a t e r i a l  requi rements  f o r  t h e  engines are s i m i l a r l y  c r i t i c a l .  In convent iona l  water cooled  
engines  t h e  m a t e r i a l  t empera tures  do n o t  exceed 150 O C  and can be  s a t i s f i e d  by convent iona l  
aluminium a l l o y s .  The a d d i t i o n a l  r eques t  f o r  l i g h t e r  weight m a t e r i a l s  even opens h e r e  t h e  
chance f o r  a p p l i c a t i o n  of advanced composites f o r  i n s t a n c e  CFRPs f o r  p i s t o n s  and connec t ing  
rods .  

Can f u t u r e  t echno log ica l  r e q u e s t s  n o t  be  s a t i s f i e d  by 

t o  3 hours  only .  In such v e h i c l e s  s u r f a c e  tempera tures  up t o  1800 "C are p r e c a l c u l a t e d .  The 

The most c r i t i c a l  t e c h n i c a l  h igh  tempera ture  problem s i n c e  decades  i s  t h e  m a t e r i a l  r equ i r e -  
ment f o r  t h e  r o t o r  i n  gas  t u r b i n e s .  Gas tempera tures  as h igh  a s  p o s s i b l e  a t  least  above 
1200 " C  a r e  needed because  of thermodynamic r eason ,  and n i c k e l  based super  a l l o y s  can n o t  b e  
used a t  tempera tures  above 1000 OC. Here aga in ,  h igh  tempera ture  s t r e n g t h ,  c r eep  r e s i s t a n c e  
and ox ida t ion  r e s i s t a n c e  a r e  r equ i r ed .  Some p rogres s  i s  achieved  by s i n g l e  c r y s t a l  b l a d e s ,  
by i n t e r n a l  coo l ing  of t h e  r o t o r  b l ades  and by h igh  tempera ture  ox ida t ion  r e s i s t a n t  c o a t i n g s  
on t h e  n i c k e l  based a l l o y s .  Here a r i s e s  an  impor tan t  f i e l d  f o r  new l i g h t  weight 
m a t e r i a l s .  
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3. REINFORCEMENT FIBRES FOR HIGH TEMPERATURES APPLICATION 

The convent iona l  re inforcement  f i b r e s  f o r  advanced composites - t h e s e  a r e  polyaramide f i b r e s ,  
g l a s s  f i b r e s  and carbon f i b r e s  - a r e  compiled i n  F ig .1 .  F ig .2  shows t h e  thermal  decomposition 
of aramide f i b r e s  accord ing  t o  own t e s t i n g .  The o rgan ic  f i b r e s  can  n o t  b e  used f o r  tempera- 
t u r e s  above 250 " C .  

The convent iona l  E-glass f i b r e s  (boron s i l i c a t e s )  l o o s e  s t r e n g t h  above 200 O C  a l r eady  and 
s o f t e n  i n  t h e  tempera ture  range  of 500 " C .  The r e c e n t l y  developed A1203 r i c h  s i l i c a t e s ,  t h e  
R-glass t ypes ,  show improved s t r e n g t h  a t  i n c r e a s i n g  tempera tures ,  and s o f t e n i n g  i s  s h i f t e d  t o  
200 "C  h ighe r  tempera tures .  However, as a l l  g l a s s  f i b r e s  a l s o  t h i s  t ype  shows ve ry  l o w  s t i f f -  
n e s s  ( s e e  Fig.3) ( r e f  .9 ) .  

So f a r  a s  tempera ture  r e s i s t a n c e  i s  concerned carbon i s  t h e  i d e a l  f i b r e  material. The s t r e n g t h  
of t h e  carbon f i b r e  i s  remained u n t i l  2000 "C,  t h e  s t i f f n e s s  even i n c r e a s e s  wi th  tempera tures  
up t o  2500 O C .  The d isadvantage  of carbon f i b r e s  i s  t h e  s e n s i t i v i t y  a g a i n s t  ox ida t ion  which 
reduces  t h e  s t r e n g t h  a f t e r  ox ida t ion  above 500 "C  i n  a i r  a l r e a d y  ( s e e  F i g . 4 ) .  

I I I I I I 

3000-5000 

200-500 
I MPa 1 

50-80 
I GPal 

70 
w 
i - 
w c 68 

50 

Fig.1 : Fibres  f o r  high performance f i b r e  
reinforced polymers (FRP) 
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Fig.3 : Strength of g lass  f i b r e s  measured a t  Fig.4 : Strength reduction in carbon f i b r e s  
elevated temperatures by oxidation 

One has  t o  ask  what a l t e r n a t i v e  f i b r e s  a r e  a v a i l a b l e  f o r  h igh  tempera ture  a p p l i c a t i o n .  I n  
Table 1 t h e  r equ i r ed  p r o p e r t i e s  and t h e  degree  of matching them by cand ida te  f i b r e s  a r e  
compiled. Low d e n s i t y ,  one impor tan t  p recond i t ion  f o r  l i g h t  weight composites i s  most 
s u i t a b l e  f o r  carbon f i b r e s .  Oxide f i b r e s  show d e n s i t i e s  above 3.0. Boron i t s e l f  h a s  a d e n s i t y  
of 2.5, b u t  boron f i b r e s  a r e  made by chemical vapour d e p o s i t i o n  on a tungs t en  s u b s t r a t e  and 
t h e r e f o r e  t h e  average  d e n s i t y  i s  a l s o  i n  t h e  a r e a  around 3. 
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Table 1 : Required propert ies  of f i b r e s  t o  be 
used i n  high temperature composites 
and the degree of meeting them by 
candidate f i b r e s  

+ = good 0 = medium - = bad 

candidate 
fibre B SIC ~ 1 ~ 0 ~  Hulllte C Property 

1 )  Density 2.5 3.2 3.9 3.4 2 . 2  

1 )  Light weight of the fibre 0 

2 )  Mechanical room temperature 
properties (strength, stiff- + 
ness E, strain to failure 

31 Temperature resistance 
Short time during processing - D O +  
l o n q  time during applimtim - 0 0 +  b 

+ -  
4) Oxidation res~stance in air 

during application 

- .+  0 + ducability of the fibre + 
5 )  Industrial economic pro- 

6 )  Handling of the fibre during 
fabrication ot the CompoSite - -,+ 0 + 

7 )  Compatibility with the ma- 
trix material and adhesion -,+ -,+ + - ,+ - 
within the composite 
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Fig.7 : Temperature s t rength of t h in  oxide 
and carbide monofilaments a f t e r  heat 
treatment 
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Fig.5 : Mechanical RT behaviour of f i b r e s  f o r  
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Fig.6 : Strength of reinforcement f i b r e s ,  
i n  s i t u  measured in  a i r  

Fig.8 : S i c  f i b r e s  fabr icated by CVD: 
l e f t  s ide  on tungsten substrate  
r i g h t  s ide on carbon substrate  

Fig.5 g i v e s  a compi l a t ion  of t h e  mechanical p r o p e r t i e s  measured a t  room temperature .  The 
stress-strain diagram shows h i g h e s t  s t i f f n e s s  f o r  boron f i b r e s .  Boron f i b r e s  are a l s o  known 
as one of t h e  b e s t  f i b r e s  f o r  composites w i th  h igh  compressiveresis tancewhich s p e c i f i c  pro- 
p e r t y  j u s t i f i e s  t h e i r  even l i m i t e d  a p p l i c a t i o n  i n  polymers a l lowing  h igh  compressive stresses 
in  s p i t e  of t h e  h igh  c o s t s  and t h e  p rocess ing  d i f f i c u l t i e s .  However, one can r ecogn ize ,  t h a t  
boron as w e l l  as s i l i c o n  c a r b i d e  f i b r e s  made by vapour d e p o s i t i o n  have very low s t r a i n  t o  
f a i l u r e  what i n d i c a t e s  an  extreme b r i t t l e n e s s .  A l l  o t h e r  f u t u r e  f i b r e s  such as aluminium oxi- 
des ,  m u l l i t e  o r  s i l i c o n  c a r b i d e  f i b r e s  made from polycarrbosilanes have much lower s t r e n g t h  
as t h e  carbon f i b r e s .  

The room temperature  d a t a  on mechanical p r o p e r t i e s  do n o t  g i v e  any i n d i c a t i o n  on t h e  beha- 
v i o u r  a t  e l e v a t e d  and h igh  temperatures .  Fig.6 shows t h e  t ens i le  s t r e n g t h  measured i n  s i t u  a t  
h i g h e r  temperatures .  One can recognize t h a t  a l l  CVD f i b r e s  on tungs t en  s u b s t r a t e s  l o o s e  t h e  
s t r e n g t h  because of r e c r y s t a l l i z a t i o n  as w e l l  as chemical r e a c t i o n  wi th  t h e  s u b s t r a t e .  Only 
s i l i c o n  c a r b i d e  f i b r e s  depos i t ed  on a carbon s u b s t r a t e  behave b e t t e r .  A s  t h e s e  tes ts  were 
performed i n  a i r  one can a l s o  see t h e  s e n s i t i v i t y  of t h e s e  f i b r e  materials a g a i n s t  ox ida t ion .  
Only t h e  oxide f i b r e s  are s t a b l e ,  a t  l e a s t  up t o  1000 “ C .  There i s  an a d d i t i o n a l  c r i t i c a l  
upper temperature  even i f  a p p l i e d  a t  ve ry  s h o r t  t i m e  only.  It i s  t h e  r e c r y s t a l l i z a t i o n  t e m -  
p e r a t u r e  i n  t h e  oxide f i b r e s .  
s h o r t  o x i d a t i o n  in a i r .  

F ig .  7 shows t h e  room temperature  s t r e n g t h  measured a f t e r  
The ox ida t ion  r e s i s t a n t  oxide f i b r e s  show, however, a s t r e n g t h  
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Fig.9 : Flow sheet f o r  fabrication of 
carbon/oxide composites 

Table 2 : Matrix materials for  high temperature 
composites 

Materials group Examples uppcr appli- Oxidation 
catlo" tenpe- resistance 
rature Oc in air 

no HT polymers Polyimides 
HT thermo- "@ 

plastics 

Light metals 400 - 800 yes 

Metals Iron metals 1000 yes 

I A l ,  Ti) 

Refractory 1500 - 2500 no 
metals 

Silicates 800 
Glasses SiOz 1200 yes 

yes 

Ni, A1 1300 yes  

yes 

Hard metals Si,N4, Sic 1400' 

Intermetallics Silicides 1 6 0 0  

Borides 1700 limited 

A120) lac0 yes 

Z r O Z  2100 yes 
Oxide Ceramic 

2400 no 
Pure elerncntal 
carbon 

- _ _ _ ~  
Fig.10 : C-fibres with Sic-coating in 

S i O  glass matrix 2 

decrease i f  the  r e c r y s t a l l i z a t i o n  temperature around and below 100 "C has been passed. Recry- 
s t a l l i z a t i o n  f o r  N I C A L O N  R S ic-  and f o r  oxidic  f i b r e s  s t a r t s  i n  t h e  1000 O C  a rea  and l e v e l s  
out a t  1400 "C when a p r o t e c t i v e  coat ing on s i l i c o n  carbide is  formed. The r e s u l t s  of YAJIMA 
(ref .11)  who has  developed these S i c  f i b r e s  a r e  included. A comparison with t h e  behaviour of 
i n d u s t r i a l l y  produced and commercially a v a i l a b l e  S i c  f i b r e s  ind ica tes  t h a t  i n d u s t r i a l  f a b r i -  
ca t ion  obviously uses  a carbonizat ion temperature higher  than t h a t  f o r  which YAJIMA has 
measured the  s t rength  maximum. 

The i n d u s t r i a l  p roducib i l i ty  and the  handling of the  f i b r e s  during f a b r i c a t i o n  a r e  i n  d i r e c t  
cor re la t ion  with the  f a b r i c a t i o n  methods. The f i b r e s  made by chemical vapour deposi t ion 
(Fig.8) on tungsten or  carbon s u b s t r a t e  need a minimumdiam.at about 100 pm. They a r e  very 
b r i t t l e  and the  handling i s  d i f f i c u l t .  They a r e  monofilament f i b r e s  and cause very high pro- 
duction c o s t s  i n  t h e  order  of 500 Dollars /kg,  aga ins t  around 50 Dollars  f o r  today 's  carbon 
f i b r e s .  The handling of such th ick  and very b r i t t l e  f i b r e s  causes of ten  f r a c t u r e  of the  mono- 
f i laments  during f a b r i c a t i o n  of the  composites. 

The oxide f i b r e s  a r e  more f l e x i b l e .  
They a r e  commercially a v a i l a b l e  i n  yarns and rowings and can used f o r  weaving t o  t e x t i l e s .  

An a l t e r n a t i v e  f o r  CVD-silicon carbide f i b r e s  i s  o f fe red  by polycarbosi lane based f i b r e s ,  and 
a l s o  by carbon f i b r e s  coated with s i l i c o n  carbide which both a r e  easy t o  handle. Fibres  with 
Sic surface a r e  needed f o r  compat ibi l i ty  reasons i n  metals and oxide matrix (compare Fig.10). 

Summarizing the  conclusions on non-meltable a l t e r n a t i v e  f i b r e s ,  one can s t a t e ,  t h a t  espec ia l ly  
from the  viewpoint of i n d u s t r i a l  economic productab i l i ty  a s  w e l l  as  from t h a t  of t h e  hand- 
l i n g  only f i b r e s  made from precursor  f i b r e s  by thermal decomposition l i k e  carbon f i b r e  tech- 
nology have a chance f o r  i n d u s t r i a l i z a t i o n .  For the  oxide f i b r e s ,  melt spinning process - a s  
can be appl ied f o r  mul l i te  - seems t o  b e  the  most candidate method. It i s  s imi la r  t o  the  most 
economic method f o r  g l a s s  f i b r e  f a b r i c a t i o n .  

Their  thickness  i s  comparable with t h a t  of carbon f i b r e s .  

4. MATRIX MATERIALS FOR HIGH TEMPERATURE COMPOSITES AND 
THEIR COMPATIBILITY WITH THE FIBRES 

The mater ia l  groups which can be considered as matrix mater ia l s  f o r  f i b r e  re inforced compo- 
s i t e s  f o r  high temperatures a r e  compiled i n  Table 2. The bas ic  proper t ies  of these mater ia l  
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groups  are known t o  t h e  h igh  tempera ture  chemis t s .  For t h e  a p p l i c a t i o n  as ma t r ix  materials, 
however, we have t o  c o n s i d e r  a d d i t i o n a l l y :  

t h e i r  d e n s i t y  and t h e  mechanical p r o p e r t i e s ;  

t h e i r  thermophysical p r o p e r t i e s  such as s o f t e n i n g ,  thermal expans ion ,  thermal 
conduc t iv i ty  ; 

t h e i r  chemical behaviour  i n  ox id i z ing  atmosphere a t  h igh  tempera tures ;  

t h e i r  f a b r i c a b i l i t y  and f i n a l l y  

t h e i r  c o m p a t i b i l i t y  w i th  t h e  f i b r e s  du r ing  f a b r i c a t i o n  a s  w e l l  as du r ing  a p p l i c a t i o n .  

Le t  us  s t a r t  w i th  t h e  impor tan t  ox ida t ion  behaviour  which i s  i n d i c a t e d  i n  gene ra l  i n  Table 2 .  
This p rope r ty  dec ides  on t h e  a p p l i c a b i l i t y  of t h e  f i b r e  i n  t h e  d i f f e r e n t  ma t r ix  materials i n  
a i r .  But even i f  non-oxidizing atmosphere i s  cons idered ,  l i k e  i n  t h e  space f o r  i n s t a n c e ,  
t h e r e  i s  seve re  danger by atomic oxygen a t  a ve ry  low p a r t i a l  p r e s s u r e  as i t  became known 
r e c e n t l y .  

Le t  us cont inue  now wi th  t h e  f a b r i c a b i l i t y .  The t h r e e  upper m a t e r i a l  groups i n  t h e  Table 2 
(HT polymers,  me ta l s ,  g l a s s e s )  a r e  e a s i e r  t o  f a b r i c a t e  because  they  are m e l t a b l e  and can  be  
processed i n  l i q u i d  s t a t e ,  however only ,  i f  t h e  f i b r e s  a r e  h i g h l y  r e s i s t a n t  a g a i n s t  t h e  
molten ma t r ix .  The p r o c e s s i b i l i t y  of t h e  t h r e e  lower material groups ( t h e  h a r d  m a t e r i a l s ,  
t h e  i n t e r m e t a l l i c s  and t h e  h igh  me l t ing  oxides)  i s  more d i f f i c u l t  and t h e  a p p l i c a b i l i t y  of 
composites w i th  such a ma t r ix  depends s t r o n g l y  on t h e  f a b r i c a t i o n  method. 

Table 3 shows t h e  p r i n c i p l e  methods how composites can be  prepared.The m e l t  method i s  t h e  
e a s i e s t  one a p p l i c a b l e  f o r  t h e  r e s i n s ,  g l a s s e s  and low mel t ing  me ta l s .  S i m i l a r  bu t  much more 
d i f f i c u l t  i s  t h e  s i n t e r i n g  of t h e  ma t r ix  s t a r t i n g  from powders. Mostly h igh  p r e s s u r e  a t  s i n t e r  
tempera tures  (HIP) i s  needed. A modi f i ca t ion  i s  t h e  use  of a ma t r ix  powder p recu r so r  l i k e  i n  
t h e  s o l / g e l  p rocess  which i s  exp la ined  i n  Fig.9 ( r e f . 1 2 ) .  Reac t ion  s i n t e r i n g  i s  a w e l l  known 
method f o r  f a b r i c a t i o n  of ceramic m a t e r i a l s  e s p e c i a l l y  f o r  t h e  s i l i c o n  ceramic ( s i l i c o n  car- 
b i d e  and s i l i c o n  n i t r i d e ) .  It can  a l s o  be  a p p l i e d  f o r  p r e p a r a t i o n  of composites.  

F i n a l l y ,  one can p repa re  ma t r ix  by thermal decomposition of a l i q u i d  o r  a me l t ab le  ma t r ix  pre-  
c u r s o r  l i k e  p i t c h e s  of r e s i n s ,  and analogous t o  t h e  f a b r i c a t i o n  method of a r t i f i c i a l  carbon 
m a t e r i a l s .  I t  can a l s o  b e  a gaseous p recu r so r  as i n  t h e  so -ca l l ed  carbon vapour impregnation 
method, aga in  a p p l i e d  f o r  carbonlcarbon composites and f o r  s i l i c o n  c a r b i d e  composites.  

So f a r  a s  t h e  c o m p a t i b i l i t y  i s  concerned (Table  4 )  t h e r e  i s  no problem t o  u s e  carbon f i b r e s  
and polymers i n  e lementa l  carbon ma t r ix ,  however i n  a l l  o t h e r  ma t r ix  m a t e r i a l s  carbon 
f i b r e s  w i l l  f i n a l l y  react a t  h igh  tempera tures  wi th  t h e  mat r ix .  

Table 3 : Fabrication processes fo r  high 
temperature composites 

ncthods S n - ; . l ~ ' s  f o r  application 

Melting of the matrix or A : , g l i c ~ b l e  for C .  P, Sic  and 
application of liquid or o x i d e  fibrcs in polyncrs. 
matrix precursor to be metals m d  classes 
hardened 

Sintcrp.occss of the solid C and Sic metal fibres 
matrix powder (HP) or herd metals, intermetallics 
solidified, formerly liquid 
precursors (sol/gel) C h Oxide filler in oxides 

Reaction sinteri.ng of the 
matrix Sic 

SIC and C fibre in Si,Nq and 

Preparation of the matrix C-fibres in carbon 
in sit" by thermal decompo- C + Sic fibres in Sic 
sition of the matrix and refractory oxides 
precursors 

CVD of the matrix formation C + S I C  in S i C a n d  c 
in situ 

Table 4 : In te rac t ions  between f i b r e s  and 
ma t r i c e s  

1) CHEMICAL 

2 )  P H Y S I C A L  

C O M P A T I B I L I T Y ,  
M A I N L Y  A T  H I G H  TEMPERATURES 
DURING F A R P I C A T I O N  AND A P P L I C A T I O N  
A D H E S l U d  

THERMAL EXPANSION 

A m  INTERNAL STRESSES 
ADHESION 

3 )  MECHANICAL R E I N F O R C I N G  EFFECT AND FRACTURE 
BEHAVIOUR 

AD 1) CHEMICAL COMPATIB I LI TV 

FIBRE MATR I x 

C C. POLYMERS, S I C  + +  

METALS, OXIDES 

S I C  S IC .  C. POLYMERS + +  
OXIDES +. 0 
METALS 0, - 

~~ 

OXIDES O X I D E S  

S I C  
METALS 
C 

+ +  
+ 

+ -  
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Therefore ,  carbon f i b r e s  need some c o a t i n g s  which can  a c t  as a r e a c t i o n  o r  a d i f f u s i o n  
b a r r i e r .  A s  shown i n  F i g . l O , s i l i c o n  c a r b i d e  b a r r i e r  can be  used f o r  re inforcement  of s i l i c o n  
oxide  g l a s s e s  ( r e f . 1 3 ) .  A l t e r n a t i v e  c o a t i n g  materials a r e  t i t a n i u m  c a r b i d e ,  t i t a n i u m  n i t r i d e ,  
s i l i c o n  n i t r i d e  and o t h e r s .  These b a r r i e r s  can b e  depos i t ed  by chemical bu t  a l s o  by p h y s i c a l  
vapour d e p o s i t i o n  p rocess .  I had t h e  oppor tun i ty  t o  r e p o r t  yea r s  ago a l r eady  du r ing  one of 
t h e  prev ious  IUPAC suppor ted  Conferences on High Temperature M a t e r i a l s  a t  Toronto,  Canada 
( r e f . l 4 ) ,  t h a t  such coa ted  carbon f i b r e s  can be  app l i ed  f o r  re inforcement  of me ta l s ,  g l a s s e s ,  
ha rd  m a t e r i a l s ,  ox ides  and o t h e r  h igh  tempera ture  ma t r ix  m a t e r i a l s .  One has  t o  cons ide r ,  
however, t h e  t r a n s p o r t  r a t e s  of t h e  b a s i c  m a t e r i a l  from one s i d e ,  and of t h e  carbon from t h e  
o t h e r  through such c o a t i n g s  which l i m i t  t h e  tempera ture  and r e s idence  t i m e  of a p p l i c a t i o n  a t  
h igh  tempera tures .  

S i l i c o n  c a r b i d e  f i b r e s  a r e  chemica l ly  compat ib le  wi th  g l a s s e s  and l i g h t  me ta l s  a t  e l e v a t e d  
tempera tures  (below 400 "C). T h e i r  a p p l i c a b i l i t y  i n  t h e  chemical compat ib le  h igh  me l t ing  
i n t e r m e t a l l i c s  and oxides  i s  l i m i t e d  because  of t h e  l i m i t e d  tempera ture  r e s i s t a n c e  of t h e s e  
f i b r e s  and t h e  need of h igh  a p p l i c a t i o n  tempera tures  f o r  t h e  composites.  

The boron f i b r e s  do r e a c t  w i th  metals, e s p e c i a l l y  wi th  aluminium. Also  f o r  t h i s  purpose coa- 
t i n g s  have been developed ( s i l i c o n  c a r b i d e  c o a t i n g s  a s  w e l l  as boron c a r b i d e  c o a t i n g s ) .  A t  
t h e  moment i t  seems t h a t  t h e  u s e  of boron f i b r e s  f o r  re inforcement  of aluminium passes  a 
r ena i s sance  because  of t h e  h igh  s t i f f n e s s  and h igh  compressive s t r e n g t h  of such m a t e r i a l s  a t  
e l eva ted  tempera tures  and because  of t h e i r  thermal i n e r t n e s s .  

There i s  no ques t ion ,  t h a t  ox ide  f i b r e s  are compat ib le  wi th  ox ides ,  g l a s s e s  b u t  even a l s o  
wi th  most i n t e r m e t a l l i c s  and me ta l s  because  t h e  r a t e  of ox ida t ion  between s o l i d s  i s  ve ry  low. 
The s u i t a b i l i t y  of ox ide  f i b r e s  i s  n o t  y e t  t e s t e d  comprehensively.  Problems ar ise  a l s o  i n  
f a b r i c a t i o n  of such composites a t  ve ry  h igh  t empera tu resdue to the  r e c r y s t a l l i z a t i o n  of t h e  
f i b r e s  du r ing  t h i s  p rocess ing .  

Bes ides  of t h e  chemical c o m p a t i b i l i t y ,  t h e  phys ica l  and t h e  mechanical c o m p a t i b i l i t y  have t o  
be d i scussed  ( see  Table 4 ) .  

The phys ica l  c o m p a t i b i l i t y  i s  mainly based on t h e  d i f f e r e n c e  i n  t h e  thermal expansion i n  
f i b r e  and ma t r ix .  I n  case of h ighe r  expansion c o e f f i c i e n t  f o r  t h e  ma t r ix  as f o r  t h e  f i b r e  
du r ing  coo l ing  from p rocess ing  tempera ture ,  compression stress on t h e  f i b r e  i s  c r e a t e d ,  which 
improves t h e  f r a c t u r e  behaviour  i n  gene ra l .  The i n v e r s e  c a s e ,  e.g.  i n  g l a s s  ceramics o r  Si02 
g l a s s  t h e  ma t r ix  can s h r i n k  away from t h e  f i b r e  du r ing  cooling.This p rocess  dec reases  adhes ion  
between f i b r e  and ma t r ix .  The adhes ion  between f i b r e  and ma t r ix  i s  p recond i t ion  f o r  s t r e s s  
t r a n s f e r  i n  a composite.  I t  can be  of chemical o r  p h y s i c a l  n a t u r e .  For carbon f i b r e s  i n  poly- 
mers i t  has been shown, t h a t  t h e  chemical n a t u r e  i s  most impor tan t .  I n  f i b r e  ma t r ix  couples  
which a r e  chemica l ly  incompat ib le  a t  h igh  tempera tures ,  t h e  chemical r e a c t i o n  tendency a t  
lower tempera ture  can  i n c r e a s e  we t t ing  du r ing  f a b r i c a t i o n  of t h e  composite and can i n i t i a t e  
a chemical adhes ion .  It i s  known t h a t  f o r  b r i t t l e  composite m a t e r i a l s  l i m i t e d  adhes ion  can 
improve t h e  toughness and a l s o  t h e  impact r e s i s t a n c e  ( r e f . 1 5 ) .  This complicated and d i f f i -  
c i l e  i n t e r a c t i o n  between f i b r e  and ma t r ix  w i l l  b e  d i scussed  l a t e r  on s p e c i a l  c a s e s .  

In  p r i n c i p l e  we can s ta te :  b r i t t l e  f i b r e s  can  toughen b r i t t l e  ma t r i ces  ( r e s i n s  and ce ramics ) ,  
b r i t t l e  f i b r e s ,  however, e m b r i t t l e  d u c t i l e  me ta l s .  

5.  FIBRE REINFORCED HIGH TEMPERATURE POLYMERS, GLASSES AND 
OXIDES 

5.1 Carbon fibre reinforced high temperature resins 

There are two c l a s s e s  of ma t r ix  polymers f o r  h igh  tempera tures ,  t h e  h igh  tempera ture  thermo- 
s e t t i n g  r e s i n s ,  mainly t h e  poly imides ,  and t h e  h igh  tempera ture  the rmop las t i c  r e s i n s ,  h e r e  
polysulphone and e s p e c i a l l y  po lye the re the rke ton .  The upper tempera ture  l i m i t s  f o r  a p p l i c a t i o n  
i s  above 250 up t o  400 "C. It i s  be l i eved  t h a t  t h i s  i s  t h e  upper tempera ture  l i m i t  a ch ievab le  
wi th  o rgan ic  polymers. 

Problems a r i s e  wi th  both  polymer types  i f  cons idered  a s  ma t r ix  m a t e r i a l ,  namely: b r i t t l e n e s s  
i n  c a s e  of t he rmose t t i ng  h igh  tempera ture  r e s i n s  and p rocess ing  d i f f i c u l t i e s  du r ing  f a b r i c a -  
t i o n  of composites w i th  h igh  tempera ture  the rmop las t i c s .  

Fig.11 shows a r e l a t i o n  of t h e  s t r a i n  t o  f a i l u r e  of t h e  n e t  r e s i n s  a g a i n s t  t h e  impact be- 
hav iour .  The h igh  tempera ture  the rmose t t ing  r e s i n s  a r e  p l aced  i n  t h e  l e f t  lower co rne r  of 
t h i s  diagram. Many e f f o r t s  can b e  observed du r ing  l a s t  yea r s  t o  i n c r e a s e  t h e  toughness of t h e  
h igh  tempera ture  the rmose t t ing  r e s i n s  f o r  i n s t a n c e  by inc lud ing  some h igh  tempera ture  thermo- 
p l a s t i c s .  

The h igh  tempera ture  the rmop las t i c s  a r e  i d e a l  as ma t r ix  from t h e  viewpoint of t h e  impact re- 
s i s t a n c e .  They a r e  p laced  i n  t h e  r i g h t  upper co rne r  of t h e  diagram (Fig .11) .  Concerning the 
f a b r i c a t i o n  d i f f i c u l t i e s  of such composi tes i t i s lmown t h a t  t h e  po lye the re the rke ton  i s  n o t  so- 
l u b l e  i n  a s o l v e n t ,  and t h e  m e l t  h a s  such a h igh  v i s c o s i t y  t h a t  i t  i s  d i f f i c u l t  t o  d i s t r i b u t e  
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t h e  ma t r ix  m a t e r i a l  uniformely surround t h e  C-f ibre  monofilament i n  a rowing. Neve r the l e s s ,  
a l l  s p e c i a l i s t s  see i n  t h e  development of composites based on h igh  tempera ture  the rmop las t i c s  
t h e  most promising f u t u r e  s o l u t i o n .  

A s  mentioned be fo re ,  t h e  b r i t t l e n e s s  of CFWs can  b e  reduced by a c a r e f u l  op t imiza t ion  of 
t h e  i n t e r a c t i o n  between f i b r e  and ma t r ix  mainly t h e  adhes ion ,  which should match t h e  re- 
quirement f o r  each ma t r ix  combination ( r e f . 1 5 ) .  The b r i t t l e n e s s  can  be  reduced by a r educ t ion  
of t h e  adhes ion  because t h e  f r a c t u r e  energy i s  p a r t l y  consumed by pul l -out  and by c rack  de- 
v i a t i o n .  The reduced adhes ion ,  however, reduces  a l s o  t h e  t r a n s l a t i o n  of t h e  f i b r e  proper- 
t i e s  i n t o  t h e  composite ( r e f .  16 ) .  

I n  c o n t r a r y ,  t h e  a p p l i c a t i o n  of h igh  s t r a i n  f i b r e s  a l lows  t h e  b e s t  adhes ion  because  t h e  f r a c -  
t u r e  energy i s  p a r t l y  consumed by r e v e r s i b l e  e l a s t i c  deformat ion  of t h e  f i b r e  b e f o r e  f r a c -  
t u r e ,  a l though i n  such c a s e  a pu l l -ou t  of hhe f i b r e  i s  observed f i n a l l y  too .  By such h igh  
s t r a i n  carbon f i b r e s  t h e  impact behaviour  of a b r i t t l e  m a t e r i a l  can cons ide rab ly  b e  improved 
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F i g .  1 1  : Impact strength versus s t r a i n  t o  
f a i l u r e  of ne t  matrix polymers 

Fig.12 : Impact strength of UD CFRPs against  
the f i b r e  volume f r ac t ion  

5.2 Carbon fibres in Si02-glass 

The re inforcement  of t h e  ve ry  b r i t t l e  SiOq-glass by carbon f i b r e s  was desc r ibed  by u s  many 
y e a r s  ago a l r eady  ( r e f . 1 8 ) .  A t  t h a t  t i m e ,  t h e r e  was no need f o r  such composites.  Today, 
however, t h e s e  s i m i l a r  composites a r e  developed by s e v e r a l  r e s e a r c h  p l a c e s  mainly us ing  t h e  
NICALON R - SiC . f ib re s .  The key t o  t h e  s o l u t i o n  of such f i b r e / m a t r i x  combination i n  ou r  
case  was t h e  c o a t i n g  on t h e  f i b r e s  n o t  on ly  a s  p r o t e c t i o n  a g a i n s t  r e a c t i o n  between carbon 
and oxide  bu t  a l s o  a s  we t t ing  and adhes ion  a g e n t .  S o l / g e l  technique  wi th  HP d e n s i f i c a t i o n  
was app l i ed  (compare F i g . 9 ) .  

The b e s t  coa t ing  on carbon f i b r e  f o r  re inforcement  of S i02-g lass  was found t o  be a S i c  coa- 
t i n g  prepared  by chemical vapour d e p o s i t i o n .  Titanium n i t r i d e  c o a t i n g s  have a sma l l e r  impro- 
v ing  e f f e c t .  F ig .13  shows t h e  improvement of t h e  f l e x u r a l  s t r e n g t h  of UD r e i n f o r c e d  com- 
p o s i t e s  and t h e  in f luence  of t h e  f i b r e  con ten t  ( r e f . 1 9 ) .  Most impor tan t  i s  t h e  f r a c t u r e  be- 
hav iour ,  t h e  well-known b r i t t l e  f r a c t u r e  of non r e i n f o r c e d  g l a s s  i s  s h i f t e d  t o  a s t e p l i k e  
f r a c t u r e  behaviour  which i s  t y p i c a l  f o r  f i b r e  r e i n f o r c e d  oxides .  

5.3 Fibre reinforced glasses and oxides 

S i c - f i b r e  r e i n f o r c e d  s i l i c a t e  g l a s s  and g l a s s  ceramic have ga ined  p r a c t i c a l  importance dur ing  
l a s t  yea r s  w i th in  t h e  United S t a t e s  due t o  t h e  a v a i l a b i l i t y  of t h i n  rowings made of s i l i c o n  
ca rb ide  f i b r e s ,  The r e s u l t s  on re inforcement  and f r a c t u r e  behaviour  a r e  comparable wi th  those  
us ing  coa ted  carbon f i b r e s  a s  desc r ibed  by us  be fo re .  

The h igh  tempera ture  s t r e n g t h  of 96 Z s i l i c a  r e i n f o r c e d  wi th  S i c  y a m  i n d i c a t e s  an  a p p l i c a b i -  
l i t y  up t o  t h e  1100 'C r ange  ( r e f . 2 0 ) .  

Also g l a s s  ceramics can be  s u c c e s s f u l l y  r e i n f o r c e d  by S i c .  L i t e z a t u r e  on t h e  e f f e c t  of t h i c k  
CVD S i c  monofilaments on c o r d i e r i t e  i s  a v a i l a b l e  ( r e f . 2 1 ) .  The toughening i s  i n d i c a t e d  i n  
room tempera ture  t e s t s  n o t  only by t h e  inc reased  s t r a i n  t o  f a i l u r e  b u t  a l s o  by s t e p l i k e  
f r a c t u r e .  
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The strengthening and toughening e f f e c t  by S i c  y a m  on l i th ium aluminium s i l i c a t e  i s  shown 
i n  Fig.14 ( re f .22) ,  measured up t o  temperatures of 1100 "C.  Low adhesion i n  these samples 
a t  room temperature because of unfavourable physical  compat ibi l i ty  (thermal expansion of the  
components) e f f e c t s  b e n e f i c i a l l y  t h e  toughness. 

5.4 Fibre reinforced refractory oxides 

The fabr ica t ion  of f i b r e  re inforced g lasses  and g l a s s  ceramic 
because of the  m e l t a b i l i t y  of the  matrix. The problem of f i b r e  reinforcement of re f rac tory  
oxides i s  most d i f f i c u l t  because of the  extremely high s i n t e r i n g  temperatures of t h e  matrix 
and because high pressures  during HP or  HIP processes (high temperature pressure and high 
temperature i s o s t a t i c  pressure)  w i l l  damage the f i b r e s .  The s o l / g e l  technique a s  descr ibed 
before  enables u s  t o  prepare composites with A1203 and with m u l l i t e  a s  matrix. A1203 - f i b r e s  
as  w e l l  a s  carbon f i b r e s  coated by s i l i c o n  carbide were appl ied by u s .  S i l i c o n  carbide rowings 
which were not  a v a i l a b l e  a t  t h a t  time can a l s o  be considered p r e f e r e n t i a l l y  today. Some re- 
s u l t s  on t h e  room temperature proper t ies  of carbon f i b r e  re inforced oxides a r e  shown i n  
Figs. 15 and 16 ( ref .24) .  With A1203 matr ix  only a minor s t rengthening e f f e c t  was found, 
however, t h e  s t r e s s  i n t e n s i t y  f a c t o r  i s  increased considerably. In case of carbon f i b r e  re -  
inforced m u l l i t e  w e  achieved not  only a toughening of the  composite, but a l s o  an e f f e c t i v e  
increase i n  f l e x u r a l  s t rength .  

As conclusion from these r e s u l t s ,  one can expect t h a t  a l s o  shor t  f i b r e  addi t ions  t o  such re- 
f rac tory  oxides w i l l  have a good toughening e f f e c t ,  even i f  no remarkable increase of s t rength  
i t s e l f  i s  achievable. A s  well  known, the  main problem i n  appl ica t ion  of r e f r a c t o r y  cesiamics 
i s  t h e i r  b r i t t l e n e s s .  Such a toughening e f f e c t  has t o  be considered a s  5mportant success, 

composites i s  easy t o  perform 

already.  

Matr ix 
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Fig.16 : S i c  coated carbon f ibres  in I A 1 2 0 3  (tiydrol. techn.) 

Fig.15 : Stress/s t ra in  behaviour of sintered 
ceramics with C-fibres 
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6. FIBRE REINFORCEMENT OF METALS, INTERMETALLICS AND 
CARBIDES 

6.1 Fibre reinforced aluminium 

More than 10 years  ago, boron f i b r e  re inforced aluminium was used a s  s t i f f e n i n g  beams f o r  the  
US Space Shut t le .At the  sametime,we performed a bas ic  study on the  reinforcement of aluminium. 
We used CVD fabr ica ted  boron f i b r e s  on a tungsten s u b s t r a t e  with var ious coat ings (Sic  coa- 
t i n g s  and B4C coat ing)  a s  wel l  a s  s i l i c o n  carbide coated carbon f i b r e s  f o r  comparison. The 
composites f o r  these bas ic  s t u d i e s  were prepared by a melt process .  A c ross  sec t ion  of such 
a composite i s  shown i n  Fig.17 (ref .25) .  The r e s u l t s  of the  reinforcement tes ted  a t  in- 
creasing temperatures up t o  600 O C  a r e  shown i n  Fig.18 (ref .26) .  One can e a s i l y  recognize, 
t h a t  both coat ings on boron f i b r e s  behave s imi la r .  The s t rength  of the  composite with a l l o y  
A 1  6061 a s  matr ix  decreases considerably a t  temperatures above 300 " C .  In  a l a t e r  study 
(ref.27,28) w e  developed p o s s i b i l i t i e s  of technical  f a b r i c a t i o n  processes using boron f i b r e  
aluminium shee ts  as  prepregs and d i f f e r e n t  f a b r i c a t i o n  methods l i k e  the  f o i l  f i l ament ,  t h e  
d i f fus ion  brazing or  t h e  l i q u i d  i n f i l t r a t i o n  processes. It turned out ,  t h a t  a t  t h a t  time the 
s i l i c o n  carbide coat ings on the  boron f i b r e s  a r e  more r e a c t i v e  with the  aluminium a s  the  B4C 
surfaces  and therefore  the f a b r i a a t i o n  process becames more d i f f i c u l t  t o  cont ro l .  In any 
case,  t h e  appl ica t ion  of the th ick ,  b r i t t l e  boron f i b r e s  a s  monofilaments introduces f a b r i -  
ca t ion  problems. F ina l ly  we turned t o  carbon f i b r e  yarns a s  reinforcement and 
we used S i c  coat ings on the  carbon f i b r e s  and very t h i n  sur face  layers  of s i l v e r  a s  wet t ing 
agent. Fig.19 (ref .29)  shows the  r e s u l t s  of s t rength  measurements on UD-composites a t  in- 
creasing temperatures. A s  can be recognized, the  s t rength  increases  by a reinforcement up t o  
1250 MPa and decreases a t  temperatures above 400 O C  only. One can conclude, t h a t  carbon f i b r e  
yarns a r e  more preferab le  f o r  reinforcement of aluminium than boron f i b r e s ,  and one can ex- 
pect  t h a t  s i l i c o n  carbide f i b r e  yarns w i l l  behave s imi la r  ( ref .10,29) .  Obviously 
A1203 f i b r e s  would be a good s u b s t i t u t e  f o r  a l l  
s p i t e  of t h e i r  lower s t rength  because of t h e i r  superior  chemical compat ibi l i ty .  

I n  any aase,  each f i b r e  reinforcement of aluminium causes an embrittlement of the d u c t i l e  
metal which i s  i n  general  a disadvantage f o r  f i b r e  reinforcement of metals. 

however, 
o ther  reinforcement f i b r e s  f o r  aluminium i n  

test-temperature (OC) 
Fig.17 : Aluminium reinforced by CVD B-fibres 

Fig.18 : Mechanical properties of B/B4C- and 
B / S i C  f ibre-reinforced aluminium as 
a function of the test-temperature 
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Fig. 19: Mechanical properties of C-f ibre rein- 
forced aluminium as a function of the 
tes t -  temperature 

Fig.20: Thermophysical properties and electr ical  
conductivity of f ibre  reinforced aluminium 
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The e f f e c t  of re inforcement  of aluminium by t h e  v a r i o u s  f i b r e  types  (boron, s i l i c o n  c a r b i d e ,  
carbon) on t h e  thermophysical p r o p e r t i e s  and on t h e  e lectr ical  c o n d u c t i v i t y  i s  shown i n  
Fig.20 ( r e f . 3 0 ) , i n  dependence of the reinforcement  d i r e c t i o n  of UD-composites. One can see, 
t h a t  f i b r e  r e i n f o r c e d  aluminium measured i n  f i b r e  d i r e c t i o n  can n o t  b e  considered simply as 
c o n s i s t i n g  of a group of p a r a l l e l  r e s i s t o r e s .  

Concerning t h e  thermal c o n d u c t i v i t y  of f i b r e  r e i n f o r c e d  aluminium, carbon f i b r e s  are much 
more advantageous than  boron and s i l i c o n  c a r b i d e  f i b r e s .  The thermal expansion of aluminium 
composites i s  cons ide rab ly  reduced by hhe f i b r e  re inforcement  what i n d i c a t e s  t h a t  some in- 
t e r n a l  stresses have been c r e a t e d  a t  room temperature  du r ing  c o o l i n g  from t h e  me l t ing  pro- 
ces ses .  

6.2 Fibre reinforced intermetallics 

I n  modern material s c i e n c e  i n t e r m e t a l l i c s  such as nickel-aluminides ,  s i l i c i d e s  o r  bo r ides  are 
s t r o n g l y  considered as a f u t u r e  s t r u c t u r a l  material. The re inforcement  by aluminium ox ide  
f i b r e s  i s  promising, t h e r e  do n o t  e x i s t  any d e s c r i p t i o n s  i n  l i t e r a t u r e  so  f a r .  

The i n t e r m e t a l l i c  molybdenum d i s i l i c i d e  (MoSi2) i s  a compound wi th  b e s t  o x i d a t i o n  r e s i s t a n c e  
a t  h i g h e r  temperatures ,  t h a t  means n e a r l y  up t o  1700 "C.  Because of i t s  b r i t t l e n e s s ,  however, 
it has  found f o r  instance a l i m i t e d  t e c h n i c a l  a p p l i c a t i o n  i n  h e a t i n g  element f o r  o x i d i z i n g  
atmosphere so  f a r .  

We t r i e d  t o  apply a ve ry  unusual  re inforcement  method, namely t o  r e i n f o r c e  t h i s  extremely 
b r i t t l e  ma t r ix  by a h igh  d u c t i l e  f i b r e  ( r e f . 3 1 ) .  We used niobium w i r e s  f o r  re inforcement  be- 
cause t h e s e  w i r e s  have a low r e a c t i v i t y  wi th  s i l i c i d e  and are p r a c t i c a l l y  chemical compat ible  
even a t  h i g h e s t  temperatures .  F igs .  21 and 22 g i v e  t h e  r e s u l t s  on t h e  s t r e n g t h  i n c r e a s e  as 
obtained by v a r i o u s  volume f r a c t i o n s  of niobium up t o  40 %. One c l e a r l y  can r ecogn ize  t h e  
toughening as w e l l  as t h e  s t r e n g t h  increase. 

The exp lana t ion  f o r  t h i s  behaviour  can b e  seen from Fig.23. I n  s p i t e  of the b r i t t l e  f r a c t u r e  
of t h e  surrounding ma t r ix ,  t h e  r e i n f o r c i n g  f i b r e s  show on ly  a p l a s t i c  deformation.  

Fig.21: Fracture surface of the Nb wire 
reinforced MoSi2 

Fig.23: Nb/MoSi~-fracture a f t e r  bending 
t e s t  a t  room temperature 

DEFLECTION Imml 
Fig.22: Stress  s t r a i n  behaviour of composites 

of intermetal l ics  
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Fig.24: S t r e s s  s t r a i n  diagram of f i b r e  re in-  
forced S i c  i n  comparison with tha t  of 
monolithic Sic 

3 



298 E. FITZER 

This  p r i n c i p l e  of re inforcement  reminds t o  t h e  re inforcement  of c o n c r e t e  by s t e e l .  In t h i s  
connec t ion  t h e  replacement of s t e e l  re inforcement  i n  p r e s t r e t c h e d  c o n c r e t e  by g l a s s  should b e  
mentioned. POLYSTAL of BAYER e x i s t s  of g l a s s  f i b r e  bundles  p ro tec t ed  by polymer surroun- 
d ing .  The h igh  s t r e n g t h  of such t h i n  g l a s s  f i b r e  tows i s  used f o r  re inforcement  of c o n c r e t e  
and i s  i n  p r a c t i c a l  e a s t  as load  c a r r y i n g  m a t e r i a l  f o r  a t r a f f i c  b r i d g e  a t  Cologne s i n c e  one 
yea r  ( r e f . 3 2 ) .  

Such p r i n c i p l e s  of re inforcement  of very  b r i t t l e  m a t e r i a l s  by d u c t i l e  r e i n f o r c i n g  elements 
bu t  w i thou t  a homogeneous d i s t r i b u t i o n  of t h e  re inforcement  f i b r e s  can b e  a new way € o r  f a -  
b r i c a t i o n  and a p p l i c a t i o n  of h igh  tempera ture  composites.  

6.3 Fibre reinforced silicon carbide 

S i l i c o n  c a r b i d e  and a l s o  s i l i c o n  n i t r i d e  are most i n t e r e s t i n g  h igh  tempera ture  m a t e r i a l s  which 
a r e  ex t remely  r e s i s t a n t  a g a i n s t  o x i d a t i o n  a t  tempera tures  above 1000 O C ,  t h a t  means above 
t h e  a p p l i c a t i o n  l i m i t s  of n i c k e l  based super  a l l o y s  and can  b e  used up t o  working tempera- 
t u r e s  of 1450 'C i n  a i r .  

They can  b e  r e i n f o r c e d  by s i l i c o n  c a r b i d e  f i b r e s  o r  by s i l i c o n  c a r b i d e  whiskers  b u t  a l s o  by 
s i l i c o n  c a r b i d e  coa ted  carbon f i b r e s .  The main problem of such composites i s  t h e i r  f a b r i c a -  
t i o n  as s i l i c o n  c a r b i d e  and s i l i c o n  n i t r i d e  are very  d i f f i c u l t  t o  s i n t e r  by powder me ta l lu r -  
g i c a l  methods and i f ,  than  only under h igh  p res su re .  S i l i c o n  c a r b i d e  f i b r e s  i n  sur rounding  
powder, however, do n o t  t o l e r a t e  h igh  p r e s s u r e d u r i n g  f a b r i c a t i o n  of composites.  

The t e c h n i c a l  f a b r i c a t i o n  of non r e i n f o r c e d  s i l i c o n  c a r b i d e  and n i t r i d e  i s  performed by re- 
a c t i o n  s i n t e r i n g .  One can cons ide r  t o  apply  t h i s  method a l s o  t o  f a b r i c a t e  composites.  Re- 
a c t i o n  s i n t e r i n g  means i n  s i t u  r e a c t i o n  of a carbon p recu r so r  ma t r ix  by molten o r  vapourized 
s i l i c o n  o r  by n i t r i f i c a t i o n  of a m e t a l l i c  s i l i c o n .  I f  t r a n s f e r r e d  t o  f a b r i c a t i o n  of compo- 
s i tes ,  t h e  r e a c t i o n  s i n t e r i n g  method i s  d i f f i c u l t  t o  perform because  S i c  c a r b i d e  and C- 
f i b r e s  are s e n s i t i v e  a g a i n s t  r e a c t i o n  wi th  molten s i l i c o n  o r  a g a i n s t  n i t r i f i c a t i o n .  

There i s  ano the r  method which can b e  a p p l i e d  t o  f a b r i c a t e  s i l i c o n  c a r b i d e  f i b r e  r e i n f o r c e d  
composites,  t h a t  i s  t h a t  of chemical vapour d e p o s i t i o n  o r  chemical vapour impregnation, t h e  
same method a s  app l i ed  i n  f a b r i c a t i o n  of c a r b o d c a r b o n  composites ( s e e  l a t e r ) .  

F ig .24  shows from l i t e r a t u r e  ( r e f .33 )  t h e  comparison of a 1D S i c  f i b r e  / S i c  m a t r i x  composite 
with a monolythic s i l i c o n  c a r b i d e .  I n  p r i n c i p l e  no i n c r e a s e  of s t r e n g t h  i s  achieved ,  bu t  a n  
enormeous improvement of t h e  toughness ( i n c r e a s e  of t h e  s t r a i n  t o  f a i l u r e ) .  

F ig .25  shows t h e  h igh  tempera ture  s t renghh ( s h o r t  t i m e  t e s t )  of f i b r e  r e i n f o r c e d  composites 
compared wi th  t h a t  of non-re inforced  s i l i c o n  c a r b i d e  materials as publ i shed  by u s  and supple- 
mented by o t h e r  a u t h o r s " ( r e f . 3 4 ) .  An improvement of s t r e n g t h  i s  found, b u t  t h e  advantage  i n  
improved toughness seems t o  b e  even more impor tan t .  Fig.26 shows r e s u l t s  of t h e  stress in t en -  
s i t y  f a c t o r  i n  dependence of t e s t i n g  tempera ture  ( r e f . 3 5 ) .  

P repa ra t ion  of s i l i c o n  c a r b i d e  composites by vapour d e p o s i t i o n  i s  i n  any c a s e  a ve ry  c o s t l y  
procedure .  R e s u l t s  of b a s i c  s t u d i e s  on t h e  a p p l i c a b i l i t y  of t h e  r e a c t i o n  s i n t e r i n g  f o r  f a b r i -  
c a t i o n  of composites can b e  seen  from Fig .27 .  Here aga in ,  more b e n e f i c i a l  e f f e c t  i s  t h e  in- 
c r eased  toughness ( s t r a i n  t o  f a i l u r e ) .  The carbon p recu r so r  mod i f i ca t ion  was t h e  r e a c t i o n  
parameter used t o  in f luence  t h e  f i n a l  p r o p e r t i e s  of t h e  composites.  Th i s  p recu r so r  forms t h e  
carbon b r i d g e s  between t h e  f i b r e s  which are s i l i c o n i z e d  du r ing  r e a c t i o n  s i n t e r i n g .  h e  has  t o  
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Fig.25: High temperature f l exura l  s t rength  of 
Sic-based ceramics 

I L B e r n h a r t  et al, 1985 
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Fig.26: S t ress  i n t ens i ty  f ac to r  of f i b r e  rein- 
forced S i c  
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Fig.27: Stress s t ra in  diagram of RE silicon 
carbide composites 
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Fig.28: Impregnation of carbon/carbon 
with s i l icon melt 

consider t h a t  by reac t ion  s i n t e r i n g  ( s i l i c o n i z i n g  with molten s i l i c o n )  t h e  carbon binder 
increases  i n  volume. S t ruc ture  and porosi ty  of these carbon br idges t o  be s i l i conized  have a 
dec is ive  e f f e c t  on the  f i n a l  mechanical proper t ies -of  the  s i l i c o n  carbide f i b r e s  re inforced 
s i l i c o n  carbide composite. Fig.28 gives  an idea how reac t ion  s in te red  f i b r e  re inforced si l i-  
con carbide looks l i k e .  It can be expected, t h a t  the  fabr ica t ion  method by reac t ion  s i n t e r i n g  
can o f f e r  an i n d u s t r i a l  way t o  produce economically such i n t e s e s t i n g  mater ia l s ,  no t  only with 
continuous (endless) f i b r e s  but  a l s o  f o r  appl ica t ion  of whiskers i n  re inforced s i l i c o n  car-  
bide ( r e f .  38). 

7.  CARBON FIBRES I N  CARBON MATRIX-THE IDEAL COMBINATION 
FOR APPLICATIONS AT HIGHEST TEMPERATURES 

Carbon/aarbon composites or  more prec ise ly  carbon f i b r e  re inforced carbon composites a r e  the  
high temperature mater ia l s  par excellence. The s p e c i f i c  s t rength  measured a t  temperatures 
up t o  3000 K i s  shown i n  Fig.29 (ref .37) .  Fig. 30 shows a cross  sec t ion  of a UD composite 
with 60 v% of carbon f i b r e s  combined with a carbon matrix. By high temperature hea t  teeatment 
above 2500 O C  a very d u c t i l e  synthe t ic  graphi te  matrix i s  performed. 
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Fig.29:  High temperature strength of CFRC 
pyrolytic graphite and ATJ f ine  
grained graphite 

Fig.30: Cross section of UD reinforced 
C-f ibre/C-matrix composites with 
60 V X  C-fibres 

It has  been shown with S i c  and o ther  b r i t t l e  composites a l ready t h a t  two methods can be  
appl ied f o r  f a b r i c a t i o n  of such composiees, the  CVD (CVI) and the  l i q u i d  impregnation method. 
In  t h e  f i r s t  one t h e  carbon matrix i s  bmil t  up by gas phase deposi t ion,  i n  the  second one by 
carbonizat ion of a l i q u i d  matr ix  precursor  and repeated impregnation, recarboiaiaation s teps .  
Comprehensive l i t e r a t u r e  on the  subject  was presented recent ly  ( re f .38) .  

CarbonJcarbon composites a r e  re inforced i n  hhree o r  more d i rec t ions .  In such a way, a near ly  
i s o t r o p i c  reinforcement can be achieved. The absolu te  s t rength  values  exceed those of con- 
vent ional  polygranular carbon and graphi te  mater ia l s  by the  f a c t o r  10. The s t r e s s  s t r a i n  cur -  
va tures  a r e  character ized by a s tep- l ike f r a c t u r e  behaviour, a s  shown i n  Fig.31 ( re f .38) .  
Post heat  treatment a t  h ighes t  Cmperatures has a12 d i s t i n c t  toughening e f f e c t .  
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Fig.31: Fracture behaviour of C/C-composites Fig.32: Toughening effect  in b r i t t l e  materials 
measured by 3-point bend flexure tes t  by f ibres  ( l e f t )  and s l i t  pores ( r ight)  

The explanation f o r  t h i s  superior  mechanical behaviour i s  t o  be seen i n  the  presence of s l i t  
pores i n  t h e  whole s t r u c t u r e .  Cracks s t a r t i n g  from everywhere a r e  very soon stopped o r  devia- 
ted by the  pores, and f r a c t u r e  energy i s  consumed i n  such a way (see Fig.32) ( re f .39) .  

Astonishing i s  a l s o  the  high f a t i g u e  behaviour. Af te r  more than some mi l l ions  cycles  s t i l l  
70 t o  80 % of the  o r i g i n a l  modulus and s t rength  a r e  conserved. 

Combinations of t h i s  i n t e r e s t i n g  mechanical behaviour with a very low thermal expansion and 
t h e  extremely high thermal conduct ivi ty  o f f e r s  a mater ia l  with high thermal shock res i s tance .  

The only severe disadvantage i s  the  s e n s i t i v i t y  aga ins t  oxidat ion a t  temperatures above . 
600 "C. In  t h e  temperdldmre range up t o  800 O C  the  oxidat ion r a t e  can be reduced by i n h i b i t o r s  
l i k e  phosphates, bora tes ,  s i l i c a t e s  a s  indicated i n  Fig.33 ( re f .40) .  A t  higher temperature 
only coat ings o f f e r  a protect ion.  

S i l icon  carbide coat ings have been applied f o r  carbon/carbon composites f o r  the  space s h u t t l e  
(pack cementation and impregnation with hydroliedd s i l i c a t e  e s t e r s )  ( re f .37) .  However, even 
t h i s  pro tec t ion  i s  l imi ted  i n  t i m e  and temperature and the  e f f o r t s  i n  numerous research 
centers  a l l  over t h e  world a r e  concentrated on development of a b e t t e r  pro tec t ion  aga ins t  
oxidation. 

One way i s  impregnation with s i l i c o n  carbide or  oxides. It  has  been proved, however, t h a t  
the  exchange of carbon matrix by such b r F t t l e  binder mater ia l s  reduces the  superior  tough- 
ness  and such compesites become b r i t t l e .  The challenge t o  develop high temperature mater ia l s  
with very good oxidation res i s tance  seems t o  be  i n  a t r a n s f e r  of t h e  idea l  i n t e r n a l  s t ruc-  
t u r e  of carbodaarbon composites with s l i t  pores and f i b r e  reinforcement (compare Fig.32) t o  
re f rac tory  oxidds, s i l i c o n  carbide,  s i l i c o n  n i t r i d e  o r  in te rmeta l l ics .  

It i s  hoped t o  hwre shown t h a t  no mater ia l s  commercially ava i lab le  so f a r  o r  i n  development 
can f u l f i l l  t h e  request  of most advanced design proposals of the  engineer. But one can re-  
cognize from t h i s  paper t h a t  t h e r e  a r e  several  ways t o  approach t h e  u l t imate  requirements. 
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M 

Fig. 33: Effec t  of i n h i b i t o r s  and coat ings 
on the  isothermic oxidat ion of 
C / C  composites (50 vol .  % Mod.1 
C-fibres, 4 t i m e s  p i t c h  
impregnated, 1400 OC f i n a l  HTT) 
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