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SUMMAKY 

Silsesquioxanes having the general structure RSiO1.5, where R = methyl, 
propyl, or phenyl, melt flow at 70 to 100 "C. Above 100 "C, free -OH groups 
condense. At 225 "C further crosslinking occurs, and the materials form ther- 
mosets. Pyrolysis, with accompanying loss of volatiles, takes place at nomi- 
nally 525 "C. At higher temperatures, the R group serves as an internal carbon 
source for carbothermal reduction to SIC accompanied by the evolution of CO. 
By blending silsesquioxanes with varying R groups, both the melt rheology and 
composition of the fired ceramic can be controlled. Fibers can be spun from 
the melt which are stable i n  argon to 1400 "C. The silsesquioxanes also have 
been used as matrix precursors for Nicalon and a-SiC platelet reinforced 
composites. 
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INT HODUCTION 

Utilization of polymeric precursors to ceramic fibers and ceramic matrix 
composites offers ease of processing at low temperatures, and the opportunity 
to produce small diameter, continuous fibers and complex-shaped, flaw tolerant, 
ceramic composite parts. 

Polysilsesquioxane gels having the general formula (RSi01a5), have been 
used to produce SIC powders (refs. 1 and 2). Since the carbon is covalently 
bonded to the silicon, the ratio of C/Si i n  the starting material, the extent 
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o f  c r o s s l i n k i n g  and t h e  p y r o l y s i s  cond i t i ons  determine the  y i e l d  and p r o p e r t i e s  
o f  t h e  r e s u l t i n g  powders. 

Proposed polys i lsesquioxane s t r u c t u r e s  a r e  shown i n  f i g u r e  1. I t i s  pre-  
sumed t h a t  the unordered s t r u c t u r e  i s  t h e  more common, b u t  t h a t  lower molecular  
weight molecules, p a r t i c u l a r l y  those w i t h  R = phenyl, may adopt t h e  ladder  con- 
fo rma t ion  ( r e f .  3 ) .  The nature o f  t h e  R group and molecular s t r u c t u r e  o f  t h e  
g e l  a l s o  i n f l uence  the  r h e o l o g i c a l  behavior o f  t he  s i lsesquioxanes.  Hence, by 
mod i f y ing  the s t a r t i n g  composi t ion and c ross l i nked  s t r u c t u r e ,  and by forming 
copolymers, cond i t i ons  s u i t a b l e  f o r  processing both smal l  diameter f i b e r s  and 
forming composite matr ices can be determined. 

The cornposition of t he  f i n a l  ceramic w i l l  be determined by t h e  s to ich iom- 
e t r y  o f  t he  polymer or  copolymer, which may undergo severa l  reac t i ons  p r i o r  t o  
reaching a temperature a t  which carbothermal reduc t i on  can occur.  I d e a l l y ,  a 
C / S i  r a t i o  o f  5/2 a t  the onset o f  t h e  carbothermal r e d u c t i o n  should y i e l d  
s to i ch iomet r i c  S I C .  However, dev ia t i ons  f rom t h i s  r a t i o  would be expected t o  
produce other products, i n c l u d i n g  excess carbon, Si02, and S i 0  i n  r o u t e  t o  
the  f i n a l  ceramic ( f i g .  2) .  

This work focuses on demonstrat ing t h e  f e a s i b i l i t y  o f  s i lsesquioxanes as 
p o t e n t i a l  precursors t o  both small  diameter f i b e r s  and ceramic ma t r i ces  f o r  
continuous f i b e r  composites. 

The R groups o f  the polymers s tud ied  inc luded methyl ,  p ropy l ,  phenyl, and 
v i n y l ,  as w e l l  as copolymers o f  these. Composites r e i n f o r c e d  w i t h  N ica lon  
f i b e r  were f a b r i c a t e d  and character ized by o p t i c a l  microscopy, scanning e lec -  
t r o n  microscopy (SEM), TGA, d i f f e r e n t i a l  thermal a n a l y s i s  (DTA), and d i l a tom-  
e t r y  (TMA). F ibers were s tud ied by SEM. 

Experimental polymethyl-,  polyphenylpropyl- ,  polyphenyl- ,  and polyphenyl -  
v iny ls i lsequioxanes were purchased from Petrarch Systems, B r i s t o l ,  PA. N i ca lon  
f i b e r ,  a product o f  Nippon Carbon, Tokyo, was obtained from Dow Corning, 
Midland, M I .  The S I C  p l a t e l e t s  a r e  a product  o f  American M a t r i x ,  Inc. ,  
K n o x v i l l e ,  TN. 

l h e  polysi lsesquioxanes were cha rac te r i zed  by thermogravimetr ic a n a l y s i s  
(TGA), microdie lect rometry ,  Fou r ie r  t rans fo rm i n f r a r e d  (FTIR) spectroscopy, 
and phys ica l  observat ion.  TGA s tud ies  were c a r r i e d  out  a t  severa l  hea t ing  
r a t e s  us ing a Perkin-Elmer TGS-2 on both as-received samples and Nlca lon/  
s i lsesquioxane composites. 

D i e l e c t r i c  mon i to r i ng  was conducted us ing a Micromet Eumetrlc System 11. 
Polysi lsesquioxane powders were melted onto t h e  d i e l e c t r i c  sensor t o  o b t a i n  
good wett ing,  and t h e  sensor and sample then heated i n  a DSC c e l l .  Measure- 
ments were obtained simultaneously a t  1, 10, 100, 1000, and 10 000 Hz.  F T I R  
spectra were obta ined on f i l m s  c a s t  from t e t r a h y d r o f u r a n  onto K B r  d i s c s  us ing  
a Perk in  Elmer 1700 spectrophotmeter w i t h  double p r e c i s i o n  sof tware a t  a 
r e s o l u t i o n  of 4 cm-l. 
and the spectra r a t i o e d  t o  KBr a t  t he  same temperature. 

F i l m s  he ld  between two K B r  d i s c s  were heated i n - s i t u  

F ibers were  hand drawn from t h e  po lys i l sesqu ioxane  m e l t  maintained a t  a 
temperature of 120 t o  130 " C .  They were then exposed t o  u l t r a v i o l e t  l i g h t  a t  
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254 nm and a power density of 12 to 15 mW/cm2 for periods of 2 to 25 hr. 
Irradiated fibers were heated from 0 to 225 OC at 3 "C/min, and held at 225 OC 
for 3 hr. The temperature then was increased at 3 OC/min to 1000, 1200, or 
1400 "C. Fibers were heated in an argon or nitrogen atmosphere, and charac- 
terized by scanning electron microscopy (SEM). 

Composites were fabricated by winding Nicalon fiber at 14 turns/cm on a 
mandrel, and coating the fiber with the polysilsesquioxane melt at a tempera- 
ture of nominally 150 "C. A commercial silicone glycol surfactant, Dow Corning 
A57, was added to some resin batches to increase flow. Addition of A57 was at 
a ratio of 3.75 ml additlve per 50 gm of polysilsesquioxane powder. The pre- 
preg was removed from the mandrel, cut and stacked 10 plies high in a matched 
metal die mold. The mold was inserted into a cold press. Contact pressure 
was applied and press temperature was increased to 150 OC; these conditions 
were maintained for 3 hc. The temperature was increased to 225 "C, 689 Pa 
pressure applied, and temperature and pressure maintained for 90 min. Compos- 
ites were pyrolyzed in air at 525 OC for 2 hr. Pyrolyzed composites were 
heated at 3 "C/min to 1000, 1200 or 1400 OC in flowing argon. 

Platelet reinforced composites were formed by mixing the platelets with 
the dry ground polysilsesquioxane powders and hot pressing. 
added at a ratio of 7.88 gm per 6.24 gm powder, nominally 50 vol 7. 

Platelets were 

Composites were characterized by optical microscopy, SEM and energy dis- 
persive spectroscopy (EDS), wavelength dispersive spectroscopy (WDS), and 
thermal expansion. 

RESULTS AND DISCUSSION 

Polysilsesquloxanes 

Four polysilsesquioxanes were screened initially: polymethyl-, 
polyphenylpropyl-, polyphenyl-, and polypheny lv iny ls i lsesquioxane .  Of these, 
the polymethyl and polyphenylpropyl exhibited superior rheologlcal behavior; 
these were studied both individually and as copolymer blends. 
phenylpropyl copolymer contains seven phenyl groups to three propyl, and was 
blended with the methyl polymer to produce an initial C/SI ratio of nominally 
5/2, denoted as Batch 2. The Batch 1 material contained a slightly higher 
initial concentration of phenyl groups. 

The as-received 

Weight change as a functton of temperature for both batches obtained at a 
heating rate of 5 "C/min in nitrogen is shown in figure 3. Between ambient 
temperature and 1000 "C weight transittons are observed at approximately 
200 and 525 OC, with a possible third, smaller change at nominally 750 "C. 
The first of these is more pronounced for the higher methyl composition. 

Infrared spectra of thin films heated between KBr discs were obtained to 
characterize the lower temperature region (23 to 235 "C). The FTIR spectra of 
polyphenylpropylsilsesquioxane are shown In figure 4. The as-received materi- 
als exhibit an H-bonded OH stretch between 3600 and 3200 cm-l, as well as a 
silanol peak at 943 to 835 cm-1, which both disappear on heating to 150 OC. 
The Si-0-Si peak i n  the 1240 to 955 cm-1 region, comprised of several over- 
lapping bands, exhibits an overall increase in intensity, with more substantial 
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Increases a t  1106 and 1035 cm-l, p o s s l b l y  c h a r a c t e r l s t i c  o f  t h e  development 
o f  a more ordered, ladder  polymer. The s p e c t r a l  behavlor o f  po l ymethy l s l l ses -  
quloxane was s l m l l a r  t o  the  phenylpropy l .  The spec t ra  o f  po l ypheny ls l l ses -  
quloxane, by comparison ( f i g .  5 ) ,  has a d i s t i n c t  band a t  1035 cm-l ,  probably  
c h a r a c t e r l s t l c  o f  a g rea ter  degree o f  ladder  polymer, and shows on ly  minor 
changes I n  band shape on heat ing  t o  235 O C .  No r e s i d u a l  s l l a n o l  groups were 
observed. 

Comparisons o f  f l g u r e s  3 and 4 show t h a t  t h e  s l l a n o l  condensation does 
no t  c o n t r l b u t e  s i g n i f i c a n t l y  t o  any weight  change, w h l l e  t h e  TGA t r a n s l t l o n  a t  
200 "C i s  accompanied by changes I n  the  Si -0-SI  s t r u c t u r e .  

Mon l to r ing  r e s i s t l v l t y  ( c o n d u c t i v i t y - l )  ( r e f .  4) ( f l g .  6) f o r  t he  mixed 
polys l lsesquioxanes (Batch 2) shows t h a t  as t h e  temperature I s  Increased f rom 
ambient t o  225 "C,  then he ld  a t  225 "C f o r  2 h r ,  t he  r e s l s t l v l t y  l n l t l a l l y  
decreases w l  t h  temperature, correspondlng t o  a decrease I n  v l s c o s l t y ,  then 
increases as t he  polymer cures, undergoing a thermoset type  of c r o s s l l n k l n g .  
( A t  t h i s  stage the  polymer does no t  remel t . )  An expanded p l o t  o f  t h e  i n i t i a l  
30 rnin o f  the r e a c t i o n  i s  shown i n  f l g u r e  7. The phys i ca l  observa t ion  o f  
b o i l i n g  o f  t he  polymer b lend a t  180 O C  corresponds t o  t h e  onset o f  t h e  f i r s t  
TGA t r a n s i t l o n  ( f i g .  3 ) .  The p o l n t  on the  curve l a b e l l e d  " f l o w "  corresponds 
t o  a v i s c o s i t y  e m p l r l c a l l y  found s u l t a b l e  f o r  f l b e r  impregnat lon,  w h l l e  t h a t  
I n d i c a t e d  as " f i b e r s "  was approp r ia te  f o r  f i b e r  format lon.  

F ibers  

F lbers 30 t o  40 pm I n  diameter were hand drawn from t h e  po lys l l sesqu loxane 
m e l t  i n  lengths f rom 4 t o  8 f t ,  a t  a temperature o f  120 t o  130 O C .  As drawn 
f l b e r s  w i l l  remel t  on f u r t h e r  heat ing,  t h e  polys l lsesquloxanes c r o s s l l n k  on uv 
I r r a d i a t i o n  a t  254 nm; however, the  e x t i n c t i o n  c o e f f l c l e n t  I s  high, so t h a t  
c r o s s l l n k i n g  occurs on the  sur face and n o t  throughout the  bu lk  o f  t he  f l b e r .  

F ibers i r r a d l a t e d  f o r  3 and 25 h r  a r e  shown I n  f i g u r e  8. Fo l low ing  uv 
exposure, the t i p  of t he  f i b e r  was touched aga ins t  a h o t  p l a t e ,  r e m e l t i n g  the  
noncrossl inked bu lk  polymer, and r e v e a l i n g  a c ross l i nked  s h e l l  which does n o t  
me l t .  A t  3 h r  ( f i g .  8 ( a ) )  t h i s  s h e l l  I s  q u i t e  t h i n  (<2 pm). As exposure t ime 
I s  Increased, t h i s  c ross l i nked  m a t e r l a l  shr lnks  r e l a t i v e  t o  the  bu lk  o f  the  
f l b e r ,  s p l l t t l n g  the  f l b e r  ( f l g .  8 ( b ) ) .  Hence, t h e  e n t l r e  f l b e r  cannot be 
c ross l inked by uv i r r a d i a t i o n .  However, once even a t h i n  c ross l i nked  s h e l l  
has been formed, the  f i b e r  can be heated t o  225 " C  and the  f i b e r  b u l k  cross-  
l i n k e d  thermal ly ,  as shown by the  d i e l e c t r i c  changes I n  the  polymer which occur 
a t  t h i s  temperature ( f i g .  6) .  Once the  b u l k  o f  t he  f i b e r  has undergone cross-  
l i n k l n g ,  the f i b e r s  can be heated f u r t h e r  w i t h o u t  l o s l n g  t h e i r  shape. F ibe rs  
heated t o  1000, 1200, and 1400 "C I n  argon and f r a c t u r e d  by hand a re  shown I n  
f i g u r e  9. Uv exposure was decreased t o  as l i t t l e  as 2 h r  I n  some cases w i t h o u t  
a f f e c t i n g  the f i b e r s '  a b l l l t y  t o  su rv l ve  t o  h i g h  temperatures. 

Composltes 

Nlca lon/s l lsesquioxane composites a r e  shown as ho t  pressed i n  f l g u r e  10. 
The r e s i n  e x h i b i t s  good f l o w  i n t o  the  f l b e r  tow, produc1ng.few voids.  
expansion measurements made as the  ho t  pressed composite i s  heated f u r t h e r  

Thermal 
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( f i g .  11) show a r e g i o n  o f  r a p i d  expansion between 100 t o  200 " C .  As t h e  p o l y -  
mer m a t r i x  begins t o  cure, t h e  expansion, wh i l e  s t i l l  p o s i t i v e ,  decreases i n  
s lope. Above 460 "C, as p y r o l y s i s  occurs, the composite sh r inks ,  corresponding 
t o  t h e  onset o f  weight  l oss .  I n  u n i d i r e c t i o n a l  composites t h i s  shr inkage i s  
accompanied by t h e  fo rma t ion  o f  m a t r i x  cracks ( f i g .  12).  P l a t e l e t  r e i n f o r c e d  
composites d i d  n o t  e x h i b i t  t h e  sur face cracking observed f o r  t h e  N ica lon  r e i n -  
f o rced  m a t e r i a l .  They d i d  n o t  undergo dimensional changes on p y r o l y s i s ,  b u t  
developed more u n i f o r m l y  d i s t r i b u t e d  m a t r i x  p o r o s i t y  ( f i g .  13).  

Composites which were pyro lyzed a t  525 "C were subsequently heated a t  
3 "C/min i n  argon t o  1000, 1200, o r  1400 "C, then f r a c t u r e d  a t  room temperature 
i n  t h r e e  p o i n t  bending a t  a span t o  depth r a t i o  o f  32: l .  
a r e  shown i n  f i g u r e  14. I n  t h e  sample heated t o  1000 O C  ( f i g .  14(a)) ,  f i b e r  
p u l l o u t  i s  observed on the  t e n s i l e  surface, as i s  a shear f a i l u r e  a t  midplane. 
A f t e r  hea t ing  t o  1200 "C ( f i g .  14 (b ) ) ,  f a i l u r e  o f  f i b e r  bundles, r a t h e r  than 
i n d i v i d u a l  f i b e r  p u l l o u t ,  predominates. I n  the sample heated t o  1400 O C  

( f i g .  1 4 ( c ) ) ,  r e a c t i o n  between the  f i b e r  and t h e  m a t r i x  appears t o  have 
occurred. The t e n s i l e  and compressive surfaces a r e  n o t  r e a d i l y  d i s t i n g u i s h -  
able,  and the  f r a c t u r e  i s  c h a r a c t e r i s t i c  o f  b r i t t l e  f a i l u r e .  

F rac tu re  surfaces 

A p iece  o f  t he  Nica lon/s i lsesquioxane composite which had been heated t o  
1200 "C i n  argon was vacuum i n f i l t r a t e d  w i t h  epoxy, po l ished,  and examined by 
EDS t o  map s i l i c o n  and WDS t o  map carbon and oxygen. 
f i g u r e  15. The b r i g h t  areas on t h e  carbon map correspond t o  epoxy. Comparison 
o f  t h e  m a t r i x  w i t h  the  Nica lon f i b e r s  shows t h a t  t h e  carbon content  o f  bo th  i s  
comparable. The s i l i c o n  content  o f  t h e  f i b e r s  i s  s l i g h t l y  g r e a t e r  than t h a t  
o f  t h e  m a t r i x ,  w h i l e  the oxygen content  i s  s l i g h t l y  lower. 

Resul ts a r e  shown i n  

CONCLUSIONS 

Polysi lsesquioxanes show p o t e n t i a l  as precursors t o  bo th  smal l  diameter 

Low temperature p r o c e s s i b i l i t y  o f  bo th  f l b e r s  and com- 

f i b e r s  and ceramic matr ices.  
prov ides a means o f  c o n t r o l l i n g  both the melt rheology and s to i ch iomet ry  o f  
t h e  ceramic product .  
p o s i t e s  has been demonstrated. 

M o d i f i c a t i o n  o f  t h e  polys i lsesquioxane s t r u c t u r e  

M a t r i x  c rack ing  and shrinkage observed i n  u n i d i r e c t i o n a l  composites r e i n -  
forced w i t h  N ica lon  suggests the need t o  explore two- and three-dimensional 
weaves as opposed t o  c rossp ly  composite layup. 
demonstrated t h a t  l a r g e  scale m a t r i x  cracking can be minimized o r  e l i m i n a t e d  
i n  f a v o r  o f  more u n i f o r m l y  d i s t r i b u t e d  ma t r i x  p o r o s i t y .  

P l a t e l e t  re in forcement  has 
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SILSESQUIOXANES 
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FIGURE 1. - STRUCTURE O i  POLYSILSESQUIOXANES. 
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FIGURE 3. - TGA OF MIXED POLYSILSESQUIOXANES OBTAINED AT 5 OC/HIN IN  NITROGEN. 
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FIGURE 5 .  - F T I R  SPECTRA OF POLYPHENYLSILSESQUIOXANE. 
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FIGURE 8. - POLYSILSEQUIOXANE FIBERS FOLLOWING UV EXPOSURE AT 254 
FOR ( A )  3 AND (B) 25 HR. 

9 



FIGURE 9.  - POLYSILSESQUIOXANE FIBERS HEATED I N  ARGON TO ( A )  1OOO. 
(B) 1200. AND ( C )  1400 OC. 

10 



0 
m 

0 

r 

I 
I 

m 
h 

0 
9 

A 
z 
0 
v) z 
a 
X 
W 

- 

0 
0 

0 
9 

FIGURE 10. - AS HOT-PRESSED HICALON/SILSESOUIOXANE C W O S I T E .  
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) NICALON/SILSESQUIOXANE COMPOSITE 
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FIGURE 11. - THERMAL EXPANSION OF A NICALON/SILSESQUIOXANE COMPOSITE 

KASURED THROUGH THE THICKNESS OF THE COMPOSITE. 
EXPANSION ARE INDICATED FOR EACH REGION. 
POSITE WITH TEMPERATURE I S  SUPERIMPOSED FOR COMPARISON. 
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FIGURE 12. - COMPOSITE SURFACES OF NICALON/SILS€QUIOXANE COMPOSITES 
( A )  AFTER PYROLYSIS AT 525 OC FOR 2 HR AND (B) FOLLOWING SUBSE- 
QUENT HEATING TO 1000 O C .  
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FIGURE 14. - FRACIURE SURFACES OF NICALON/SILSESQUIOXANE C W O S I T E S  
HEATED TO (A) 1ooO. ( E )  1200. AND (C) 1400 OC. THEN FRACTURED AT 
ROOn TEMPERATURE IN THREE-POINT ENDING. 
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FIGURE 15. - ELEMENTAL .COMPOSITION BASED ON EDS AND KDS OF NICALON/SILSESQUlOXANE COMPOSITE HEATED TO 1200 OC I N  ARGON. 
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