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Lewis Research Center 
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SUMMARY 

Commercial ly avai  labAe polymer-der ived Sic f i b e r s  were t r e a t e d  a t  tempera- 
t u r e s  from 1000 t o  2200 C i n  vacuum and argon gas pressures o f  1 and 1360 atm. 
E f f e c t s  o f  i n c r e a s i n g  i n e r t  gas pressure on the  thermal s t a b i l i t y  o f  t h e  f i b e r s  
were determined through s t u d i e s  o f  the  f i b e r  m i c r o s t r u c t u r e ,  weight  loss, g r a i n  
growth, and t e n s i l e  s t r e n g t h .  
s h i f t  the  onset  o f  f i b e r  weight  loss from 1200 to  above 1500 C.  Gra in  growth 
and t e n s i l e  s t r e n g t h  degradat ion were c o r r e l a t e d  w i t h  weight  loss and were  thus 
a l s o  i n h i b i t e d  by h i g h  pressure t reatments.  Retreatment i n  1 atm argon o f  the  
f i b e r s  i n i t i a l l y  t r e a t e d  a t  1360 atm argon caused f u r t h e r  weight  loss and t e n s i l e  
s t r e n g t h  degradat ion,  thus i n d i c a t i n g  t h a t  h i g h  pressure i n e r t  gas c o n d i t i o n s  
were e f f e c t i v e  o n l y  i n  d e l a y i n g  f i b e r  s t r e n g t h  degradat ion and t h a t  no permanent 
m i c r o s t r u c t u r a l  changes were induced. 

The 1360 atm argon gas t rea tmezt  was found t o  

INTRODUCTION 

With the  growing t e c h n i c a l  i n t e r e s t  i n  f i b e r - r e i n f o r c e d  ceramic m a t r i x  compos- 
i t e s ,  t h e  demand i s  c o n t i n u a l l y  i n c r e a s i n g  for ceramic f i b e r s  w i t h  the  p r o p e r t i e s  
necessary for y i e l d i n g  cgmposites w i t h  h i g h  s t r e n g t h ,  h i g h  toughness, and tempera- 
t u r e  c a p a b i l i t y  t o  1400 C and above ( r e f .  1 ) .  Commercial ly a v a i l a b l e  polymer- 
d e r i v e d  Sic f i b e r s  o f f e r  many o f  these propegt ies  b u t  show s i g n i f i c a n t  
degradat ion i n  t e n s i l e  s t r e n g t h  beyond 1200 C ( r e f s  2 t o  4 ) .  The g e n e r a l l y  
accepted mechanism for t h e  thermal ly- induced degradat ion i s  an inc rease i n  
p o r o s i t y  and f l a w  growth due t o  i n t e r n a l  r e a c t i o n s  near 1200 "C i n v o l v i n g  excess 
C and Si02 which are present  throughout the  as-produced f i b e r  s t r u c t u r e  
( r e f .  5). 
&Sic t h a t  e x i s t s  i n  the  as-produced f i b e r  ( r e f s .  4 and 5 ) .  

Another suggested mechanism i s  g r a i n  growth o f  the m i c r o c r y s t a l l i n e  

The o b j e c t i v e  o f  t h i s  work was to  determine the f e a s i b i l i t y  o f  improv ing the 
thermal s t a b i l i t y  o f  polymer-der ived Sic f i b e r s  by heat  t reatment  i n  a h i g h  pres- 
sure i n e r t  gas. To accompl ish t h i s ,  measurements were made of  t h e  s t r e n g t h  and 
p h y s i c a l  p r o p e r t i e s  ofocommerc ia l ly  a v a i l a b l e  Sic f i b e r s  a f t e r  heat  t rea tment  
between 1000 and 2200 C a t  h i g h  and low pressures of  argon. I t  was a n t i c i p a t e d  
t h a t  h i g h  pressure argon cou ld  be advantageous i n  e i t h e r  o f  two ways. F i r s t ,  the 
degrading r e a c t i o n  i n v o l v i n g  C and Si02 cou ld  be s i g n i f i c a n t l y  reduced s ince  the 
h i g h  gas pressure would serve to  de lay  e v o l u t i o n  of the reack ion  products ,  CO and 
Si0 gas, from the  f i b e r  pores u n t i l  temperatures above 1200 C.  De lay ing  the  
r e a c t i o n  t o  h igher  temperatures might  a l l o w  i n t e r n a l  compostional changes t o  
occur which cou ld  be b e n e f i c i a l  t o  m a i n t a i n i n g  f i b e r  s t r e n g t h .  Second, the  h i g h  
argon gaspressure cou ld  a c t  to  d e n s i f y  the  f i b e r  s ince  cregp has been observed 
for polymer-der ived Sic f i b e r s  a t  temperatures below 1200 C ( r e f .  5). D e n s i f i c a -  
t i o n  cou ld  e i t h e r  i n h i b i t  CO and Si0 gas e v o l u t i o n  by c l o s i n g  o f f  open p o r o s i t y  
t o  the f i b e r  surface or reverse  any pore growth t h a t  would occur  as a r e s u l t  o f  
the  C and S i 0 2  r e a c t i o n .  I f  indeed any o f  the above phenomena would occur ,  i t  



would suggest that a hot isostatic press (HIP) treatment in argon could be an 
effective post-fabrication method for improving the thermal stability of 
polymer-derived Sic fibers. 

~ 

I PROCEDURES 

Materials 

Two types of the commercially available Nicalonl Sic fibers were studied in 
this work: standard grade (SG), NLM-102, and ceramic grade (CG), NLM 202. Both 
grades are derived from polycarbosilane polymer precursors. Because the polymer 
precursor is cured in air and does not completely convert to stoichiometric SIC 
during pyrolysis, the fibers are not pure Sic. Instead, they are composed of a 
random network of Sic, Si02, excess carbon, and some combined nitrogen, with a 
slightly higher 02 content existing in the NLM 102 fiber. 
analysis of the fibers has shown them to be composed o f  approximately 35 to 
40 at % Si, 50 to 55 at % C, 6 to 10 at % 0, and 2 at % N (ref. 6 ) .  In the 
as-received state the fibers are covered with a nonuniform sizing coating which 
is polyvinyl acetate for the NLM-102 and 202 fibers. The fibers were received in 
tow form with approximately 500 fibers per tow and an average fiber diameter of 
16 to 20 pm. 

Previous elemental 

Heat-treatments 

Fiber samples were treated underovacuum and at 1 and 1360 atm of argon at tem- 
peratures ranging from 1000 to 2200 C (depending on equipment capabilities). 
For treatment under vacuum at approximately 10-8 atm, a thermogravimetric analy- 
sis (TGA) unit was used so that weight loss could also be monitored in real 
time. For treatment at 1 and 1360 atm of argon, fiber samples were placed in 
Grafoi12 boats and loaded in a graphite lined induction furnace and a graphite 
resistance heated hot isostatic press (HIP), respectively. Because graphite will 
oxidize more readily and at lower temperatures than Sic, it was assumed that the 
Grafoil boats and graphite lined furnaces significantly reduced any residual oxy- 
gen partial pressure in the argon, thereby preventing oxidation effects on the 
fibers themselves. For all treatments, the samples were held at temperature and 
pressure for a 1 hr period. In the case of the high pressure runs, pressureowas 
increased as rapidly as possible while the temperature was still below 1000 C. 
Similar heating rates of 15 to 20 OC/min were used for all runs. 

Property Measurement 

All fiber bundles were weighed before and after heat treatment to obtain 
weight loss measurements. Weight loss data for the fibers treated in vacuum 
were in good agreement with the TGA results. Crystallite sizes and phases of 
the fibers were determined using x-ray diffraction analysis on crushed samples 
from the as-received and heat treated fibers. Tensile strength tests were con- 
ducted on single fibers at room temperature using a 25 mm (1 in.) gauge length 
and a constant crosshead speed of 1.3 mm/min (0.05 in./min). Approximately 10 
fibers were tested to determine the average tensile strength. Fracture 
surfaces from the tensile test were retained for microstructural studies by 
scanning electron microscopy. 

lNippon Carbon Co., Tokyo Japan 
2Union Carbide Co., Danbury 
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I n  o r d e r  to  determine whether t h e  h i g h  pressure t reatments e f f e c t e d  any 
permanent changes i n  f i b e r  m i c r o s t r u c t u r e  and thermal s t a b i l i t y ,  c e r t a i n  f i b e r  
samples were t r e a t e d  aga in  under low pressure g o n d i t i o n s .  For example, f i b e r s  
i n i t i a l l y  t r e a t e d  i n  the  H I P  a t  1200 and 160$ C were subjected to  an 
a d d i t i o n a l  t reatment  i n  1 atm argon a t  1400 C. A f t e r  the  a d d i t i o n a l  t r e a t -  
ment, f i b e r  weight l o s s  and t e n s i l e  s t r e n g t h  were aga in  measured. 

RESULTS 

Weight l o s s  behavior  i s  d isp layed i n  f i g u r e  1 for  f i b e r s  heated a t  the  
t h r e e  pressures:  a vacuum of 10-8 atm, 1 atm argon, and 1360 atm argon. 
can be observed from t h i s  da ta  t h a t  t h e  samples t r e a t e d  a t  the  two lower pres- 
sures showed s i m i l a r  weight  loss t rends .  I t  appeared t h a t  the increase i n  
pressure from vacuum t o  1 atm argon was n o t  g r e a t  enoigh to  suppress the 
abrupt  weight l o s s  which began a t  approx imate ly  1250 C f o r  bo th  f i b e r  types.  
He igh t  l o s s  o f  the f i b e r s  t r e a t e d  a t  1 atm appeared t o  l e v e l  o f f  a t  a maximum 
of approx imate ly  26 and 28 w t  4, for t h e  standard grade (SG)  and ceramic grade 
(CG),  r e s p e g t i v e l y .  A l though l i m i t a t i o n s  i n  the  TGA prevented heat  t reatment  
above 1400 C, i t  i s  assumed t h a t  the  f i b e r s  t r e a t e d  i n  vacuum would a l s o  
reach the  same maximum weight  loss va lues.  From f i g u r e  1 ,  i t  i s  a l s o  apparent 
t h a t  the H I P  t reatment  was e f f e c t i v e  i n  d e l a y i n g  the  onset  o f  weight loss to a 
s i g n i f i c a n t l y  h igher  temperature of approx imate ly  1550 O C .  The f i b e r s  t r e a t e d  
a t  t h i s  h i g h  pressure reached a maximum weight  l o s s  e q u i v a l e n t  to  t h a t  o f  the 
f i b e r s  t r e a t e d  a t  the lower pressures.  

I t  

The e f f e c t s  o f  pressure and temperature on the  g r a i n  growth o f  the  heat  
t r e a t e d  f i b e r s  i s  seen i n  f i g u r e  2. The g r a i n  growth f o l l o w e d  t h e  same bas ic  
t rends as the  weight loss f o r  the  t r e a t e d  f i b e r s .  I n i t i a l l y ,  the  f i b e r s  pos- 
s e s s e i  a m i c r o c r y s t a l l i n e  s t r u c t u r e  w i t h  a g r a i n  s i z e  of 20 t o  30 A .  
1200 C, g r a i n  growth began a t  approx imate ly  the same temperature f o r  the  
f i b e r s  t r e a t e d  a t  the two lower pressures.  Once growth had been i n i t i a t e d ,  
the  g r a i n  s i z e  r a p i d l y  increased r e s u l t i n g  i n  a very  coarse mic ros tguc ture .  
Again g r a i n  growth was suppressed u n t i l  approx imate ly  1550 t o  1600 C f o r  both 
t h e  ceramic and standard grade f i b e r s  t r e a t e d  a t  1360 atm argon. 

Beyond 

Tens i le  s t r e n g t h  da ta  f o r  the  t r e a t e d  f i b e r s  a r e  shown i n  f i g u r e  3 .  
Average room temperature s t rengths  for the as-received ceramic and standard 

. grade f i b e r s  were 1724 and 1593 MPa (250 and 231 k s i ) ,  r e s p e c t i v e l y .  The aver-  
age standard d e v i a t i o n  i n  the  t e n s i l e  s t r e n g t h  be fore  and a f t e r  t reatment  was 
approx imate ly  235 percent .  For the  f i b e r s  heated to  1000 O C  i n  vacuum, a 
s l i g h t  s t r e n g t h  loss was observed. S u b s t a n t i a l  loss i n  s t r e n g t h  occurred 
between 1000 ana 1200 " C  for the vacuum t r e a t e d  f i b e r s ,  a f t e r  which the  i n d i -  
v i d u a l  f i b e r s  could noolonger be t e n s i l e  t e s t e d .  
a t  apgrox imate ly  1200 C f o r  the  f i b e r s  t r e a t e d  a t  1 atm argon and around 
1400 C fo r  the  f i b e r s  t r e a t e d  i n  the  H I P .  
pressure a t  1800 O C  and above, no f u r t h e r  s t r e n g t h  measurements cou ld  be made 
on the f i b e r s .  
t rends than those seen fo r  e i t h e r  weight  loss or gra inogrowth .  
of s t r e n g t h  loss was s h i f t e d  upward approx imate ly  200 C w i t h  each i n c r e a s i n g  
pressure t rea tment .  

S t rength  degradat ion began 

For the samples t r e a t e d  a t  h i g h  

Thus the t e n s i l e  s t r e n g t h  da ta  revealed s l i g h t l y  d i f f e r e n t  
H e r e  the onset  

M i c r o s t r u c t u r a l  examinat ion o f  the  f r a c t u r e  sur faces of the f i b e r s  
( f i g s .  4 t o  7 )  revealed changes i n  morphology as the f i b e r s  underwent heat 
t reatment  a t  i n c r e a s i n g l y  h igher  temperatures.  A s  seen i n  p rev ious  s tud ies  
( r e f .  7 and 8), small  i n t e r n a l  or sur face  f laws w e r e  t y p i c a l l y  observed as the  
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causeoof b r i t t l e  f a i l u r e  i n  t h e  as-received f i b e r s .  
1000 C ( f i g .  41, these small  f l a w s ,  which a r e  i n h e r e n t  t o  t h e  polymer-der ived 
f i b e r s ,  s t i l l  appear t o  be the  source of  f a i l u r e  i n  t h e  f i b e r s ,  r e g a r d l e s s  o f  
the  pressure which was a p p l i e d  a t  these temperatures.  The weight loss ,  which 
was s t i l l  very  low a t  t h i s  p o i n t  (-0.8 percent ) ,  can be accounted for m a i n l y  
by t h e  s i z i n g  removal. S t rength  loss a t  1000 "C was minimal for  t h e  f i b e r s  
t r e a t e d  a t  1360 and 1 atm argon. However, t h e  f i b e r s  t r e a t e d  i n  vacuum had 
a l r e a d y  undergone a s i g n i f i c a n t  s t r e n g t h  loss .  

for  t h e  f a i l u r e  i n  t h e  f i b e r s  t r e a t e d  a t  1360 and 1 atm argon. The f i b e r s  
t r e a t e d  i n  vacuum appear to have coarsened considerably ,  bo th  a long t h e  sur-  
f a c e  o f  the  f i b e r s  and w i t h i n  t h e  c ross-sec t iona l  area. For these f i b e r s ,  t h e  
weight  loss had reached i t s  maximum l e v e l  and t e n s i l e  s t r e n g t h  cou ld  no longer  
be measured. For the  f i b e r s  t r e a t e d  a t  1 atm, s l i g h t  coarsening a l s o  occur red  
and aga in  t h e  weight  loss was considerable.  However, t h e  f i b e r s o s t i l l  main- 
t a i n e d  some o f  t h e i r  s t r e n g t h .  Only the  f i b e r s  t r e a t e d  a t  1400 C i n  t h e  H I P  
d isp layed a low weight  loss ,  no g r a i n  growth, and good s t r e n g t h  r e t e n t i o n .  

F i b e r s  t r e a t e d  to  1600 O C  ( f i g .  6) showed g r a i n  coarsening for  a l l  pres- 
sures.  For t h e  f i b e r s  t r e a t e d  a t  1 atm, t h e  increase i n  g r a i n  s i z e  and 
p o r o s i t y  g r e a t l y  reduced f i b e r  s t r e n g t h  so t h a t  they  cou ld  no longer  be ten- 
s i l e  tes ted .  The f i b e r s  t r e a t e d  i n  the  H I P ,  however, s t i l l  d isp layed b r i t t l e  
f r a c t u r e  a t  t h i s  p o i n t  w i t h  sur face  f l a w s  as t h e  pr imary  cause o f  f a i l u r e .  The 
f i b e r  s t r e n g t h  dropped t o  approx imate ly  one t h i r d  o f  i t s  o r i g i n a l  va lue w i t h  
s t i l l  o n l y  a very  s l i g h t  wedght l o s s .  From f i g u r e  7 i t  i s  e v i d e n t  t h a t  f u r -  
t h e r  H I P  t reatment  to  2200 C l e d  t o  a very  coarse s t r u c t u r e  w i t h  s i g n i f i -  
c a n t l y  increased p o r o s i t y  and unmeasurable t e n s i l e  s t rengths .  

i n  t a b l e  I for  those f i b e r s  i n i t i a l l y  t r e a t e d  i n  t h e  H I P  a t  1200 and 1600 C. 
I t  was found t h a t  t h e  subsequent heat  t rea tment  caused increased weight  l o s s  
and t e n s i l e  s t r e n g t h  degradat ion.  The weight  loss reached approx imate ly  t h e  
maximum weight l o s s  achieved w i t h  anyoof t h e  as-received samples p r e v i o u s l y  
heat  t r e a t e d  a t  1 atm argon and 1400 C, and t h e  t e n s i l e  s t r e n g t h  once aga in  
became too low to  measure. 

A f t e r  t reatment  a t  

A f t e r  t reatment  to  1400 O C  ( f i g .  51, sur face  f l a w s  were s t i l l  r e s p o n s i b l e  

Resu l ts  o f  a d d i t i o n a l  heat  t rea tment  a t  1 atm argon and 1400 O C  a re  l i 2 t e d  

DISCUSSION 

The H I P  t reatment  i n  argon c l e a r l y  delayed the  onset  o f  f i b e r  weight  l o s s  
t o  h igher  temperatures.  The a p p l i c a t i o n  of an e x t e r n a l  gas pressure o f  1360 
atm suppressed the  e v o l u t i o n  o f  gaseous products  from t h e  r e a c t i o n s  i n v o l v i n g  
excess C and Si02 which are  found i n  the  as-received f i b e r .  
products  are p r i n c i p a l l y  CO and Si0 p o s s i b l y  accord ing  to  the  r e a c t i o n s  
( r e f .  9): 

These gaseous 

Si02 + 3C = S i c  + 2CO 

and 

Sic + 2Si02 = 3SiO + CO. 
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By p r o v i d i n g  a method for removing excess S i 0 2  i n  the system these r e a c t i o n s  
cou ld  be b e n e f i c i a l  for  such p r o p e r t i e s  as f i b e r  creep res i s tance .  However, 
they  apparent ly  a l s o  lead t o  f i b e r  s t r e n g t h  degradat ion by i n c r e a s i n g  f i b e r  
p o r o s i t y  and the  s i z e  o f  s t r e n g t h  l i m i t i n g  f l aws .  . 

Two poss ib le  mechanisms by which the  h i g h  pressure gas can i n h i b i t  CO and 
Si0 e v o l u t i o n  are  by e i t h e r  the  fo rma t ion  of a CO and S iO- r ich  gaseous b a r r i e r  
near the  f i b e r  sur face which cou ld  t e m p o r a r i l y  i n h i b i t  f u r t h e r  e v o l u t i o n  o f  
these gases and thus de lay  the  s t r e n g t h  degrading r e a c t i o n s  or by f i b e r  densi-  
f i c a t i o n  l ead ing  t o  the  c losu re  o f  surface connected p o r o s i t y .  Whereas the 
former mechanism i s  temporary, the  l a t t e r  should lead to  some permanent 
changes i n  f i b e r  p r o p e r t i e s .  The obse rva t i on  of an u l t i m a t e  maximum weight  
loss va lue (approx 26 t o  28 percent  fo r  a l l  samples), which was independent o f  
gas pressure bo th  a f t e r  i n i t i a l  and secondary t reatments,  i n d i c a t e s  o n l y  tempo- 
r a r y  e f f e c t s  o f  h i g h  pressure.  I t  there fore  appears t h a t  h i g h  e x t e r n a l  gas 
pressure ac ts  o n l y  t o  de lay  e v o l u t i o n  of the  gaseous r e a c t i o n  produc ts  f rom 
the  f i b e r s ,  thus s i g n i f i c a n t l y  i n h i b i t i n g  the i n t e r n a l  r e a c t i o n s  l e a d i n g  to 
f i b e r  degradat ion.  This  e f f e c t  then delays the onset  o f  f i b e r  weight  loss and 
p o r o s i t y  development t o  h ighe r  temperatures which a re  dependent on the  magni- 
tude of the appl  i e d  pressure.  

The suppression o f  g r a i n  growth by h i g h  pressure t rea tment  can be exp la ined 
I n  f i g u r e  8, t he  cor re -  through the  dependence o f  g r a i n  growth on weight  loss. 

l a t i o n  between the  f i b e r  weight  loss and g r a i n  growth can be seen. From t h i s  
graph i t  appears t h a t  g r a i n  growth does n o t  occur r e a d i l y  u n t i l  approx imate ly  
15 t o  20 percent  weight  loss i s  reached. I t  seems then t h a t  g r a i n  growth 
becomes favo rab le  o n l y  w i t h  a s u b s t a n t i a l  weight  loss and the  accompanying 
s h i f t  i n  composi t ion.  With the  convers ion o f  the  m i c r o c r y s t a l l i n e  s t r u c t u r e  
t o  a p e r c e p t i b l e  g r a i n  s t r u c t u r e  and subsequent g r a i n  growth,  i t  i s  expected 
t h a t  some l o c a l  d e n s i f i c a t i o n  a l s o  occur red  which r e s u l t e d  i n  shr inkage o f  the  
f i b e r s .  Al though measurements to  conf i rm t h i s  phenomena were  n o t  made i n  t h i s  
study, t he re  i s  evidence from l e n g t h  change measurements t h a t  such e f f e c t s  do 
occur a t  temperatures s l i g h t l y  h igher  than those corresponding to  the  onset  o f  
weight  loss ( r e f .  5). 
phys ica l  e f f e c t s  were a l s o  delayed to  h ighe r  temperature by the  h i g h  pressure 
gas t reatment .  

Thus I t  i s  expected t h a t  f i b e r  shr inkage and r e l a t e d  

By comparing f i g u r e s  1 and 3, i t  can be observed t h a t  the  i n i t i a l  and 
major loss i n  t e n s i l e  s t reng th  occur red  w i t h i n  the  first few pe rcen t  weight  
loss a f t e r  s i z i n g  removal. From f i g u r e  8 i t  i s  ev iden t  t h a t  no n o t i c e a b l e  
g r a i n  growth occurred w i t h i n  the  f i r s t  f e w  percent  weight  loss. Therefore,  i t  
appears t h a t  the  major s t r e n g t h  loss i s  r e l a t e d  t o  the  i n i t i a l  weight  loss 
r a t h e r  than the g r a i n  growth. This  c o r r e l a t i o n  can be seen i n  f i g u r e  9 where 
t e n s i l e  s t reng th  i s  p l o t t e d  aga ins t  weight  loss. Again i t  1,s e v i d e n t  t h a t  the  
s t r e n g t h  loss occurs w i t h i n  the  f i r s t  1 t o  2 percent  weight  l o s s  f o l l o w i n g  the 
weight  loss due t o  s i z i n g  removal. 
loss i s  due to  reac t i ons  a t  the surface connected f l aws  and pores.  
sur face  connected s i t e s  the  e v o l u t i o n  of  Si0 and CO gases a l l ows  the  pre-  
e x i s t i n g  s t reng th  c o n t r o l l i n g  f laws t o  r a p i d l y  grow and reduce f i b e r  s t reng th .  

I t  i s  thought  t h a t  t h i s  i n i t i a l  s t r e n g t h  
A t  these 

The m i c r o s t r u c t u r a l  s tudy supports t h i s  theory  o f  r a p i d  growth of  e x i s t i n g  
sur face  f l aws .  
b l e  change i n  f i b e r  m ic ros t rucu tu re  before the  onset  o f  s t r e n g t h  degradat ion  
occurs.  
t l e  f r a c t u r e  i n  the  f i b e r s  where the  s t r e n g t h  had a l ready  f a l l e n  t o  h a l f  i t s  
o r i g i n a l  va lue.  
s l i g h t  weight loss for these f i b e r s .  

The micrographs of the  f r a c t u r e  surfaces show ve ry  l i t t l e  v i s i -  

Most micrographs s t i l l  d i sp layed  surface f l aws  as the  cause of  b r i t -  

There appeared t o  be l i t t l e  or no g r a i n  coarsening and o n l y  a 
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The f i g u r e  9 c o r r e l a t i o n  between s t r e n g t h  degradat ion and weight  loss for  
a range o f  pressures suggests t h a t  an approximate s t r e n g t h  loss can be 
associated w i t h  each weight  l o s s  va lue,  regard less  of  the  pressure t rea tment  
used to  a r r i v e  a t  the  weight  loss. This c o r r e l a t i a n  i m p l i e s  t h a t  t he  h i g h  
pressure argon gas t reatments had l i t t l e  i f  any permanent e f f e c t  e i t h e r  on 
improv ing f i b e r  t e n s i l e  s t r e n g t h  or on a f f e c t i n g  the  mechanisms respons ib le  
for  s t reng th  degradat ion.  Th is  conc lus ion  was confirmed by the  r e s u l t s  o f  
a d d i t i o n a l  t reatments shown i n  t a b l e  I which i n d i c a t e  t h a t  the h i g h  pressure 
t reatments were o n l y  temporary as measured by weight  l oss  and t e n s i l e  
s t reng th .  Thus i t  would appear t h a t  i n h i b i t i n g  i n t e r n a l  r e a c t i o n s  t o  h ighe r  
temperature does n o t  a l l o w  composi t ional  changes t o  occur which coul: be bene- 
f i c i a l  t o  f i b e r  s t r e n g t h  behavior .  Nor does i t  appear t h a t  a t  1600 C and 
below, h igh  pressure gas t rea tment  r e s u l t s  i n  b u l k  f i b e r  d e n s i f i c a t i o n  e f f e c t s  
which are  measurable w i t h i n  the  p r o p e r t i e s  examined i n  t h i s  s tudy.  The i n i -  
t i a l  p o r o s i t y  o f  the  f i b e r s  may have been too h i g h  t o  e f f e c t i v e l y  H I P  the  
f i b e r s  w i thou t  encapsulat ion.  

CONCLUDING REMARKS 

I t  has been demonstrated t h a t  a p p l i c a t i o n  of h i g h  e x t e r n a l  gas pressure 
can tempora r i l y  i n h i b i t  the  r e a c t i o n s  which l ead  t o  degradat ion o f  the  
polymer-der ived Sic f i b e r s . o  High pressure t rea tment  delayed f i b e r  weight  loss 
to  temperatures above 1500 C. S t rength  degradat ion and g r a i n  growth were cor- 
r e l a t e d  w i t h  weight loss and were thus a l s o  inhibited by h i g h  pressure t r e a t -  
ment. Major s t reng th  l o s s e s  were observed a t  ve ry  low weight  loss l e v e l s ;  
whereas the  g r a i n  growth d i d  n o t  proceed u n t i l  g rea te r  weight  loss had 
occurred.  Because the  s u b s t a n t i a l  s t r e n g t h  losses occur red  a t  such low weight  
losses,  the  major s t reng th  degradat ion  mechanism i s  thought  t o  be due t o  the 
r e a c t i o n s  a t  the sur face connected f l a w  s i t e s .  The r e a c t i o n s  a t  these f l a w  
s i t e s  i n v o l v e  the  e v o l u t i o n  o f  gaseous products  which l ead  t o  the  r a p i d  growth 
o f  the p r e - e x i s t i n g  f l aws .  While the h i g h  gas pressure was e f f e c t i v e  i n  sup- 
p ress ing  the f i b e r  weight  loss, g r a i n  growth, and s t r e n g t h  l oss ,  the  e f f e c t s  
disappeared a f t e r  pressure removal. Thus h o t  i s o s t a t i c  p ress ing  under i n e r t  
gas does n o t  appear to  be an e f f e c t i v e  p o s t - f a b r i c a t i o n  method for  permanent ly 
improv ing the  f i b e r  thermal s t a b i l i t y .  
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FlGURt 1. - EFFECTS OF TEMPERATURE AND ARGON GAS PRESSURE ON THE WEIGHT 
LOSS OF CERAMIC GRADE (CG) AND STANDARD GRADt (SG) SIC FIBERS. 
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FIGURE 2. - EFFECTS OF TEMPtRATURE AND ARGON GAS PRESSURE ON THE GRAIN GROWTH OF 
CG AND SG SIC FIBERS. 
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FIGURE 3.  - EFFECTS OF TEWERATURt AND ARGON GAS PRESSURE ON THE AVERAGE 
ROOM TEMPERATURE TENSILE STRENGTH OF SINGLE CG AND SG SIC F I E R S .  
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( A )  FIBERS TREATED AT 1360 ATM AR. WITH WT LOSS OF 0.6% 
ANI) TENSILE STRENGTH OF 240  KSI ( 1 6 5 5  \PA). 

(B) FIBERS TREATED AT 1 ATM AR, WITH WT LOSS OF 0.8% 
AND TENSILE STRENGTH OF 235  K S I  ( 1 6 2 0  \PA). 

(C) FIBERS TREATED AT lo-' ATM, WITH WT LOSS OF 
0.8% AND TENSILE STRENGTH OF 154  KSI ( 1 0 6 2  \PA). 

FIGURE 4 .  - SEM MICROGRAPHS OF CERAMIC GRADE SIC FIBERS TREATED AT 1000 OC I N  VARIOUS ARGON PRESSURES. FOR COM- 
PARISON. FIBER WEIGHT LOSS AND ROOM TEMPERATURE TENSILE STRENGTH RESULTS ARE INDICATED. 

10 



(A) FIBERS TREATED AT 1360 ATM AR, WITH WEIGHT LOSS 
OF 1.0% AND TENSILE STRENGTH OF 208 KSI (1434  MPA). 

(B) FIBERS TREATED AT 1 ATP( AR, WITH WEIGHT LOSS OF 22% 
AND TENSILE STRENGTH OF 85 K S I  (586 MPA). 

(C) FIBERS TREATED AT ATM, WITH WEIGHT LOSS OF 27% 
AND TENSILE STRENGTH TOO LOW TO MEASURE. 

FIGURE 5. - SEM MICROGRAPHS OF CERAMIC GRADE SIC FIBERS TREATED AT 1400  OC I N  VARIOUS ARGON PRESSURES. 
FIBER WEIGHT LOSS AND ROOn TEMPERATURE TENSILE STRENGTH RESULTS. WHEN MEASUREABLE, ARE INDICATED. 

FOR COMPARISON, 
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( A )  FlBtKS TREATED AT 1360 ATM AR. WITH WtlGHT LOSS OF 0.8% AND T t N S l L E  STRENGTH 
OF 90 KSI ( 6 2 1  MPA). 

( B )  FIBERS TREAT1.D AT 1 ATM AR. WITH WtlGHT LOSS OF 28% AND TENSIL t  STRENGTH TOO 
LOW TO MtASURt 

FIGURE 6.  - SEN MICROGRAPHS OF CERAMIC GRADE SIC FIBERS TREATED AT 1600 OC I N  VARIOUS 
ARGON PRESSURES. 
STRENGTH RESULTS ARE INDICATED. 

FOR COMPARISON, FIBER WEIGHT LOSS AND ROOM TEMPERATURE TENSILE 
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( A )  STANDARD GRADE FIBERS WITH 25% WT LOSS. 

(B) CERAMIC GRADE FIBERS WITH 28% WT LOSS. 

FIGURE 7. - SEM MICROGRAPHS OF STANDARD AND CERAMIC GRAM SIC FIBERS TREATED AT 
AVFRAGE FIBER WEIGHT LOSS PERCENT RESULTS ARE I N -  2200 OC I N  1360 ATP( ARGON. 

UICATED. RESIDUAL TENSILE STRENGTHS WERE UNMEASUREABLE. 
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'Yo Weight Loss 
FIGURE 8. - CORRELATION BETWEEN GRAIN GROWTH AND FIBER WEIGHT 

LOSS FOR HEAT AND PRESSURE TREATED SIC FIBERS. 
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Yo Weight Loss 
FIGURE 9. - CORRELATION BETWEEN RESIDUAL FIBER TENSILE STRENGTH 

AN0 WEIGHT LOSS FOR HEAT AND PRESSURE TREATED S I C  F I E R S .  
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