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SUMMARY 

A s tudy  was performed t o  determine the  FCG behav io r  and t h e  assoc ia ted  
f a t i g u e  damage processes i n  a [Olg and [go18 o r i e n t e d  SCS6/Ti-15-3 composite. 
Companion t e s t i n g  was a l s o  done on i d e n t i c a l l y  processed Ti-15-3 un re in fo rced  
m a t e r i  a1 . 

The a c t i v e  f a t i g u e  c r a c k  growth f a i l u r e  processes were v e r y  s i m i l a r  f o r  
b o t h  composite o r i e n t a t i o n s  t e s t e d .  
growth was a l o n g  t h e  f i b e r  d i r e c t i o n .  I t  was found t h a t  t h e  composite c o n s t i t -  
uent  most s u s c e p t i b l e  t o  f a t i g u e  damage was t h e  i n t e r f a c e  r e g i o n  and i n  p a r t i c -  
u l a r  t h e  carbon c o a t i n g  su r round ing  t h e  f i b e r .  
r e g i o n  l e a d  to  c r a c k  i n i t i a t i o n  and a l s o  s t r o n g l y  i n f l u e n c e d  the  f a t i g u e  c r a c k  
growth (FCG) behav io r  i n  t h i s  composi te.  
was a p p a r e n t l y  d r i v e n  by normal s t resses  p e r p e n d i c u l a r  t o  t h e  f i b e r  d i r e c t i o n .  

For bo th  o r i e n t a t i o n s ,  f a t i g u e  c r a c k  

The f a i l u r e  o f  t h e  i n t e r f a c e  

The f a i l u r e  o f  t h e  i n t e r f a c e  r e g i o n  

The FCG r a t e s  w e r e  c o n s i d e r a b l y  h i g h e r  f o r  t he  [go18 o r i e n t e d  CT specimens 
i n  comparison t o  t h e  u n r e i n f o r c e d  m a t e r i a l .  
n a r i o  i n  which t h e  i n t e r f a c e  has lower  f a t i g u e  r e s i s t a n c e  than t h e  m a t r i x ,  
caus ing  lower  composi te f a t i g u e  r e s i s t a n c e .  
i t e  c o u l d  n o t  be d i r e c t l y  compared to the  [go18 composite b u t  were shown t o  
inc rease  w i t h  an i nc rease  i n  t h e  c r a c k  l e n g t h .  

This  i s  c o n s i s t e n t  w i t h  t h e  sce- 

The FCG r a t e s  o f  the  [Olg compos- 

INTRODUCTION 

The new g e n e r a t i o n  o f  t h e  aerospace v e h i c l e s  w i l l  r e q u i r e  m a t e r i a l s  capa- 
b l e  o f  w i t h s t a n d i n g  h i g h  temperatures w h i l e  r e t a i n i n g  a h i g h  s t i f f n e s s  under 
r e l a t i v e l y  h i g h  loads.  Cont inuous f i b e r ,  metal  m a t r i x  composites (MMC) a re  
cand ida te  m a t e r i a l s  for such a p p l i c a t i o n s .  One o f  these cand ida te  m a t e r i a l s  
c o n s i s t i n g  o f  a Ti-15V-3Cr-3A1-3Sn m a t r i x  r e i n f o r c e d  by cont inuous,  u n i d i r e c -  
t i o n a l  Sic f i b e r s ,  was i n v e s t i g a t e d .  

The f a t i g u e  behav io r  and l i f e  p r e d i c t i o n  o f  MMC’s  must be understood 
b e f o r e  they  can be w i d e l y  u t i l i z e d  i n  aerospace a p p l i c a t i o n s .  
t i v e l y  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  concern ing  the f a t i g u e  behav io r  of con- 
t i n u o u s  f i b e r  r e i n f o r c e d  composi tes.  
determine t h e  m i c r o s t r u c t u r a l  processes c o n t r o l l i n g  f a t i g u e  c rack  i n i t i a t i o n  
and p r o p a g a t i o n  i n  t h i s  system. Emphasis has been p laced  on the  i d e n t i f i c a -  
t i o n  o f  t h e  composi te c o n s t i t u e n t  most s u s c e p t i b l e  t o  f a t i g u e  damage. 

However, r e l a -  

The o b j e c t i v e  o f  t h i s  s tudy has been to  

MATER I A L 

The composi te used i n  t h i s  s tudy  i s  a Ti-15V-3Cr-3A1-3Sn (Ti-15-31 a1 
m a t r i x  r e i n f o r c e d  by 145 pm average d iameter ,  cont inuous Sic (sCs6) f i b e r s  
A l l  t h e  composi te specimens used i n  t h i s  s tudy were o b t a i n e d  from a s i n g l e  
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e i g h t - p l y ,  u n i d i r e c t i o n a l  panel  manufactured by Tex t ron  S p e c i a l t y  M a t e r i a  
D i v i s i o n .  The panel s i z e  was 30 by 30 by 0.21 cm. Also t e s t e d  were  spec 
machined o u t  o f  a 30- by 30- by 1-cm panel made w i t h o u t  f i b e r s ,  u s i n g  t h e  
Ti-15-3 f o i l  and same c o n s o l i d a t i o n  techniques employed i n  composite 
p r o d u c t i o n .  

The m a t r i x  i s  a me tas tab le  be ta  phase a l l o y ,  chosen because i t  can b 

S 
mens 
same 

c o l d  
r o l l e d  t o  v e r y  t h i n  sheets .  
t h e  composi te.  Sample micrographs of b o t h ,  t he  un re in fo rced  and r e i n f o r c e d  
composi te a r e  shown i n  f i g u r e s  1 and 2 .  The Sic f i b e r  i s  surrounded by a com- 
p l e x  m u l t i l a y e r  s t r u c t u r e  ( f i g .  2 ( b ) )  which c o n s i s t s  m a i n l y  o f  a m u l t i l a y e r  
carbon c o a t i n g  approx ima te l y  3 pm t h i c k  and an approx ima te l y  0.5-1 pm t h i c k  
r c a c t i o n  zone c o n s i s t i n g  m a i n l y  of b r i t t l e  i n t e r m e t a l l i c  phases ( r e f .  1 ) .  The 
combinat ion o f  t h e  carbon l a y e r s  and t h e  r e a c t i o n  zone w i l l  h e n c e f o r t h  be 
r e f e r r e d  t o  as the  i n t e r f a c e  r e g i o n .  

Th is  enables a more c o s t  e f f e c t i v e  p rocess ing  of 

HEAT TREATMENT 

Specimens were t e s t e d  bo th  i n  the  as-received and heat  t r e a t e d  c o n d i t i o n .  
The hea t  t rea tmen t  c o n s i s t e d  o f  24 h r  a t  700 "C i n  vacuum. The purpose o f  the  
h e a t  t r e a t m e n t  was t o  p r e c i p i t a t e  o u t  most o f  the  a lpha  phase. 
ment d i d  not produce any additional n o t i c e a b l e  fiberjmatrix interactions and 
t h e  r e a c t i o n  zone remained unchanged ( r e f .  2 ) .  

The h e a t  t r e a t -  

MECHANICAL TESTING 

T e s t i n g  was performed u s i n g  compact t e n s i o n  (CT)  specimens, such as t h e  
one shown i n  f i g u r e  3 .  The specimens were t e s t e d  i n  two o r i e n t a t i o n s :  ( 1 )  
l o n g i t u d i n a l ,  [ O l a ,  w i t h  f i b e r s  o r i e n t e d  p a r a l l e l  t o  the  l o a d i n g  d i r e c t i o n ;  
and ( 2 )  t r a n s v e r s e ,  [9018, w i t h  f i b e r s  p e r p e n d i c u l a r  t o  t h e  l o a d i n g  d i r e c t i o n .  

A l l  machin ing was done u s i n g  diamond t i p  t o o l s .  Pr ior  to  t e s t i n g ,  a l l  
specimens were p o l i s h e d  to  enhance c r a c k  d e t e c t i o n .  The p o l i s h i n g  process was 
automated and developed a t  NASA Lewis Research Center ( r e f .  3 ) .  

The t e s t  m a t r i x  i s  shown i n  t a b l e  I .  T e s t i n g  o f  t h e  CT specimens was per-  
formed a t  room temperature and ambient environment u s i n g  a computer c o n t r o l l e d ,  
c losed  loop,  s e r v o h y d r a u l i c  machine. The t e s t s  were  performed u s i n g  cons tan t  
l o a d  range a t  a f requency o f  5 Hz and 
by measur jng compl iance o f  t he  specimen through a c l i p  gage mounted i n  t h e  
c r a c k  mouth o f  t h e  specimen. Data was a l s o  gathered through p e r i o d i c a l  o p t i c a l  
read ings  to ensure a c c u r a t e  r e s u l t s .  

R = 0.5. The c r a c k  !eng th  was o b t a i n e d  

POST-FAILURE ANALYSIS 

F o l l o w i n g  each t e s t ,  e x t e n s i v e  me ta l l og raphy  and f r a c t o g r a p h y  was per-  
formed i n  o r d e r  t o  e v a i u a t e  f a t i g u e  f a i l u r e  orocesses. Each sample f r a c t u r e  
s u r f a c e  was examined i n  t he  scanning Z l e c t r o n  microscope, w i t h  some samples 
a l s o  b e i n g  sec t i oned  t o  determine the  e x t e n t  o f  damage. 
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RESULTS 

L o n g i t u d i n a l ,  Cola Spec mens 

The o v e r a l l  d i r e c t i o n  of f a t i g u e  f a i l u r e  f o r  COI8 o r i e n t e d  specimens was 
p a r a l l e l  t o  the  l o a d i n g  d i r e c t i o n  and p e r p e n d i c u l a r  t o  t h e  machined no tch ,  as 
shown i n  f i g u r e  4 .  The f a t i g u e  c r a c k  growth (FCG) d a t a  f o r  t h e  [Olg specimens 
i s  shown i n  f i g u r e  5 i n  t h e  form of c r a c k  l e n g t h  a versus number o f  c y c l e s  N 
( f i g .  5 ( a > )  and c r a c k  growth r a t e  daldN versus a ( f i g .  5 ( b ) > .  The d a t a  was 
n o t  analyzed i n  terms of t h e  a p p l i e d  AK due to  t h e  l a c k  o f  KI and KII 
s o l u t i o n s  for a c r a c k  i n  a CT specimen growing p a r a l l e l  t o  t h e  l o a d i n g  d i r e c -  
t i o n .  The FCG da ta ,  shown i n  f i g u r e  5, does r e v e a l  an i nc rease  o f  t h e  FCG r a t e  
w i t h  an i nc rease  i n  t h e  c r a c k  l e n g t h  i n d i c a t i n g  a p robab le  i nc rease  o f  t h e  
c rack  t i p  s t r e s s  f i e l d  w i t h  c r a c k  growth.  

A f r a c t o g r a p h i c  e v a l u a t i o n  was performed t o  r e v e a l  t h e  f a t i g u e  f a i l u r e  
processes which r e s u l t e d  i n  t h i s  r a t h e r  unusual b e h a v i o r .  The f irst row o f  
f i b e r s  a t  t he  machined no tch  were p a r t l y  damaged by t h e  machin ing process 
( f i g .  6). The damaged f i b e r s  a t  t h e  no tch  produced m u l t i p l e  c r a c k  i n i t i a t i o n s  
a t  t he  f i b e r l m a t r i x  i n t e r f a c e  r e g i o n s .  Upon f u r t h e r  f a t i g u e  l o a d i n g ,  these 
smal l  i n t e r f a c e  c racks  propagated i n t o  t h e  m a t r i x  l i gamen ts  and j o i n e d  
( f i g .  7 (a ) ) .  When t h e  coalesced c racks  encountered t h e  n e x t  row o f  f i b e r s ,  
t he  c r a c k  t r a j e c t o r y  changed and t h e  c racks  s t a r t e d  growing a l o n g  t h e  f i b e r  
d i r e c t i o n  as shown i n  f i g u r e  6. I n  these e a r l y  stages o f  f a t i g u e  l i f e  t h e r e  
appears to  be an e x t e n s i v e  amount o f  m i c r o c r a c k i n g  and c r a c k  coalescence 
( f i g .  7 ( a ) ) .  I n  t h e  l a t e r  stages o f  t h e  f a t i g u e  l i f e ,  t h e  m ic roc racks  coa l -  
esced to  form one dominant c rack .  Once t h i s  c r a c k  formed, t h e  damage appears 
to  be mostly c o n f i n e d  t o  the  main c r a c k  f r o n t  w i t h  l i t t l e  ev idence o f  second- 
a r y  c r a c k i n g  ( f i g .  7 ( b > ) .  A f t e r  t he  dominant c r a c k  reached a c r i t i c a l  l e n g t h ,  
t he  specimens f a i l e d  th rough  debonding of the  f i b e r s  and t e a r i n g  o f  t h e  m a t r i x .  

The m i c r o c r a c k i n g  appears t o  have i n i t i a t e d  t y p i c a l l y  i n  the  f i b e r l m a t r i x  
The c r a c k  i n i t i a t i o n  s i t e s  w e r e  n o t  even ly  d i s t r i b u t e d  w i t h  i n t e r f a c e  r e g i o n .  

an observed preference for i n i t i a t i o n  t o  occu r  i n  a t h i c k n e s s  d i r e c t i o n  
( f i g .  7 ( a ) ) .  
t h e  c racks  t o  i n i t i a t e  i n  the  carbon c o a t i n g  o f  t h e  f i b e r s  ( f i g .  8 ( a > )  r a t h e r  
than t h e  r e a c t i o n  zone a d j a c e n t  to  t h e  c o a t i n g .  A s  shown i n  f i g u r e  8 ( a ) ,  c r a c k  
i n i t i a t e d  between t h e  carbon c o a t i n g  l a y e r s ,  cracked through t h e  r e a c t i o n  zone 
and en te red  the  m a t r i x  ( c r a c k  w i d t h  i n  t h e  m a t r i x  i s  exaggerated due t o  t h e  
p r e f e r e n t i a l  e t c h i n g  o f  t h e / m a t r i x  m a t e r i a l  a d j a c e n t  to  t h e  c r a c k ) .  I r r e g a r d -  
l e s s  of t he  p r e c i s e  c r a c k  i n i t i a t i o n  l o c a t i o n ,  t he  m ic roc racks  u s u a l l y  tended 
to  encompass b o t h  t h e  carbon c o a t i n g  as w e l l  as the  b r i t t l e  i n t e r m e t a l l i c  reac-  
t i o n  zone ( i . e . ,  t he  e n t i r e  i n t e r f a c e  r e g i o n ) .  Post f a i l u r e  a n a l y s i s  r e v e a l e d  
suspected carbon c o a t i n g  r e g i o n s  a d h e r i n g  t o  the  rna t r i x  a f t e r  the f l b e r  has 
broken away, aga in  i n d i c a t i n g  t h a t  c r a c k i n g  must have o c c u r r e d  between t h e  
f i b e r  and t h e  c o a t i n g  ( f i g .  8 ( b ) > .  These r e s u l t s  suppor t  r e c e n t  f i n d i n g s  of 
Gabb e t  a l .  (4) who a l s o  i d e n t i f i e d  t h e  carbon c o a t i n g  as a s i t e  f o r  preferen-  
t i a l  c r a c k  i n i t i a t i o n .  Johnson e t  a l .  (5) w h i l e  n o t  d i f f e r e n t i a t i n g  between 
t h e  carbon l a y e r  and t h e  r e a c t i o n  zone, a l s o  noted t h a t  t h e  weak i n t e r f a c e  
r e g i o n  i s  r e s p o n s i b l e  for degrada t ion  o f  f a t i g u e  l i f e  o f  t h i s  composi te.  

A c l o s e r  examinat ion r e v e a l e d  a somewhat g r e a t e r  tendency for  

Post f a i l u r e  f r a c t o g r a p h i c  a n a l y s i s  r e v e a l e d  t h a t  t h e  i n t e r f a c e  r e g i o n  was 
n o t  o n l y  t h e  s i t e  f o r  p r e f e r e n t i a l  c r a c k  i n i t i a t i o n  b u t  was a l s o  the  c o n t r o l -  
l i n g  f a c t o r  which i n f l u e n c e d  c r a c k  p r o p a g a t i o n  behav io r .  Throughout t h e  e n t i r e  
t e s t  t h e  c r a c k  growth o c c u r r e d  p r e f e r e n t i a l l y  i n  t h e  i n t e r f a c e  r e g i o n .  The 
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c r a c k  growth process c o n s i s t e d  o f  t h e  cont inuous c r a c k i n g  o f  t h e  i n t e r f a c e  
r e g i o n  a t  or ahead o f  t h e  c r a c k  t i p ,  f o l l o w e d  by c r a c k  growth i n t o  t h e  m a t r i x  
l igaments and c r a c k  coalescence. T h i s  phenomena i s  i l l u s t r a t e d  i n  f i g u r e  9. 
I n  p a r t i c u l a r ,  no te  i n  t h e  f r a c t o g r a p h  ( f i g .  9 ( b ) )  o f  a h i g h  da/dN r e g i o n  
j u s t  p r i o r  t o  f i n a l  f a i l u r e ,  t h a t  s t a b l e  c r a c k  growth has o c c u r r e d  i n  t h e  areas 
a d j a c e n t  to t h e  i n t e r f a c e .  
f a i l e d  through v o i d  coalescence d u r i n g  t h e  c a t a s t r o p h i c  f a i l u r e .  
graph c l e a r l y  shows t h e  d i r e c t i o n  o f  l o c a l i z e d  c r a c k  growth to  be from t h e  
i n t e r f a c e  r e g i o n  t o  t h e  m a t r i x  l i g a m e n t .  

However, t h e  rema in ing  p a r t  o f  t h e  m a t r i x  l i gamen t  
T h i s  f r a c t o -  

The c r a c k  p ropaga t ion  w i t h i n  t h e  m a t r i x  was t r a n s g r a n u l a r  i n  n a t u r e  
( f i g .  9 ) .  The a c t i v e  f a t i g u e  f a i l u r e  mechanisms i n  t h e  m a t r i x  were dependent 
on g r a i n  o r i e n t a t i o n ,  and i n c l u d e d  ev idence o f  s t r i a t i o n  f o r m a t i o n ,  s l i p  
aecohesion and/some c leavage.  Some secondary c r a c k i n g  was p r e s e n t  i n  t h e  
m a t r i x  f o i l  l am ina te  boundar ies p e r p e n d i c u l a r  t o  t h e  main c r a c k  f r o n t .  

Transverse Composite, [901g, and U n r e i n f o r c e d  M a t r i x  M a t e r i a l  

C o n t r a r y  t o  t h e  behav io r  o f  the  [Olg specimens, f o r  bo th  t h e  [9018 compos- 
i t e  and t h e  u n r e i n f o r c e d  m a t r i x  m a t e r i a l  t h e  c r a c k  growth d i r e c t i o n  was perpen- 
d i c u l a r  t o  the  a p p l i e d  l oad .  The comparison o f  t h e  FCG behav io r  for  t h e  two 
m a t e r i a l s  Is shown i n  f i g u r e  10. A s  shown for t h e  AK range t e s t e d ,  t h e  c r a c k  
growth r a t e s  for t h e  C9018 o r i e n t e d  composi te are always c o n s i d e r a b l y  h i g h e r  
than  those o f  t h e  u n r e i n f o r c e d  m a t e r i a l .  P o s s i b l e  reasons f o r  t h i s  t ype  of 
behav io r  w i l l  be d iscussed l a t e r .  

The FCG d a t a  i n  f i g u r e  10 i s  shown f o r  b o t h  t h e  hea t  t r e a t e d  and as- 
r e c e i v e d  c o n d i t i o n s .  For t h e  l i m i t e d  number o f  t e s t s  conducted, t h e r e  appears 
t o  be no a p p r e c i a b l e  e f f e c t  o f  hea t  t r e a t m e n t  on t h e  FCG behav io r  of t h e  unre- 
i n f o r c e d  m a t e r i a l .  
e x h i b i t s  h l g h e r  FCG r a t e s  i n  t h e  h i g h  AK r e g i o n .  

However, i n  t h e  [go18 composi te t h e  h e a t  t r e a t e d  m a t e r i a l  

There were many s i m i l a r i t i e s  between t h e  FCG processes observed f o r  t he  
c9018 specimens and those a l r e a d y  desc r ibed  fo r  t h e  [O lg  specimens. For the  
[go18 o r i e n t e d  composi te,  j u s t  as i n  t h e  [ O I g ,  t h e  c r a c k  i n i t i a t i o n  o c c u r r e d  
m o s t l y  i n  t h e  f i b e r / m a t r i x  i n t e r f a c e  r e g i o n s  o f  f i b e r s  damaged by t h e  machin- 
i n g  process. F i g u r e  1 1  shows a n o t c h  area where t h e  f i b e r s  have p u l l e d  away 
from t h e  m a t r i x ,  l e a v i n g  i n  i t s  wake p o r t i o n s  o f  t h e  carbon c o a t i n g .  Th is  
i n d i c a t e s  t h a t  c r a c k  growth was accompanied by t h e  c r a c k i n g  o f  t he  carbon coat-  
i n g .  I n  a manner v e r y  s i m i l a r  t o  t h e  [Olg o r i e n t e d  m a t e r i a l ,  c r a c k  growth 
o c c u r r e d  p r e f e r e n t i a l l y  i n  the  i n t e r f a c e  r e g i o n ,  f o l l o w e d  by growth i n t o  the  
m a t r i x  l i gamen ts  ( f i g .  1 2 ) .  Again,  t h e  m a t r i x  deformed m a i n l y  by s l i p  decohe- 
s i o n  and s t r i a t i o n  f o r m i n g  mechanisms. I n  the  f i n a l  stages o f  c r a c k i n g ,  t he  
same mechanisms o f  debonding and m a t r i x  t e a r i n g  were observed as i n  t h e  COlg 
speclmens. There were no major  d i f f e r e n c e s  i n  t h e  f a i l u r e  processes between 
t h e  heat  t r e a t e d  and as - rece ived  composi te.  

The f a t i g u e  f a i l u r e  i n  t h e  u n r e i n f o r c e d  m a t r i x  m a t e r i a l  tended t o  be 
m o s t l y  t r a n s g r a n u l a r  and c o n s i s t e d  m o s t l y  of s l i p  deconesion and s t r i a t i o n  
f o r m i n g  mechanisms i n  t h e  s t a b l e  c r a c k  growth r e g i o n .  
u r e  and v o i d  coalescence o c c u r r e d  i n  t h e  h i g h  AK and o v e r l o a d  r e g i o n s .  The 
f a t i g u e  f a i l u r e  processes were thus  u s u a l l y  s i m i l a r  t o  those encountered I n  
t h e  composi te m a t e r i a l .  

Some i n t e r q r a n u l a r  f a i l -  
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The u n r e i n f o r c e d  m a t r i x  m a t e r i a l  e x h i b i t e d  some d e l a m i n a t i o n  a t  t h e  f o i l  
boundar ies ( f i g .  13 ) .  De lamina t ion  can be a t t r i b u t e d  t o  t h e  poor  bonding 
d u r i n g  c o n s o l i d a t i o n  caused by t h e  presence o f  contaminants a t  t h e  f o i l  bounda- 
r i e s .  De lamina t ion  i nc reased  w i t h  an i nc rease  i n  t h e  a p p l i e d  AK. 

DISCUSSION 

One o f  t h e  major  f i n d i n g s  o f  t h e  s tudy was t h e  c l o s e  s i m i l a r i t y  o f  t h e  
f a t i g u e  f a i l u r e  processes f o r  t h e  two d i f f e r e n t  composi te o r i e n t a t i o n s  (compare 
f i g s .  9 and 12) .  The most i m p o r t a n t  event  which l e a d  t o  t h i s  s i m i l a r i t y  i n  t h e  
f a t i g u e  behav io r  was t h e  p r e f e r e n t i a l  c r a c k i n g  o f  t h e  i n t e r f a c e  r e g i o n ,  i n  par-  
t ’ c u l a r  t h e  carbon c o a t i n g s  su r round ing  t h e  f i b e r s .  The c r a c k i n g  o f  t h e  i n t e r -  
f a c e  r e g i o n  o c c u r r e d  f o r  b o t h  o r i e n t a t i o n s  t e s t e d ,  and promoted c r a c k  growth 
b e i n g  c o n f i n e d  t o  t h e  f i b e r  d i r e c t i o n .  Whi le c r a c k  g rowth  i n  t h e  f i b e r  d i r e c -  
t i o n  i s  n o t  t o  s u r p r i s i n g  i n  t h e  [go18 o r i e n t e d  specimens, i t  i s  somewhat sur-  
p r i s i n g  i n  t h e  EO18 specimens. For t h e  [go18 specimens, c r a c k i n g  o f  t h e  weak 
i n t e r f a c e  r e g i o n  normal to  t h e  a p p l i e d  t e n s i l e  l o a d  a p p a r e n t l y  o c c u r r e d  f i rst.  
These m ic roc racks  l a t e r  propagated i n t o  t h e  m a t r i x  and l i n k e d  up r e s u l t i n g  i n  
a dominant c r a c k  growing i n  t h e  f i b e r  d i r e c t i o n .  For t h e  Cola specimens, w i t h  
t h e  main c r a c k  growing i n  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  l oad ,  one would expect  
t h e  shear s t r e s s e s  t o  c o n t r o l  t h e  FCG behav io r .  However, c a l c u l a t i o n s  o f  t h e  
s imple shear and bending s t r e s s e s ,  shown i n  t a b l e  I 1  and f i g u r e  14, r e v e a l  t h a t  
t h e  bending s t r e s s  uXx p e r p e n d i c u l a r  t o  t h e  f i b e r  d i r e c t i o n ,  i s  i n i t i a l l y  
t w i c e  t h a t  o f  t h e  shear s t r e s s  T~ p a r a l l e l  to  the  f i b e r s ,  w i t h  t h e  r a t i o  

h i g h  bending s t r e s s e s  must have been h i g h  enough t o  i n i t i a t e  c r a c k i n g  o f  t h e  
i n t e r f a c e  r e g i o n  p e r p e n d i c u l a r  to  t h e  uXx d i r e c t i o n  ( f i g .  7 ( a > ) .  The crack-  
i n g  i n  t h e  i n t e r f a c e  r e g i o n  was f o l l o w e d  by p ropaga t ion  and l i n k a g e  o f  t h e  
cracks i n  t h e  m a t r i x  l i gamen ts .  The r e l a t i v e l y  h i g h  shear s t resses  i n  t h e  
COlg specimens m i g h t  have f u r t h e r  c o n t r i b u t e d  to  keep ing  t h e  c r a c k  f r o n t  i n  
t h e  f i b e r  d i r e c t i o n  by weakening t h e  f i b e r / m a t r i x  i n t e r f a c e .  However, from 
the  f r a c t o g r a p h i c  ev idence,  as w e l l  as t h e  above ment ioned a n a l y s i s ,  i t  appears 
t h a t  t e n s i l e  loads p e r p e n d i c u l a r  t o  t h e  f i b e r  d i r e c t i o n  p layed  t h e  major  r o l e  
i n  c o n t r o l l i n g  t h e  FCG behav io r  o f  t h i s  composite s y s t e m  by  p r e f e r e n t i a l l y  
c r a c k i n g  t h e  i n t e r f a c e  r e g i o n .  

d iscussed above, for  b o t h  composi te o r i e n t a t i o n s ,  i s  proposed and shown i n  
f i g u r e  13. The process can be summarized as fol lows: ( 1 )  c r a c k i n g  of t h e  
i n t e r f a c e  r e g i o n  p e r p e n d i c u l a r  to  t h e  a p p l i e d  t e n s i l e  loads;  ( 2 )  l o c a l  debond- 
i n g  o c c u r r i n g  i n  t h e  f a i l e d  i n t e r f a c e  r e g i o n  and growth o f  m ic roc racks  i n t o  t h e  
m a t r i x ;  (3) l i n k i n g  o f  t h e  c racks  i n  t h e  m a t r i x  l i gamen ts .  Th is  i s  a c o n t i n u -  
i n g  process r e q u i r i n g  con t inuous  c r a c k i n g  o f  t he  i n t e r f a c e  r e g i o n  l a y e r  a t  or  
ahead o f  t h e  c r a c k  f r o n t .  

i n c r e a s i n g  as t h e  c r a c k  grows f u r t  $: e r  i n  t h e  f i b e r  d i r e c t i o n .  These r e l a t i v e l y  

A schematic i l l u s t r a t i o n  o f  t h e  c r a c k  i n i t i a t i o n  and p r o p a g a t i o n  processes 

The FCG r a t e  of t h e  [go18 composi te was c o n s i d e r a b l y  g r e a t e r  t han  t h a t  of 
the  u n r e i n f o r c e d  m a t r i x  f o r  a g i v e n  s t r e s s  i n t e n s i t y  t e s t e d  ( f i g .  10). The 
f a t i g u e  mechanisms w i t h i n  t h e  m a t r i x  r e g i o n  ( i . e . ,  s l i p  decohesion, f o r m a t i o n  
of s t r i a t i o n s ,  e t c . )  were ve y s i m i l a r  f o r  bo th  the  [go18 and t h e  u n r e i n f o r c e d  
m a t e r i a l  and thus p r o b a b l y  d d n o t  c o n t r i b u t e  t o  the  observed d i f f e r e n c e s  i n  
t h e  FCG r a t e s .  However, t h e  ease o f  c r a c k i n g  o f  t he  i n t e r f a c e  r e g i o n ,  i n  par-  
t i c u l a r  t h e  carbon c o a t i n g ,  s p r o b a b l y  r e s p o n s i b l e  f o r  t h e  i n c r e a s e  i n  the  
c r a c k  growth r a t e s .  T h i s  i s  c o n s i s t e n t  w i t h  the  hypo thes i s  t h a t  t h e  f i b e r /  
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m a t r i x  i n t e r f a c e  has lower  f a t i g u e  r e s i s t a n c e  than t h e  m a t r i x .  T h i s  weak com- 
p o s i t e  c o n s t i t u e n t  t h e r e f o r e  l i m i t e d  t h e  f a t i g u e  c r a c k i n g  r e s i s t a n c e  of t h e  
compos i t e .  

CONCLUSIONS 

A study was performed t o  determine t h e  FCG behav io r  and t h e  a s s o c i a t e d  
f a t i g u e  damage processes i n  a Cola and [9018 o r i e n t e d  SCS6/Ti-15-3 composi te.  
Companion t e s t i n g  was a l s o  done on i d e n t i c a l l y  processed Ti-15-3 u n r e i n f o r c e d  
m a t e r i a l .  The most i m p o r t a n t  f i n d i n g s  w e r e :  

1. The f a t i g u e  c r a c k  growth processes were v e r y  s i m i l a r  for  t h e  two com- 
p o s i t e  o r i e n t a t i o n s  t e s t e d ,  w i t h  f a t i g u e  c r a c k  growth be ing  c o n f i n e d  a l o n g  t h e  
f i ber  d i  r e c  t ion .  

2.  The i n t e r f a c e  r e g i o n  ( i n  p a r t i c u l a r  t h e  carbon c o a t i n g )  was t h e  compos- 
i t e  c o n s t i t u e n t  most s u s c e p t i b l e  to  f a t i g u e  damage i n f l u e n c i n g  b o t h  t h e  c r a c k  
i n i t i a t i o n  and c r a c k  p ropaga t ion  behav io r  o f  t h e  composi te.  

3. The f a i l u r e  o f  the  i n t e r f a c e  r e g i o n  was mostly t h e  r e s u l t  o f  t h e  
a p p l i e d  bending s t resses  p e r p e n d i c u l a r  t o  t h e  f i b e r  d i r e c t i o n .  

4 .  The FCG r a t e s  w e r e  c o n s i d e r a b l y  h i g h e r  f o r  t h e  C9018 o r i e n t e d  CT speci -  
mens i n  comparison t o  t h e  u n r e i n f o r c e d  m a t e r i a l ,  r e a f f i r m i n g  t h e  lower f a t i g u e  
r e s i s t a n c e  o f  t h e  f i b e r / m a t r i x  i n t e r f a c e  i n  comparison t o  t h e  m a t r i x .  
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TABLE I. - TEST M A T R I X  

Mater  i a1 t e s t e d  

L o n g i t u d i n a l  , LO18 1 
Transverse,  [90 18 r U n r e i n f o r c e d  m a t r i x  I 

2 
1 
1 

TABLE 11. - A COMPARISON O F  
BENDING AND SHEAR STRESSES 
FOR THE [Olg SPECIMENS A T  

I N I T I A T I O N  AND FAILURE 

I I I 
I n i  t i  a t i  on 
Fai  1 ure 

FIGURE 1. - MICROSTRUCTURE OF THE UNREINFORCED MATRIX NATERIAL 
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( a )  GENERAL MICROSTRUCTURE. 
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(b) SCS6 FIBER. 

FIGURE 2. - AS RECEIVED COMPOSITE. 
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ORIGINAL PAGE 
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FIGURE 3. - COMPACT TENSION (CT) SPECIMEN. 

LOADING 
DIRECTION 

[018 ORIENTATION. 

FIGURE 4. - CRACK GROWTH PARALLEL TO THE LOADING DIRECTION FOR THE [Olg ORIENTATION. 
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F I G U R E  6 .  - CRACK GROWTH I N  THE [OIg M A T E R I A L .  DIRECT[ON OF LOADING PARALLEL TO F I B E R  
DIRECTION. 
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CUT 1 

( a )  fiULTIPLE CRACK I N I T I A T I O N  AND COALESCENCE I N  THE EARLY STAGES OF FATIGUE 
LIFE. 

CUT 2 

( b )  CRACK GROWTH CONFINED MOSTLY TO ONE DOMINANT FRONT I N  THE LATER 
STAGES OF FATIGUE L I F E .  

I 1 

FIGURE 7. 
FAT I GUE 

- COMPARISON OF EXTENT OF HICROCRACKING I N  DIFFERENT 
L I F E  IN THE I O l g  ORIENTED COMPOSITE. 

STAGES OF 
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REACTION 
ZONE 

CARBON , 
COAT I NG 

si C 
FIBER 4 

( a )  W A L K I N G  EIANATING F(C? l  T i l t  LARBON LAYER. 

FIBER GROOVE - ~ 
,,CARBON COATING 

( b )  CARBON LAYER SEPARATED FROM THE F I B E R  DURING FATIGUE. 

FIGURE 8. - PREFERENTIAL CRACKING OF THE CARBON LAYER. 
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MICROSCOPIC GROWTH D I R E C T I O N  -- 

( a )  LOW d a / d N  [Olg. 

MACROSCOPIC t GROWTH DIRECTION 

MICROSCOPIC GROWTH DIRECT I ON 
c------ 

OVE 

( b )  H I G H  d a / d N  [ O l g .  

F I G U R E  9. - MICROSCOPIC CRACK GROWTH D I R E C T I O N  FROM THE INTERFACE I N T O  THE MATRIX 
LIGAMENT I N  THE [Olg SPECIMENS. 
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FIGURE 10. - COMPARISON OF FCG RATES FOR THE [9018 AND THE 
UNREINFORCED MATRIX MATERIAL I N  THE AS-RECEIVED (A.R. )  
AND HEAT-TREATED ( H . T .  1 CONDITION. 
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ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 

( a )  REMNANTS OF THE CARBON COATING ADHERING TO THE MATRIX AFTER I T S  SEPARATION FROM THE 
F I B E R  I N  THE [9Olg COMPOSITE. 

( b )  CARBON COATING REMAINING I N  THE F I B E R  GROOVE. I N  THE CENTER OF THE FRACTOGRAPH NOTE A 
CRACK BETWEEN CARBON COATING AND THE INTERFACE. 

F I G U R E  11. - SEPARATION OF THE CARBON COATING FROM THE F I B E R  I N  THE [901g SPECIMENS. 
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MICROSCOPIC GROWTH DIRECTION 
L I  

( a )  LOW da/aN 

OVERALL 
GROWTH I DIRECTION 

( b )  H I G H  d a / d N .  

FIGURE 12. - MICROSCOPIC CRACK GROWTH FROM THE INTERFACE INTO THE MATRIX LIGAMENTS IN THE 
["g SPECIRENS. 

ORJGINAL PAGE 
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LOU AK 

( a )  SOME PLY DELAMINATION. 

OVERLOAD - HIGHAK 
(b) EXTENSIVE PLY DELAMINATION. 

FIGURE 13. - DELAPlINATION IN THE UNREINFORCED MATRIX MATERIAL. 
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OYY 

X Y  
2T 

I N I T I A L  K = 18 P l P ~ f i  
MAXIMUM BENDING STRESS Oxx = 90 WA 
SHEAR STRESS Txy = 45 MPA 

CRACKING I N  THE SPECIPIEN PARALLEL TO THE LOADING DIRECTION 

FOR [9Olg SPECIMENS 

3 0 FOR [9013 

7 
( a )  CRACK INITIATION IN THE INTERFACE. 

( b )  CRACK GROWTH AND LOCAL DEBONDING. 

FIGURE 14. - DIRECTION AND MAGNITUDE OF THE BENDING AND SHEAR 
STRESSES FOR THE [ O l g  SPECIMENS AT THE NOTCH. 

t c )  CRACK COALESCENCE I N  THE MATRIX. 

FIGURE 15. - POSTULATED CRACK I N I T I A T I O N  AND GROWTH SEQUENCE FOR 
S i C / T i  -15-3 COMPOSITE. 
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